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Dear friends! Dear Colleagues!
The Organizing Committee of the 8th International Conference "Computing for
Physics and Technology - CPT2020" welcomes you to the science city of Pushchino!
One of the organizers of the conference is ANO Scientific and Research Center
for Information in Physics and Technique (ANO SRCIPT). ANO "SRCIPT" was
founded on February 1, 2019.
ANO SRCIPT's predecessor was ANO Institute of Computing for Physics and
Technology (ANO ICPT), founded in 1994 with the participation of the Ministry of
Science of the Russian Federation, the Ministry of Education of the Russian Federation,
the Ministry of Atomic Energy of the Russian Federation, Moscow State University
(MSU) and the Moscow Physics Institute. Technical Institute (MIPT), as well as a
number of commercial companies.
This year the conference is being held at the Institute of Theoretical and
Experimental Biophysics RAS, an institution that has been engaged in fundamental and
applied research in the field of theoretical and experimental biophysics for almost 70
years.
Another organizer of the CPT2020 conference is the Pushchino State Institute of
Natural Science - the first domestic university, created on the basis of academic
institutes of the natural science profile of the Russian Academy of Sciences.
We would like to note that every year the conference acquires an increasingly
pronounced character of interdisciplinarity. And this should be attributed to the positive
aspects. In the modern world, breakthrough ideas are possible only at the intersection of
sciences, and physical and technical informatics is becoming a means of solving a wide
range of applied problems. This does not diminish the scientific value of the works that
are presented. Moreover, research directions are emerging that are strategic and
important for the Russian economy and no less important for solving global world
problems.
As the Poet said: "We sing a song to the madness of the brave!" Good luck, dear
members of our community, or simply not indifferent to the issues of complex
development of the past, present, and, most importantly, the future.
On behalf of the committees:
Academician A.S.Bugaev
Professor A.N.Raikov
Professor S.I.Rotkov
Professor A.A.Zakharova
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The paper addresses the issue of creating the requirements for the development of the Russian national platform "Digital
Agriculture" on the bases of collecting, formalizing and analyzing data on the current and forecasting states of the processes of using
digital technologies in the agricultural economy sector at the federal and regional levels, as well as the world experience of
digitalization. The national strategy agriculture goals were used as the criteria for analyzing the situation connected with the issue of
creating the national platform. Currently, the agricultural sector of the country's economy has more than ten large information systems
that require to be integrated to achieve the goals of the country's agricultural development. The list of problems of developing the
processes of agriculture digitalization was made. The special author’s convergent strategic methodology was used for formulating the
requirements that ensure the conditions for the purposefulness and sustainable convergence of the process of creating the national
platform. About fifty requirements were formulated for creating sub-platforms and digital services of the national platform "Digital
Agriculture". It was also used the methods of cognitive modelling and the inverse problem solving for taking into account changes in
the importance of roadmap’s events of making the sub-platforms and digital service over time
Keywords: cognitive modelling, convergent approach, digital agriculture, national platform, requirements, strategic planning.

1. Introduction

2. Methodological approaches

Digital agriculture refers to agriculture based on using
of end-to-end digital technologies and data supplied by the
digital sector of country’s economy. The process, based on
an introduction of modern digital technologies, is called
digital transformation. Digitalization affects all
components of the agricultural sector and the activities in
it, including at the federal, regional, municipal and
corporate levels.
Digital platforms are switching the construction of
separate and modular technical infrastructures to integrate
ecosystem’s solutions by creating semantically
interoperable bridges between people and technologies,
supporting new efficient business models and the
generation of new values.
The goals of Russian agriculture development are
approved by the state government. The analysis of the
regulatory and administrative documents gives the
possibility to identify about 40 goals that can be used as
the criteria of the national platform development. The
main goals can be summarized in the following list
(arranged in descending order of importance):
- Increasing the competitiveness of agricultural
products on the global market,
- Improving food security and independence,
- Ensuring the growth of the physical volume of
investments,
- Increasing the added value,
- Developing of the agriculture infrastructure,
- Improving the quality of living of the rural population,
- Increasing the volume of disposable resources of
households,
- Implementing an innovative and breakthrough ideas,
- Increasing business reputation on the global market,
etc.
These goals were used as the criteria for analysis the
situation connected with the issue of creating the national
platform "Digital Agriculture" (digital ecosystem). The
analysis and synthesis of the requirements of making the
national platform "Digital Agriculture" was made with
support some of strategic planning methods.

The following representative approaches and methods
that have proven themselves in the global practice of
strategic planning and digital transformation were used for
analysis and synthesis the requirements:
- An architectural approach for creating large
information systems,
- Methods of strategic analysis and planning,
- Project management methods,
- The quality functions deployment approach,
- Flexible design technologies (e.g. Agile, SAFe, Lean,
Scrum, Kanban),
- The author’s convergent approach and cognitive
modelling [1].
The list of approaches is not limited by this. For
example, various models can be used to analyze global
changes in trade policy in the agricultural sector, assess
unrealized trade potential, analyze elasticities of import
demand and substitution elasticities between importers [2,
3, 4]. The partial equilibrium model, say, can be used,
where the number of factors is reduced relative to global
models. The methods of segmentation and prioritization of
export of agricultural products, based on the big data
analysis and gravity modelling, can also be used [5].
In world practice, some methods are used to scale the
levels of technological development, such as assessing
technological, production or market readiness, maturity
assessment, development phase, technology profitability
rating. These methods provide carrying out assessments
harmonized with foreign metrics and were used too.
The main information for analysis was the data about
the federal and regional agricultural information systems.
The experience of various countries in creating such
systems was also analyzed, as well as the following
information:
- Relevant regulatory legal documents,
- Strategic planning documents and official statistics,
- Experience of using more than 40 retrospective
agriculture information systems,
- Reports on previous digitalization surveys,
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-

Development centers of competence in the field of the
digital economy,
Open databases in Russian and English languages (in
Internet),
Questionnaire data, focus groups, expert information,
Scientific publications and citation data, library
databases (open access), patent information,

-

Electronic documents that are in the public domain
and other sources.
The order of implementation the methodology of
creating the requirements for development of the national
platform "Digital Agriculture" is shown in Fig. 1.

Fig. 1. The order of creating the requirements

For the purpose of the paper an appropriate guidelines
was developed, which included a questionnaire for
interviewing representatives of federal and regional
authorities.
3. Agricultural information systems
Federal information systems
Currently, on the federal level the website of the
Ministry of agriculture of Russia provides a list of the
eleven information systems. They have to be integrated by
the creation of the national platform (ecosystem) “Digital
Agriculture”, which is provided by the plans for the
development of the digital economy in Russia. For
example, there are federal agricultural information
systems, as follow:
- The Federal state information systems for registration
tractors, self-propelled machines and trailers for them,
- The Food security monitoring and forecasting system
of the Russia,
- The system of providing public services in electronic
form of the Ministry of agriculture of the Russia,
- The Information system for planning and control of
the state program,
- The Automated information system of reference
information, and others.
In addition to these working systems, the ones created
in different years were also analysed: in the Ministry of
agriculture of Russia―over 30 information systems; in the
regions of Russia―various information systems used
(traditionally) or proposed for use in these regions, e.g.:
- Automated information system "Agrostat",

-

Electronic atlas of agricultural lands,
Remote land monitoring system,
Accounting for agricultural machinery,
Passports of the regions,
Electronic State Services,
System for monitoring and forecasting the food
security of the Russian Federation,
- Cartography, etc.
Each of the listed systems was analysed by: purpose,
composition of the functions performed, and use by
departments of the Ministry of Agriculture of Russia,
composition of components, interaction with other
systems, stored and generated information. For example,
the first of the listed systems is designed to: automate
monitoring processes in the main areas of agricultural
activity in Russia, monitor indicators of the
implementation of the State Program for the Development
of Agriculture, regulate markets for agricultural products,
raw materials and food, implement federal targeted
programs for agricultural development, support
management decisions and the formation of a transparent
information environment. It implements many functions.
The system consists of interconnected sites hosted in the
Internet, providing automation of data collection
departmental statistical reporting monitoring the
completeness and quality of incoming information, its
primary analysis, and the formation of various types of
summary reports. But there are no reports on the real
interaction of “Agrostat” with the other Ministry of
agriculture of Russia’s systems, and requirements for
ensuring the semantic interoperability of such interaction
are clearly not found.

Regional information systems
The list of regional information systems was compiled,
including, for example, the following systems:
- Automation of the calculation of the size of state
support,
- Calculation of subsidies for agricultural producers
with personal accounts,
- Analysis of the financial and economic condition of
agricultural producers,
- Subsidies for agriculture,
- Formation and reporting,
- System of information exchange on soft loans,
- Operational monitoring of seasonal indicators by
regions,
- Coordination of target indicators, etc.
The list was created by using the information from the
answers to the questionnaire of representatives of the
regions. As a result of a regional survey, the main barriers
that must be overcome for the successful implementation
of the national digital platform project were identified,
e.g.:
- Lack of harmonization of legislation at the
international level,
- Various standards of Russian participants in the field
of digitalization and information security,
- Various standards of international participants in the
field of digitalization and information security,
- Inability of using smart contract technology,
- Lack of an effective intellectual property management
system,
- The difference in product delivery costs among
participants,
- Insufficient maturity of critical digital infrastructure,
- Lack of mechanisms to ensure the growth of
competitiveness of products,
- Non-optimal transaction insurance mechanisms, etc.
The regional survey shows the needs in follow actions:
changing legislation, applying end-to-end digital
technologies, gaining new information, automating
business functions, using information systems,
infrastructures, etc.
4. World experience of agriculture
digitalization
Bulgaria
Bulgaria approves digitalization strategy for
agriculture and rural areas [6]. It aims to make Bulgarian
agriculture a high-tech, sustainable, highly productive and
attractive element of the global economy, as well as
improve the living conditions of farmers and rural
residents. The strategy includes a digitalization action plan
that involves the implementation of the following sections:
- Creation digital infrastructure for communication,
- Investments in modernization and precision farming
technologies,
- Development of digital networks and software
applications for business management and decisionmaking,

-

Providing training and consultations on the
development of digital skills and advanced training,
etc.
Bulgaria has a tendency of a transition to precision
agriculture, the use of unmanned vehicles (primarily
combines and sprayers) and drones (for monitoring and
protecting farmland), and software for smart farms. Local
companies offer sensors that track soil performance and
allow to accurately determining the amount of water
needed for irrigation at any given time.
Kingdom of Denmark
Geo-information technologies, multi-operational
energy-saving agricultural units, selection of high-yielding
plant varieties and breeding of highly productive animal
breeds, the creation of biologically active feed additives,
new medicines for animals, modern methods of combating
epizootics, quarantine diseases of animals and plants are
widely used in the country.
The digitalization of agriculture is widely sought after
by Danish agribusiness. It contributes to the intensive
technological development of the industry, as well as to
the growth of productivity and competitiveness of Danish
agriculture. In Denmark, in the process of digitalization of
agriculture, two trends stand out: “precision agriculture”
and “precision livestock farming”.
United Kingdom of Great Britain and Northern
Ireland
At the beginning of 2018, the British government
published the document "Industrial Strategy: building a
Britain fit for the future”, which outlines the government's
plans to modernize and introduce information
technologies (IT) in all sectors of the economy. The
government intends to “move” agriculture to the position
of a highly efficient and highly industrial sector of the
economy.
UK agriculture currently is in a transitional phase of its
evolutionary development. The introduction of IT allows
optimizing the activities of all workers, reduces the cost of
producing a unit of production. It helps farm owners
making right decisions in a timely manner on issues such
as tillage, sowing, fertilizing, the use of protective
equipment, etc.
British farmers are actively using smartphones and
personal computers to order the seeds, fertilizers, and
protective equipment for sell their products through
specialized sales sites. The government decided to create
a specialized platform (ecosystem) for collecting,
processing and storing agricultural Big Data. Radiocontrolled aircraft are increasingly used in UK agriculture.
In the UK, for the first time in world practice, in 2018,
a winter wheat without human intervention was grown on
an area of 1 ha. All operations for processing the
experimental plot, sowing, caring for the sowing and
threshing of winter wheat were carried out by robotic selfpropelled agricultural machines and mechanisms.
USA
The country's agricultural development strategy (20182022) considers increasing the efficiency of information

collection and processing by digitalizing the agroindustrial complex as one of the key tools for achieving
the target agriculture indicators.
In accordance with its main provisions, the US
Department of Agriculture encourages promising
development of robotics and electronic applications to
improve agricultural production systems. State support for
research on innovative technologies in agriculture in the
US in 2019 amounted to $ 2.5 billion.
Since 2011, the agency has been collaborating with one
of the largest US companies in this field ESRI on the
development of a geospatial portal. Through the portal, the
US Department of Agriculture and other government
agencies access valuable web maps and agricultural
datasets and can use spatial analysis functions. Users have
communication and data exchange tools that are available
in the ArcGIS Online public cloud mapping environment
[7]. It is used as a convenient tool for the search, discovery
and sharing of geospatial content, including those related
to responding to natural disasters.
In the US there are a large number of organizations,
which are specializing in various segments of agricultural
activity: animal husbandry, seed production, etc. A
detailed analysis of their activities has been carried out;
promising areas of research and requirements for creating
the Russian digital agriculture platform was identified.
5. Russia agricultural sector and its digital
problems
Currently, it can be distinguished the following
different and separated areas of digital transformation of
Russian agricultural sectors:
- Creation of an information management system,
- Precision agriculture,
- Active implementation of automation systems and
robots,
- Revision of ideology and technology of enterprise
management,
- Integration of single databases (clouds) of scientific
information resources.
A large number of companies are appearing on the
agriculture market. They offer various individual digital
technologies that are heterogeneous. However, the current
Russian IT agricultural architecture is characterized by:
- Duplication of functions and tasks implemented by
various application systems,
- Using for implementation of the same functions with
various software tools and systems,
- The absence of guarantees of the coincidence of the
values of the same indicators contained in the
database of various information systems,
- Using various formats and forms of data exchange,
- Lack of a unified methodology,
- The lack of unified technological mechanisms and
uniform regulations for the collection of information
from data sources,
- Lack of centralized management of information
resources consolidated at the federal and regional
levels,
- High complexity of developing processes of
application systems, etc.

Regional agribusiness entities provide information on
fertility, fertilizing, using of chemicals, crops, etc., but the
information does not represent a clear picture of what is
happening in the fields, in particular, there is no enough
data to track the spent funds from subsidies.
There is no integrated view on the design of
information systems; there is no methodological and
organizational support for the design, development and
maintenance process, which has led to a deficit in the
conceptual architecture of building the digital platform.
Ignoring scientific and educational resources prevent
their transfer to the digital economy. Problems arose in
creating new information technologies that provide the
opportunity to extract the necessary knowledge. These
problems have gained particular importance in the field of
information accumulation in education and science.
More and more companies are offering automation of
one or another separate technology with its own
conceptual model of the subject area, implemented by
different tools. For example, in agriculture about 20
geographic information systems are currently used.
Following the task-oriented approach (also called the
patchwork informatization) evaluation of the set of tasks
to be solved in crop production shows the number about
150 tasks, various technological operations―about 20,
regions―80, and cultures―20. It gives the requirement to
make about 4,800,000 information systems. This is not
considering the various technologies used in these
systems, which is unacceptable.
In fact, there is a quantum leap in the technical
complexity of new technologies, which requires a
completely different level of design, competencies and
performing discipline compared to what is currently
available.
6. Requirements for creating the national
agriculture platform
An analysis of the situation made it possible to create
the list of about 50 requirements that must be implemented
to create an effective national platform, various subplatforms and services in the field of agriculture, the main
of the requirements are as follow.
The methodology for creating the national platform
“Digital Agriculture” should be based on a comprehensive
(hybrid) approach covering the methods and approaches
listed in the section 2.
It is necessary to provide an integrated view on the
design of the national agriculture digital platform,
including the creation of methodological and
organizational support for the development and
maintenance process, a balanced centralization of
management of available information resources with the
possibility of corporate use and interoperable interaction
of application systems among themselves at all levels of
management.
In the development and implementation of end-to-end
digital technologies (E2EDT) in the field of agriculture, all
seven basic E2EDT, for which roadmaps have been
developed as part of the implementation of the national
project Digital Economy of Russia, can be used. It is

advisable to be guided by the following list (in descending
order of importance):
- Artificial intelligence recommender systems,
- Sensors and robotic tools,
- Big data,
- Smart manufacturing,
- Optimization of data processing and transmission;
- Graphic output, development of VR/ R content, etc.
It is advisable to create a basic core of the national
digital platform, which will provide synergies for solving
the issues:
- Data openness for all platform participants,
- Interaction with the platform on open and unified
protocols,
- Modular structure, etc.
It is necessary to ensure that each consumer of
agricultural products could in real time checks information
on the quality, safety and legality of products, and
regulatory authorities―to gain access to the full range of
product information.
It is advisable to use an information system developed
by the Russian Academy of Sciences that provides a
unified database of scientific and technological knowledge
of the agricultural sector of the Russian economy, and with
which agricultural enterprises of the regions are working
and in which retrospective information is recording.
It is advisable to develop an intelligent information and
analytical digital subsystem of management and decisionmaking support in the field of precision farming, taking
into account the targeted implementation of subsidization
processes.
It is necessary to create a Federal digital animal
registration system for maintaining the list of animal (with
identification of age, gender, cyclicity, and cross-border
movement), ensuring veterinary safety, including among
pigs, dogs and cats. The system should provide centralized
accounting and planning.
It is necessary to eliminate the existing gap between the
systems of collecting and processing primary information
from production, science, territories, population and
systems for collecting and processing secondary (collected
and processed by various organizations) information.
It is advisable to develop the collective decision
support making system, for which it is necessary to use
geo-information data and methods, computer modelling
and methods of organizing networked strategic
conversations. During modelling the option of influencing
the development of the situation of emissions of harmful
substances into the atmosphere should be provided taking
into account the dependence on the wind rose.
It is necessary to sharply expand the use of robotics,
including unmanned aerial vehicles, for automatic
assessment of soil parameters in a given field, the level of
soil pollution, recognition and destruction of various types
of weeds, as well as cow parsnip, including using
mechanical devices and chemicals.
The list of requirements for creating the national
agriculture platform can be followed. These requirements
were taken into account during developing the roadmap of
creating the national platform, including the following
activities to create sub-platforms:
- Statistics collection,

-

Providing information support and providing
services,
- Digital land use and land management,
- Storage and distribution of information materials,
- Product traceability,
- Agrometeoprognosis.
With using the created requirements the plan of actions
was made that included different main events for creating
the national agricultural platform.
7. Dynamic optimization of the action plan
The events of the plan was compared and sorted by
importance, taking into account that this importance will
set the allocation of resources. To compare importance, for
example, the hierarchy analysis method and the method of
multi-criteria estimates of importance typically have been
used [8]. But these are the static methods, which connect
the assessments to the point of time. However, the
importance of the evaluation criteria and the events
themselves may change over time, and the interconnection
of events must be taken into account: with the changing
importance of one event, the importance of the others may
change. In this case, dynamic optimization of decisionmaking on digitalization is required on the set of planned
activities for creating the national platform "Digital
Agriculture".
This paper proposes a dynamic analysis and takes into
account changes in the importance of events over time. For
this, it was used as the method of cognitive modelling, as
the inverse problem solving method on a cognitive model
using the genetic algorithm method [1]. Such modelling
made it possible to find the optimal activities of the plan
to achieve the goals of creating a national digital
agricultural platform. In total, 11 of the most important
activities of the roadmap were identified, which include:
1. Sub-platform for collecting statistics,
2. Sub-platform of information support,
3. Land use assessment services,
4. Digital land use services,
5. Unmanned aerial video filming service,
6. Service for the formation of a scientific base,
7. Sub-platform of information materials,
8. Crop Disease Monitoring Service,
9. Sub-platform of product traceability,
10. Sub-platform of meteorological forecasting,
11. Weather monitoring service.
The cognitive model of the relationship of the plan’s
events is shown in Fig. 2.

Fig 2. The cognitive model of the plan’s events

The modelling showed that the greatest emphasis in
creating a national platform should be made at events 9, 7
and 1. An optimistic scenario for the development of a
national platform can also be achieved by allocating the
same funds for the development of all events except the
event 1. However, there may be the other scenarios that
will lead to an optimistic result. For example, if the
development of the event 1 is significantly strengthened,
and the implementation of the event 10 is temporarily
suspended, optimistic result will also be obtained.

[5]

[6]

8. Conclusion
The list of about the fifty requirements for the
development of the national platform "Digital
Agriculture" was created. The list of goals that were
extracted from the regulatory and administrative
documents was used as the bases for creating the criteria
for developing the national platform.
The several strategic representative approaches and
methods of strategic planning were applied for integrating
the number of criteria. One of them was the special
author’s convergent strategic method that ensures the
conditions for the purposefulness and sustainable
convergence of the process of creating the national
platform.
The significantly new in the paper was using cognitive
modelling and the inverse problem-solving methods for
optimizing the decisions regarding the important plan’s
events that can change over time. The interconnections of
the plan’s events were taken into account. Such modelling
helps to find the optimal allocation of resources for the
activities of the plan to achieve the goals of creating a
national platform "Digital Agriculture".
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The article discusses the concept of choosing the sequence of control actions in order to minimize the possibility of the system state
transition to an adverse one. For this purpose, the bionic model based on the synthesis of information approach, neural networks and
a genetic algorithm is developed. The functionality of each of the model elements and their interaction are presented in this paper.
Special attention is paid to neuroevolutionary interaction. At the same time, information about control actions is encapsulated in the
gene, which allowed increasing the functionality of the algorithm due to multidimensional data representation. The article describes
the principle of data representation in bionic models, which differs from the existing ones by the possibility of explicit or implicit
representation of the control action in the chromosome. In the explicit representation one neural network is formed, it describes the
effect of any of the control actions involved in the training. An implicit view creates a set of models, each of which describes the effect
of only one control action. A brief description of the software implemented in the Python programming language is provided.
Keywords: information approach, neural networks, genetic algorithm, bionic model, choice of control actions.

1. Introduction
The development of information technologies for
monitoring, prediction and situation modeling based on
the application of bionic principles is one of the most
promising scientific directions [1-5]. Evolving over
millions of years in biosystems, structures have been
formed, in particular, genetic, immune, neural, providing
balanced development and availability of necessary
information means of control and adaptive control in a
changing environment. Attempts are currently being
made to integrate artificial information processing
systems that structurally reflect the functioning of
dynamic systems. Particular attention is paid to the
development
of
models
and
methods
that
comprehensively take into account the specifics of the
object of the study. In the article we will focus on the
concept of choosing the sequence of control actions in
order to prevent the transition of the dynamic system to
an adverse state. For this purpose, we will consider the
bionic model proposed by the authors [6].
By the bionic model we will mean the mathematical
model, as well as its software implementation, built on
the principle of functioning and organization of
biosystems.
In order to implement situation management, namely,
to choose the best solution, evaluate and predict the effect
of the application of control actions it is necessary to
have an adequate mathematical model. This role is
performed by the bionic model of choosing the sequence
of control actions of the following type:
< 𝑁𝑁𝑁𝑁, 𝐺𝐺𝐺𝐺, 𝐼𝐼, 𝐴𝐴 >
where 𝑁𝑁𝑁𝑁 - neural network models, 𝐺𝐺𝐺𝐺 - genetic
algorithms, 𝐼𝐼 - information method for calculating the
generalized indicator of a biosystem, 𝐴𝐴 - model setting
algorithms.
Synthesis of information approaches, neural networks
and genetic algorithms in bionic models allows systems
to exchange information and transfer the values of their
characteristics as input to another subsystem which
improves the quality of functioning and interpretability.

2. Information method for calculating the
generalized indicator
The application of the information approach in the
structure of the bionic model makes it possible to
evaluate the state of the object of the study at the
considered moments of time and to reveal deviations
from the stationary state. Of interest is the formation of a
single quantitative indicator [7, 8], which would allow to
assess the reaction of the object of the study to changes
taking place under the influence of the internal and
external environment.
On the basis of implementation and analysis of
methods for construction of generalized estimates in the
information system, the approach [9] which considers the
information measure as a measure of preference of the
behavior of the bioobject is used.
The choice is justified by the analysis of the results
obtained by:
1. The integral criterion based on the evaluation of
similarity measure of observed and preferred state
areas in feature space, where similarity measure is
normalized in Mahalanobis metric by intramultiple
distance of reference (steady) state area [10].
2. The integral criterion, in the basis of which Kulbak
information measure is considered as a measure of
bioobject behavior preference [9, 11].
3. The entropy method for detecting body response to
impact [12].
3. Prediction of the state of the research object
based on bionic models
Neural networks have been chosen as the basic
technology in the bionic model structure in order to
predict the values of features characterizing the state of
the system in dynamics, as well as when choosing a
particular control action. This is due to the high
efficiency of prediction; the possibility of implementing a
model ensemble and using recursive neural networks for
a variable structure vector [13, 14].
Let us consider an object whose state is characterized
by informative features xi … and the ways to influence
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the state of the object U = (u1,...,ul), where l is the
number of control actions.
It is believed that the value of the i-th feature at a
point of time t +1 is determined according to the formula:
𝑥𝑥𝑖𝑖 (𝑡𝑡 + 1) = 𝑓𝑓(𝑥𝑥𝑖𝑖 (𝑡𝑡), 𝑥𝑥𝑖𝑖 (𝑡𝑡 − 1), … , 𝑥𝑥𝑖𝑖 (𝑡𝑡 − 𝑛𝑛), … , 𝑢𝑢𝑗𝑗 ).
The problem comes down to solving the task of
predicting the time series. For this purpose, n neural
networks are formed, each of which describes the effect
of only one control action. Each of the neural networks
takes only the vector of indicators of the study object as
an input, and the information about the type of the
simulated impact is presented in all weights of the model.
The output of neural networks is the predicted values of
both variables characterizing the state of the research

object and generalized indicators obtained on the basis of
the information method.
The implementation of the prediction algorithms is
based on recurrent neural networks [4, 15, 16], through
which it is possible to obtain an accurate identification of
behavior. The main advantage of using this approach is
the implementation of the "sequence-to-sequence
learning" idea, namely the input and output vectors are
not limited in size. You can put a vector of any length at
the input and get the corresponding vector at the output.
It should be noted that by analogy with the concept of
time representation in dynamic neural networks a new
principle of data representation in bionic models in the
form of explicit (Fig. 1) and implicit representation of
control actions (Fig. 2) is proposed in this case.

Fig. 1. Machine learning with explicit representation of control actions

Fig. 2. Machine learning with implicit representation of control actions

When using an approach with explicit representation
of control actions, the result of machine learning is the
only model presented (singleton) describing the effect of
any of the control actions involved in learning. Such a
model takes as input not only the values of the indicators
describing the object of the study, but also the logical
variables in which the control action is encoded (0 - no
impact; 1 - impact is performed).
In implicit representation, the result of machine
learning is a set of models, each describing the effect of
only one control action. Each of the models accepts only
the vector of indicators of the study object, and the
information about the type of simulated impact is
implicitly presented (i.e. distributed) in all weights of the
model.
The need to present information in two types is
justified by the fact that the explicit representation allows
to regulate the "intensity" of the impact, but requires
careful presetting of weights and regularization
coefficients, which would determine the informativity of
the input neurons that take the values describing the
control action to the input.
When learning models with implicit representation of
control actions, there is no problem of loss of
informativity of input neurons values. Each model
contains fewer configurable parameters. However, the
type of impact and its “intensity” remain unchanged after
learning, and a large number of models result in huge
investment of time, compared to a model using explicit
representation.
The approaches described above are applicable to a
wide class of models, from linear regression to dynamic
and deep neural networks. Optimization of deep neural
network parameters is a computationally more
complicated task as "layered" architectures contain
combinations of nonlinearities defining a wide range of
learning problems described by the general term “deep
learning”.

4. Evolutionary approach in bionic model
structure
The application of the evolutionary approach in the
structure of the bionic model has made it possible both to
search for the most effective control actions and to
optimize hyperparameters of the models. In this case,
control actions are presented in two forms:
- in case of explicit representation of control actions,
the chromosome is constructed from genes, each of
which determines the set of control actions applied to
the object of study at some point of time;
- in case of implicit representation, the chromosome is
determined by genes characterizing certain
properties of the model (number of layers, neurons
per a layer, short-term memory capacity, degree of
network connectivity, type of activation function,
type of dynamic network deployment, etc.).
Fig. 3 shows a diagram for the general case where
there are several dependent control actions on the test
object at each time point. In this case, each chromosome
involved in the formation of the population is a matrix
(M)ij, where i is the type of action; j is the time point.
Two ways of presenting priori data were reflected
both in the construction of the chromosome and in the
defining of criterion function.
With explicit representation, a gene is a vector of
logical variables, each of which determines the presence
or absence of the control action. When the function
fitting is calculated, each gene is concatenated with a
vector of values of variables describing the state of the
study object and it is input to some model. The output
value of the model by means of a generalized assessment
reflects the effectiveness of situation management.

Fig. 3. Chromosome type determined by the way control actions are presented in the model. Note: U = (u(1,) u2,...ul) is a vector of
control actions; W = (w1,w2,...,wn) is a vector of neural model parameters; T = (t1,t2,...,tτ) are the time points

In the implicit setting of control actions, each gene is
a vector of neural network model parameters describing a
certain action. Thus, some "bank" of learnt models is
formed, vectors of weights remain unchanged in the
course of the evolutionary process, but they participate in
chromosome formation.
Each gene, since it is a fully functional model, takes a
vector of variables describing the object of the study as
input, and its output is the predicted value of the
generalized (integral) assessment of the dynamic system
state depending on the control action.
5. Methodological basis for choosing the
sequence of control actions during situation
management
We summarize and note the functionality of each
element of the bionic model of choosing the sequence of
control actions during situation management.
Let us have a database that stores the values of the
properties of the study objects at the following moments
of time: prior and after some control action is applied.
1. For each object at each moment of time, we
calculate the values of the generalized indicator and
evaluate their deviations from the norm.
2. The control action on each object is modeled by a
neural network. As input data, values of variables
characterizing the state of the research object before
applying the control action are used. As the desired
responses, both the variable values and the generalized
indicator (I) values are used after the control action is
applied. The objective function to be minimized is
defined as the deviation of the generalized indicator from
the norm.
3. The obtained set of neural network models forms a
plurality of genes that can be specified by a vector of
neural network parameters (for an implicit form of
control action) and a vector of logical variables in which
the control action is encoded (in an explicit form).
4. The sequence of control actions is determined by
known previous states (state variables) and predicted
values of object state variables using genetic algorithm.
In the process of genetic algorithm work the request to
neural networks for obtaining the predicted values of the
object state for all future time intervals is performed.
5. The genetic algorithm forms and chooses new
generation by means of selection, crossover and
mutation.
6. The values of the fitting function of the genetic
algorithm are determined as deviations (from the norm)
of the value of the generalized indicator predicted by the
neural network (by a gene). Among the set of control
actions, defined by chromosomes, the one at which the
value of the fitting function will be minimal is chosen
(the range is set [0,1; 1]).
6. Software implementation
At the first stage of development of information
system in order to test the possibility of using artificial
neural networks for predicting the state of dynamic
systems (the object of the study) a prototype was

developed which implemented the following procedure
of actions:
1. Loading of the table with integral criteria on tic
marks;
2. Data separation into training and test samples
according to cross-validation conditions;
3. Neural network training in order to obtain a
predictive generalized assessment of the state of the study
object at the next point of time;
4. Calculation of a prediction error;
5.
Optimal
selection
of
neural
network
hyperparameters using a genetic algorithm.
The results of the prototype work made it possible to
assess the accuracy of this approach and to conclude on
the need to develop a software complex based on the
chosen algorithms.
The prototype was developed in Matlab R2008b.
Python, a high-level programming language relating
to freely distributed software, has been chosen as the
main development tool.
The program on Python consists of a main module
and secondary modules that can be connected when
running the main module code. Secondary modules are:
• NumPy - data interpolation, statistical functions,
optimized calculations;
• Pandas - dataframe, loading and saving *.csv-files;
• PyBrain - artificial neural networks, optimization
methods, including genetic algorithm;
• PyQt – components of the graphic interface.
The selected tools allow you to move from the stage
of prototype development to the implementation of the
finished software project quite quickly.
The whole process will be divided into several stages:
collection of primary data and secondary data obtained
from the results of additional studies. After the
calculation of integral indicators based on the
information approach, a graph of changes in the state of
the research object in time is displayed. The cubic spline
interpolates the data and calculates the rate of change of
the variables characterizing the state of the research
object.
Further, the calculation of predicted values of each of
the indicators is performed separately, and a predicted
integrated assessment of the state during the situation
control period is given. The deviations between the
prediction and the stationary (normal) values at each time
point are determined and displayed on the graph. A
sequence of control actions at which deviation is minimal
is formed.
7. Results
Development and testing of the bionic model, which
is based on the interaction of the information method,
genetic algorithm and neural networks, allow for
situation control based on correct choice of the sequence
of control actions. The information method forms a
single integral indicator characterizing the state of the
object of the study. Artificial neural networks enable to
obtain prediction of integral assessment of the object
state depending on the chosen control actions. The

genetic algorithm chooses a sequence of control actions
that reduce the possibility of transition to adverse states.
The principle of data representation in bionic models
presented in the article differs from the existing ones by
the possibility of explicit or implicit representation of
control action in the chromosome. In the explicit
representation one neural network is formed, it describes
the effect of any of the control actions involved in the
training. Information about the type of control action is
supplied to the input of neural network. In the implicit
representation a set of models is created, each of which
describes the effect of only one control action,
information about the type of simulated impact is
distributed in all weights of the model. With a large
number of control actions, training models with implicit
representation of the actions is time consuming, in
comparison with a model using explicit representation.
However, when the information is encapsulated in a
gene, the possibility of n-dimensional representation of
data appears, which extends the functionality of the
algorithm.
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To R- geometry of plants
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The article gives a definition of the organic form as an infinite-similar and self-similar structure, which is based on the increased
unity of the whole and the part - holomereological symmetry. A model of plant forms as organic forms is proposed, which are based on
spherocylinders – infinite-similar cylindrical volumes joined with hemispheres at their ends. The data on the golden wurf in the metric
of plant stems are presented. The cirrus leaf model in MathCad is briefly described. The problem of the organic form, the form of living
organisms, is a long-discussed topic in biology, in particular, in morphology. There is a lot of empirical material relating to the
description of a huge variety of biological forms. However, until now, the laws of the organic form and its specificity, in comparison
with the forms of inorganic bodies, continue to raise more questions than answers. It is clear that organic forms are special, they have
their own laws and types of morphogenesis. But what is the essence of these features, what is the logic of their organization, all this is
still largely unclear.
Key words: R-analysis, R-geometry, organic form, infinite-similarity, self-similarity, holomerological symmetry, spherocylinder,
golden wurf

1. Introduction
The author develops a new approach to the
interpretation of the essence of organic forms, suggesting
that these forms are small spaces with its symmetry,
topology and metric, featuring considerably from those of
the environment. For the expression of such specificity, a
new mathematical tool, so-called R-analysis (relativistic
analysis of quantity) is used, which is based on the
isomorphic mappings (R-functions) between the finite
structures and their infinite prototypes. On this basis, a
new interpretation of the basic constructions of
mathematical analysis is proposed, in particular, the
calculus of infinitesimals [1-5].
Applications of the ideas of R-analysis to geometry
allow to develop a new direction, which may be
conventionally designated as "R-geometry" [6]. It is based
on the relation between infinite spaces and finite volumes
isomorphic to them (R-spaces). It is assumed that the
shape of living organisms is a multi-level R-space,
compiled by protoforms, as repeated at different levels
one typed structures [7].
In this paper, organic forms of plant organisms are
chosen for modeling as simpler and more geometrized
types of living forms. But it is assumed that the results
obtained for plants can be further generalized for all
organic forms.

−1
−1
, 𝜑𝜑, 𝜃𝜃� = (𝑟𝑟 ∗ , 𝜑𝜑, 𝜃𝜃), where 𝑅𝑅𝑀𝑀(𝑟𝑟)
is a scalar R�𝑅𝑅𝑀𝑀(𝑟𝑟)
function that isomorphically compresses the real axis R
into the interval (-M,+ M).
For example:
R+1M(x) = (2𝑀𝑀/𝜋𝜋) 𝑡𝑡𝑡𝑡 (𝜋𝜋𝜋𝜋/2𝑀𝑀) is the direct R-function,
R-1M(x) = (2𝑀𝑀/𝜋𝜋) 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝜋𝜋𝜋𝜋/2𝑀𝑀) is the inverse Rfunction.
Similarly, a cylindrical volume C* = R-1C*(C) with
radius M and height 2H can be built, where C is the space
with the cylindrical coordinate system (ρ, ϕ, z), and
−1
−1
, 𝜑𝜑, 𝑅𝑅𝐻𝐻(𝑧𝑧)
� = (𝜌𝜌∗ , 𝜑𝜑, 𝑧𝑧 ∗ ).
𝑅𝑅𝐶𝐶−1∗ (𝜌𝜌, 𝜑𝜑, 𝑧𝑧) = �𝑅𝑅𝑚𝑚(𝜌𝜌)
To model plant forms we will further use a
spherocylinder - a cylindrical R-space C*, to the upper and
lower bases of which the upper S+* and lower S-* Rhemispheres are attached, and they obtained from the Rsphere S* by narrowing zenith angle θ to values θ∈[0,π/2]
and θ∈[π/2,π] respectively (fig. 1).

2. Materials and methods
When modeling organic forms, it is proposed to use
isomorphic mappings (R-functions) R±1V* between finite
3D-volumes V* and their infinite prototypical spaces V,
where V* = R-1V*(V), V = R+1V*(V*). In this case, for the
final volume V*, a coordinate system can be determined
that most economically and organically expresses the
internal geometry of the volume V*. Such a coordinate
system can be called a natural (selected) coordinate
system for the R-space V*. In simpler cases, vector Rfunctions can be reduced to scalar ones. For example, if
the 3D-sphere S* with radius M>0 is considered as the
volume V*, then it is natural to consider the spherical
coordinate system (r, ϕ, θ) in the space S to be the selected
∗ (𝑟𝑟, 𝜑𝜑, 𝜃𝜃) =
system
for S*,
assuming
that
𝑅𝑅𝑆𝑆−1

Fig. 1. Spherocylinder

3. Literature review
The specificity of the organic form was noted for a
long time. For example, in the research of I.V. Goethe, a
theory of metamorphosis was proposed, i.e. the
transformation of one plant organ into another. Goethe
also believed that the protoform of the plant is the leaf
from which its other organs originate: calyx, corolla,
stamens, and pestle. An attempt to express plant forms as
formed on the basis of a single protoform is also vividly
presented in the so-called telome theory of the German
botanist V.Zimmermann [8], in accordance of which all
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the basic forms of the plant are formed on the basis of
cylindrical structures: terminal (telomes) or intermediate
(mesomes). V.I.Vernadsky noted the peculiarity of organic
forms associated with the presence of their own symmetry
and local geometry. We can not pass the studies of
morphogenesis in living organisms by D'Arcy Thompson,
presented in his famous work, "On Growth and Form" [9].
He puts forward the idea of regular transformations of
some species forms into others, continuing the principles
of metamorphosis on the supraorganismic level. The paper
of S.V.Petukhov [10] introduced the concept of the gold
wurf W (a,b,c) = (a + b)(b + c)/b(a + b + c) = ϕ2/2 ≈
1.309, where a, b, c are the values of three adjacent
divisions of the organic form, ϕ ≈ 1. 618 is the proportion
of the golden ratio. The reproducibility of the value of the
golden wurf for many biological divisions, as well as the
importance of conformal and projective mappings in the
transformations of the organic form, is noted in [10].
Numerous examples of biological symmetry, attempts of
their generalizations are shown by N.A.Zarenkov,
particularly in [11]. He develops the ideas of
"biosymmetry" proposed by Yu.A.Urmantsev in his
version of the general theory of systems (GTS). An
indication of the advantages of the component approach
when transferring a geometric shape from one medium to
another is found, for example, in [12]. Interesting data on
the coordination of parameters of organic and inorganic
forms within the framework of temporal definitions can be
found in [13-15]. You can also mention the research
of A.A. Lyubishev, L.V. Belousov, dedicated to the
specificity of the organic form. But in general, it should be
noted that the field of biological morphology still remains
at a predominantly descriptive level and urgently needs the
first theoretical generalizations.

finite. These kinds of invariants can be called fininfinites, or even shorter: finfinites.
In this case, in the most concise way, it can be argued
that the organic form is a finfinite holomerone.
5. Plant as an organic form
The abstract idea of an organic form, as defined above,
can be more specifically implemented in the mathematical
modeling of a generalized plant as a system of coordinated
spherocylinders.
According to Zimmermann's telome theory, a plant is
a system of coordinated cylinders. However, the
cylindrical coordinate system cannot generate, as its own
movements, a laterally deviation of one cylinder relative
to another. For such a deviation, it is necessary that the z
axis of the lateral cylinder deviates by a nonzero zenith
angle relative to the z axis of the original cylinder, but
there is no zenith angle in the cylindrical coordinate
system, it is only in the spherical one. Therefore,
considering the plant form as an objectified own
coordinate system, we must supplement the cylindrical
structures of the telome theory with spherical structures.
The design of the spherocylinder described above, just
allows you to implement such a deviation. Due to the
presence of hemispheres at the ends of the cylinder, lateral
deviations of the z axis are possible here with the
formation of a new spherocylinder. Thus, we can assume
that wherever plant structure is capable of branching, it can
do so only within a spherical component (hemispheres) of
spherocylinders (fig. 2).

4. The phenomenon of organic form
The organic form can be defined as a spatial structure,
which has the following essential properties: 1) infinitesimilarity, i. e., in our case, this structure is a finite volume
V*, which is isomorphic to the infinite space V, i. e. 𝑉𝑉 ∗ =
𝑅𝑅𝑉𝑉−1∗ (𝑉𝑉 ∗ ), where 𝑅𝑅𝑉𝑉−1∗ is an isomorphism, 2) self-similarity:
in the form V*, there are parts v* that are similar to the
∗
∗ (𝑉𝑉 ) is
whole V*, i.e. an isomorphic mapping 𝑉𝑉 ∗ = 𝑟𝑟𝑉𝑉−1
defined (note that self-similarity is a property of the
whole V*), 3) holo-similarity, when a part of the whole is
similar to the whole (holo-similarity is a property of part
v*), 4) the presence of protoform, i.e. such a form v0*, by
transformations of which all the holo-similar parts v* of
the whole V* (including the whole V * itself) are formed.
All the described features of the organic form express
one general principle: the increased interpenetration of
the whole and the part when the third state of the wholepart arises (or holomerone, from the greek “holos” - the
whole, and “meros” - the part), i.e. an invariant of
transformations between the whole and the part. This kind
of invariance can also be called holomereological
symmetry.
In addition, the organic form as a whole V* also has
infinite-similarity, i.e. it is an infinite space compressed
into a finite volume, representing additional kind of
invariance, the invariance between infinite and

Fig. 2. Docking of central and lateral spherocylinders

The fact that a part of the stem can be cut out of the
plant, planted in the ground, and new shoots will start to
grow from its upper end, and the roots begin to grow
below, suggests that inside some spherocylinders there are
potentially others that can be activated under certain
conditions. This is the property of self-similarity of the
plant form as organic form.
Morphologically, the lateral branchings of the plant
stem realize themselves through the formation of leaves
and the growth of the new shoot from the lateral bud,
which is located in the sinus between the leaf stalk and the
stem. The leaf itself expresses the finale of plant growth,
while the lateral bud contains the germ of a new shoot with
its growth potential. But in order to form a new shoot in a
new direction of growth, you need a leaf and a lateral bud
that appears near it. Like a leaf is a direction with a fixed

value, the lateral bud and its future shoot are a value with
a fixed direction.
It seems that it is very convenient to simulate by
changing of the vector X, where |X| is the value of X, and
x is the unit vector of X, i.e. x = X/|X|. Then we get:
𝑑𝑑𝑑𝑑 𝑥𝑥𝑥𝑥|𝑋𝑋|
𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑|𝑋𝑋|
=
= |𝑋𝑋|
+
.
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
Here, the complete change of the vector in time is the
sum of two changes: 1) change in direction with the fixed
𝑑𝑑𝑑𝑑
value, which is expressed by the term |𝑋𝑋| , 2) change in
𝑥𝑥𝑥𝑥|𝑋𝑋|

𝑑𝑑𝑑𝑑

.
the value with the fixed direction
𝑑𝑑𝑑𝑑
So in the dynamics of plant growth, these two
components are morphologically separated. The moment
of direction change with the fixed value is allotted to the
leaf with the formation of a lateral bud, while the growth
of the lateral shoot from this bud expresses the moment of
change in the value with the fixed direction.
As you know, the stem has negative geotropism (the
tendency to grow up, against gravity), and the root has
positive one (grow down, by gravity). This means that the
stem and root carry their own coordinate systems, where
there is a vertical axis, and they coordinate this axis with
the direction of gravity. In the cylindrical coordinate
system, there is such an axis, this is the z axis. But we need
also the asymmetry of the axis z to express geotropism,
what can be done through the introduction of two
cylindrical coordinate system: (ρ, ϕ, zL) for stem
spherocylinder, and (ρ, ϕ, zG) for the root one, where zL =
- zG.
But if there are essentially two oppositely polarized
cylinders with coordinates zL and zG in the cylinder of the
spherocylinder, then each of them is associated with only
one hemisphere (upper for itself). As a result, we have two
hemispherocylinders in one spherocylinder. They can be
called, for example, as L - and G-hemispherocylinders
(levitational and gravitational ones).
Another
interesting
phenomenon
of
plant
morphogenesis is phyllotaxis, i.e. patterns of disposition of
leaves on the stem. It turns out that in the general case, the
attachment points of leaf stalks to the stem form a spiral,
where m turns of spiral have n leaves, if we go along the
stem (as z axis) from a leaf with a certain azimuth
angle ϕ in the cylindrical coordinate system (ρ, ϕ, z) to the
first leaf with the same angle. They say about such leaves
that they lie on one vertical line - orthostichia. It is
remarkable that pairs of numbers m and n (usually they
are written as the fraction m/n) in this case are elements of
k
1
2
3
4
5
6
7
8
9
10

the Fibonacci series and are characteristic of each type of
plant. For example, the leaf disposition in cereals, birch,
grapes is expressed by the formula ½, in a tulip, alder - 1/3,
in pears, currants, plums - 2/5, in cabbage, radishes, flax 3/8, etc.
In this case, we see the involvement of the azimuthal
angle in the organization of spherocylinders. On the stem
of the plant upwards, there is a spiral organization,
expressed in lateral leaves (shoots). It should be noted that
a cylindrical spiral is a fairly organic structure in the
cylindrical coordinate system. It is expressed by the form
(ρ0, ϕ, z(ϕ)), where for example z(ϕ) = kϕ.
Let us see how a lateral shoot is formed. In the area of
the stem node, there is a cross section of the cylinder,
which becomes the base of the upper hemisphere, due to
which the z axis can deviate, and a lateral spherocylinder
appears. This creates an uncompensated spherical polarity
(in the plane (ρ, ϕ)), which must be compensated, and the
emergence of a sequence of other side leaves (shoots) is
the intention to gradually compensate for the initial
polarity until the branch will come exactly above the initial
one (on one orthostich). Similar relationships can be
expressed by polar analysis [3].
Summing up, we can assume the plant structure as the
organic form having increased unity of the whole and
parts, as well as infinite-similarity whole, more
specifically expressed in the possibility of providing Rspherocylinders as a base plant protoform, by various
modifications and compositions of which derivative plant
forms are generated. In this case, the plant appears as a
multi-level hierarchical R-space, which includes many
spherocylindrical R-subspaces and their compositions.
Each of the vertical R-spherocylinders includes two
hemicylinders with opposite geotropy and their own
cylindrical coordinate systems that are oppositely directed
along the z axis.
6. Golden wurf in the proportion of plants
S.V. Petukhov introduced the concept of the golden
wurf and showed its implementation for many divisions of
organic forms [10]. The author investigated the
implementation of the golden wurf W(a, b, c) for
neighboring divisions a, b, c using the example of the
lengths of internodes of plant stems and obtained a good
agreement between the average values of the wurfs and
1.3. Below is one of the tables for the chicory stalk (table
1). After the table, there is a graph representing the values
of the Wurfs from this table (fig. 3).

Table 1. The lengths of neighboring internodes xk and the wurfs of their triples for the chicory stem

Length xk of neighboring internodes, cm
4.8
6.7
5.8
6.8
5.8
7.3
6
7.3
7.3
5.5

Wurf W(xk,xk+1,xk+2)
1.240
1.407
1.270
1.430
1.250
1.430
1.290
1.270
1.390
1.340

Wurf average

1.331

k
11
12
13
14
15
16
17
18
19
20
21
22

Length xk of neighboring internodes, cm
5.4
5.4
4.2
4
4
2.9
3.4
2.9
1.7
2.3
1.5
0.7
0.5

Wurf W(xk,xk+1,xk+2)
1.280
1.380
1.340
1.270
1.450
1.270
1.250
1.570
1.200
1.240
1.400

Wurf average

Fig. 3. Graphical representation of the data from table 1

7. Cirrus leaf modeling
In a number of my works [6, 7, 16], I described leaf
models with arc-like venation as a result of the action of
the inverse R-function on the 2D-plane, justifying the
infinite-similariy of the leaf as a special case of the organic
form. Below is a brief description of the simulation in
program MathCad of more complicated case of cirrus leaf,
which can not be received by the effect of one R-mapping,
and it has to connect this type of transformation of infinite
structures to finite ones with external transformations of
the finite structures, generally yielding a mixed strategy of
organic forming.
At the beginning, when constructing a mathematical
model of cirrus leaf, it is carried out the compression by
inverse R-function R-1M of the axis x, yielding the variable
x* = R-1M(x). Then, the contour of the sheet K(x*) is
formed, taking, for example, a linear function, raising it to
a power β of less than 1, which will give the convexity of
the contour:
β

M − R( x) 
K ( x) := M0⋅ 
 .
 M 

Here M0 is the maximum level of the sheet edge along
the y axis, R(x) is the inverse R-function R-1M(x).
In MathCad, we obtain the graph K(x*), expressing
K(x) along the axis y, and along the axis x we have value
x* = R(x) = R-1M(x). Here x acts as a parameter, on which
both the absciss and the ordinate depend. But the function
K is written for x as its argument. And to get a point of the
contour K(x*), we need to set the value of the argument x
for the function K. It should be borne in mind that the
functions K(x) and K(x*) are different!

𝑀𝑀 − 𝑥𝑥 ∗ 𝛽𝛽
� .
𝑀𝑀
Knowing the contour K (x*) and the point on the
central vein x*i , we can compress along the y axis, above
this point, a segment of length from x*i to K(x*i ) by the
inverse R-function R-1K (x*i) , for which it is necessary to
use again the parametric definition of functions, for
example, from the same x.
Here, it will be necessary to determine the function
along the y axis with respect to some argument Xi(x),
which will give the value x*i for all x.
Accurate hit on the contour, i.e. at the value of K(x*i),
is achieved in this case for the function R-1К(S(х*i))(х) =
1/RК(хi)(х), and not for R-1К(х*i)(х), where S = R+1M is the
direct R-function.
So, in MathCad, we are building the function
2⋅ K ( S( xi) ) 
x


Ri( x) := 
 ⋅ atan  π ⋅ 2⋅ K ( S( xi) )  ,
π




X0( x) := xi,
where xi is understood as the value on the R-compressed
axis, which will correspond to S(xi) for the parameter x.
Therefore, we write not K(xi), but K(S(xi)).
Therefore we get the vertical segment over xi up to
K(xi). This segment expresses the orthogonal lateral vein
at the point of separation xi from the central vein.
To express cirrus venation, we tilt this segment from
point xi to point x(i +1). To do this, we introduce a new
parameter ai, for which we set the range of variation and a
linear function on this range:
ai := S( xi) , S( xi) + 0.1 .. S( xi + 1) ,
R( ai) − xi 
Zi( ai) := 
 ⋅ K ( S( xi + 1) ) .
 ( xi + 1) − xi
𝐾𝐾(𝑥𝑥 ∗ ) = 𝑀𝑀0 �

Here again, it should be noted that we take
the parameter ai relative to the R-compressed scale x*,
defining it in the interval from (𝑆𝑆(𝑥𝑥𝑖𝑖 ))∗ = 𝑥𝑥𝑖𝑖 to
(𝑆𝑆(𝑥𝑥𝑖𝑖+1 ))∗ = 𝑥𝑥𝑖𝑖+1 , therefore, the parameter ai itself must
be determined with respect to the direct R-maps for this
segment.

We also supplement all the constructions for y≥0 on
the region y<0 by putting a minus sign in front of the
corresponding functions. As xi, points 0, 2 and 4 were
selected. The last inclined straight is ended at the point
K(5.5) of the edge. As a result, we have the following
picture for M = 6 and M0 = 5 – fig. 4.

Fig. 4. Cirrus leaf model

Summing up, we can conclude that the laws of the
plant form, as an important example of the living form in
general, completely correspond to the hypothesis of the
organic form and infinite-similarity of biological systems,
striving in the limit to maximize fusion of the whole and
the part in the state of holomereological symmetry,
combining the properties of infinite-similarity and selfsimilarity, reinforced by penetration of a single
spherocylindrical protoform. The plant appears as a kind
of "living crystal", possessing an amazing "living
geometry" with its own peculiar laws and principles of a
highly holistic being.
8. Results
The article defines the organic form and its application
to modeling the morphology of a generalized plant as an
infinite-similar and self-similar structure on Rspherocylinders. On this basis, an attempt was made to
explain a number of plant morphology phenomena: lateral
bud, geotropism, phyllotaxis, etc. Empirical data are
presented, supporting the golden wurf phenomenon for
plant morphology. A model of the cirrus leaf as a system
of R-structures is constructed.
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Nowadays, virtual tests of optical systems with holographic elements are being used more and more. Despite the fact that
holographic optical elements have existed for decades and most programs for designing optical systems include ray tracing modules in
optical systems containing holographic elements, the synthesis of realistic images formed by these systems is absent in most of these
programs. The paper presents the results of a study of the possibility of implementing an effective and physically accurate stochastic ray
tracing through hologram optical elements. The theoretical foundations of the light propagation through hologram optical elements are
considered and a detailed ray tracing algorithm for its implementation in forward, backward and bidirectional stochastic ray tracing
methods are presented. The results of modeling the propagation of rays and the synthesis of a realistic image formed by a two-hologram
augmented reality system are presented. Also, we conducted a study of the influence of the observer's eye pupil position on the quality
of the formed image.
Keywords: ray tracing, hologram optical element, diffraction, rendering, diffraction efficiency.

1. Introduction
Even though hologram optical elements have existed
for decades and most optical system design programs [1],
for example, CODE-V [2] or Zemax [3] incorporate ray
tracing modules in optical systems containing hologram
optical elements, the synthesis of realistic images
generated by these optical systems is absent in most of
these programs. Of particular difficulty is the task of
designing optical systems with non-deterministic beam
propagation. For example, the problem of synthesizing
images formed by light guide systems containing
holographic optical elements.
Historically, hologram optical elements were used not
only as separate optical devices but also as elements of
complex devices. The first experiments with hologram
elements (zone plates) [4] were carried out more than 100
years ago, and even then it was noted that the zone plate
can form a high-resolution image corresponding to a lens
with a similar aperture, and it has strong chromatism,
which can be used for the correction of chromatic
aberrations of optical systems [5]. Accordingly, to solve
the problems of designing optical systems with hologram
elements, a methodology was developed for calculating
the aberrations of the third [6, 7] and higher orders [8].
With the advent of high-performance computers, methods
of ray tracing through hologram optical elements were
developed and introduced into optical design systems [912]. However, all the proposed solutions concerned
mainly the methods of deterministic ray tracing,
calculation of aberrations and image quality functions
(point spread function and optical transfer function). All
the effects associated with diffraction scattering were
solved separately, and this did not allow us to evaluate how
diffraction scattering affects the quality of the formed
image. Moreover, software solutions did not allow for
“full-scale” virtual tests of optical systems with hologram
optical elements, when the object is not a point or the
resolution test target, but a real three-dimensional scene.
At present, virtual tests of optical systems with
hologram optical elements are increasingly used. This is
due to increased requirements for the quality of the image
formed by optical systems containing elements of this

type. This is also due to the emergence of a new type of
device in which hologram optical elements are used in an
“unconventional” manner. Such devices include
augmented and mixed reality systems in which an image
formed on a liquid crystal screen is transmitted to the
observer through light-conducting devices containing
phase diffraction structures. A good example of such a
device is the three-hologram system of a HoloLens mixedreality device [13]. Another example of the use of
hologram optical elements can be dynamic phase
modulators used in virtual reality systems to eliminate the
discomfort of visual perception caused by the mismatch of
vergence and accommodation of human vision that occurs
when observing a flat image on a CCD matrix [14-16].
Along with all the advantages that hologram optical
elements provide for creating high-resolution images, they
have several significant drawbacks. This is mainly
diffraction scattering, caused by technological problems in
the manufacture of these elements and the use of hologram
elements in wide spectral regions, leading to a shift in the
maximum diffraction efficiency to neighboring diffraction
orders. Low diffraction efficiency and diffraction
scattering can reduce the overall image quality and require
special methods for calculating and synthesizing images
that take into account all the effects associated with
diffraction scattering and image formation by the optical
system.
In this paper, we consider stochastic ray tracing
methods in optical systems containing hologram optical
elements, as well as methods for synthesizing images
formed by these systems with allowance for diffraction
scattering effects on hologram optical elements.
2. Materials and method
The hologram optical element is an interference pattern
structure recorded on the recording material in the form of
modulation of the refractive index, transmission or surface
relief. Since the conditions of applicability of geometric
optics are violated when an electromagnetic wave passes
through a holographic element, an approach based on
recording the interference pattern on its “sensitive”
surface, specified as a three-dimensional function 𝐹𝐹(𝑝𝑝⃗𝐻𝐻 ),
is used. The interference structure pattern formation is
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shown in Fig. 1, where two sources (the object source O
and reference source R) of coherent radiation with the
corresponding wavefronts 𝛷𝛷𝑂𝑂 and 𝛷𝛷𝑅𝑅 form the
interference pattern on the surface 𝐹𝐹(𝑝𝑝⃗𝐻𝐻 ). It should be
noted that the recording scheme is shown in Fig. 1, can
exist only in the form of a mathematical model, and the
corresponding holographic structure can be manufactured
according to the calculation results for this model.
However, this figure shows the principle of recording and
reconstruction of the holographic element. If the surface
𝐹𝐹(𝑝𝑝⃗𝐻𝐻 ) is located outside the caustic region of the reference
and reference light sources, then the optical path from
these sources is described by the corresponding eikonal
equations: 𝑉𝑉𝑂𝑂 (𝑝𝑝⃗𝑂𝑂 , 𝑝𝑝⃗𝐻𝐻 ) and 𝑉𝑉𝑅𝑅 (𝑝𝑝⃗𝑅𝑅 , 𝑝𝑝⃗𝐻𝐻 ) or 𝑉𝑉𝑂𝑂 (𝑠𝑠⃗𝑂𝑂 , 𝑝𝑝⃗𝐻𝐻 ) and
𝑉𝑉𝑅𝑅 (𝑠𝑠⃗𝑅𝑅 , 𝑝𝑝⃗𝐻𝐻 ). The last two eikonals refer to the case of
infinitely distant light sources, where 𝑠𝑠⃗𝑂𝑂 and 𝑠𝑠⃗𝑅𝑅 are the
directions of propagation of the corresponding plane
waves.

Fig. 1. Hologram Optical Element Recording Scheme

Let us consider how the light wave is converted by thin
holograms (both recorded and synthesized). As a result of
recording or synthesizing a hologram, a change in the
transmittance, refraction, or its relief occurs. For this, the
concept of the characteristic function of a hologram is
introduced:
(1)
𝑉𝑉𝐻𝐻 = 𝑉𝑉𝑂𝑂 − 𝑉𝑉𝑅𝑅
According to the eikonal equation:
(2)
∇𝑉𝑉𝐻𝐻 = 𝑛𝑛𝑂𝑂 𝑠𝑠⃗𝑂𝑂 − 𝑛𝑛𝑅𝑅 𝑠𝑠⃗𝑅𝑅
where 𝑛𝑛𝑂𝑂 and 𝑛𝑛𝑅𝑅 are the refractive indices of the media of
the object and reference light sources.
Then, the so-called diffraction grating vector can be
written as:
�⃗ = 1 ∇𝑉𝑉𝐻𝐻
𝑄𝑄
(3)
𝜆𝜆0

where 𝜆𝜆0 is the wavelength of the hologram recording.
The neighborhood of each point of the hologram
recorded by unfocused beams can be represented as a
diffraction grating, the frequency, and orientation of which
is a function of the position of the point on the surface of
the hologram. The given frequency and orientation of the
local “diffraction grating” determines the law of
transformation of rays on the surface of the hologram.
If 𝑞𝑞⃗ is designated as a vector of local spatial
frequencies on the surface of a hologram, i.e. the
�⃗ onto the plane tangent to the
projection of the vector 𝑄𝑄
surface of the hologram at the point of incidence of the
beam, then the rays transformation law can be written as:
�⃗
(4)
𝑠𝑠⃗′ = 𝑠𝑠⃗ + 𝑚𝑚𝑚𝑚𝑞𝑞⃗ + 𝛾𝛾𝑁𝑁

where 𝑠𝑠⃗ is the direction of the ray incident on the hologram
surface, 𝑠𝑠⃗′ is diffracted ray direction, 𝑚𝑚 is diffraction
�⃗ is the direction
order, 𝜆𝜆 is the incident ray wavelength, 𝑁𝑁
of the local normal to the hologram surface at the point of
the ray incidence, 𝛾𝛾 is the coefficient determined from the
condition 𝑠𝑠⃗ ′ = 1.
Taking into account the fact that the rays 𝑠𝑠⃗ ′ and 𝑠𝑠⃗ can
be in different media, it is necessary to take into account
the law of refraction, according to which expression 4 can
be written in the form:
�⃗
(5)
𝑛𝑛′𝑠𝑠⃗′ = 𝑛𝑛𝑠𝑠⃗ + 𝑚𝑚𝑚𝑚𝑞𝑞⃗ + 𝛾𝛾𝑁𝑁
This expression determines the law of the ray
transformation on the surface of the hologram in each
diffraction order. However, this expression does not allow
us to understand what fraction of the light energy will go
in each diffraction order.
A general solution for calculating the diffraction
efficiency of a hologram element can be obtained
numerically from the Maxwell equations. However, this
solution allows us to calculate the state of diffracted
electromagnetic fields at given points in space, which is
not an analog of rays in the geometric approximation.
Therefore, for each of the types of hologram optical
elements (high-frequency diffraction structures like
diffraction gratings, volumetric multilayer holograms, thin
phase holograms (kinoforms), the most suitable solutions
are sought that allow one to calculate diffraction
efficiency. In optical devices, as a rule, thin phase
structures such as diffraction gratings and kinoforms are
used. Special solutions [17] are used to calculate the
efficiency of diffraction gratings. For kinoform elements,
the complex function of diffraction efficiency is the
amplitude factor of the eikonal of the light radiation
passing through the holographic structure:
𝜙𝜙(𝑥𝑥, 𝑦𝑦) = ∑𝑚𝑚 𝐷𝐷𝑚𝑚,𝜆𝜆 (𝑥𝑥, 𝑦𝑦) 𝑒𝑒 𝑖𝑖𝑖𝑖𝑊𝑊𝑚𝑚,𝜆𝜆(𝑥𝑥,𝑦𝑦) (6)
where 𝜙𝜙(𝑥𝑥, 𝑦𝑦) is the pupil function of kinoform (or optical
system with kinoform), 𝐷𝐷𝑚𝑚,𝜆𝜆 (𝑥𝑥, 𝑦𝑦) is the diffraction
efficiency of kinoform, 𝑊𝑊𝑚𝑚,𝜆𝜆 (𝑥𝑥, 𝑦𝑦) is the eikonal, 𝑘𝑘 is the
wavenumber.
For hologram structures made in the form of a linearly
varying phase relief on the surface of a material with a
refractive index n, the distribution of diffraction efficiency
has the following form:
𝐷𝐷𝑚𝑚,𝜆𝜆 (𝑥𝑥, 𝑦𝑦) = (−1)𝑚𝑚 𝑒𝑒 𝑖𝑖𝛼𝛼𝜆𝜆 𝜋𝜋 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�𝜋𝜋(𝛼𝛼𝜆𝜆 − 𝑚𝑚)�
(7)
𝑛𝑛 −1 𝜆𝜆𝑜𝑜
, 𝑛𝑛𝜆𝜆 is the index of refraction of the
where 𝛼𝛼𝜆𝜆 = 𝜆𝜆
𝑛𝑛𝜆𝜆𝑜𝑜 −1 𝜆𝜆

medium of hologram relief for the working wavelength of
the hologram, 𝑛𝑛𝜆𝜆𝑜𝑜 is the index of refraction of the medium
of hologram relief for the recording wavelength of the
hologram.
Schematically, this relief (kinoform) is presented on
the left side of Fig. 2. Based on technological
considerations, kinoforms are usually approximated by a
set of plane-parallel steps. The right part of fig. 2 illustrates
this relief. The vertical axis of the graphs corresponds to
the phase incursion, the horizontal axis to the period of the
kinoform relief reduced to 2𝜋𝜋. In this case, the diffraction
efficiency has the following form:

𝐷𝐷𝑚𝑚,𝜆𝜆 (𝑥𝑥, 𝑦𝑦) = (−1)𝑚𝑚 𝑒𝑒 𝑖𝑖𝛼𝛼𝜆𝜆 𝜋𝜋

𝜋𝜋𝜋𝜋
�𝑠𝑠𝑠𝑠𝑠𝑠�𝜋𝜋(𝛼𝛼𝜆𝜆 −𝑚𝑚)�
𝑁𝑁
𝜋𝜋�𝛼𝛼𝜆𝜆 −𝑚𝑚�
𝜋𝜋𝜋𝜋∙𝑠𝑠𝑠𝑠𝑠𝑠�
�
𝑁𝑁

𝑠𝑠𝑠𝑠𝑠𝑠�

(8)

where N is the number of quantization levels of the
kinoform relief phase.

Fig. 2. Shape of kinoform element relief

In incoherent illumination, the optical system,
including the hologram optical element, is linear in
intensity and the pupil function is related to the point
scattering function and the transfer function by the
following relationships:
ℱ{𝜙𝜙} = 𝐶𝐶1 ⋅ 𝐴𝐴
(9)
𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐴𝐴 ⋅ 𝐴𝐴̅
𝑇𝑇 = 𝐶𝐶2 ⋅ ℱ{𝑃𝑃𝑃𝑃𝑃𝑃}
where ℱ is two-dimensional Fourier transform operator,
𝑃𝑃𝑃𝑃𝑃𝑃 is the point spread function, 𝐴𝐴 is the amplitude
distribution in the image plane, 𝑇𝑇 – optical transfer
function, 𝐶𝐶1 and 𝐶𝐶2 are normalization factors.
Obviously, the diffraction efficiency for the
distribution of the intensity of light radiation is
proportional to the square of the modulus of the complex
function of diffraction efficiency (7) and (8).
As a rule, kinoform elements in optical devices are
designed for the same diffraction order and in this order,
their diffraction efficiency should be maximum. However,
expression (7) demonstrates a decrease in diffraction
efficiency when the wavelength deviates from the
wavelength for which the kinoform was calculated.
Therefore, its maximum efficiency can be ensured only at
the design wavelength. Besides, the diffraction efficiency
is highly dependent on the quality of the approximation of
the kinoform relief. With a decrease in the number of
quantization levels of the relief phase (8), its diffraction
efficiency drops sharply.
3. Ray tracing algorithms and luminance
calculation
The above expressions allow ray tracing to be
implemented in optical systems containing hologram
optical elements. For a given diffraction order, the
deterministic and stochastic ray tracing has a common ray
transformation method on a hologram optical element (5).
The difference lies in the fact that in the first case the
diffraction order is set forcibly, and in the second case, it
is chosen randomly, for example, with a probability
density equal to the diffraction efficiency of the hologram
optical element.
For ray tracing, two main methods for specifying a
hologram element are used. Firstly, this is the explicit
specification of its characteristic equation (2) and,
secondly, this is the specification of the characteristic
equation in the form of a recording scheme shown, for

example, in Fig. 1. The recording scheme can exist in the
form of two point light sources forming an interference
pattern at the point of incidence of the ray on the surface
of the hologram optical element, or optical systems
projecting point light sources on this surface. In the latter
case, it is necessary to find the optical path, for example,
by the method of fitting the rays, from the light source to
the point of incidence of the ray on the surface of the
hologram optical elements. All methods for specifying a
hologram optical element and tracing deterministic rays
through these elements are known and described in the
literature [9 -12].
Therefore, special attention should be paid to
stochastic ray tracing methods and methods of ray tracing
for holograms recorded from an extended reference light
source that simulates the scattering of light by scene
objects. To simulate the process of stochastic scattering, it
is supposed to use the method of sampling the diffraction
order by its significance. This means that the probability
density of diffraction scattering for different diffraction
orders will be proportional to the square of the diffraction
efficiency modulus of the hologram optical element. It
should be noted that diffraction scattering on a hologram
element is fundamentally different from light scattering on
a simple diffuse object. If for a diffuse surface the
bidirectional scattering function is continuous and is
defined as the brightness coefficient for given directions
of observation and illumination, then for diffraction
scattering this function is discontinuous and is defined as
the transmittance of the power of light radiation for a given
diffraction order. Therefore, from the computer simulation
process, the diffraction scattering function is “specular”,
i.e. redistributes light radiation in directions corresponding
to given diffraction orders (5). Also, even for a single
diffraction order, a light beam that transfers energy in a
wide region of the spectrum that after scattering is
converted into a beam of monochromatic rays propagating
in the directions defined by formula (5). The energy of
scattered rays is determined by diffraction efficiency. To
calculate the diffraction efficiency of thin phase plates,
one can use formulas (7) and (8). In general, the diffraction
efficiency is a function of wavelength, diffraction order,
polarization state, and direction of incidence of light
radiation. Also, diffraction efficiency depends on the
manufacturing technology of diffraction elements and may
vary along its surface. Therefore, the calculation of

diffraction efficiency is a separate task, which, in most
cases, can be solved using specialized software [18, 19].
After determining the distribution of diffraction efficiency
over the surface of the hologram, the corresponding
multidimensional integral of the probability of diffraction
scattering is calculated. In the simplest case, this is a fourdimensional integral of the diffraction order, wavelength,
and two angles of the direction of the light ray incidence.
This integral is a multidimensional tabular function, the
nodes of which are fixed beam parameters, for example, a
set of beam incidence angles for which diffraction
efficiency was calculated.
The stochastic ray tracing algorithm is the following:
(1) Search for the point of intersection of the ray with the
surface of the hologram optical element.
(2) Calculation of the eikonal of the hologram at the point
of incidence of the beam. For a hologram specified in
the form of a characteristic equation or simple point
(object and reference) light sources, the calculation is
performed by the shadow ray tracing method. If point
sources are used in conjunction with optical systems,
the ray fitting method is used, which finds the optical
path from the source to the point of intersection. If the
light source is extended - there is equal-intensity
random sampling from the point of intersection of the
beam to the surface of the light source and for the
found pair of points, the eikonal of the hologram is
calculated.
(3) Transition to monochromatic representation. If the
incident beam contains radiation in a wide region of
the spectrum, then the wavelength for which
diffraction scattering will be performed is selected.
The choice is made randomly by the significance of
the density of the spectral radiation of the incident ray.
After the ray has been converted into a
monochromatic representation, the order of
diffraction scattering is chosen. It should be noted that
the choice of the wavelength of monochromatic
radiation is carried out from the list of wavelengths
for which the diffraction efficiency of the hologram
element was calculated. And if the optical system
contains more than one hologram element, then their
diffraction efficiency should be determined for the
common list of wavelengths.
(4) The choice of the direction of the ray scattering. For a
given wavelength, the probability integral of
diffraction scattering is singled out. Further, by the
method of bilinear interpolation weights are selected
that determines the proximity of the ray parameters at
the point of incidence to the nodes of the probability
function of diffraction scattering. Then, using the
method of choosing the significance between the
obtained weights, a local function of diffraction
efficiency, which depends only on the diffraction
order, is randomly distinguished. Using the selection
method by significance, the diffraction order is
randomly selected, which is further used in formula
(5) to calculate the direction of the diffracted beam. If
the probability of absorption of a light ray was
included in the probability function of diffraction

scattering, then the absorption event leading to a halt
in its propagation is automatically realized when the
diffraction order is chosen. Since the probability
density of all events coincided with the diffraction
efficiency of the hologram optical element, the energy
of the light ray will not change as a result of its
transformation.
(5) If an absorption event has not occurred, then the ray
continues to propagate in the system with the same
energy.
This algorithm is consistent with ray tracing software
interfaces that exist in most optical modeling and
physically correct rendering systems. In the above
algorithm, the hologram optical element is a “specular”
energy converter and does not form its luminance. When
using hologram elements in the rendering system, it is
necessary to understand that this element does not form its
secondary luminance, but allows you to transmit
luminance when observing or lighting through it, which
allows you to use it in all photorealistic image synthesis
programs based on forward, backward and bidirectional
tracing methods rays.
4. Results
The ray tracing method for scenes with hologram
optical elements was implemented as part of the Lumicept
computer-based system for the synthesis of photorealistic
images [20]. As a hologram optical element, a thin phase
plate with relief variation (kinoform) was supported. The
diffraction efficiency was calculated using formulas (7)
and (8) and was a four-dimensional function of the
wavelength, diffraction order, and direction of the light
radiation incidence (the direction of incidence was
modeled as a change in the depth of the phase relief).
As an example, a scene was constructed that included
a two-holographic augmented reality optical system
projecting an image from an LCD matrix through a light
guide system into the eye of an observer. The
characteristic equations of the holograms were set
analytically, based on the conditions for the input of light
from the projection system of the LCD matrix into the light
guide plate at an angle of total internal reflection, and then
the radiation was output by the second hologram to the eye
pupil of the observer. The diffraction efficiency of these
holograms was calculated outside the Lumicept software
package and set in tabular form. The schematic diagram of
this device is shown in Fig. 3. The field of view of this
system is 19°. For the synthesis of images, the forward
stochastic ray tracing method was used.
The simulation result is shown in Fig. 4. Modeling was
performed for nine regions of the position of the pupil of
the observer's eye relative to the light guide plate. It is seen
that in the lower and far zones of the light guide plate, a
decrease in image brightness is observed, up to the
complete disappearance of the image. This suggests the
necessity to optimize the distribution of the diffraction
efficiency of holograms over the surface of the light guide
plate.

Fig. 3. Schematic diagram of a two-hologram system of augmented reality

Fig. 4. Synthesis of images of LCD matrix for different positions of the pupil of the eye of the observer

5. Conclusion
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Calculation of MIS weights for bidirectional path tracing with photon
maps
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A widely used method for noise reduction in Monte-Carlo ray tracing is combing different means of sampling, known as multiple
importance sampling (MIS). For bi-directional Monte-Carlo ray tracing with photon maps (BDPM), the join paths are obtained by
merging camera and light sub-paths, and since several light paths are checked again the same camera path, and vice versa, the join
paths obtained are not statistically independent. Thus the noise in this method obeys laws different from those in simple classic MonteCarlo with independent samples so the weights that minimize that noise must also be calculated differently. This paper drives that
weights for the simplest case when we mix contribution from only two vertices of camera ray. It shows that the weights obey an
integral equation which is qualitatively different from the well-known MIS formulae for uncorrelated samples. Besides that, even if
forget the integral operator, the weights depend on the integration sphere radius and the number of light rays used. The integral
equation is solved analytically in a closed form and it is demonstrated how to perform the necessary calculations in BDPM.
Keywords: Monte-Carlo ray tracing, bi-directional ray tracing, photon maps, reduction of noise, multiple importance sampling,
weights.

1. Introduction
Lighting simulation and calculation of global
illumination is widely applied nowadays in architecture,
design of new devices and new materials. Mostly
successive technique is Monte Carlo ray tracing
(MCRT) [1]. But its main problem is stochastic noise,
and it strongly depends on the method of ray
generation. Therefore a lot of studies are devoted to
choice of the optimal probability distribution of ray
scattering [2–5].
Multiple Importance Sampling (MIS) is a famous
and powerful approach here. Its base idea is to generate
several random numbers, one for each strategy (i.e.
probability density which admits an efficient generation
of samples), and then sum their contributions to the
accumulated average with weight (which usually
depends on the point) [2, 3]. E. Veach produced and
published the mathematics of this approach [2]. He
elaborated several efficient heuristics of weight
calculation and demonstrated that with them the
resulting noise is close to its minimal value. But his
study is applied to the classic MCRT method when
successive random points are absolutely independent.
Many lighting simulation systems use more
advanced methods like, for example, bi-directional
Monte-Carlo path tracing (BDPT), bi-directional
Monte-Carlo ray tracing with photon maps (BDPM) [6]
or their combination [7, 8]. In these methods the
successive trajectories are not independent. For
example, in the photon map technique (the BDPM
method) the same forward path is merged with all the
backward paths and vice versa, so the resulting joined
full trajectories have common ”tail” and thus they are
not independent. In [5] it was demonstrated that the
noise in these methods follows other rules than the rule
in the simple or classic MCRT. Therefore the optimal
weights that minimize the resulting noise are different
from the optimal weights which minimize the noise
functional in the classic MCRT.
Since the BDPM noise is a quadratic functional over
the ray contribution [5], it is also quadratic in weights.

Thus, basically, calculation of weights that minimize
that noise functional is mathematically trivial. But only
“basically” because in any bi-directional MCRT there is
an infinite set of weights [2], with own set of weights
for each join path length. The weights from different
sets are defined in different functional spaces (they have
different number of arguments, i.e. vertices and so on),
while all they are “coupled” in the noise functional.
There are also less important problems with ray
absorption etc. As a result, the optimal weights obey an
infinite system of linear integral equations, which are
extremely tedious. And their kernels must be calculated
from solving yet other integral equations similar to the
“rendering equation” and so on.
2. BDPM with fixed BDD, adaptive BDD and
MIS
Meanwhile in practice the BDPM method can be
used even without MIS, but using a single strategy
when camera and light sub-paths merge at a pre-defined
camera vertices. This approach can be called “fixed
BDD”. BDD means “backward diffuse depth” i.e. the
maximally allowed number of diffuse scattering events
for camera ray. Here,
•
Camera ray terminates after BDD diffuse events,
so we have only BDD+1 vertices for merging
•
The integration sphere around the last camera
vertex “catches” all light rays
•
The integration sphere around the rest vertices
“catches” only direct and caustic light rays, i.e.
those which did not have any diffuse scattering
before.
Here it is important that BDD is not adaptive, i.e. it
is chosen at the camera ray beginning and does not
depend on the further ray history.
This rigid approach is not optimal. It seems better to
choose BDD adaptively, depending on the ray history.
Roughly speaking, it may not stop at a surface which
optical properties are presented by too sharp bidirectional distribution function (BDF). Because
otherwise we have to collect diffuse illumination here
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and in case of sharp BDF this results in high noise [9].
In other words, it would be good to decide whether to
terminate or continue camera path, i.e. to choose
between BDD and BDD+1 at each vertex. Then, since
both strategies are correct, i.e. give the same mean
luminance, we can use both to increase the number of
samples and thus reduce noise.
In this paper we shall consider just this simplified
problem: “weighting” results from the cases of BDD
and BDD+1. Instead of termination at BDD we just set
zero weight for BDD+1. This is an extreme case and
normally the weight is not exactly 0, thus diffuse
illumination is collected at both last (as for BDD+1) and
last but one (as for BDD) vertices. The weights now are
just two functions. They are calculated so that the
variance of calculated image luminance should be
minimal. They depend on the camera sub-path.
We derive the integral equation for the weights
under these assumptions and obtain its solution in a
closed form. One can see from it that even in this
simplest case the optimal weights depend on many
factors which are absent in the “balance” heuristic [2]
for classic MCRT where they depend on BDFs and light
source emission only. Then we show how it can be
calculated from photon maps.

the light part of the join path has 𝑘𝑘 − 𝑚𝑚 vertices). It
must be a function of that full path such that
𝑘𝑘−1

The weights may depend on all 𝑘𝑘 vertices of the join
path, though can be also independent from some of
them so we have a very high-dimensional configuration
space that it is not good for numerical calculations.
Happily it is possible to constrain it. This much
simplifies the problem of finding the optimal weights.
4. Weights for fixed BDD (single strategy)
Let us consider the case of fixed BDD=M: direct
and caustic rays are taken in vertices up to M-th; diffuse
rays in the M-th vertex only; further vertices do not
collect rays. For the sake of simplicity we assume that
there is no specular scattering (caustic rays) in the
scene. Then, since a direct (light) ray has single
segment before junction, the weights are:
𝑊𝑊𝑚𝑚+1,𝑚𝑚 = 1, 𝑚𝑚 = 1, … , 𝑀𝑀 − 1
𝑊𝑊𝑘𝑘,𝑀𝑀 = 1, 𝑘𝑘 > 𝑀𝑀
the rest being 0.
Superimposed tables of weights matrix for BDD=M
and BDD=M+1 are shown in fig. 2.
m

3. Weighting the contribution in bi-directional
ray tracing
General note. Calculations below assume that the
total flux of all scene lights is unity. For not unit flux,
𝐼𝐼(… ) and 𝐿𝐿(… ) are irradiance and radiance divided by
the total flux.
Regardless of the particular sort of bi-directional
MCRT, the application of MIS to it is the same. The
contribution to pixel luminance from a light and camera
rays is [3]
(𝑐𝑐)
(𝑙𝑙)
(𝑐𝑐)
(𝑙𝑙)
𝐶𝐶 = � � 𝑊𝑊𝑚𝑚+𝑛𝑛,𝑚𝑚 𝐸𝐸 (𝑐𝑐) (𝒙𝒙0 , … 𝒙𝒙𝑚𝑚 )𝐸𝐸 (𝑙𝑙) (𝒙𝒙0 , … , 𝒙𝒙𝑛𝑛 )
𝑚𝑚

𝑛𝑛
(𝑐𝑐)

(𝑙𝑙)

(𝑐𝑐)

× 𝐾𝐾(𝒙𝒙𝑚𝑚 − 𝒙𝒙𝑛𝑛 )𝑓𝑓(⋯ ; 𝒙𝒙𝑚𝑚 )
where 𝑚𝑚 cycles over all camera path vertices and 𝑛𝑛
cycles over all light path vertices, 𝐾𝐾 is the integration
(𝑐𝑐)
kernel and 𝑓𝑓is BDF in luminance units at the point 𝒙𝒙𝑚𝑚 .
E is the energy of ray (fig. 1).
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Fig. 1. Intersection of camera path (blue) and light path (red).
Vertices are on diffuse surfaces; the circles are integration
spheres. The paths join if a light vertex is with an integration
sphere around a camera vertex

Like in [3] 𝑊𝑊𝑘𝑘,𝑚𝑚 is the weight for junction at the 𝑚𝑚th camera vertex when the join path of 𝑘𝑘 vertices (i.e.

(1)

� 𝑊𝑊𝑘𝑘,𝑚𝑚 = 1

𝑚𝑚=0

k

Fig. 2. Table of weights: m increases rightwards, k increases
downwards. If 𝒘𝒘𝒌𝒌,𝒎𝒎 = 𝟎𝟎 for both strategies, the cell is white;
if 𝒘𝒘𝒌𝒌,𝒎𝒎 = 𝟏𝟏 for BDD=M, the cell is red; if 𝒘𝒘𝒌𝒌,𝒎𝒎 = 𝟏𝟏 for
BDD=M+1, the cell is green and if 𝒘𝒘𝒌𝒌,𝒎𝒎 = 𝟏𝟏 for both cases,
the cell is yellow (green+red)

Obviously
strategies.

normalization

(1)

holds

for

both

5. Mixing the two strategies: BDD and BDD+1
We can now mix the two above strategies using
weights
𝑤𝑤 ,
𝑚𝑚 = 𝑀𝑀
, 𝑘𝑘 ≥ 𝑀𝑀 + 2, ….
𝑊𝑊𝑘𝑘,𝑚𝑚 = � 0
𝑤𝑤1 ≡ 1 − 𝑤𝑤0 , 𝑚𝑚 = 𝑀𝑀 + 1
where 𝑤𝑤0 is the same for all 𝑘𝑘 and is an arbitrary
deterministic function of the join path. Then the average
pixel luminance calculated with that mixed strategy will
be correct which can be shown like in [2] or [3]. We
shall also show this simple derivation below.
Since an arbitrary function of the full path suits, we
can use one which depends only on three vertices 𝒙𝒙𝑀𝑀−1,
𝒙𝒙𝑀𝑀 and 𝒙𝒙𝑀𝑀+1 . With such weights the contribution of
camera + light trajectories is
𝑀𝑀

(𝑐𝑐)
(𝑐𝑐)
𝐶𝐶 = � 𝐸𝐸(𝒙𝒙0 , … , 𝒙𝒙𝑚𝑚 )𝐿𝐿0 (𝒙𝒙𝑚𝑚 → 𝒙𝒙𝑚𝑚+1 ; 𝒙𝒙𝑚𝑚 )
𝑚𝑚=0
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(𝑐𝑐)
(𝑐𝑐)
+𝑤𝑤0 (𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀+1 )𝐸𝐸(𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀 )

(2)

(𝑐𝑐)
(𝑐𝑐) (𝑐𝑐)
(𝑙𝑙)
(𝑙𝑙)
× � 𝐾𝐾(𝒙𝒙𝑀𝑀 − 𝒙𝒙𝑛𝑛 )𝑓𝑓(𝒙𝒙𝑛𝑛 → 𝒙𝒙𝑀𝑀 , 𝒙𝒙𝑀𝑀
𝑛𝑛>0

(𝑐𝑐)

(𝑙𝑙)

𝑛𝑛>0

(𝑐𝑐)

→ 𝒙𝒙𝑀𝑀−1 ; 𝒙𝒙𝑀𝑀 )
(𝑐𝑐)
(𝑐𝑐)
(𝑐𝑐)
(𝑐𝑐)
+𝑤𝑤1 (𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀+1 )𝐸𝐸(𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀+1 )
(𝑐𝑐)

(𝑐𝑐)
(𝑐𝑐)
(𝑐𝑐)
(𝑙𝑙)
𝐶𝐶 = 𝑤𝑤0 (… )𝐸𝐸(𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀 ) � 𝐾𝐾(𝒙𝒙𝑀𝑀 − 𝒙𝒙𝑛𝑛 )

(𝑙𝑙)

(𝑐𝑐)

(𝑐𝑐)

× � 𝐾𝐾(𝒙𝒙𝑀𝑀+1 − 𝒙𝒙𝑛𝑛 )𝑓𝑓(𝒙𝒙𝑛𝑛 → 𝒙𝒙𝑀𝑀+1 , 𝒙𝒙𝑀𝑀+1
𝑛𝑛>0

(𝑐𝑐)
(𝑐𝑐)
𝒙𝒙𝑀𝑀 ; 𝒙𝒙𝑀𝑀+1 )

→
where 𝐿𝐿0 (𝒖𝒖; 𝒙𝒙) is luminance of a surface point 𝒙𝒙 in
direction 𝒖𝒖 under direct illumination and 𝒙𝒙𝑀𝑀+1 → 𝒙𝒙𝑀𝑀
etc. is unit vector connecting the two vertices.
For the sake of simplicity we assume that FMCRT
works so that the light ray energy is always 1 and that
𝐿𝐿0 (𝒖𝒖; 𝒙𝒙) which we assume is calculated exactly (w/o
noise!), as it is when there is only a finite number of
parallel or point light sources.
6. How all this works in BDPM
How is (2) applied in practice? The meaning of this
formula is very simple.
First, all works like for the case with fixed BDD+1,
i.e. we always trace the camera ray to the maximal
depth, because so far we do not know whether this
vertex will be used or not (because w1=0). The two last
(𝑐𝑐)
(𝑐𝑐)
vertices are 𝒙𝒙𝑀𝑀 and 𝒙𝒙𝑀𝑀+1 .
Then, we take all sources of luminance brought to
this camera ray. These are
(𝑐𝑐)
• photons that hit near 𝒙𝒙𝑀𝑀
(𝑐𝑐)
• photons near 𝒙𝒙𝑀𝑀+1 (if there is direct then it also at
this point)
(𝑐𝑐)
Then, we process photons near 𝒙𝒙𝑀𝑀 like we would
do in case of BDD=M, but now the contribution of each
(𝑐𝑐)
(𝑐𝑐)
photon is scaled by 𝑤𝑤0 (𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀 , 𝒚𝒚𝑝𝑝 ) taking the last
argument of the weight function as the previous hit
point 𝒚𝒚𝑝𝑝 of that photon. In other words 𝒚𝒚𝑝𝑝 is the start of
(𝑐𝑐)
𝒙𝒙𝑀𝑀 .

the FMCRT ray segment which ended near
Direct
and caustic photons, if there are those, are taken with
unit weight.
(𝑐𝑐)
Then, we process photons near 𝒙𝒙𝑀𝑀+1 like we would
do in case of BDD=M+1, but now the contribution of
(𝑐𝑐)
(𝑐𝑐)
each photon is scaled by 𝑤𝑤1 �𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀+1 �, same for
all photons. Same scaling is applied to direct and
caustic photons, if there are ones.
And this is all. We therefore need weight function
(e.g. w1, because w0 is calculated from it) for the
following arguments:
(𝑐𝑐)
(𝑐𝑐)
(𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀+1 )
and
(𝑐𝑐)
(𝑐𝑐)
(𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀 , 𝒚𝒚𝑝𝑝 )
where 𝒚𝒚𝑝𝑝 are the origins of all diffuse FMCRT ray
segments that ended near

(𝑐𝑐)
𝒙𝒙𝑀𝑀 .

7. Calculation of noise

Now let us for the sake of simplicity suppose that
the direct illumination is negligible. For small M it is
really so in rather many scenes. Then contribution is

(𝑐𝑐) (𝑐𝑐)
(𝑐𝑐)
(𝑐𝑐)
(𝑙𝑙)
× 𝑓𝑓(𝒙𝒙𝑛𝑛 → 𝒙𝒙𝑀𝑀 , 𝒙𝒙𝑀𝑀 → 𝒙𝒙𝑀𝑀−1 ; 𝒙𝒙𝑀𝑀 )

(𝑐𝑐)
(𝑐𝑐)
(𝑐𝑐)
(𝑙𝑙)
+𝑤𝑤1 (… )𝐸𝐸(𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀+1 ) � 𝐾𝐾(𝒙𝒙𝑀𝑀+1 − 𝒙𝒙𝑛𝑛 )
(𝑙𝑙)

(𝑐𝑐)

(𝑐𝑐)

𝑛𝑛>0
(𝑐𝑐)

(3)

(𝑐𝑐)

× 𝑓𝑓(𝒙𝒙𝑛𝑛 → 𝒙𝒙𝑀𝑀+1 , 𝒙𝒙𝑀𝑀+1 → 𝒙𝒙𝑀𝑀 ; 𝒙𝒙𝑀𝑀+1 )
(𝑐𝑐)
(𝑐𝑐)
where 𝐸𝐸(𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀 ) is the energy of camera ray
(𝑐𝑐)
(𝑐𝑐)
before it hits 𝒙𝒙𝑀𝑀 . In BMCRT rays starts with 𝐸𝐸(𝒙𝒙0 ) =
1 and then
(𝑐𝑐)
(𝑐𝑐)
(𝑐𝑐)
(𝑐𝑐)
(𝑐𝑐)
𝐸𝐸(𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀+1 ) = 𝐸𝐸(𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀 )𝜇𝜇(𝒙𝒙𝑀𝑀+1
(𝑐𝑐) (𝑐𝑐)
→ 𝒙𝒙𝑀𝑀 , 𝒙𝒙𝑀𝑀 )
where
𝜇𝜇(𝒖𝒖, 𝒙𝒙) ≡ � 𝑓𝑓(𝒗𝒗, 𝒖𝒖; 𝒙𝒙)|(𝒗𝒗 ⋅ 𝒏𝒏(𝒙𝒙))| 𝑑𝑑 2 𝒗𝒗

is the total backward scattering.
The noise in (2) i.e. the variance of pixel luminance
calculated with it from NF forward rays and NB
backward rays (started from the same pixel) obeys the
general law [5]:
1
(〈〈𝐶𝐶 2 〉𝐹𝐹 〉𝐵𝐵 − 〈〈𝐶𝐶〉〉2 )
𝑉𝑉 =
𝑁𝑁𝐹𝐹 𝑁𝑁𝐵𝐵
1 − 𝑁𝑁𝐹𝐹−1
(〈〈𝐶𝐶〉2𝐹𝐹 〉𝐵𝐵 − 〈〈𝐶𝐶〉〉2 )
+
(4)
𝑁𝑁𝐵𝐵
1 − 𝑁𝑁𝐵𝐵−1
(〈〈𝐶𝐶〉2𝐵𝐵 〉𝐹𝐹 − 〈〈𝐶𝐶〉〉2 )
+
𝑁𝑁𝐹𝐹
Here 〈⋅〉𝐵𝐵 is the averaging over the BMCRT
ensemble for the fixed FMCRT ray and 〈⋅〉𝐹𝐹 is the
averaging over the FMCRT ensemble for the fixed
camera ray. Notice 〈〈𝐶𝐶〉〉 is independent from weights.
This linear term is independent from the order of
averaging so we drop subscripts here.
Simplified expression of noise
By experience, in the absolute majority of practical
cases the first two terms heavily dominate so we can
drop the 3rd. Then, 𝑁𝑁𝐹𝐹 ≫ 1 and we can write the
approximate simplified noise law as
1
〈𝑁𝑁 −1 (〈𝐶𝐶 2 〉𝐹𝐹 − 〈〈𝐶𝐶〉〉2 )
𝑉𝑉 =
(5)
𝑁𝑁𝐵𝐵 𝐹𝐹
+ (〈𝐶𝐶〉2𝐹𝐹 − 〈〈𝐶𝐶〉〉2 )〉𝐵𝐵
Averaging over the illuminating FMCRT rays is
simple:
〈(⋅)〉𝐹𝐹 = �(⋅)|(𝒗𝒗 ⋅ 𝒏𝒏(𝒛𝒛))|𝐼𝐼(𝒗𝒗, 𝒛𝒛)𝑑𝑑 2 𝒗𝒗

where z is the space point where we calculate it and I is
irradiance. Applying it to the ray contribution (3) gives
〈𝐶𝐶〉𝐹𝐹
= 𝐸𝐸(𝑿𝑿) � 𝑤𝑤0 (𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )𝑓𝑓(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 ) 𝐽𝐽(𝒗𝒗, 𝒙𝒙𝑀𝑀 )𝑑𝑑 2 𝒗𝒗

(6)

+𝐸𝐸(𝑿𝑿)𝜇𝜇(𝒖𝒖, 𝒙𝒙𝑀𝑀 )𝑤𝑤1 (𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )𝐿𝐿(𝒗𝒗, 𝒙𝒙𝑀𝑀+1 )
where here and below 𝒙𝒙𝑀𝑀+1 is the vertex of the join
path after 𝒙𝒙𝑀𝑀 so it is light vertex in the first line and
camera vertex in the second line;
𝑿𝑿 ≡ (𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀 )
denotes the camera path common for BDD and BDD+1,
and we dropped the superscript (c) because there are no
light ray vertices.
Also here and below 𝒖𝒖 is the direction of camera ray

before and 𝒙𝒙𝑀𝑀 and 𝒗𝒗 is the direction of the join path
segment after 𝒙𝒙𝑀𝑀 (see Figure 3),
𝒖𝒖 ≡ 𝒙𝒙𝑀𝑀 → 𝒙𝒙𝑀𝑀−1
𝒗𝒗 ≡ 𝒙𝒙𝑀𝑀+1 → 𝒙𝒙𝑀𝑀
𝐽𝐽(𝒗𝒗, 𝒙𝒙) ≡ |(𝒗𝒗 ⋅ 𝒏𝒏(𝒙𝒙))|𝐼𝐼(𝒗𝒗, 𝒙𝒙)
𝐼𝐼(𝒗𝒗, 𝒙𝒙) is irradiance of 𝒙𝒙 in direction 𝒗𝒗 and 𝐿𝐿(𝒗𝒗, 𝒙𝒙) is
radiance from 𝒙𝒙 in direction 𝒗𝒗.
Then, assuming that the kernel K is S–1 within the
integration sphere and 0 outside so 𝐾𝐾 2 = 𝑆𝑆 −1 𝐾𝐾 we have
in the limit 𝑆𝑆 → 0
𝐸𝐸 2 (𝑿𝑿)
〈𝐶𝐶 2 〉𝐹𝐹 =
𝑆𝑆
2 (𝑿𝑿,
𝒙𝒙𝑀𝑀+1 )𝑓𝑓 2 (𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )𝐽𝐽(𝒗𝒗, 𝒙𝒙𝑀𝑀 )𝑑𝑑 2 𝒙𝒙𝑀𝑀+1 (7)
× � 𝑤𝑤0
𝐸𝐸 2 (𝑿𝑿) 2
𝜇𝜇 (𝒖𝒖, 𝒙𝒙𝑀𝑀 )𝑤𝑤12 (𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )𝑏𝑏(𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀+1 )
𝑆𝑆
while the cross term is 𝑜𝑜(𝑆𝑆 −1 ). Here
+

𝑏𝑏(𝒙𝒙𝑀𝑀 , 𝒙𝒙𝑀𝑀+1 ) ≡ � 𝑓𝑓

2 (𝝎𝝎,

𝒙𝒙𝑀𝑀+1

→ 𝒙𝒙𝑀𝑀 ; 𝒙𝒙𝑀𝑀+1 )𝐽𝐽(𝝎𝝎, 𝒙𝒙𝑀𝑀+1 )𝑑𝑑 2 𝝎𝝎
Now we must average over the ensemble of camera
rays. Let us denote the probability density of M first
vertices of camera ray as
(𝑀𝑀)
𝑝𝑝𝐵𝐵 (𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀 )
In a usual BMCRT the distribution of the scattered
direction is proportional to BDF in the hit point, so:
𝑓𝑓(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )��𝒗𝒗 ⋅ 𝒏𝒏(𝒙𝒙𝑀𝑀 )��
(𝑀𝑀+1)
(𝑿𝑿, 𝒙𝒙𝑀𝑀+1 ) = 𝑝𝑝𝐵𝐵(𝑀𝑀) (𝑿𝑿)
𝑝𝑝𝐵𝐵
𝜇𝜇(𝒖𝒖, 𝒙𝒙𝑀𝑀 )
× 𝑠𝑠(𝒙𝒙𝑀𝑀 , 𝒙𝒙𝑀𝑀+1 )
where 𝑠𝑠(… ) transforms angular density into spatial, see
[2]:
��𝒗𝒗 ⋅ 𝒏𝒏(𝒙𝒙𝑀𝑀 )��
𝑠𝑠(𝒙𝒙𝑀𝑀 , 𝒙𝒙𝑀𝑀+1 ) ≡
|𝒙𝒙𝑀𝑀 − 𝒙𝒙𝑀𝑀+1 |2
��(𝒙𝒙𝑀𝑀 − 𝒙𝒙𝑀𝑀+1 ) ⋅ 𝒏𝒏(𝒙𝒙𝑀𝑀 )��
=
|𝒙𝒙𝑀𝑀 − 𝒙𝒙𝑀𝑀+1 |3
Substituting (6) and (7) into (5) and integrating over
(𝑀𝑀+1)
(𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀+1 ) we arrive at
𝑝𝑝𝐵𝐵
𝑁𝑁𝐵𝐵 𝑉𝑉 = 𝑛𝑛𝐹𝐹−1 � 𝑤𝑤02 (𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )𝑓𝑓 2 (𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )𝐽𝐽(𝒗𝒗, 𝒙𝒙𝑀𝑀 )
× 𝜌𝜌(𝑿𝑿)𝑑𝑑 2 𝑿𝑿𝑑𝑑 2 𝒙𝒙𝑀𝑀+1

+𝑛𝑛𝐹𝐹−1 � 𝑤𝑤12 (𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )𝜇𝜇(𝒖𝒖, 𝒙𝒙𝑀𝑀 )𝑏𝑏(𝒙𝒙𝑀𝑀 , 𝒙𝒙𝑀𝑀+1 )

× 𝑞𝑞(𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )𝑑𝑑 2 𝑿𝑿𝑑𝑑 2 𝒙𝒙𝑀𝑀+1
+ � 𝐺𝐺02 (𝑿𝑿)𝜌𝜌(𝑿𝑿)𝑑𝑑 2 𝑿𝑿

+ � 𝑤𝑤12 (𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )𝜇𝜇(𝒖𝒖, 𝒙𝒙𝑀𝑀 )𝐿𝐿2 (𝒗𝒗, 𝒙𝒙𝑀𝑀+1 )
× 𝑞𝑞(𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )𝑑𝑑 2 𝑿𝑿𝑑𝑑 2 𝒙𝒙𝑀𝑀+1

+2 � 𝑤𝑤1 (𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )𝐿𝐿(𝒗𝒗, 𝒙𝒙𝑀𝑀+1 )𝐺𝐺0 (𝑿𝑿)

× 𝑞𝑞(𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )𝑑𝑑 2 𝑿𝑿𝑑𝑑 2 𝒙𝒙𝑀𝑀+1 + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
where the “const” is independent from weights,
𝑛𝑛𝐹𝐹 ≡ 𝑆𝑆𝑆𝑆𝐹𝐹 ,
𝐺𝐺𝑚𝑚 (𝑿𝑿)

≡ � 𝑤𝑤𝑚𝑚 (𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )𝑓𝑓(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 ) 𝐽𝐽(𝒗𝒗, 𝒙𝒙𝑀𝑀 )𝑠𝑠(𝒙𝒙𝑀𝑀 , 𝒙𝒙𝑀𝑀+1 )𝑑𝑑 2 𝒙𝒙𝑀𝑀+1

and

𝜌𝜌(𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀 )
(𝑀𝑀)
≡ 𝐸𝐸 2 (𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀 )𝑝𝑝𝐵𝐵 (𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀 )𝑠𝑠(𝒙𝒙𝑀𝑀 , 𝒙𝒙𝑀𝑀+1 )

𝑞𝑞(𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀+1 ) ≡ 𝑓𝑓(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )|(𝒗𝒗
⋅ 𝒏𝒏(𝒙𝒙𝑀𝑀 ))|𝜌𝜌(𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀 )

8. Optimal weights

By definition, the optimal weights are those which
produce extreme value of noise. Recalling that 𝑤𝑤0 =
1 − 𝑤𝑤1 we calculate the variation of this quadratic
expression in response to the change 𝑤𝑤1 ↦ 𝑤𝑤1 + 𝛿𝛿𝑤𝑤1 :
𝛿𝛿𝛿𝛿
2

= 𝑁𝑁 � 𝛿𝛿𝑤𝑤1 (𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )Φ(𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )𝑞𝑞(𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )𝑑𝑑 2 𝑿𝑿𝑑𝑑 2 𝒙𝒙𝑀𝑀+1
𝐵𝐵

where
Φ(𝑿𝑿, 𝒙𝒙𝑀𝑀+1 ) = −𝑛𝑛𝐹𝐹−1 𝑤𝑤0 (𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )𝑓𝑓(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )𝐼𝐼(𝒗𝒗, 𝒙𝒙𝑀𝑀 )
+𝑛𝑛𝐹𝐹−1 𝑤𝑤1 (𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )𝜇𝜇(𝒖𝒖, 𝒙𝒙𝑀𝑀 )𝑏𝑏(𝒙𝒙𝑀𝑀 , 𝒙𝒙𝑀𝑀+1 )
+𝑤𝑤1 (𝑿𝑿, 𝒙𝒙𝑀𝑀+1 )𝜇𝜇(𝒖𝒖, 𝒙𝒙𝑀𝑀 )𝐿𝐿2 (𝒗𝒗, 𝒙𝒙𝑀𝑀+1 )
+𝐺𝐺0 (𝑿𝑿)(𝐿𝐿(𝒗𝒗, 𝒙𝒙𝑀𝑀+1 ) − 𝐼𝐼(𝒗𝒗, 𝒙𝒙𝑀𝑀 ))
−𝐼𝐼(𝒗𝒗, 𝒙𝒙𝑀𝑀 ) � 𝑤𝑤1 (𝑿𝑿, 𝒙𝒙′𝑀𝑀+1 )𝐿𝐿(𝒗𝒗′ , 𝒙𝒙′𝑀𝑀+1 )

× 𝑓𝑓(𝒗𝒗′, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )|(𝒗𝒗′ ⋅ 𝒏𝒏(𝒙𝒙𝑀𝑀 ))|𝑑𝑑 2 𝒙𝒙′𝑀𝑀+1
Obviously the extremum condition: 𝛿𝛿𝛿𝛿 = 0 for an
arbitrary 𝛿𝛿𝑤𝑤1 is satisfied if and only if Φ(𝑿𝑿, 𝒙𝒙𝑀𝑀+1 ) = 0.
Obviously diffuse irradiance of a point equals
radiance of the surface seen from this point at that
direction
𝐼𝐼(𝒗𝒗, 𝒙𝒙𝑀𝑀 ) = 𝐿𝐿(𝒗𝒗, 𝒙𝒙𝑀𝑀+1 )
so Φ(𝑿𝑿, 𝒙𝒙𝑀𝑀+1 ) = 0 implies
𝐺𝐺1 (𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀 )
𝑎𝑎(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )𝑤𝑤1 (𝒙𝒙0 , … , 𝒙𝒙𝑀𝑀+1 ) −
𝜇𝜇(𝒖𝒖, 𝒙𝒙𝑀𝑀 )
= 𝑛𝑛𝐹𝐹−1 𝑓𝑓̃(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )
where
𝑏𝑏(𝒙𝒙, 𝒚𝒚)
+ 𝐿𝐿(𝒗𝒗, 𝒚𝒚)
𝑎𝑎(𝒗𝒗, 𝒖𝒖; 𝒙𝒙) ≡ 𝑛𝑛𝐹𝐹−1 𝑓𝑓̃(𝒗𝒗, 𝒖𝒖; 𝒙𝒙) + 𝑛𝑛𝐹𝐹−1
𝐿𝐿(𝒗𝒗, 𝒚𝒚)
𝒚𝒚 being the hit point of ray fired from 𝒙𝒙 in direction −𝒗𝒗
and
𝑓𝑓(𝒗𝒗, 𝒖𝒖; 𝒙𝒙)
𝑓𝑓̃(𝒗𝒗, 𝒖𝒖; 𝒙𝒙) ≡
∫ 𝑓𝑓(𝒗𝒗, 𝒖𝒖; 𝒙𝒙)|(𝒗𝒗 ⋅ 𝒏𝒏(𝒙𝒙))| 𝑑𝑑 2 𝒗𝒗
is “backward normalized” BDF.
This equation admits solution which depends only
on 𝒙𝒙𝑀𝑀 and camera ray directions before and after it:
𝑤𝑤1 = 𝑤𝑤1 (𝒗𝒗, 𝒖𝒖, 𝒙𝒙𝑀𝑀 )
because then
𝐺𝐺1 (𝒖𝒖, 𝒙𝒙𝑀𝑀 )
(8)
≡ � 𝑤𝑤1 (𝒗𝒗, 𝒖𝒖, 𝒙𝒙𝑀𝑀 )𝑓𝑓(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )𝐽𝐽(𝒗𝒗, 𝒙𝒙𝑀𝑀 )𝑑𝑑 2 𝒗𝒗
and 𝒙𝒙𝑀𝑀+1 can be calculated from 𝒙𝒙𝑀𝑀 and 𝒗𝒗. So
𝑛𝑛𝐹𝐹−1 𝑓𝑓̃(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )
𝑤𝑤1 (𝒗𝒗, 𝒖𝒖, 𝒙𝒙𝑀𝑀 ) =
𝑎𝑎(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )
(9)
∫ 𝑤𝑤1 (𝒗𝒗, 𝒖𝒖, 𝒙𝒙𝑀𝑀 )𝑓𝑓̃(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 ) 𝐽𝐽(𝒗𝒗, 𝒙𝒙𝑀𝑀 )𝑑𝑑 2 𝒗𝒗
+
𝑎𝑎(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )
This is an integral equation, unlike the “balanced
heuristic” from [2]. In practical cases its solution is very
expensive although it is mathematically trivial.
Substituting 𝑤𝑤1 from (9) into (8) we obtain
∫ 𝑊𝑊1 (𝒗𝒗, 𝒖𝒖, 𝒙𝒙𝑀𝑀 )𝑓𝑓(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )𝐽𝐽(𝒗𝒗, 𝒙𝒙𝑀𝑀 )𝑑𝑑 2 𝒗𝒗
𝐺𝐺1 (𝒖𝒖, 𝒙𝒙𝑀𝑀 ) =
1 − 𝑛𝑛𝐹𝐹 ∫ 𝑊𝑊1 (𝒗𝒗, 𝒖𝒖, 𝒙𝒙𝑀𝑀 )𝐽𝐽(𝒗𝒗, 𝒙𝒙𝑀𝑀 )𝑑𝑑 2 𝒗𝒗
where
𝑛𝑛𝐹𝐹−1 𝑓𝑓̃(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )
𝑊𝑊1 (𝒗𝒗, 𝒖𝒖, 𝒙𝒙𝑀𝑀 ) ≡
𝑎𝑎(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )
is the weight “calculated neglecting G1”.

(10)

𝐴𝐴 ≡ � 𝑊𝑊1 (𝒗𝒗, 𝒖𝒖, 𝒙𝒙𝑀𝑀 )𝑓𝑓̃(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )𝐽𝐽(𝒗𝒗, 𝒙𝒙𝑀𝑀 )𝑑𝑑 2 𝒗𝒗
𝐵𝐵 ≡ � 𝑊𝑊1 (𝒗𝒗, 𝒖𝒖, 𝒙𝒙𝑀𝑀 )𝐽𝐽(𝒗𝒗, 𝒙𝒙𝑀𝑀 )𝑑𝑑 2 𝒗𝒗

Recall that as usual 𝒖𝒖 is the direction of camera ray
before and 𝒙𝒙𝑀𝑀 and 𝒗𝒗 is the direction of the join path
segment after 𝒙𝒙𝑀𝑀 .
9. Calculation of weight in ray tracing

The general idea is that all the integrals that enter
the weight formula are calculated with Monte-Carlo
method from photon maps.
In ray tracing 𝐿𝐿(𝒗𝒗, 𝒙𝒙𝑀𝑀+1 ) and 𝑏𝑏(𝒙𝒙𝑀𝑀 , 𝒙𝒙𝑀𝑀+1 ) (which
is rather similar to 𝐿𝐿(𝒗𝒗, 𝒙𝒙𝑀𝑀+1 ), just BDF is squared) are
calculated as sums over photon hits in the integration
sphere.
1
𝑏𝑏(𝒗𝒗, 𝒙𝒙𝑀𝑀+1 ) ≈
� 𝑓𝑓 2 �𝒗𝒗𝑝𝑝 , 𝒗𝒗; 𝒙𝒙𝑀𝑀+1 �
𝑆𝑆𝑆𝑆𝐹𝐹
𝑝𝑝
(11)
1
� 𝑓𝑓�𝒗𝒗𝑝𝑝 , 𝒗𝒗; 𝒙𝒙𝑀𝑀+1 �
𝐿𝐿(𝒗𝒗, 𝒙𝒙𝑀𝑀+1 ) ≈
𝑆𝑆𝑆𝑆𝐹𝐹
𝑝𝑝

where the sums are over the FMCRT hits (𝒙𝒙𝑝𝑝 , 𝒗𝒗𝑝𝑝 )
inside the integration sphere around 𝒙𝒙𝑀𝑀+1 .
Notice we need weight for directions 𝒗𝒗 of:
1. All FMCRT photons in the integration sphere
about 𝒙𝒙𝑀𝑀
2. Camera ray after scattering
Thus we calculate 𝐿𝐿(𝒗𝒗, 𝒙𝒙𝑀𝑀+1 ) and 𝑏𝑏(𝒙𝒙𝑀𝑀 , 𝒙𝒙𝑀𝑀+1 )
(which is in fact 𝑏𝑏(𝒗𝒗, 𝒙𝒙𝑀𝑀+1 )) for all that directions (or
all that 𝒙𝒙𝑀𝑀+1 , because 𝒗𝒗 = 𝒙𝒙𝑀𝑀+1 → 𝒙𝒙𝑀𝑀 ), see Figure 3).
Then we have 𝑊𝑊1 (𝒗𝒗, 𝒖𝒖, 𝒙𝒙𝑀𝑀 ) for all that directions.
Approximate calculation of the integrals A and B is
rather simple. We estimate them as
1
𝐴𝐴 ≈
� 𝑊𝑊1 �𝒗𝒗𝑝𝑝 , 𝒖𝒖, 𝒙𝒙𝑀𝑀 �𝑓𝑓̃�𝒗𝒗𝑝𝑝 , 𝒖𝒖; 𝒙𝒙𝑀𝑀 �
𝑆𝑆𝑆𝑆𝐹𝐹
𝑝𝑝
(12)
1
𝐵𝐵 ≈
� 𝑊𝑊1 �𝒗𝒗𝑝𝑝 , 𝒖𝒖, 𝒙𝒙𝑀𝑀 �
𝑆𝑆𝑆𝑆𝐹𝐹
𝑝𝑝

where the sums are over the FMCRT hits (𝒙𝒙𝑝𝑝 , 𝒗𝒗𝑝𝑝 )
inside the integration sphere around 𝒙𝒙𝑀𝑀 . 𝑊𝑊1 for those
directions have been all the same calculated above.
Notice that direction of the scattered camera ray is not
included in that sum although we know W1 for it,
because it has another angular distribution than one
needed to estimate this integral.
The scheme of calculation is shown in Figure 3.
Knowing A and B and W1 for all direction of the join
path past 𝒙𝒙𝑀𝑀 , we calculate 𝑤𝑤1 for them and thus weight
contributions from continuation of camera ray past 𝒙𝒙𝑀𝑀
(with weight w1) and photons near 𝒙𝒙𝑀𝑀 (with weight 1–
w1).
As said in the very beginning weights must be
deterministic functions of the join path. In other words
for given (𝒗𝒗, 𝒖𝒖, 𝒙𝒙𝑀𝑀 ) the weight must be calculated the
same during all the MCRT process.
But if we calculate the integrals from photon map

the result will differ from iteration to iteration because
photon maps are changed. The remedy is to freeze the
photon map used for calculation of integrals in the
weight formula so that it is the same for all iterations.
For example, we can always use photon map from the
1st iteration.
Notice that the calculation of luminance brought by
the camera ray, described in Section 6, works as usual,
i.e. it uses “the main” photon map (from current
iteration). The set of arguments (𝒗𝒗, 𝒖𝒖, 𝒙𝒙𝑀𝑀 ) for which we
need weights is therefore also taken from this photon
map. It is only the sums (11) and (12) which are over
the FMCRT hits (𝒙𝒙𝑝𝑝 , 𝒗𝒗𝑝𝑝 ) from the frozen photon map.
Meanwhile positions of the integration spheres (that
collect those hits) are from the current, iterationdependent photon map. This is natural because they
determine only the ray segment we calculate the weight
function for. And if in some next iteration we face the
same ray, the weight calculated for it will be exactly the
same, thus satisfying the conditions of unbiased
estimation.
Fig. 3 illustrates how the calculations are performed.
Compute
b, L

Compute
b, L
xM+1

xM+1

xM+1
v

𝐴𝐴
1 − 𝑛𝑛𝐹𝐹 𝐵𝐵
𝑤𝑤1 (𝒗𝒗, 𝒖𝒖, 𝒙𝒙𝑀𝑀 ) = 𝑊𝑊1 (𝒗𝒗, 𝒖𝒖, 𝒙𝒙𝑀𝑀 ) +
𝑎𝑎(𝒗𝒗, 𝒖𝒖; 𝒙𝒙𝑀𝑀 )
where

Compute
L

Compute
b, L

weight w0

Finally,

xM+1
xM

Compute b, L
and L

Fig. 3. Calculation of weights for FMCRT rays that brought
luminance to given camera ray. Blue color relates to camera
ray, red color relates to light ray from current photon map and
green color relates to light ray from frozen photon map. u is
direction of the join path segment before xM, and v or v is
direction after it; xM+1 or xM+1 is the next (counting from
camera) vertex of the join path. In each integration sphere we
compute L from the current photon map (used for luminance
calculation) and b, L from the frozen photon map (used for
weight calculation)

10. Conclusion
Classic MIS requires that all vertices in the join path
be used for intersection of light and camera rays, taking
contribution from intersection with different weights.
The optimal weights minimize the noise functional
which in case of BDPM differs from that in the
“classic” MCRT [5], so the formulae for the optimal
weights are different from those in [2,3]. But they are
very sophisticated and it is difficult to apply them in
practice.
This paper is an attempt to find a compromise: use

sub-optimal weights to simplify their calculation. Our
idea is to weight just two strategies: terminate camera
ray at this vertex or continue it by yet one segment. In
this case there are only two weights and they are
independent from the “early part” of light path. They
are “sub-optimal” because the weights in all vertices but
two are fixed and independent of the “early part” of
light path. So the minimum of noise achieved with them
can be reduced further (we hope not much).
We show that in this case the optimal weights obey a
linear integral equation that admits solution in close
form, i.e. solution is calculated analytically from some
integrals that must be calculated numerically. We
explain how they can be calculated using FMCRT.
From (10) we see that the optimal weights for this
situation
• Are not local i.e. depend on scene properties in
points other that current path (via integrals 𝑏𝑏, 𝐴𝐴, 𝐵𝐵);
• Depend on BDFs and irradiance;
• Depend on the number of forward (light) paths
traced in iteration;
• Depend of the area of integration sphere,
while the “balanced/power heuristic” i.e. the formulae
for weights in classic bi-directional ray tracing [2, 3]
depend only on BDFs and distribution of light source
emission.
In simple extreme cases the weights give
“intuitively obvious” result.
• If BDF at 𝒙𝒙𝑀𝑀 is very sharp, 𝑤𝑤1 = 1, i.e. we go to
𝒙𝒙𝑀𝑀+1 to collect diffuse illumination.
• If BDF at 𝒙𝒙𝑀𝑀 is smooth while at 𝒙𝒙𝑀𝑀+1 either BDF is
sharp or illumination has highly nonhomogeneous in
space, 𝑤𝑤1 = 0, i.e. we stop at 𝒙𝒙𝑀𝑀 and collect all
illumination there.
• If the number of lights paths 𝑁𝑁𝐹𝐹 (or integration area
S) is very large then also 𝑤𝑤1 = 0, i.e. we stop at 𝒙𝒙𝑀𝑀 .
• If integration area is very small, 𝑤𝑤1 = 1, i.e. we go
to 𝒙𝒙𝑀𝑀+1 and collect diffuse illumination there.
But not contrast cases, e.g. for BDF at 𝒙𝒙𝑀𝑀 and
nonhomogeneous illumination at 𝒙𝒙𝑀𝑀+1 the weight is
neither 0 nor 1 and can’t be predicted that simply and
(11) is needed.
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A general view of the model of risk assessment in the natural-technogenic system (NTS), considering the effects of natural and
technogenic factors, is considered. The general solution of the system of differential equations describing the model is found. Two
examples of the application of the model for the case of functionally similar natural and technogenic impacts are analyzed: (i) linear
effects resulting in catastrophic seismic events; (ii) parabolic impacts that lead to creep, karst-deformation, subsidence and landslide
processes. In addition, two new models of the dynamics of risks arising in a TCP under the influence of dangerous natural and
technogenic factors are described. The presented models differ from each other in the types of effects: in the first model, they consider
jointly parabolic (reflecting threats, the intensity of which gradually decreases with distance from the epicenter) and linear types of
effects (reflecting suddenly arising threats), in the second model, the analysis of such types of impacts as parabolic and hyperbolic
(reflecting threats whose intensity decreases sharply over time) is carried out. It is concluded that, on the basis of the considered models,
it is possible to accurately describe almost any type of combined natural and technological impact and also make a special “atlas” of
complex effects on the NTS for preventive “playing” of various situations and developing effective counteraction to emerging dangers
from the departments of the Ministry of Emergencies and other structures.
Keywords: modeling, differential equations, assessment, natural and technological risks, danger, counteraction.

1. Introduction
A complex combination of natural and anthropogenic
factors that cause dangerous threats to the health and life
of the population living in certain territories, as well as
material objects, including critical ones located on them,
determines the researches of natural and technogenic risks,
which are devoted to a number of modern scientific papers
[1-4], including scientific works on mathematical
modeling of risks [5-7].
To ensure the safety of population and territories from
the development of hazardous natural and technogenic
processes in Russia, they are guided by the strategies
indicated in the State Scientific and Technical Program
«Safety of the population and national economic facilities,
considering the risk of natural and technogenic disasters»
[8]:
1) prevention of the causes of natural and technogenic
accidents and catastrophes and ensuring of facilities that
are characterized by technogenic hazards;
2) prevention and localization of a dangerous situation
that causes a chain reaction of events leading to a natural
and technogenic accident or disaster;
3) maximum possible neutralization and rapid
elimination of the effects of dangerous natural and
technogenic factors on people and the environment.
It should be taken into account that extreme events, the
implementation of which is unlikely from the point of view
of statistics, reflect the “tail” values of the General
population, as a rule, are underestimated by researchers.
However, the consequences of such events are very large
and dangerous (earthquakes, severe floods, super fires,
mudslides, etc.) [9].
One of the most important methods for assessing
natural and technogenic risks in natural-technical systems
[NTS] is the method of mathematical modeling [10].
This article presents dynamic models of natural and
technogenic risk in relation to systems exposed to complex
external influences.

2. Materials and method
Risk modeling for functionally similar natural and
technogenic influences
Assume risk is a two-dimensional vector function,
where r1(t) – natural risk change function, r2(t) –
technogenic risk change function. We represent the risk
function in the form of a system of differential equations
[11]:
𝑟𝑟 ′ (𝑡𝑡) = 𝑎𝑎1 ⋅ 𝑟𝑟1 (𝑡𝑡) + 𝑏𝑏1 ⋅ 𝑟𝑟2 (𝑡𝑡) + 𝐿𝐿1 (𝑡𝑡),
� ′1
(1)
𝑟𝑟 2 (𝑡𝑡) = 𝑎𝑎2 ⋅ 𝑟𝑟1 (𝑡𝑡) + 𝑏𝑏2 ⋅ 𝑟𝑟2 (𝑡𝑡) + 𝐿𝐿2 (𝑡𝑡),
where a1, a2, b1, b2 – constant coefficients that reflect the
response of the NTS to the effects of dangerous natural and
technogenic factors; L1(t), L2(t) – functions that describe
the intensity of impacts on the NTS of external natural and
technogenic factors, respectively.
The General solution of system (1) for zero functions
L1(t), L2(t) for the case of a positive discriminant of its
characteristic equation is written as:
𝑟𝑟1 (𝑡𝑡) = 𝐶𝐶1 ⋅ 𝑒𝑒 𝜆𝜆1⋅𝑡𝑡 + 𝐶𝐶2 ⋅ 𝑒𝑒 𝜆𝜆2⋅𝑡𝑡 ,
(𝜆𝜆1 − 𝑎𝑎1 )
(𝜆𝜆2 − 𝑎𝑎1 )
�
(2)
𝑟𝑟2 (𝑡𝑡) =
⋅ 𝐶𝐶1 ⋅ 𝑒𝑒 𝜆𝜆1⋅𝑡𝑡 +
⋅ 𝐶𝐶2 ⋅ 𝑒𝑒 𝜆𝜆2⋅𝑡𝑡 .
𝑏𝑏1
𝑏𝑏1

Let's consider an example of using the model (1) to
assess natural and technogenic risk in the case when the
NTS is functionally similar to external natural and
technogenic influences. A functionally similar external
influence is understood as a type of external influence in
which the effects of both natural and technogenic factors
are described by the same functional dependencies.
The First case. We use the functional dependencies of
the linear form:
(0)
𝐿𝐿1 (𝑡𝑡) = 𝜉𝜉1 − 𝜂𝜂1 ⋅ 𝑡𝑡,
� (0)
(3)
𝐿𝐿2 (𝑡𝑡) = 𝜉𝜉2 − 𝜂𝜂2 ⋅ 𝑡𝑡,
Find the general form of a partial solution for a nonuniform system of equations of the form (1). Let's
represent the system (2) in the following form [12]:
𝑟𝑟 (𝑡𝑡) = 𝐶𝐶1 ⋅ 𝐹𝐹11 (𝑡𝑡) + 𝐶𝐶2 ⋅ 𝐹𝐹12 (𝑡𝑡),
�1
(4)
𝑟𝑟2 (𝑡𝑡) = 𝐶𝐶1 ⋅ 𝐹𝐹21 (𝑡𝑡) + 𝐶𝐶2 ⋅ 𝐹𝐹22 (𝑡𝑡),
while assuming:
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𝐹𝐹11 (𝑡𝑡) = 𝑒𝑒 𝜆𝜆1⋅𝑡𝑡 ;
(𝜆𝜆1 − 𝑎𝑎1 ) 𝜆𝜆 ⋅𝑡𝑡
�
𝐹𝐹21 (𝑡𝑡) =
⋅ 𝑒𝑒 1 ;
𝑏𝑏1

We write (4) in matrix form:
𝑟𝑟 (𝑡𝑡)
𝐹𝐹 (𝑡𝑡) 𝐹𝐹12 (𝑡𝑡)
𝐶𝐶
� 1 � = � 11
� × � 1 �,
(6)
𝐶𝐶2
𝑟𝑟2 (𝑡𝑡)
𝐹𝐹21 (𝑡𝑡) 𝐹𝐹22 (𝑡𝑡)
or more compact: 𝑅𝑅0 (𝑡𝑡) = 𝐹𝐹(𝑡𝑡) ⋅ 𝐶𝐶0 , где R0(t) – functions
matrix of changing the components of natural and
technological risk without considering external impact of
the system (4); F(t) – system matrix (5); C0 – matrix of
system coefficients (4).
In this case, the particular solution of system (1)
corresponding to finding the matrix R(t) of changes
functions in natural and technogenic risk due to the
external influences on the NTS from the natural
environment and the techno sphere, we will look for on the
basis of the following relation [13, 14]:
(7)
𝑅𝑅˜ (𝑡𝑡) = 𝐹𝐹(𝑡𝑡) ⋅ ∫ 𝐹𝐹 −1 (𝑡𝑡) ⋅ 𝐿𝐿(𝑡𝑡)𝑑𝑑𝑑𝑑,
-1
where F (t) – the inverse matrix for F(t); L(t) – the matrix
of changes in the external natural and technogenic effects
on the NTS.

𝐹𝐹12 (𝑡𝑡) = 𝑒𝑒 𝜆𝜆2⋅𝑡𝑡 ;
(𝜆𝜆2 − 𝑎𝑎1 ) 𝜆𝜆 ⋅𝑡𝑡
𝐹𝐹22 (𝑡𝑡) =
⋅ 𝑒𝑒 2 .
𝑏𝑏1

(5)

Let's construct the matrix F-1(t), for this purpose we
find the determinant of the matrix F(t):
𝐹𝐹 (𝑡𝑡) 𝐹𝐹12 (𝑡𝑡)
𝛥𝛥 = � 11
� = 𝐹𝐹11 (𝑡𝑡) ⋅
𝐹𝐹21 (𝑡𝑡) 𝐹𝐹22 (𝑡𝑡)
(𝜆𝜆 −𝜆𝜆 )
(8)
𝐹𝐹22 (𝑡𝑡) − 𝐹𝐹21 (𝑡𝑡) ⋅ 𝐹𝐹12 (𝑡𝑡) = 2 1 ⋅
𝑏𝑏1

𝑒𝑒 (𝜆𝜆1+𝜆𝜆2)⋅𝑡𝑡 ,
The matrix of algebraic extensions 𝐹𝐹¯ (𝑡𝑡) for the matrix
F(t) will have the following form:
(𝜆𝜆2 −𝑎𝑎1 )
(𝜆𝜆 −𝑎𝑎 )
⋅ 𝑒𝑒 𝜆𝜆2⋅𝑡𝑡 − 1 1 ⋅ 𝑒𝑒 𝜆𝜆1⋅𝑡𝑡
¯
𝑏𝑏
𝑏𝑏1
𝐹𝐹 (𝑡𝑡) = � 1
�,
(9)
𝜆𝜆2 ⋅𝑡𝑡
−𝑒𝑒
𝑒𝑒 𝜆𝜆1⋅𝑡𝑡
Then the matrix transposed with respect to the matrix
(9) is written as:
(𝜆𝜆2 −𝑎𝑎1 )
⋅ 𝑒𝑒 𝜆𝜆2⋅𝑡𝑡 −𝑒𝑒 𝜆𝜆2⋅𝑡𝑡
𝑏𝑏1
𝑇𝑇
𝐹𝐹 (𝑡𝑡) = � (𝜆𝜆 −𝑎𝑎 )
�,
(10)
− 1 1 𝑒𝑒 𝜆𝜆1⋅𝑡𝑡 𝑒𝑒 𝜆𝜆1⋅𝑡𝑡
𝑏𝑏1

Let us define the integrand functional matrix U(t)
taking into account (10):
(𝜆𝜆2 − 𝑎𝑎1 ) 𝜆𝜆 ⋅𝑡𝑡
⋅ 𝑒𝑒 2
−𝑒𝑒 𝜆𝜆2⋅𝑡𝑡
1
⎛
⎞ 𝐿𝐿1 (𝑡𝑡)
𝑏𝑏1
−1 (𝑡𝑡)
× 𝐿𝐿(𝑡𝑡) = × ⎜
𝑈𝑈(𝑡𝑡) = 𝐹𝐹
(11)
⎟ �𝐿𝐿2 (𝑡𝑡)�.
−
𝑎𝑎
)
(𝜆𝜆
𝛥𝛥
1
1
−
⋅ 𝑒𝑒 𝜆𝜆1⋅𝑡𝑡 𝑒𝑒 𝜆𝜆1⋅𝑡𝑡
𝑏𝑏1
⎝
⎠

Consider a functionally similar effect on NTS of the
and “point” scale levels. They are characterized by sudden
form (3). These types of impacts describe the
emergencies at techno sphere facilities, such as equipment
manifestations of movements that occur in the geological
explosions, collapses of buildings and structures of various
environment and leading to the occurrence of catastrophic
types.
seismic events observed in the territories of the district,
In this case, the matrix of changes in external natural
local and “point” scale levels. They are characterized by
and technogenic influences on the NTS has the form:
−𝜂𝜂1
sudden emergencies at techno sphere facilities, for
𝜉𝜉 − 𝜂𝜂1 ⋅ 𝑡𝑡 ′
(12)
𝐿𝐿(𝑡𝑡) = � 1
� = �−𝜂𝜂 �.
example, explosions of equipment, collapse of buildings,
𝜉𝜉2 − 𝜂𝜂2 ⋅ 𝑡𝑡
2
structures, structures of various kinds.
Define the components of the matrix U(t):
In this case, the matrix of changes in the external
[(𝜆𝜆2 − 𝑎𝑎1 ) ⋅ 𝐿𝐿1 (𝑡𝑡) − 𝑏𝑏1 ⋅ 𝐿𝐿2 (𝑡𝑡)] ⋅ 𝑒𝑒 −𝜆𝜆1 ⋅𝑡𝑡
(13)
𝑢𝑢1 (𝑡𝑡) =
.
natural and technological impacts on the NTS has the
𝜆𝜆2 − 𝜆𝜆1
form:
By analogy, we obtain the expression for u2(t):
Consider a functionally similar effect on NTS of the
[𝑏𝑏1 ⋅ 𝐿𝐿2 (𝑡𝑡) − (𝜆𝜆1 − 𝑎𝑎1 ) ⋅ 𝐿𝐿1 (𝑡𝑡)] ⋅ 𝑒𝑒 −𝜆𝜆2 ⋅𝑡𝑡
(14)
𝑢𝑢2 (𝑡𝑡) =
.
type (3). These types of influences describe the
𝜆𝜆2 − 𝜆𝜆1
manifestations of movements that occur in the geological
Integrating expressions (13) and (14):
environment and lead to the occurrence of catastrophic
seismic events observed on the territories of regional, local
−𝜆𝜆1 ⋅𝑡𝑡
⎧𝜒𝜒 (𝑡𝑡) = ∫ 𝑢𝑢 (𝑡𝑡)𝑑𝑑𝑑𝑑 = [−𝑏𝑏1 ⋅ 𝜂𝜂2 + (𝜆𝜆2 − 𝑎𝑎1 ) ⋅ 𝜂𝜂1 ] ⋅ 𝑒𝑒
+ 𝐶𝐶˜1 ,
1
⎪ 1
𝜆𝜆1 ⋅ (𝜆𝜆2 − 𝜆𝜆1 )
(15)
[−(𝜆𝜆1 − 𝑎𝑎1 ) ⋅ 𝜂𝜂1 + 𝑏𝑏1 ⋅ 𝜂𝜂2 ] ⋅ 𝑒𝑒 −𝜆𝜆2⋅𝑡𝑡
⎨
˜
𝜒𝜒
(𝑡𝑡)
=
∫
𝑢𝑢
(𝑡𝑡)𝑑𝑑𝑑𝑑
=
+
𝐶𝐶
,
⎪ 2
2
2
𝜆𝜆2 ⋅ (𝜆𝜆2 − 𝜆𝜆1 )
⎩

where 𝐶𝐶˜1 , 𝐶𝐶˜2 – constant coefficients, considering changes
in natural and technogenic influences on the NTS at the
initial time.
Considering (15), we will reveal the ratio (7):

𝐹𝐹 (𝑡𝑡)
𝑅𝑅˜ (𝑡𝑡) = 𝐹𝐹(𝑡𝑡) × 𝜒𝜒(𝑡𝑡) = � 11
𝐹𝐹21 (𝑡𝑡)

𝐹𝐹12 (𝑡𝑡)
𝜒𝜒 (𝑡𝑡)
� × � 1 �. (16)
𝐹𝐹22 (𝑡𝑡)
𝜒𝜒2 (𝑡𝑡)

As a result, after the corresponding transformations,
we get expressions for the functions of changes in natural
and technogenic risk in the NTS:

1
⋅
⎧ 𝑟𝑟¯1 (𝑡𝑡) = 𝐷𝐷1 ⋅ 𝑒𝑒 𝜆𝜆1⋅𝑡𝑡 + 𝐷𝐷2 ⋅ 𝑒𝑒 𝜆𝜆2⋅𝑡𝑡 +
𝜆𝜆1 ⋅ 𝜆𝜆2
⎪
⎪ [(𝜆𝜆1 + 𝜆𝜆2 − 𝑎𝑎1 ) ⋅ 𝜂𝜂1 − 𝑏𝑏1 ⋅ 𝜂𝜂2 ],
(𝜆𝜆1 − 𝑎𝑎1 )
(𝜆𝜆2 − 𝑎𝑎1 )
⋅ 𝐷𝐷1 ⋅ 𝑒𝑒 𝜆𝜆1⋅𝑡𝑡 +
⋅ 𝐷𝐷2 ⋅ 𝑒𝑒 𝜆𝜆2⋅𝑡𝑡 +
⎨𝑟𝑟¯2 (𝑡𝑡) =
𝑏𝑏1
𝑏𝑏1
⎪
1
⎪+
⋅ [𝑎𝑎1 ⋅ 𝑏𝑏1 ⋅ 𝜂𝜂2 + (𝜆𝜆1 − 𝑎𝑎1 ) ⋅ (𝜆𝜆2 − 𝑎𝑎1 ) ⋅ 𝜂𝜂1 ],
⎩ 𝑏𝑏1 ⋅ 𝜆𝜆1 ⋅ 𝜆𝜆2

(17)

cover the territories of local, district, and regional scale
where 𝐷𝐷1 = 𝐶𝐶1 + 𝐶𝐶˜1 ; 𝐷𝐷2 = 𝐶𝐶2 + 𝐶𝐶˜2 .
levels. For the techno sphere, examples include fires,
The Second case. Let's now consider similar influences
chemical releases, and fallout of radioactive substances.
from natural and technogenic factors:
(0)
Let us find a matrix of changes in the external natural and
𝐿𝐿1 (𝑡𝑡) = 𝜉𝜉1 − 𝜂𝜂1 ⋅ 𝑡𝑡 2 ,
� (0)
(18)
technogenic influences on NTS:
′
𝐿𝐿2 (𝑡𝑡) = 𝜉𝜉2 − 𝜂𝜂2 ⋅ 𝑡𝑡 2 .
𝜉𝜉 − 𝜂𝜂1 ⋅ 𝑡𝑡 2
−2𝜂𝜂1 ⋅ 𝑡𝑡
(19)
𝐿𝐿(𝑡𝑡) = � 1
�
=�
�.
Influences of this type (parabolic), for example, from
−2𝜂𝜂2 ⋅ 𝑡𝑡
𝜉𝜉2 − 𝜂𝜂2 ⋅ 𝑡𝑡 2
the geological environment, characterize the effects of
We will search for a particular solution of system (1)
geodynamic hazards, the intensity of which gradually
for the case (18) by the method of variation of an arbitrary
decreases with the distance from the epicenter of their
constant, finally obtaining:
manifestation. Such hazards include crepe, karstdeformation, subsidence, and landslide processes that
[𝜂𝜂
(𝜆𝜆
)](1 + 𝜆𝜆1 𝑡𝑡)
⎧ 2 𝑏𝑏1 − 𝜂𝜂1 2 − 𝑎𝑎1
+⎫
2
⎪
⎪
2
𝜆𝜆1
𝑟𝑟¯1 (𝑡𝑡) =
+ 𝐷𝐷1 𝑒𝑒 𝜆𝜆1⋅𝑡𝑡 + 𝐷𝐷2 𝑒𝑒 𝜆𝜆2𝑡𝑡 ,
(𝜆𝜆1 − 𝜆𝜆2 ) ⎨ [𝜂𝜂1 (𝜆𝜆1 − 𝑎𝑎1 ) − 𝜂𝜂2 𝑏𝑏1 ](1 + 𝜆𝜆2 𝑡𝑡) ⎬
⎪+
⎪
𝜆𝜆22
⎩
⎭
(20)
(𝜆𝜆
)[𝜂𝜂
(𝜆𝜆
)](1 + 𝜆𝜆1 𝑡𝑡)
⎧ 1 − 𝑎𝑎1 2 𝑏𝑏1 − 𝜂𝜂1 2 − 𝑎𝑎1
+⎫
⎪
⎪ (𝜆𝜆1 − 𝑎𝑎1 )
(𝜆𝜆2 − 𝑎𝑎1 )
2
𝜆𝜆12
𝑟𝑟¯2 (𝑡𝑡) =
+
𝐷𝐷1 𝑒𝑒 𝜆𝜆1 ⋅𝑡𝑡 +
𝐷𝐷2 𝑒𝑒 𝜆𝜆2⋅𝑡𝑡 ,
𝑏𝑏1 (𝜆𝜆1 − 𝜆𝜆2 ) ⎨ (𝜆𝜆1 − 𝑎𝑎1 )[𝜂𝜂1 (𝜆𝜆1 − 𝑎𝑎1 ) − 𝜂𝜂2 𝑏𝑏1 ](1 + 𝜆𝜆2 𝑡𝑡)⎬
𝑏𝑏1
𝑏𝑏1
⎪+
⎪
𝜆𝜆22
⎩
⎭

where 𝐷𝐷1 = 𝐶𝐶1 + 𝐶𝐶˜1 ;

𝐷𝐷2 = 𝐶𝐶2 + 𝐶𝐶˜2 .

Risk modeling for functionally different natural
and technogenic influences

(0)

𝐿𝐿 (𝑡𝑡) = 𝜉𝜉1 − 𝜂𝜂1 ⋅ 𝑡𝑡 2 ,
� 1(0)
(21)
𝐿𝐿2 (𝑡𝑡) = 𝜉𝜉2 − 𝜂𝜂2 ⋅ 𝑡𝑡,
where 𝜉𝜉1 , 𝜉𝜉2 , 𝜂𝜂1 , 𝜂𝜂2 – some constant coefficients.
The matrix of changes in the external natural and
technogenic influences on the NTS for (21) has the form:
′
−2𝜂𝜂1 𝑡𝑡
𝜉𝜉 − 𝜂𝜂1 𝑡𝑡 2
(22)
𝐿𝐿(𝑡𝑡) = � 1
� =�
�,
−𝜂𝜂2
𝜉𝜉2 − 𝜂𝜂2 𝑡𝑡
or:
𝐿𝐿 (𝑡𝑡) = −2𝜂𝜂1 𝑡𝑡,
� 1
(23)
𝐿𝐿2 (𝑡𝑡) = −𝜂𝜂2 .

The Third case. Let technogenic influence reflect the
manifestations of movements that occur in the geological
environment, leading to the occurrence of catastrophic
seismic events in the territories. These types of influences
are reflected in the second equation (21). At the same time,
natural influence are described by a parabolic equation
(the first equation in (21)), the intensity of which gradually
decreases with the distance from the epicenter of their
Applying the procedure described above, we define
manifestation, reflecting the so – called “slow”
C1(t) and C2(t) as particular solutions of system (22) for
catastrophes-creep,
karst-deformation,
subsidence,
the case of external natural and technogenic influences on
landslide processes.
NTS of the form (21):
1
𝐶𝐶1 (𝑡𝑡) = 2
[2𝜂𝜂1 (𝜆𝜆2 − 𝑎𝑎1 )(1 + 𝜆𝜆1 𝑡𝑡) − 𝑏𝑏1 𝜂𝜂2 𝜆𝜆1 ]𝑒𝑒 −𝜆𝜆1𝑡𝑡 + 𝐶𝐶˜1 ,
(24)
𝜆𝜆1 (𝜆𝜆2 −𝜆𝜆1 )

𝐶𝐶2 (𝑡𝑡) =

[2𝜂𝜂1 ⋅(𝜆𝜆1 −𝑎𝑎1 )⋅(1+𝜆𝜆2 ⋅𝑡𝑡)−𝑏𝑏1 ⋅𝜂𝜂2 ⋅𝜆𝜆2 ]𝑒𝑒 −𝜆𝜆2 ⋅𝑡𝑡
𝜆𝜆2
2 ⋅(𝜆𝜆1 −𝜆𝜆2 )

+ 𝐶𝐶˜2 ,

(25)

the natural environment and the techno sphere will
where 𝐶𝐶˜1 , 𝐶𝐶˜2 – the constants of integration; 𝜆𝜆1 , 𝜆𝜆2 – the
eventually take the following form:
roots of the uniform characteristic equation for (1).
Then the relations for the functions of changing the
natural-technogenic risk for NTS in the case of joint
functionally different influences of the species (21) from
(3)
𝑟𝑟¯1 (𝑡𝑡) = 𝐷𝐷1 ⋅ 𝑒𝑒 𝜆𝜆1⋅𝑡𝑡 + 𝐷𝐷2 ⋅ 𝑒𝑒 𝜆𝜆2⋅𝑡𝑡 + 𝑉𝑉1 (𝑡𝑡),
�
(26)
(𝜆𝜆1 − 𝑎𝑎1 )
(𝜆𝜆2 − 𝑎𝑎1 )
(3)
𝑟𝑟¯2 (𝑡𝑡) =
⋅ 𝐷𝐷1 ⋅ 𝑒𝑒 𝜆𝜆1⋅𝑡𝑡 +
⋅ 𝐷𝐷2 ⋅ 𝑒𝑒 𝜆𝜆2⋅𝑡𝑡 + 𝑉𝑉2 (𝑡𝑡),
𝑏𝑏1
𝑏𝑏1

where D1, D2 – are constant coefficients that take into
account changes in natural and technogenic influences on

(3)

the NTS at the initial time, and the functions 𝑉𝑉1 (𝑡𝑡) and
(3)
𝑉𝑉2 (𝑡𝑡) are defined by equations:
𝑏𝑏1 𝜂𝜂2 𝜆𝜆1 − 2𝜂𝜂1 (𝜆𝜆2 − 𝑎𝑎1 )(1 + 𝜆𝜆1 𝑡𝑡) 2𝜂𝜂1 (𝜆𝜆1 − 𝑎𝑎1 )(1 + 𝜆𝜆2 𝑡𝑡) − 𝑏𝑏1 𝜂𝜂2 𝜆𝜆2
(3)
⎧
(𝑡𝑡)
=
𝑉𝑉
+
,
1
⎪
𝜆𝜆21 (𝜆𝜆1 − 𝜆𝜆2 )
𝜆𝜆22 (𝜆𝜆1 − 𝜆𝜆2 )
(27)
⎨ (3) (𝑡𝑡) (𝜆𝜆1 − 𝑎𝑎1 )[𝑏𝑏1 𝜂𝜂2 𝜆𝜆1 − 2𝜂𝜂1 (𝜆𝜆2 − 𝑎𝑎1 )(1 + 𝜆𝜆1 𝑡𝑡)] (𝜆𝜆2 − 𝑎𝑎1 )[2𝜂𝜂1 (𝜆𝜆1 − 𝑎𝑎1 )(1 + 𝜆𝜆2 𝑡𝑡) − 𝑏𝑏1 𝜂𝜂2 𝜆𝜆2 ]
=
𝑉𝑉
+
.
⎪2
𝑏𝑏1 𝜆𝜆21 (𝜆𝜆1 − 𝜆𝜆2 )
𝑏𝑏1 𝜆𝜆22 (𝜆𝜆1 − 𝜆𝜆2 )
⎩

The Fourth case. We now consider the functionally
differing effects of the kind (28).
(0)
𝐿𝐿1 (𝑡𝑡) = 𝜉𝜉1 − 𝜂𝜂1 ⋅ 𝑡𝑡 2 ,
� (0)
(28)
1
𝐿𝐿2 (𝑡𝑡) =
,
𝜉𝜉2 + 𝜂𝜂2 ⋅ 𝑡𝑡

influence, the second equation in (28), decreases over
time. The matrix of changes in the external natural and
technogenic effects on the NTS has the form:
′
𝜉𝜉1 − 𝜂𝜂1 𝑡𝑡 2
−2𝜂𝜂1 𝑡𝑡
𝜂𝜂2
1
(29)
𝐿𝐿(𝑡𝑡) = �
� = �−
�.
(𝜉𝜉2 + 𝜂𝜂2 𝑡𝑡)2
𝜉𝜉2 + 𝜂𝜂2 𝑡𝑡

The natural influences is described by a parabolic
equation, the first equation in (28), the intensity of which
gradually decreases with distance from the epicenter of its
manifestation, while the intensity of the technogenic
𝐶𝐶1 (𝑡𝑡) =

1

𝜆𝜆1 −𝜆𝜆2

Find particular solutions C1(t) and C2(t) of system (2)
for the case of external natural and technogenic influences
on NTS of the form (28) using the above results.

�2𝜂𝜂1 (𝜆𝜆2 − 𝑎𝑎1 )∫ 𝑡𝑡𝑒𝑒 −𝜆𝜆1𝑡𝑡 𝑑𝑑𝑑𝑑 − 𝑏𝑏1 𝜂𝜂2 ∫

Analyzing (30), we see that taking the first integral
isn’t difficult, but the second one belongs to the class of
“not taken”.
For its approximate finding we decompose the
integrand function
𝑒𝑒 −𝜆𝜆1⋅𝑡𝑡
(31)
𝑓𝑓(𝑡𝑡) =
.
(𝜉𝜉2 + 𝜂𝜂2 𝑡𝑡)2

(30)

𝑑𝑑𝑑𝑑}.

For this purpose, we find successively the derivatives
of function (31).
The first-order derivative of function (31) has the
following form:
[𝜆𝜆1 ⋅ (𝜉𝜉2 + 𝜂𝜂2 ⋅ 𝑡𝑡) + 2𝜂𝜂2 ) ⋅ 𝑒𝑒 −𝜆𝜆1⋅𝑡𝑡
𝑓𝑓 ′ (𝑡𝑡) = −
. (32)
(𝜉𝜉2 + 𝜂𝜂2 ⋅ 𝑡𝑡)3
Find the derivative of the second-order function (31):

in a power series in a neighborhood of a point t = t0.

𝑓𝑓 ″ (𝑡𝑡) =

𝑒𝑒 −𝜆𝜆1 𝑡𝑡

(𝜉𝜉2 +𝜂𝜂2 𝑡𝑡)2

[𝜆𝜆21 ⋅(𝜉𝜉2 +𝜂𝜂2 ⋅𝑡𝑡)2 +4𝜆𝜆1 𝜂𝜂2 ⋅(𝜉𝜉2 +𝜂𝜂2 ⋅𝑡𝑡)+6𝜂𝜂22 )⋅𝑒𝑒 −𝜆𝜆1 ⋅𝑡𝑡
(𝜉𝜉2 +𝜂𝜂2 ⋅𝑡𝑡)4

.

(33)

The 3rd order derivative will be determined by the
relation:
[𝜆𝜆31 ⋅ (𝜉𝜉2 + 𝜂𝜂2 ⋅ 𝑡𝑡)3 + 6𝜆𝜆21 ⋅ 𝜂𝜂2 ⋅ (𝜉𝜉2 + 𝜂𝜂2 ⋅ 𝑡𝑡)2 + 18𝜆𝜆1 ⋅ 𝜂𝜂22 ⋅ (𝜉𝜉2 + 𝜂𝜂2 ⋅ 𝑡𝑡) + 24𝜂𝜂23 ) ⋅ 𝑒𝑒 −𝜆𝜆1𝑡𝑡
𝑓𝑓 ‴ (𝑡𝑡) = −
.
(𝜉𝜉2 + 𝜂𝜂2 ⋅ 𝑡𝑡)5

(34)

recurrent relation, using which represent the function (31)
Performing further differentiation of function (31), we
arrive at a recurrence relation. Using it, we represent
in the vicinity of the point t0 in the form of a series as a
function (31) in a neighborhood of the point t0 in the form
series decomposed by degrees of (𝑡𝑡 − 𝑡𝑡0 ):
of a series expanded in powers of (𝑡𝑡 − 𝑡𝑡0 ): Performing
further differentiation of the function (31), we come to a
𝑓𝑓 ″ (𝑡𝑡0 )
𝑓𝑓 ‴ (𝑡𝑡0 )
𝑓𝑓 (𝑛𝑛) (𝑡𝑡0 )
𝑓𝑓(𝑡𝑡) = 𝑓𝑓(𝑡𝑡0 ) + 𝑓𝑓 ′ (𝑡𝑡0 ) ⋅ (𝑡𝑡 − 𝑡𝑡0 ) +
⋅ (𝑡𝑡 − 𝑡𝑡0 )2 +
⋅ (𝑡𝑡 − 𝑡𝑡0 )3 + ⋯ +
⋅ (𝑡𝑡 − 𝑡𝑡0 )𝑛𝑛 + ⋯ (35)
2!
3!
𝑛𝑛!
The numerical estimates made by the authors showed
that the necessary calculation accuracy of 0.001% is
achieved by considering the first seven members of the
series (35). Introducing the notation 𝑊𝑊0 = 𝑓𝑓(𝑡𝑡0 ); 𝑊𝑊1 =
𝑓𝑓 ′ (𝑡𝑡0 )/1!; 𝑊𝑊2 = 𝑓𝑓 ″ (𝑡𝑡0 )/2!; …; 𝑊𝑊6 = 𝑓𝑓 (6) (𝑡𝑡0 )/6!, we
write function (31) in the following form:
𝑒𝑒 −𝜆𝜆1 ⋅𝑡𝑡 𝑑𝑑𝑑𝑑

∫ (𝜉𝜉

2 +𝜂𝜂2

⋅𝑡𝑡)2

= 𝑊𝑊0 ⋅ 𝑡𝑡 + �

6

𝑒𝑒 −𝜆𝜆1⋅𝑡𝑡
(𝑡𝑡 − 𝑡𝑡0 )𝑛𝑛
�
𝑊𝑊
𝑓𝑓(𝑡𝑡) =
=
⋅
.
𝑛𝑛
(𝜉𝜉2 + 𝜂𝜂2 ⋅ 𝑡𝑡)2
𝑛𝑛!

(36)

𝑛𝑛=0

Then the second integral of expression (30) is
represented as:

6

𝑝𝑝=1

𝑊𝑊𝑝𝑝 ⋅(𝑡𝑡−𝑡𝑡0 )𝑝𝑝+1
(𝑝𝑝+1)!

+ 𝐶𝐶0 .

(37)

Finding the first integral from expression (30) and
subsequently transforming this expression, we obtain the
final relation for the function C1 (t):

𝐶𝐶1 (𝑡𝑡) = 𝜆𝜆

1

2 −𝜆𝜆1

�

2𝜂𝜂1 (𝜆𝜆2 −𝑎𝑎1 )(1+𝜆𝜆1 𝑡𝑡)
𝜆𝜆21

where 𝐶𝐶˜1 – an arbitrary integration constant, and the
function 𝛸𝛸(𝑡𝑡) is determined by the expression:
6

𝛸𝛸(𝑡𝑡) = 𝑊𝑊0 ⋅ 𝑡𝑡 + �

𝑊𝑊𝑝𝑝 ⋅ (𝑡𝑡 − 𝑡𝑡0 )𝑝𝑝+1
.
(𝑝𝑝 + 1)!

𝑒𝑒 −𝜆𝜆1𝑡𝑡 + 𝑏𝑏1 𝜂𝜂2 𝛸𝛸(𝑡𝑡)� + 𝐶𝐶˜1 ,
𝐶𝐶 ′1 (𝑡𝑡) =

1

𝜆𝜆2 −𝜆𝜆1

[2𝜂𝜂1 (𝜆𝜆2 − 𝑎𝑎1 )𝑡𝑡𝑒𝑒 −𝜆𝜆1𝑡𝑡 −

𝑏𝑏1 𝜂𝜂2 𝛷𝛷(𝑡𝑡)],
where function 𝛷𝛷(𝑡𝑡) is defined by the expression:
6
𝛷𝛷(𝑡𝑡) = �𝑞𝑞=0 𝑊𝑊𝑞𝑞 ⋅ (𝑡𝑡 − 𝑡𝑡0 )𝑞𝑞 ,

(39)

(38)

(40)

(41)
and the coefficients Wq have the same meaning as the
expansion coefficients in (36).
Find the derivative of the function C1(t):
Define, as shown above, the function C2(t).
2𝜂𝜂1 (𝜆𝜆1 −𝑎𝑎1 )(1+𝜆𝜆2 𝑡𝑡) −𝜆𝜆 𝑡𝑡
𝑏𝑏1 𝜂𝜂2
1
2
𝐶𝐶2 (𝑡𝑡) =
𝑒𝑒
+
�𝛷𝛷(𝑡𝑡) −
𝛩𝛩(𝑡𝑡)� ⋅· 𝑒𝑒 (𝜆𝜆1−𝜆𝜆2)⋅𝑡𝑡 + 𝐶𝐶˜2 ,
(42)
𝜆𝜆 𝜆𝜆 (𝜆𝜆 −𝜆𝜆 )
(𝜆𝜆 −𝜆𝜆 )2
𝜆𝜆 −𝜆𝜆
𝑝𝑝=1

1 2

1

2

1

where functions 𝛷𝛷(𝑡𝑡) and 𝛩𝛩(𝑡𝑡) are defined by the
expression:
6

⎧𝛷𝛷(𝑡𝑡) = � 𝑊𝑊 ⋅ (𝑡𝑡 − 𝑡𝑡 )𝑞𝑞 ;
𝑞𝑞
0
⎪
𝑞𝑞=0
5

2

1

2

Ultimately, the functions of changing the natural and
techngenic risks in the NTS for the case of joint
functionally different influences of the kind (28) from the
environment and the techno sphere are presented in the
form:

(43)
⎨
⎪ 𝛩𝛩(𝑡𝑡) = � 𝐺𝐺𝛽𝛽 ⋅ (𝑡𝑡 − 𝑡𝑡0 )𝛽𝛽 .
⎩
𝛽𝛽=0
(4)
𝑟𝑟¯1 (𝑡𝑡) = 𝐷𝐷1 𝑒𝑒 𝜆𝜆1𝑡𝑡 + 𝐷𝐷2 𝑒𝑒 𝜆𝜆2𝑡𝑡 + 𝛺𝛺1 (𝑡𝑡)𝑒𝑒 𝜆𝜆1𝑡𝑡 + 𝑉𝑉1 (𝑡𝑡),
�
(𝜆𝜆1 − 𝑎𝑎1 )
(𝜆𝜆2 − 𝑎𝑎1 )
(4)
𝑟𝑟¯2 (𝑡𝑡) =
𝐷𝐷1 𝑒𝑒 𝜆𝜆1𝑡𝑡 +
𝐷𝐷2 𝑒𝑒 𝜆𝜆2𝑡𝑡 + 𝛺𝛺2 (𝑡𝑡)𝑒𝑒 𝜆𝜆1𝑡𝑡 + 𝑉𝑉2 (𝑡𝑡) ,
𝑏𝑏1
𝑏𝑏1

(44)

(4)

where D1, D2 – constant coefficients, functions 𝑉𝑉1 (𝑡𝑡) and
(4)
𝑉𝑉2 (𝑡𝑡) are defined from equations:
(𝜆𝜆1 − 𝑎𝑎1 )(1 + 𝜆𝜆2 𝑡𝑡) (𝜆𝜆2 − 𝑎𝑎1 )(1 + 𝜆𝜆1 𝑡𝑡)
2𝜂𝜂1
(4)
⎧
𝑉𝑉1 (𝑡𝑡) =
�
−
�
⎪
𝜆𝜆1 (𝜆𝜆1 − 𝜆𝜆2 )
𝜆𝜆2
𝜆𝜆1
(𝜆𝜆2 − 𝑎𝑎1 )(𝜆𝜆1 − 𝑎𝑎1 )(1 + 𝜆𝜆2 𝑡𝑡) (𝜆𝜆1 − 𝑎𝑎1 )(𝜆𝜆2 − 𝑎𝑎1 )(1 + 𝜆𝜆1 𝑡𝑡)
2𝜂𝜂1
⎨ (4)
�
−
�,
⎪𝑉𝑉2 (𝑡𝑡) =
𝑏𝑏1 𝜆𝜆1 (𝜆𝜆1 − 𝜆𝜆2 )
𝜆𝜆2
𝜆𝜆1
⎩
and functions 𝛺𝛺1 (𝑡𝑡) and 𝛺𝛺2 (𝑡𝑡) – from equations:
𝑏𝑏1 ⋅ 𝜂𝜂2
1
1
⎧
𝛺𝛺1 (𝑡𝑡) =
�
�𝛷𝛷(𝑡𝑡) −
𝛩𝛩(𝑡𝑡)� − 𝛸𝛸(𝑡𝑡)� ,
⎪
𝜆𝜆1 − 𝜆𝜆2 𝜆𝜆1 − 𝜆𝜆2
𝜆𝜆1 − 𝜆𝜆2
1
⎨𝛺𝛺 (𝑡𝑡) = 𝜂𝜂2 �(𝜆𝜆2 − 𝑎𝑎1 ) �𝛷𝛷(𝑡𝑡) −
𝛩𝛩(𝑡𝑡)� − (𝜆𝜆1 − 𝑎𝑎1 )𝛸𝛸(𝑡𝑡)� .
⎪ 2
𝜆𝜆1 − 𝜆𝜆2 𝜆𝜆1 − 𝜆𝜆2
𝜆𝜆1 − 𝜆𝜆2
⎩
3. Results
1.

2.

In the article confirmed and implemented two new
mathematical models of the dynamics of naturaltechnogenic risk arising in natural-technical systems
under the influence of functionally similar impacts, as
well as two new models of the dynamics of naturaltechnogenic risk arising in NTS under the influence of
functionally different impacts.
In relation to this type of influences, the first model,
which characterizes linear types of impacts, describes
the manifestations of movements that occur in the
geological environment and lead to the occurrence of
catastrophic seismic events. These types of influences
are characterized by sudden emergencies at techno

3.

(45)

(46)

sphere objects, such as equipment explosions,
collapses of buildings and various structures. The
second model of this type describes the effects of a
parabolic type, the intensity of which gradually
decreases with the distance from the epicenter of their
manifestation. They describe crepe, karstdeformation, subsidence, landslide processes
The presented models of the second type differ from
each other in the types of influences: the third model
considers together parabolic (reflecting threats, the
intensity of which gradually decreases with the
distance from the epicenter) and linear types of
influences (reflecting suddenly emerging threats), the
fourth model – parabolic and hyperbolic (reflecting

4.

5.

6.

threats, the intensity of which decreases sharply over
time) types of influences.
The general approach to modeling natural and
technogenic risks, as well as the solutions presented,
are aimed at using in analytical activities the services
that carry out preventive work in connection with
threats of natural and technogenic kind, responding to
the consequences of realized threats, mainly the
divisions of the EMERCOM of Russia that analyze
the occurrence of risk situations and predict their
development. The models considered are easily
adaptable to account for external natural and manmade impacts of other types, such as exponential or
oscillatory, which often occur in real life. In addition,
the described theoretical approach to the construction
of a dynamic model can be extended to other types of
risks, for example, anthropogenic
A concrete example shows that in the case of complex
types of influences on NTS described by functionally
“difficult” mathematical relations, it is possible to
apply their simplified representation in the form of
expansion into series and be limited, depending on the
required accuracy of calculations, to several initial
terms of the series.
The experience of modeling has shown that
mathematically it is possible to describe quite
accurately almost any types of combined natural and
man-made impact on natural and technical systems.
Based on the results of this description, it is necessary
to create a special “Atlas” of complex impacts on NTS
in order to simulate various situations and develop the
most effective response to emerging hazards.
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Analysis of the behavior of OpenFOAM solvers for 3D problem of
supersonic flow around a cone at an angle of attack
A.E. Bondarev, A.E. Kuvshinnikov
bond@keldysh.ru|kuvsh90@yandex.com
Keldysh Institute of Applied Mathematics RAS, Moscow, Russia;
This paper is devoted to comparative analysis of numerical methods accuracy. Comparative estimation of accuracy is performed for
numerical methods presented as solvers integrated to open sotware package OpenFOAM. Three different OpenFOAM solvers are
selected to numerically solve the problem of supersonic flow around a cone. The angle of attack, cone half-angle and Mach number
were varied in the selected ranges with a certain step. This approach is implemented using a generalized computational experiment that
allows, based on parallel technologies, the simultaneous solution of the same basic problem with different input parameters. A number
of test calculations were carried out. The deviation fields of gas-dynamic quantities for all solvers are analyzed. The construction of a
generalized computational experiment made it possible to compare the accuracy of the considered solvers not only for one, separately
taken problem, but for a class of problems specified by the ranges of variation of the determining parameters. Such an assessment of
accuracy can be very useful for users of the software package when choosing a solver. Also, the results obtained can be useful for solver
developers.
Keywords: comparative analysis of accuracy, compressible flow, supersonic flow, OpenFOAM.

1. Introduction
Currently, there are many software packages that solve
the problems of flowing around elongated bodies of
rotation. The researcher may ask a question: which
package is best suited for such calculations. In [1, 2], it
was proposed to recreate at a modern level the technology
developed in the 80s at the Keldysh Institute of Applied
Mathematics by A.E. Bondarev and V.A. Cherkashin
under the leadership of A.V. Zabrodin. The essence of this
technology is that the drag coefficient Cx is considered as
the sum of the other three coefficients: Cp, Cf and Cd. This
approach was widely used in the problems of mass
industrial analysis of the aerodynamic properties of
elongated bodies of rotation and turned out to be very
effective [3].
To calculate the aerodynamic characteristics of the
inviscid flow past elongated bodies of rotation, the
OpenFOAM software package was used [4]. This is a free
software product designed to solve the problems of hydro
and gas dynamics. It is used in many fields of science and
technology, both in commercial and in academic
organizations. OpenFOAM contains a number of solvers
with various computational properties.
It is necessary to clarify that some solvers were
previously created by the developers of the OpenFOAM
package [5-7], but users can create their own solvers [8].
This work is devoted to a comparative analysis of the
accuracy of a number of solvers using the example of the
problem of supersonic flow around a cone at an angle of
attack.
Similarly to [1, 2], tabular solutions [9] were used as a
reference. These tables were obtained using finitedifference methods in a wide range of Mach numbers and
cone half-angle with a change in the angle of attack.
In [1, 2], the case of a flow near a cone at a zero angle
of attack was considered. The purpose of this article is to
solve a more general problem, namely, to find a flow
around a cone when the angle of attack changes. The
problem is solved in three-dimensional space of variable
determining parameters, where the Mach number, the halfangle of the cone, and the angle of attack are considered as
the determining parameters. Thus, we obtain a numerical

solution for the class of problems, where the class is given
by the ranges of variation of the determining parameters.
It should be noted that comparisons of solvers were
also made in [10-12]. However, these comparisons were
made using other examples and do not give clear
recommendations on choosing a solver for the class of
problems considered.
2. Materials and method
The statement of the problem is presented in full
accordance with [9], which considers the results of an
inviscid flow around cones with different half-angles of
cones and angles of attack for different Mach numbers.
We study the flow around an elongated body of
rotation, placed in a uniform supersonic ideal gas flow at
an angle of attack α = 0°, 5°, 10° with a Mach number M
= 3, 5. The body under investigation is a cone with a halfangle of β = 10°, 15°, 20°. The conditions of the incoming
stream at the input are indicated by the index “∞”, and at
the output, by the index ξ, since the solution is self-similar
and depends on the dimensionless variable. The flow
scheme is shown in Fig. 1.

Fig. 1. Flow scheme

For calculation, the Euler system of equations is used.
The system is supplemented by the ideal gas equation of
state.
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3. Compared solvers

Choosing solvers parameters for unification

For comparison, 3 solvers are selected from the
OpenFOAM software package:
rhoCentralFoam - is based on a central-upwind scheme
which is a combination of central difference and upwind
schemes [5,6].
sonicFoam - is based on the PISO algorithm (Pressure
Implicit with Splitting of Operator) [7].
pisoCentralFoam - is a combination of a centralupwind scheme with the PISO algorithm [8]. The
pisoCentralFoam solver is not included in the standard set
of solvers; it was created at the Ivannikov Institute for
System Programming of the RAS.
Calculations for all solvers were carried out using the
OpenFOAM version 2.3.0.
4. Computations and results
Mesh generation, initial and boundary conditions
Fig. 2 shows the computational domain. The setting of
the boundary conditions is presented in Table 1. The
parameters of the incoming flow are set on the left border,
denoted as “inlet”. The number of grid cells is 336000.
The convergence study was carried out similarly to the
statement of the problem in [2] and showed a satisfactory
result.
Boundary
inlet
outlet
top
bottom
cone
front
back

Table 1. Boundary conditions

P
101325
zeroGradient
zeroGradient
zeroGradient
zeroGradient
zeroGradient
zeroGradient

T
300
zeroGradient
zeroGradient
zeroGradient
zeroGradient
zeroGradient
zeroGradient

In the OpenFOAM package, there are two options for
approximating differential operators: directly in the
solver's code or using the fvSchemes and fvSolution
configuration files. To make the comparison correct, we
used the same parameters where it was possible,
proceeding in the same way as in [5, 6]. In the file
fvSchemes: ddtSchemes - Euler, gradSchemes - Gauss
linear, divSchemes - Gauss linear, laplacianSchemes Gauss linear corrected, interpolationSchemes - vanLeer. In
the file fvSolution: solver - smoothSolver, smoother symGaussSeidel, tolerance - 1e-09, nCorrectors - 2,
nNonOrthogonalCorrectors - 1.
Flow calculation
Fig. 3 shows the steady-state solution for the pressure
field obtained by interpolating the tabular solution from
[9], cone half-angle β = 20°, angle of attack α = 10°, Mach
number M = 3.

U
3, 5 Mach
zeroGradient
zeroGradient
zeroGradient
slip
zeroGradient
zeroGradient

Fig. 3. Pressure field for steady flow

Tables from 2 to 7 show the result of calculation in the
form of an analog of the L2 norm.

∑y
m

Fig. 2. Computational domain

2

m

− y mexact Vm

∑y
m

exact 2
m

Vm

where ym is the pressure p in the cell, Vm is the cell volume
for the cone half-angle β = 10°, 15°, 20° in steps of 5° and
the Mach numbers M = 2-7. The minimum values are
highlighted in bold. The values of ymexact are obtained by
interpolating table values from [9] into grid cells. It should
be noted that the authors of the tables [9] indicate the
admissibility of interpolation for all parameters and table
values.
Next, we present several graphical representations of
tables 2-7.
Further we will use abbreviations for solvers: rCF
(rhoCentralFoam),
pCF
(pisoCentralFoam),
sF
(sonicFoam), QGDF (QGDFoam).

Table 2. Deviation from the exact solution, U=3M, β = 10°

Angle of
attack
0
5

rCF
0.026174
0.030636

Pressure
pCF
0.032426
0.037702

sF
0.046394
0.067424

the angle of attack α = 5° and the Mach number M = 3 with
variation of the choice of solver and the angle of the halfcone of the cone. Here, with an increase in the half-angle
of the cone, the deviation from the exact solution also
increases.

Table 3. Deviation from the exact solution, U=3M, β = 15°

Angle of
attack
0
5
10

rCF
0.046490
0.050298
0.060519

Pressure
pCF
0.058198
0.060187
0.069622

sF
0.091404
0.116237
0.145829

Table 4. Deviation from the exact solution, U=3M, β = 20°

Angle of
attack
0
5
10

rCF
0.060614
0.065373
0.072673

Pressure
pCF
0.069128
0.075543
0.081022

sF
0.123338
0.149785
0.172609

Table 5. Deviation from the exact solution, U=5M, β = 10°

Angle of
attack
0
5

rCF
0.077473
0.092149

Pressure
pCF
0.092200
0.100937

sF
0.153549
0.195634

Table 6. Deviation from the exact solution, U=5M, β = 15°

Angle of
attack
0
5
10

rCF
0.113791
0.125873
0.146496

Pressure
pCF
0.119559
0.130514
0.150704

sF
0.217991
0.255976
0.294785

Table 7. Deviation from the exact solution, U=5M, β = 20°

Angle of
attack
0
5
10

rCF
0.146504
0.152228
0.169685

Pressure
pCF
0.137954
0.151698
0.162005

sF
0.265875
0.289013
0.338927

Fig. 4 shows the dependence of the deviation from the
exact solution in an analog of the norm L2 for pressure for
the cone half-angle β = 20° and the incoming flow Mach
number M = 3 with variation of the angle of attack α and
solvers (Table IV). One can notice an increase in deviation
with increasing angle of attack. The increase in the
deviation with increasing Mach number is also clearly
visible. Similar ratios are observed in other tables.

Fig. 4. Change in deviation from the exact solution for pressure
depending on the solver and the angle of attack for the cone
half-angle 20° and Mach number 3

Fig. 5 shows the dependence of the deviation from the
exact solution in an analog of the norm L2 for pressure for

Fig. 5. Change in deviation from the exact solution for pressure
depending on the solver and cone half-angle for the angle of
attack 5° and Mach number

5. Conclusion
The results show that the rhoCentralFoam solver has a
minimum error rate for the pressure field. The
pisoCentralFoam solver is second in accuracy.
Solver sonicFoam has oscillations at the front of the
shock wave. Such oscillations are amplified with an
increase in the angle of attack and the cone half-angle.
Thus, the error rates of this solver are maximum among all
compared solvers. Thus, it can be argued that the solvers
rhoCentralFoam and pisoCentrlFoam provide the best
accuracy for the class of problems and can be used in the
construction of computational technology for calculating
the flow for elongated bodies of rotation.
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On external influences on the radioactive decay rate fluctuations
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The evolution of views on the possibility of external influence on the process of radioactive decay is briefly presented. Such an effect
can lead to the appearance of periods in the time series of the radioactive decay rate fluctuations, which have been the subject of
intensive study in the last decade. Two mechanisms for identifying periods are considered: the study of deviations from the theoretical
curve of the radioactive decay law and the study of the properties of fluctuations. It is shown that the latter method leads to a universal
spectrum of periods observed not only in the time series of the radioactive decay rate fluctuations, but also in the time series of
fluctuations of processes of various nature. The main object of our study are periods in the radioactive decay rate fluctuations. The
presence of such periods suggests the possibility of external influence on the process of radioactive decay. Therefore, we briefly consider
the evolution of views on the possibility of such an effect. To do this, we distinguish several stages. The division into stages is only
partially historical, but, mainly, each stage characterizes a certain ideas that is implemented in it.
Key words: radioactive decay; fluctuations; local fractal analysis; all permutations method.

1. Introduction
The first stage begins almost from the discovery of
radioactivity by A. Becquerel in 1896. Since that time,
attempts of external influences on the radioactive decay
rate have been made. As an example of such studies of that
time, one can take Rutherford experiment [1], in which a
certain amount of radioactive gas of radon was contained
in a high pressure vessel with smokeless powder.
Estimates show that at the moment of detonation of the
explosive, the maximum temperature in the vessel reached
2500 °C and a pressure of about 1000 atm. Under these
conditions, the gamma activity of the radon remained
unchanged. Finally, the results of such studies led to the
conclusion that the rate of radioactive decay is constant
under any conditions [2].
Studies of radon activity allowed Rutherford to obtain
the basic law of radioactive decay [3]:
(1)
N (t ) = N 0 e − λt

The negative results of Rutherford’s experiments on
the effect on the radioactive decay rate have consolidated
the opinion that radioactive decay, in terms of its
instantaneous values, is a random and unpredictable
process. This “random face” of radioactive decay is shown
in fig.1 and given by expression (2). On the other hand, if
we determine with high accuracy the mean values of the
radioactive decay rate, then it can serve as an analogue of
ultra-stable clocks whose course is determined only by the
decay constant λ, which does not depend on any external
influences, as follows from (1), and is shown in Fig. 1a).

where N0 is the number of radioactive nuclei at an arbitrary
initial moment t = 0, λ is the radioactive decay constant
(characterizes the probability of one atom decay in one
second). This law is valid only for the statistical mean and
in the case of a large number of atoms in the radioactive
isotope under examination. Fig. 1a) shows dependence (1).
As can be seen from the figure, this is a smooth curve,
which is completely determined by expression (1). The
only parameter, on which the shape of the curve depends,
is the decay constant λ, a constant which characterizes a
given isotope.
However, in reality, the results of successive
measurements of the radioactive decay rate, looks like in
fig. 1b). These are random fluctuations. Each point of the
curve in fig. 1a) is the mean calculated on the basis of the
time series segment similar to that shown in fig. 1b).
The probability to detect the decay of n particles from
the total number N of radioactive nuclei is:
( N λt )n
(2)
ωn
exp(− N λt )
=
n!

Expression (2) is the Poisson distribution well known from
statistics. As one can see, this statistical model lacks
physical parameters that could describe an external
influence.

Fig. 1. Two “faces” of radioactive decay: a deterministic, ultrastable process, a); a noise-like process, the instantaneous values
of which are random and unpredictable, b). In fact, b) is a
microscopic, local part of curve a)
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2. "Deformation" of the electron shell and the
radioactive decay rate
The description of radioactive decay on the basis of (1)
and (2), despite the fact that it was created in the initial
period of the study of radioactivity, was included in most
university textbooks, became the basis and, mainly, the
only content, of the modern educational standard. At that,
the authors usually emphasize that radioactive decay is a
fundamentally statistical phenomenon, and that
“Experiments with radioactive substances have shown that
no external conditions (heating to high temperatures,
magnetic and electric fields, high pressures) can affect the
nature and decay rate” [4, p. 92]. That is, the possibility, at
least hypothetical, of an external influence on the
radioactive decay rate is completely excluded.
It is necessary to note that the first stage considered
above is a pre-quantum one. The appearance and
development of quantum mechanics marks the second
stage, which begins in the post-war period and is
characterized by the creation of quantum-mechanical
models of nuclear phenomena. Due to this, it was shown
that various effects on the electron shell (superstrong
magnetic fields, pressure, changes in the chemical
environment, degree of atomic ionization) leading to its
changes or ‘deformations’ can affect the radioactive decay
rate.
The findings of the aforementioned models were
confirmed by numerous, carefully performed experiments.
As an example is work [5], in which the process of β-decay
of fully ionized 187Re was studied. Full ionization reduced
the half-life by 109 times (4.2⋅1010 years for a neutral atom
and 33 years for a fully ionized one). In the case of αdecay, the α-particle birth probability in the nucleus is
associated with the problem of tunneling through the
barrier. It was shown [6] that the permeability of a barrier
depends on an electron shell. Therefore, by influencing the
electron shell, one can change the rate of α-decay. Thus,
the Rutherford taboo on the possibility of influencing the
rate of radioactive decay was canceled at the second stage.
Summing up, it can be noted that the second stage is
characterized by the creation of theoretical models that
demonstrate the possibility of influencing the rate of
radioactive decay through a change in the state of the
electron shell of an atom. The conclusions of these models
are confirmed by numerous experiments. There are many
works on this topic that are published in leading world
physical journals.
3. Periods in time series of the radioactive
decay rate
In contrast to the second stage, where the characteristic
energy of the impact on the radioactive isotopes, is much
less than the Coulomb barrier, but still very significant, in
the third stage, as a rule, this energy is close to zero. In this
case, both the isotope and the recording equipment are
shielded from any external influences, which are usually
of geophysical origin (temperature, pressure, humidity,
etc).
It is very interesting that in such undisturbed time
series, various periods were found. By the analogy with
two ‘faces’ of radioactive decay, the works of the third

stage, searching for the periods, study the deviations from
the radioactive decay curve, fig.1a). That is, the studied
‘signal’ is the difference between the theoretical curve (1)
and the correspondingly averaged experimental time
series. Subsequently, such time series of the differences
are examined for the presence of periods by various
methods of spectral and correlation analysis.
One of the first studies in this direction was a series of
works [7-8], in which variations in the decay rate of 14С
and tritium with annual periods were found, as well as a
noticeable effect of geomagnetic disturbances (strong
magnetic storms). Also in [7], cyclical changes in the
average and dispersion values of the decay rate of the
measured tritium standard with periods of about 60
minutes and 3 hours were found. The authors emphasize
that the amplitudes of the periods increase at low values of
geomagnetic activity.
Perhaps, the most systematic study of periods in longterm series of the radioactive decay rate was carried out in
the works of A.G. Parkhomov, started back in the 1990s
and resulted by 2004 with convincing experimental
evidence of the presence of various periods from diurnal
to annual in β-radioactivity [9]. His studies are
summarized in monograph [10].
Based on the work of A.G. Parkhomov and other authors
one can conclude that annual and seasonal periods usually
have relative amplitudes of ~ 10-1…10-3, while the amplitudes
of the monthly and daily periods are ~ 10-3…10-5.
The annual period was also found in [11], where longterm series of the decay rate of the 226Ra isotope (record
length 15 years), measured in Physikalisch-Technische
Bundesanstalt (PTB) and 32Si (record length - 4 years),
measured in Brookhaven National Laboratory (BNL),
were analyzed. In addition to the annual period, it was also
found that cyclical changes in the activity of 226Ra and 32Si
correlate with a value of 1/R2, where R is the Earth-Sun
distance, and demonstrate synchronism in the coincident
part of the BNL and PTB time series.
Although the works of E. Fischbach are not pioneering
(the annual period was discussed, for example, in [9]), they
were destined to attract and, to some extent, change the
world scientific opinion regarding the possibility of the
existence of the abovementioned periods. Possibly, due to
these works, the topics related to periods in the radioactive
decay rate are actively discussed on the pages of
international physics journals. To date, the number of such
publications is in the hundreds.
Summarizing this section, we can conclude that the
presence of periods may indicate the presence of some
unidentified, presumably very weak external influence
that affects the radioactive decay rate. At present,
mechanisms of such influence can be only hypothesized.
4. Periods in the time series of the radioactive
decay rate fluctuations
As noted in the previous section, in almost all the
works of the third stage, where periods from the day-year
range were found, classical methods of spectral and
correlation analysis are used. This is due to the fact that
the object of study in these works is the mean values slight variations on the curve of radioactive decay, fig. 1a).
In the works that we refer to the fourth stage, the object of

study is the time series of fluctuations in the radioactive
decay rate, i.e., the process shown in fig. 1b). It this case
the properties of fluctuations are investigated, without
respect to behavior of average values. In this case, weak
variations of the averages can be eliminated from the
studied time series by the appropriate computational
procedure, but this does not affect the information
contained in the fluctuations.
To study the properties of fluctuations, time series
similar to those shown in fig. 1b) must be parameterized
in a certain way. After that, the appropriate methods are
used to analyze the obtained sequences of parameters.
Below we will briefly consider two groups of works that
differ in the method of parameterization: the expert
histogram comparisons method of S.E. Schnoll [12]
(parameterization is performed using smoothed
histograms constructed from short (30-60 points)
consecutive segments of time series) and local fractal
analysis by the all permutations method [13-14].
S.E. Schnoll research
These studies started in 1951-56, when S.E. Schnoll
began a systematic study of fluctuations in the
measurement results of the biochemical reactions rates.
The reason to start these studies was an unusually large
amplitude of observed fluctuations. However, their most
striking property was strongly rugged histograms shapes spectra of amplitudes of the measured fluctuations values.
In some experiments, these rugged histograms were
surprisingly similar to each other. This phenomenon was
called the macroscopic fluctuations phenomenon.
Using the histogram method (the method of time series
studying by the pairwise expert comparison of the shapes
of histograms [12]), the following basic properties of the
macroscopic fluctuations phenomenon were obtained [1314].
A near-zone effect. A significantly higher probability
of the appearance of similar shapes of histograms in the
nearest (neighboring) non-overlapping intervals of the
time series.
Universality of the macroscopic fluctuations
phenomenon. It lies in the high similarity in the shape of
histograms constructed from the results of simultaneous,
independent measurements of fluctuations in processes of
various nature.
Periodicity in manifestation of the macroscopic
fluctuations phenomenon. An important evidence of the
nonrandomness of the shapes of histograms is their regular
changes in time. These changes of the patterns of
histograms are manifested in the presence of periods:
diurnal (1440 min and 1436 min), about 27-days periods,
annual periods (‘calendar’ - 365 days and sidereal - 365
days 6 hours and 9 minutes).
A local time effect. Manifests itself in a high probability
of occurrence of pairs of histograms with similar shapes in
different geographical locations at the same local
(longitude) time.
Dependence of the similarity of the shapes of
histograms on the direction in space.
Specific histogram shapes, which appear at the
moments of new moons and at the maximum of solar

eclipses, during the rising and setting of the Sun and the
Moon.
Local fractal analysis by all permutations method
In [15-16], a local fractal analysis of noise-like time
series by the all permutations method (APM) was
developed. This method synthesized the basic ideas of the
method of minimum cover [33] (MMC) with the
requirement of fractal dimension invariance with respect
to linear transformations (shifts, dilatations, mirror
reflections), as well as regarding to permutations of the
elements of a time series segment, on the basis of which
the fractal dimension is calculated. The latter property is a
distinctive feature of the APM-method, which gives it a
number of unique properties. The most important of them
is locality - the ability to calculate the fractal dimension
for short (tens of points) segments of the analyzed time
series.
Unlike to the MMC-method, for a time series segment
of length N = 2n, the APM-method allows one to analyze
N - 1 scales, rather than n, as in the MMC-method and
other methods commonly used to calculate fractal
dimension. Due to this property, the value of N can be
significantly reduced, and the accuracy of determining the
fractal dimension increases significantly.

Fig. 2. Sum of 329-day interval distributions

Fig. 3. Probability distribution of peak occurrences. Based on
329-day interval distributions containing 5695 peaks

Fig. 4. Probability distribution of peak occurrences. Based on
329-day normalized distribution of intervals containing 5695
peaks

hypothesis [32], any dynamically mature system should
come.
In view of the above-said, it is important to note the
universality of the spectrum [17-18], which can be found
in fluctuations of various nature processes.
References:

Fig. 4. Multiplication of 329-day normalized interval
distributions

One of the first results of the APM-method application
for the analysis of noise-like time series is the study of a
329-day array of fluctuations in the α-decay rate, as a
result of which a stable set of periods was found in the
range of 1-115 min [17-18]. It was shown that the periods
found in [17-18] coincide with the periods of the Earth
natural oscillations [19]. This coincidence is manifested
for both classical and long-wave oscillations of the Earth
[20].
For the indicated range of periods, not only the close
relationship of the found spectrum with the spectrum of
the Earth's natural oscillations was shown, but also its
universal nature: the spectra of the periods found for
fluctuation process in the systems of various nature
(physical, chemical, biological) always coincided with the
corresponding part of the spectrum found for time series
of the α -decay rate fluctuations.
In further studies, using the APM-method, stable
ultradian periods were obtained in the range of 2-24 hours
[21-22], which also coincided with the corresponding
periods of the Earth's natural long-wave oscillations [23].
5. Conclusions
The previous studies [17-18, 21-22], have shown that
most periods from the found spectrum coincide with
periods of the Earth's natural oscillations. Its universal
nature was shown as well: the periods found in the time
series of fluctuations of various nature processes always
coincide with the corresponding part of this spectrum.
Further investigations made it possible to clarify a number
of periods of the found spectrum, as well as to reveal new
ones, including those not belonging to the spectrum of the
Earth’s natural oscillations [24]. Along with the
coincidence of the spectrum with the spectra of various
fluctuation processes of ‘terrestrial’ origin, for example,
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On the universal spectrum of periods in the time series of temperature
fluctuations in starlings and rats
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The paper considers a spectral analysis based on Fourier transform of the time series in the temperature fluctuations in the bodies
of common starlings (Sturnus vulgaris) and rats (mature Wistar males). The spectra of the periods in the starlings and rats contain the
same sets of harmonics, so on this basis we can tell about a common spectrum. Interesting to note that the spectrum coincides with a
previously revealed spectrum of the periods, obtained with the use of local fractal analysis by the all permutations method in the course
of studies of time series of the alpha decay rate fluctuations. Despite different methods of the experimental data processing used in this
work (spectral analysis based on Fourier transform and local fractal analysis by the all permutations method), as well as different raw
experimental data (the temperature fluctuations and alpha-decay rate fluctuations), the same spectrum of periods was obtained. On this
basis, we can consider the spectrum of periods as universal one.
Keywords: starlings; rats; temperature fluctuations; universal spectrum, alfa-decay; local fractal analysis; all permutations method

1. Introduction
The papers [1-2] present the studies of the time series
in the alfa-decay rate fluctuations. The studies were
performed with the local fractal analysis by all
permutations method [3-4], and produced the following
results: 1) the authors have demonstrated the presence of a
stable spectrum of periods in the analyzed time series; 2)
the periods observed in the fluctuations of the alfa-decay
rate coincided with the periods of the Earth natural
oscillations (ENOs);3) the authors have demonstrated that
the periods revealed in the time series of various nature
processes coincide with the periods in the spectrum of the
alfa-decay fluctuations. Basing on 3), a factor causing the
periods in the fluctuations of the alfa-decay rate can be
considered as a universal underlying condition, its
biological “activity” being of special interest.
The biological periods coinciding with the periods
revealed in the spectrum of the radioactive decay rate
fluctuations were found in the motion behavior of the
experimental animals [5], in the time series of the
fluctuations of the R–R-intervals [6], at the investigation
of the dynamic dielectric constant of biological object
(Blattella germanica) [7], etc.
Unfortunately, few studies of the biological systems
include thorough investigations of the periods that fall into
the range from several minutes to tens of minutes. This
may be explained by the fact that somewhat apparent
alterations in controlled biological parameters usually take
time from tens of minutes to hours, so a measurement
interval of a minute or less that provides a spectrum within
a range of minutes-tens-minutes is considered as a less
informative and hence used rarely. The aim of the present
study is to fill this gap.
2. Raw experimental material
Four starlings (Sturnus vulgaris) (two males and two
females) were used to study the dynamics of the body

temperature in birds. The birds were kept in the individual
cages 35х40х30 cm at natural light.
The second part of the study was performed with the
mature Wistar males (n = 14) of 280-320 g body mass. The
animals were kept in the plastic cages (60х18,5х38 cm), 12 animal per a cage at permanent artificial lighting from a
source with 4200 К color temperature and 1200-1500 lx
intensity. The animals were distributed into three
experimental groups: I – intact animals (n = 5), II –
gonadectomized (n = 6) and III - animals with the
combined surgical gonadectomy and adrenalectomy
(n = 3). During the surgeries, the animals were
anaesthesized with the intramuscular Zoletil («Virbac
Sante Animale», France), 10 mg/kg of body mass.
The body temperature of starlings and rats was
measured with the intraperitoneally implanted sensors
DTN3-28
(«EMBI
RESEARCH»,
Novosibirsk)
programmed to measure temperature once a minute in the
starlings and every other minute in rats.
The most probable hormones determining the ultradian
rhythmical
recurrence
in
mammals
are
glucocorticosteroids produced by the adrenals and, to a
lesser extent, by reproductive hormones. The ultradian
variability of the secretion of the hypothalamic-pituitaryadrenal axis hormones can be explained by the presence of
an oscillator controlled by the central nervous system and
the mechanisms of the primary feedback. In such a way,
the analysis of the alterations of the parameters of ultradian
rhythms in the rats with the extirpated adrenals and testes
can give a possibility to clarify the effect of the negative
feedback on the formation of these biorhythms.
Fig. 1 shows an example of the experimental
registration: one time series of a gonadectomized rat
temperature measurements with an intraperitoneally
implanted sensor DTN3-28. Measurement interval is 2
min.
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Fig. 1. Time series of rat temperature fluctuations

spectrum for the rats group III. A rectangular insert near
each peak shows its period (Х-coordinate) in minutes. All
values of the periods shown at Fig.2 are recorded in an
appropriate line of Table 1. Fig. 3 shows an enlarged
portion of the spectrum presented at Fig.2 for the period
range of up to 24 min. The spectrum is four times
smoothed with a running average procedure with the use
of the Poisson triangular window. The values of the
periods shown at Fig.3 are included into Table 1 too.

3. Results. Comparison of spectra
We constructed the power spectra for the time series
similar to that shown at Fig. 1, the values of the spectra
were summarized for the appropriate frequencies in each
individual spectrum belonging to one of the groups: 1)
starlings, 2) I – intact rats, 3) II – gonadectomized rats and
4) III – rats with the surgical gonadectomy and
adrenalectomy. In such a way, we have obtained four
power spectra. Fig.2 presents an example of them: a power
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Table 1 [4-5] contains (a bracketed number
corresponds to a line number): (1) – a number of a period;
(2) - averaged values of periods found in time series of the
alfa-decay fluctuations; (3) – modes of the Earth natural
oscillations; (4) – numerical values of the appropriate
modes of the Earth natural oscillations; (5) – periods found
in the averaged spectrum of the starling temperature
fluctuations; (6) – rats I; (7) - rats II; (8) - rats III. Note that

the maximal period of the classical Earth natural
oscillations corresponds to the main mode of the
spheroidal oscillations 0S2 (the averaged value is 53.9
min). For these reasons, lines (3) and (4) of the continued
Table 1 are replaced with a single line containing the so
called long-wave or seismogravitational natural
oscillations of the Earth [8-9].

Table 1. Average values of the periods in the power spectra of the temperature fluctuations and alpha-decay rate fluctuations
№
Alpha-decay

MODES of the ENOs
Numerical values of the ENOs

STARLINGS

1
3.3
8S5
…
15S2
4.0
…
3.0
7.3
6.3
5.7
5.4
5
4

RATS-I
RATS-II
RATS-III

7.4

№
Alpha-decay

9
40

2
9
1S7
…
5S2
10.1
…
8.0

11.01
10.1
9.3
8.5
11.3
10
7.9
8.9
10.8
8.3
10
11.3
10
46

3
12

4
13.8

5
21.3

6
25

7
27.5

8
32

0T 8

0T 6

0T4

0S4

0T3

0S3

12.3

15.5

21.7

25.8

28.4

35.6

12.6

14.6
16.3

20.1

23.8

26.9

30.1

15.1

18
20.5

25.6

—

30.1

—

16.8

20.1

25

—

29.3

12
13.1

14.6
16.8

19

22.8

—

35.3

11
51

12
55.8

13
60.7
59,2
60,8
—
60.2
—
60.7
59,2
60,8

14
68.3
63.7
67.8
68.3
—
64
68.3
63.7
67.8

15
73

16
75.5

72

77

73.1
—
—
73

—
—
—
75.5

12.5

MODES of the ENOs

2S1

0T2

—

0S2

Numerical values of the ENOs
STARLINGS
I RATS
II RATS

41.3
36.6
—
39.4

44.2
46.5
44.5
—

—
—
—
—

53.9
53.9
—
53.9

III RATS

40.9

46.6

—

№
Alpha-decay
MODES of the ENOs
Numerical values of the ENOs
STARLINGS
I RATS
II RATS
III RATS

17
80
82
—
—
—
—
80

18
85.5
86.7
85.3
85.3
85.3
—
85.5

A number of the modes of the Earth natural
oscillations grows exponentially with the growth of their

56.9
19
95
95.2
93.1
—
—
93.1
95

20
99.8
103
—
102.4
—
—
99.8

21
106.3
107
—
—
—
—
106.3

72

77

22
112.3

23

113.8
—
—
113.8
112.3

146.3
—
146.3
146.3

frequency. Therefore, the columns number 1 and 2 contain
some multitude of the periods. For example, the periods
included into the column №2 have 20 modes of natural

oscillations (7.97 min … 10.1 min), while the periods
included into the column №1 have 164 types of the
oscillations (3 min … 4 min) [10]. Accuracy of the periods
determination in the case of the radioactive decay, line (2),
is ± 1min, hence comparison of the periods from 1 and 2
in the terms of the present study is senseless, it needs some
following investigations with the improvement of the time
resolution as the main purpose.
The second distinctive feature of the ENOs is that
each mode of the natural oscillations is, in fact, a multiplet,
that is, some set of the periods. For example, several
periods - 51.5, 52.8, 53.8, 55.2, 56.3 and 58.2 min. correspond to the main mode of the spheroidal oscillations,
while Table 1 contains their averaged value, 53.9 min.
Therefore, in this case, coincidence of frequencies is rather
a crossing of the appropriate sets.
4. Conclusion
Important to note that the spectrum, which found in this
work coincides with a previously revealed spectrum of the
periods, obtained with the use of local fractal analysis by
the all permutations method in the course of studies of time
series of the alpha decay rate fluctuations. Despite
different methods of the experimental data processing
used in this work and in work [3-4] (spectral analysis
based on Fourier transform and local fractal analysis by
the all permutations method), as well as different raw
experimental data (time series of the temperature
fluctuations in the starlings and rats and noise-like time
series of alpha-decay rate fluctuations), the same spectrum
of periods was obtained.
In our opinion, the results of the analysis of the time
series in the starlings and rats temperature fluctuations
presented in Table 1 confirm the hypothesis of the
universal character of the spectrum observed initially in
the time series of the fluctuations of the radioactive decay
rate.
The results of this work can have various practical
applications [11-13].
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On universal nature of periods spectrum in time series of planaria
chemiluminescence
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A local fractal analysis by all permutations method (APM) was developed. APM-analysis of noise-like time series of alpha decay
rate fluctuations made it possible to reveal the spectrum of periods in the range of 1-120 min. The connection of this spectrum with the
spectrum of the Earth natural oscillations was shown, and an assumption was made about its universal character, which means that it
is present in fluctuations of processes of various nature. In this work, the APM method was used to study the noise-like time series of
planarium chemiluminescence fluctuations. A spectrum of periods ranging from minutes to two hours has been obtained. A detailed
coincidence of the found spectrum with the spectrum that we found earlier is shown. The results of present study confirm this earlier
assumption about the universal nature of the detected spectrum of periods. For the mentioned range of periods, there were shown not
only the close relationship of the found spectrum with the spectrum of the Earth's natural oscillations, but also its universal character:
the spectra of the periods found for fluctuation in the systems of various nature (physical, chemical, biological) always coincided with
the corresponding part of the found spectrum.
Key words: planaria; planarium chemiluminescence; universal spectrum; alpha decay; fluctuations; local fractal analysis; all
permutations method.

1. Introduction
The report considers the result of applying the local
fractal analysis by all permutations method (APM) [1-2]
to the study of noise-like time series of planaria
chemoluminescence. The APM-method synthesized in
itself the basic ideas of the method of minimal cover
(MMC) [3] with the requirement of the invariance of
fractal dimension with respect to linear transformations
(shifts, dilatation, mirror reflections), as well as with
respect to permutations of elements of a time series
segment on the basis of which the fractal dimension is
calculated. The latter property is a distinctive feature of the
APM-method, which gives it a number of unique
properties. The most important of them is locality - the
ability to calculate the fractal dimension for short (tens of
points) segments of the analyzed time series. This means
that, in contrast to the MMC-method for N = 2n points
segment, the APM-method allows us to analyze N - 1
scales, rather than n, as in the MMC-method. As a result,
the value of N can be significantly reduced, but at the same
time, the accuracy of the calculation of the fractal
dimension increases significantly.
One of the first results of the use of the APM for the
analysis of noise-like time series is the study of a 329-day
array of alpha-decay rate fluctuations. As a result of this
analysis, a stable set of periods was found in the range of
1-115 min [4-5]. It was shown that the periods found in [45] were in good agreement with the periods of the Earth's
natural oscillations. This coincidence was manifested for
both classical (with periods up to 52-56 min) and for
Earth's long-wave oscillations (with periods that exceed
52-56 min).
In the course of further studies, application of the
APM-analysis, allowed to reveal stable ultradian periods
in the range of 2-24 hours [6-7], which also coincided with
the corresponding periods of the Earth's natural
oscillations.

A review of the studies investigating the periodicities
of fluctuations in various nature processes, performed in
[4-5], revealed only three periods that were not found in
the analyzed 329-day array of the alpha-decay rate
fluctuations (36.2 min, 43 min, and 64 min). These
periods were discovered in further research. For example,
an analysis of a large (about 5 years) array of time series
in the alpha-decay rate fluctuations measured in Antarctica
revealed that the periods of 80 min and 160 min were more
expressed than for the mid-latitude data [4-5]. A period of
around 50 minutes not belonging to the spectrum of the
Earth's natural oscillations was also discovered. It is
interesting to note that the same period was found in [9] in
the course of analysis of the spectra of astrophysical
masers. It was shown [10-12] that all 16 periods found in
the spectra of astrophysical masers and described in [9]
coincide with the periods described in the papers published
several years earlier [4-5].
2. Raw experimental material
The experiment used an asexual race of the freshwater
worms planaria Girardia tigrina. The planarians were
maintained in the aquarium water: hardness ~ 3-5 mg-eq/l,
pH 6.5, temperature 26°C, and fed weakly with the diptera
larvae. The experiment used the 10-11cm-long animals
after a seven-day starvation. The regeneration was
triggered by the amputation of a planarian forehead at the
“eye” level [8]. For each set of experiments, the intact
planarians or their parts were placed into 10 mL of water
inside the special polypropylene scintillation cuvettes
(Beckman, USA) or glass cups.
The luminescence was measured with a
chemiluminometer Biotox-7А 2М (ANCO «Inzhenerniy
tsentr - ecologia», Russia) equipped with a photomultiplier
9750QB/1 (9750QB/1, EMI Electronics LTD, Middlesex,
UK), with spectral sensitivity in the range of 380-710 nm.
The measurements were performed at 26,0±0,2°C, in
the photon counting mode with the data record interval of
1 s.
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Fig. 1 a) illustrates one of the time series obtained in
the course of the planarian chemiluminescence
measurements, and Fig. 1 b) shows experimental
distribution of the fluctuations based on this time series.
Fig. 1 b) includes also the Gaussian distribution (shown by
a solid line) that approximates the experimental
distribution. Proximity of the experimental and Gaussian
distributions tells that the measurements presented at
Fig. 1 а) can be considered as random.

A distinctive feature of the APM-analysis of the timeseries [1-2] is that it provides a possibility to reveal the
periodicities in the time series, completely random from
point of view of the available statistical tests. The
following section presents the results of the APM-analysis
of the planarian chemiluminescence time series presented
at Fig. 1.

Fig 1. One of the time-series of the planarian chemiluminescence (a)), and its distribution function (b))

3. Results of the APM-analysis of the planarian
chemiluminescence time-series
Using the APM-analysis [1-2], we obtain the spectra of
the periods in the time-series of the planarian
chemiluminescence fluctuations. After the initial spectrum
averaging, one set of periods was obtained. The values of
these periods are given in Table 1 (row I). The table also
presents (row II), for comparison, the averaged periods
obtained at the APM-analysis of an array consisting of 329
one-day time-series of the α-decay rate fluctuations
measured in Pushchino [4-5].
In both cases, a fractal dimension was calculated at the
basis of the 60-point sections of one-second

measurements.
Therefore,
accuracy
of
period
determination is ±1 min. From this, we may point to the
virtually exact coincidence of the two spectra. Only the
values presented in the 1st, 17th and 21st columns of Table 1
show the discrepancy somewhat exceeding this value; in
all cases a discrepancy is not greater than 0.5 min.
It is significant that Table 1 includes all the periods that
present in the spectra of the planarian chemiluminescence
and fluctuations of the α-decay rate. That is, in this case
the point is the coincidence of just two spectra but not the
certain frequencies. Consequently, we may tell about the
same spectrum manifested in the fluctuations of the both
systems under consideration.

Table 1. Average values of the periods in the time-series of the fluctuations of the planarian chemiluminescnce (I) and average values
of the periods presented in [4-5] (II)

№ 1 2 3
4
5
6
7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
22
I 5 - 12.5 20.5 25.5 30.5 34.5 - 43.3 47.5 55.8 60.5 65.5 - 74 - 82.5 86 94.5 97.5 108.5 112.5
II 3.3 9 13.8 21.3 27.5 32 36.2 40 43 46 55.8 60.7 64 68.3 73 75.5 80 85.5 95 99.8 106.3 112.3

4. Conclusion
The fact that the spectrum of the periods contained in
Table 1 is found in the spectra of the astrophysical masers
too [9-12] and the presence of a spectrum frequency of
51 min not belonging to the Earth natural oscillations in it,
allows us to make a conservative assumption on its
cosmophysical origin. It is possible indeed that this is a
case of a global synchronization, which, according to
A.M. Molchanov’s hypothesis [13], must be reached by
any dynamically mature system. From the other hand, a
spectrum resulting the analysis of the time-series of the
planarian chemiluminescence fluctuations that coincides
in all details with the spectrum found in the series of the

fluctuations of the α-decay rate, can be considered as a
universal one that manifests itself in the fluctuations of the
various nature systems. The results of this work can have
various practical applications [14-16].
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Analysis of the actions of NPP personnel in making decisions
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The operational experience of nuclear facilities shows that personnel reliability has a significant impact on safety. We consider the
reliability of the staff as the property (ability) of the staff to accurately and timely perform the necessary actions prescribed by the
operating instructions, both during normal operation and in an accident. Personnel Reliability Analysis (PRA) is one of the significant
tasks of probabilistic safety analysis. There are problem situations at NPP: the analysis methods and techniques used, the variety of
solving tasks, the wide range and diverse nature of errors that a human operator can potentially make, the numerous factors affecting
the probability of a particular error. All this makes it necessary to develop an automated personnel reliability analysis system that can
support a specialist performing probabilistic safety analysis (PSA) in terms of performing the reliability analysis of the human
operator, to ensure the required accuracy, quality and completeness of the results of the personnel reliability analysis.
Key words: personnel, the most dangerous accidents, personnel reliability, stress, normal operation, emergency.

1. Introduction
The current practice of performing personnel
reliability analysis during PSA involves the use of a
number of methods of qualitative and quantitative PRAs,
as part of a structured procedure for their application.
PRA contains numerous levels and stages. In particular,
the formation of a list of personnel actions, a selection
analysis and a detailed analysis of the most significant
actions of the personnel, the determination of the
probabilities of an error in the performance of actions,
the analysis of the relationships between the actions of
the personnel, the analysis of the possibilities to correct
the mistake made, and the assessment of the uncertainty
of the personnel reliability indicators. The reliability of
the human operator depends on a combination of factors,
and the most important for analysis used to be the
available time, stress level, and staff qualification level.
Currently, the application of these methods to
Actions
Signal Detection
Comparison with the standard
Identification

Actions

2. Decision making by the NPP operator
The operator's activity consists of a set of sequential
actions to develop a solution and implement
management.
The development of a solution is a process that
consists of three stages [1]:
1. Information search (perception of information)
(table 1).
2. Information preparation of decision making (table
2).
3. Decision making (table 3).

Table 1. Information search
Operations
Search eye movement, signal extraction from the
background
Feature Comparison
Identification of similarities and differences,
identification of essential features, categorization,
memorization

The inclusion of psychological processes
Attention, signal and background perception
Visual thinking, random access memory
Operational thinking, long-term memory

Table 2. Information preparation for decision making
Operations
The inclusion of psychological processes

Information processing about the problematic
situation
Search for essential information. Highlighting
from background information. Situation
classification
Compilation of information. Building an FCM
situation.

Actions

perform various stages of the PRA requires manual
processing by the executor of large amounts of
information presented in the form of tables and graphs,
which increases the analysis timeline and reduces the
quality of its implementation.

The operation of constructing a figurativeconceptual model (FCM) of the situation
Image conversion operations, comparisons,
detection of similarities and differences,
identification of essential features, categorization.
Operations to convert FCM to a form suitable for
decision making. Selection of evaluation criteria.

Visual action, visual thinking
RAM. Long-term memory.
Operational thinking. Visual thinking.

Table 3. Decision making
Operations
The inclusion of psychological processes

Objective definition
Objective formation operations
Long-term and random access memory. Conceptual and image thinking
Determining the conditions for achieving Operations formulating conditions
Operational thinking. Theoretical thinking
the objective
for achieving the objective
Develop a solution strategy. Choosing
Comparison of different solution
Long-term memory. Theoretical thinking
the best strategy
methods
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At the first stage, it is very important to respond to
alarms as quickly as possible and to find the source of the
accident.
Table 3 demonstrates the next stage.
If at the first stage it is important to notice the
accident, then at the second stage operator will have to
evaluate the current situation. At this stage, it is
extremely important to analyze the situation quickly and
correctly.
Table 4 demonstrates the next stage.
Table 4. Areas of error probabilities considering the types of
behavior
Operator Behavior Types
1. Based on experience
2. Based on rules (instructions)
3. Knowledge based

Error Probability Areas
Pr = 10-4 - 10-2
Pr = 10-3 – 0.1
Pr = 10-2 - 1

Before performing actions aimed at eliminating the
emergency, the operator compares various solutions to
the current situation (from possible) and selects the
optimal.
3. Types of staff behavior
For rapid assessment of personnel reliability, used
primarily for screening analysis (screening) to determine
dominant events, error probability domains they apply
considering the types of behavior (cognitive modeling)
required for each operation [2, 3]:
1. Skill-based actions - Automated actions. They are
performed strictly according to the scenarios that are
set out in the instructions (similar, for example,
driving a car along a familiar route). With this type

of action, errors are usually associated with a
combination of various forced or temporary factors.;
2. Rule Based Actions - Actions taken in familiar
situations. Based on previously worked out
sequences of actions that are detailed in the
instructions and / or obtained from experience or
training. Actions by rules are less developed than
actions based on skill, because they are performed
less frequently and are more complex and often
require increased conscious control. Errors in this
type of action are associated with incorrect diagnosis
of the situation, which leads to the use of the wrong
rule or instruction;
3. Knowledge-based actions - Actions performed in
emergency situations when existing rules and
experience cannot be applied directly. There are no
ready-made instructions for these actions, they are
based on general knowledge, and they must be
executed in real time. Errors in this type of actions
are the result of the limited time to make decisions
and perform actions, as well as insufficient or
incorrect knowledge.
Table 4 presents probability domains for the
described types of behavior [2, 3].
Preliminary assessments of personnel post-emergency
actions (in response-response to an initial event) used in
PSA are expert screening [2-5].
A logical scheme to help in deciding what type of
mental activity a person’s actions are shown in Fig. 1.

Fig. 1. A logical tree to determine the prevailing type of personnel actions in solving the problem

4. Types (mechanism) and forms of personnel
errors
Personnel errors modeled in the PSA are usually
divided into the following types related to different types

of behavior:
− oversight / omission - an action leading to an
unintended result due to an error during performing.
This kind of error usually refers to skill-based

actions;
delusion is an intentionally performed action, but the
intention is incorrect. This is a typical mistake in
assessing a situation or in planning a response,
leading to the execution of incorrect actions. This
type of error refers to actions based on rules or
knowledges.
Personnel errors modeled in PSA are subdivided into
such forms as non-fulfillment errors and execution
errors:
− Failure to comply: personnel error consisting in
failure to perform one or more prescribed actions.
Typically, a failure error is a failure by the operator
to take the required security system into operation;
− execution error: personnel error consisting in
incorrectly performing one or more actions, or
performing any other action / actions instead of
prescribed ones. Typically, a runtime error is either
an inappropriate termination of a required security
function, or an inappropriate activation of a system
or initiation of a security function.
The relationship between the actions of the staff takes
place if the result of a specific action depends on the
previous action or actions. The probability of personnel
errors in dependent activities should be higher than if
they were considered independent. All alarm sequences,
which include several personnel errors, are analyzed for
their potential dependencies. Whenever possible,
completely dependent personnel errors are redefined and
modeled as a single event.
−

5. The effect of stress on decision making
The main factors that affect the behavior of personnel
and the reliability of their actions are considered in a
detailed analysis of personnel errors:
− instructions (the following aspects of instructions are
evaluated, which are considered to be factors that
influence behavior: simplicity / complexity of

operations performed, number of steps, availability
of a written instruction, its format (descriptive or
symptom-oriented), quality of presentation, degree
of detail, etc.);
− training / experience;
− human-machine interaction;
− interaction / size (composition) of the group of
operators;
− information exchange;
− load;
− stress.
Not all of these factors are directly applicable to each
of the analyzed personnel errors. Additional factors not
included in this list may be considered.
Depending on the likelihood of the consequences of
the accident and the time available to the operator for the
intervention, personnel are exposed to different levels of
stress. This directly affects the likelihood of correct or
erroneous actions by personnel to troubleshoot in the
event of an emergency. Stress can occur for a number of
reasons: unpredictability of an accident, workload (its
level and duration), high noise level (for example, when
an alarm has triggered), conflicts during work.
Stress is not necessarily accompanied by negative
reactions. The optimal level of stress will allow for better
concentration, increased attention, which will favorably
affect the work of the operator. At the same time,
“unfavorable” (high) stress will negatively affect the
work of even very experienced operators. The time limit,
the difficulty of eliminating the consequences of an
accident, errors, in the case of incorrect diagnosis of an
accident, will only increase the level of staff stress,
which will entail an increase in the likelihood of
erroneous actions.
Fig. 2 shows a graph of the dependence of the
operator's performance on the level of stress experienced
by him [6-8].

Fig. 2. The graph of the dependence of the operator's performance on the level of stress experienced by him

6. Types of motivation for activity
The following types of motivation for activity are
distinguished [1]:

Cognitive motivation - a manifestation of interest in
the content of the activity. The process of work attracts a
person, the result is important for him of every task.
Conflict avoidance is the pursuit of a conflict-free

style of behavior. They distinguish motivation for
avoiding conflicts with the social environment and with
their own principles.
The prestige motivation is the realization that the
activity carried out is respected and gives weight to the
individual. It is expressed in desire to assert oneself.
Utilitarian motivation - the possibility of obtaining
good earnings or other material wealth.
Human activity is mobilized in real activity in the
form of a system of motives leading to actions.
Motives are formed and rebuilt in the process of
professional development of the employee and in his
daily life.
There are some differenties between situational
components of activity that is external, objective and
internal, and mental.
External, objective components are the complexity of
the task and its compliance (or inconsistency) with the
conditions of execution:
– equipment and the possibility of its application for
solving problems;
– deadlines (sufficient or short);
– mission statement.
Internal, mental components of activity:
– professional training;
– functional state (mood, health, fatigue, etc.) for the
duration of the task.
A person who is not ready for psychophysiological
qualities to work that requires high emotional stability,
endurance, self-control and a strong nervous system,
under the influence of poor health or conflict, is inclined
to dishonestly perform the tasks assigned to him, thereby
causing irreparable damage to the task and the project as
a whole.
When solving habitual, everyday duties, situational
and target settings may coincide in time and not be fixed
in the human mind.
If decisive actions are required to solve a nonstandard problem with a shortage of time, the formation
of the target setting becomes stressful. The more
controversial the situational and target settings, the
higher the level of stress experienced.
For example, the desire to remove the driven unit
from a dangerous state and the realization that it is
impossible to do this for objective, situational reasons or
when the employee does not know how to do this in this
situation. This is a typical situation preceding a forced
shutdown of a reactor when there is not enough time or
information to understand what needs to be done to
prevent shutdown.
The opposite picture may also occur - the operator
knows what is being done in the specific threat of block
exit from the given mode, but if there is even the smallest
risk, he prefers to provide work to an automatic
protection system that will stop the block.
The knowledge gained as a result of long preparation
and training predetermines the success of the activity and
its productivity, sets such characteristics as accuracy,
infallibility, speed and overall reliability of the operator’s
actions.
In the long term, the creation and application of
systems for the operational assessment of the situation

and the development of recommendations in the
conditions of uncertainty implemented on the basis of
studies developed in [9,10].
7. Conclusion
Further planns:
To continue work on the assessment of personnel
actions in the most dangerous accidents with the
emission of thermal neutron sources with a low flux
density.
2. To develop a methodological approach to solving the
problems of assessing doses of external and internal
exposure and assessing damage to the population
(taking into account the age composition of the
population) living around nuclear power plants
during the most dangerous accidents involving the
emission of thermal neutron sources with a low flux
density.
3. To develop an atlas of risk metrics and a program for
monitoring (control) the safety of nuclear power
plants.
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The concept of safety for facilities comprising nuclear power plants implies in large the use of passive systems. One of the main
passive systems in a nuclear power plant is a system for cooling the reactor core with its action based on gravitational forces. In this
regard, the importance of such a physical process as natural circulation is increasing with the development of nuclear power facilities.
However, this system has not only advantages but some drawbacks as well. These are the emergence of instability in the two-phase
coolant flow, pulsations of thermohydraulic parameters, possible circulation reversal and stagnation. This paper deals with the study of
a generalized model of the natural circulation stability. The said model is designed to simplify the design engineering of power
equipment. This model will also enable the operating personnel to predict the operating limits of the equipment and remain within the
coolant stability bounds. This paper presents a model for predicting the stability boundaries of natural circulation process.
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1. Introduction
Nuclear energy is currently one of the most promising
power sources. The importance of passive safety systems
is increasing with the development of the nuclear industry.
The main advantage of these systems is the independence
of their functioning of external energy sources and as a
consequence the simplification of their design. One of the
important reactor systems is a passive heat removal system
required to cool the core. This system is based on the fluid
motion due to difference in specific gravities. The motion
occurs without any forcing equipment (no pumps) and
represents the coolant circulation generated by the action
of natural forces. Moreover, equipment operated with the
natural coolant circulation is characterized by reduced
installation noise, overall dimensions and the power
consumption for self-supply. But notwithstanding these
advantages the system has some drawbacks as well,
namely, the occurrence of instability in the two-phase
coolant flow during the reactor core cooling, pulsations of
thermohydraulic parameters and possible circulation
reversal and stagnation.
2. Instability of two-phase flows
In natural-convection loops with the two-phase coolant
condition the flow instabilities are noted, which are
manifested themselves through a periodic change in the
main thermohydraulic parameters of the flow under
constant external conditions. Such unstable flow regime
may result in deteriorating reliability of thermal power
equipment. Periodic repeated fluctuations in the flow rate
of the coolant in the loop may cause the premature loss of
the equipment serviceability, the wall material destruction,
low-frequency vibrations affecting the operation of the
plant as a whole. Furthermore, the loop instability imposes
restrictions on permissible limits of the thermal power;
therefore, the determination of areas with stable operation
of natural circulation loops at low pressures is a very
urgent task [1,2].
Destabilizing mechanisms are often associated with
design features of a plant using a two-phase flow; the
instability may be caused by the availability of a volume

equalizer, a hydraulic accumulator or some peculiarities of
performances of elements.
3. Geyser instability
The results of experimental studies have shown that
one of the main types of instability at low pressures and
flow rates of the coolant is the flow instability caused by
the surge of the coolant boiling in the lifting section of
the circulation loop. This type of instability is
characterized by periodic emission of a two-phase mixture
from the lifting section followed by filling the circulation
path with water.
The geysering-type instability was named so because
of its resemblance to natural geysers, which are
characterized by periodic emissions of a steam-water
mixture from the depths of the Earth.
Such geyser instability was first studied in vertical
pipes closed from below and filled with water [3,4]. When
a pipe is heated with some heat flow in the lower part the
water boiling begins. In low-pressure systems it results in
the sudden increase of steam generation and the rapid
discharge of the steam-water mixture into an expansion
vessel thereto the pipe is connected. Liquid which is not
warmed up to the saturation temperature is discharged
from the vessel into the pipe. The system returns to the
non-boiling state. The cycle is further repeated [5,6].
The cycle consists of the following several stages:
1) energy accumulation;
2) the coolant boiling at a temperature slightly above the
saturation temperature;
3) the emission of a steam-water jet;
4) the return to the initial state.
4. Methods and techniques for prediction of
the coolant flow regimes
This paper is concerned with the study of the process
of natural circulation and its stability using a few different
methods in order to create a single generalized system. The
following methods have been applied in the work:
experimental method, calculation method using
computational codes of hydrodynamics, method using
artificial neural networks. The results obtained using the
said methods are combined to create a generalized model.
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This model shall enable to predict the system behavior, to
determine the limiting boundary conditions for the stable
operation of the system.
5. Experimental research methods
Experimental studies were carried out at the
Department of Nuclear Reactors and Power Plants,

Institute of Nuclear Energy and Technical Physics, Nizhny
Novgorod State Technical University n.a. R.E. Alekseev.
The experiments were carried out at atmospheric
pressure. The system operating modes at atmospheric
pressure simulate the emergency cooling process for a
nuclear plant.
The scheme of the stand is shown in Fig. 1.

Fig. 1. The scheme of the test stand Designations: ТО1-1 - ТО1-5 – heat exchangers, Т1-2 - Т1-8 - thermocouples of the heating
section, Т1-9 - Т1-14 – thermocouples of the cooldown section, Т1-1 - Т1-3 – thermocouples at the inlet and outlet of the cooling
sections, Ф1-1 – Ф1-3 – ultrasonic steam sensors

˗
˗
˗
˗
˗
˗
˗
˗
˗

The experiments were conducted as follows:
measurement of the initial water temperatures in the
circulation loop;
measurement of the initial temperature in the cooling
loop;
measurement of the cooling water flow rate;
setting of the heater power;
activation of the data recording and archiving.
Parameters read out:
heater power;
refrigerator power;
coolant temperature at the inlet and outlet of the
heating section;
duct wall temperature along the height of the lifting
region:

cooling water temperature at the outlet of the
refrigerator
˗
differential pressure at the downcomer region
˗
steam content at the outlet of the heated duct.
Upon setting the pulsation mode the following
parameters were recorded: the pulsation frequency and
duration, the pressure drop, the coolant temperature at the
outlet of the heated section and the pulsation
commencement temperature.
˗

6. Experimental data processing results
Fig. 2 shows the curve of the natural circulation
stability obtained as a result of the experimental data
processing.

Fig. 2. Experimental Stability Curve

The curve has a left branch bent to the relative
temperature axis, a pronounced minimum and a right
branch. The operating mode characterized by the right
branch includes an interval of the unstable operation of the
system. Therefore, the left branch is of particular interest
in the results obtained.

Similar results in regard to the natural circulation
stability have been found in the literature and are shown in
Fig. 3 [7]
Based on the experimental data obtained and found in
the literature a technique has been elaborated for creating
a generalized model to predict the natural circulation
stability.

Fig. 3. Stability curves for natural circulation loops

7. Experimental computational system for
studying the natural coolant circulation
The generalized model is a set of lines showing the
boundary conditions for the existence of a stable system
constructed on the Q-T axes. Such a combination of
boundary conditions is unique for a specific technical
system and enables to determine the limits for stable
operation of the equipment. The combination of boundary
conditions is a family of curves of a characteristic form:
the left branch of the family is bent at a certain angle to the
temperature axis (T), this angle depends on the geometry
of the contour. The salient point (kink) moves depending
on the conditions thereunder the coolant is located. The
suggested model is shown in Fig. 4

The introduction of generalized coordinates enables us
to modify the model under study and reduce it to a simpler
form:

Fig. 4. Peculiarities of boundary conditions for natural circulation in the loop

8. Generalized model of stability boundaries
for systems with natural coolant circulation
The generalized model is the summary of results
obtained using experimental methods, computer
simulation and artificial neural networks. This model
enables to predict the limiting densities of heat flows

therewith the system will still be stable and the coolant
boundary temperature at the inlet to the heated section
upon exceeding thereof the system will become unstable.
This model enables to simplify the procedure of the design
and engineering of heat exchange equipment based on the
principle of natural circulation. The methodology for
constructing such a generalized model is shown in Fig. 5.

Fig. 5. Scheme of the generalized model

9. Application of numerical methods for
simulation of natural circulation process

-

Experimentally obtained results are used to simulate
systems using computational fluid dynamics. To apply the
computational fluid dynamics method, it is necessary to
construct a geometric model of the system under study, to
construct a calculation - grid model based on the geometric
model, to create a mathematical model.

11. Description of a geometric model used for
numerical experiments

10. Methodology for conducting experiments to
study the natural coolant circulation by
computational simulation methods
-

To conduct numerical experiment, it is necessary:
to create the geometry of the loop under study;
to create a finite - element model;

to identify physical and mathematical models of
processes studied;

The geometric model is a combination of several
components:
- the hot coolant circulation path corresponding to the
test stand;
- the coolant circulation path in the refrigerator
corresponding to the test stand;
- metal walls of the refrigerator.
All geometrical parameters of the computer model
correspond to the natural test-stand under study. The
computer geometric model is shown in Fig. 6.

Fig. 6. Computer geometric model of the stand

12. Physical and mathematical model
The physical parameters of the fluid are simulated as
temperature-dependent using an integrated library.
The effect of gravity is taken into account.
The steam generation process is simulated in the
system.
The loop walls are simulated without sliding.
The metal heating is set by the specific heat flow on
the wall.
The thermal conductivity of metal is simulated.
The refrigerator parameters are simulated by setting
the coolant flow rate at the inlet to the heat exchanger;
Description of Mathematical Model
The mathematical fluid model is based on the solution
of the system of Navier-Stokes equations [8]:
- the continuity equation:

∂ρ ∂( ρui )
+
= 0,
∂xi
∂t

ρ

r
∂h
= −div(q) + ω
∂τ

where �q⃗ shall be projections of the heat flow density onto
the coordinate axes; ω are internal heat sources.
13. Application of artificial neural networks for
simulation of the natural circulation process

Based on the results obtained using the above methods
artificial neural networks (ANNs) are simulated. An ANN
of the multilayer perceptron type is used in this work. [9]
When simulating ANN, the coolant characteristics of the
geometry and state are taken as input parameters. The
output parameters are the corrected value of the boundary
heat flow and temperature thereat the instability occurs as
well as the value of tg(ɑ) characterizing the position of the
curve in space. The ANN simulation scheme is shown in
Fig. 7.

where ρ is the density, ui is the projection of the velocity
onto the axis under study, t is time; xi is the coordinate
thereon the flow is studied.
- the motion equation:

∂(ui )
∂(ui )
1 ∂p 1 ∂(σ ij )
+
+ Ji ,
+uj
=−
ρ ∂xi ρ ∂x j
∂t
∂x j

where indices i =1,2,3 shall be the coordinate axis index; j
is the summation index; Ji is the external force acting on
the system (gravity force)
- the energy equation:

Fig. 7. Scheme of ANN used for generalized model creation
f(Г) is characteristic of the circulation duct; f(У) is
characteristic of the coolant state conditions; tg(ɑ), Qпр, tпр are
output ANN data - system stability parameters

When developing a model using artificial neural
networks the results of personal experiments have been
used as well as the results found in reference data.
It may be noted that in the obtained dependences there
is a sharp ascending and descending section. To avoid
ambiguity, two neural networks have been simulated: one
for each section. However, we lack of knowledge on on
the upper limit of each network use because of few
experimental data available.

Networks of the multilayer perceptron type with
different numbers of neurons in the intermediate layer and
several different activation functions have been studied
during the simulation.
The analysis of simulated networks is given in
Appendix B. Find below the results obtained with a neural
network having minimal errors.

Fig. 8. Results of simulation using ANN

14. Simulation results
A set of points has been obtained in the course of the
simulation. A boundary stability curve of the natural

circulation process corresponds to each point in the spatial
coordinate system. It is noted that the said points are on
one curve in space and represent an integral system (fig.
9).

Fig. 9. Type of a generalized curve

15. Conclusion
This paper is concerned with the study of the stability
boundaries for the natural coolant circulation process. The
purpose of the work is to develop a generalized model
which enables to predict the stability without reference to
a specific geometry, installation or conditions of the
system operation. This purpose has been achieved.
The following has been achieved in the course of the
work performance:
1. The methodology has been elaborated for conducting
full-scale experiments to study the stability limits of
geyser instability under the natural coolant circulation
using a thermophysical test stand.
2. The methodology has been elaborated for the use of
artificial neural networks to predict the stability of the
natural circulation process.
3. The generalized model of the natural circulation
stability has been developed.
The results obtained may be applied to elaborate
technical and organizational measures for process
management. This model may also be used to predict the
maximum operating conditions of the power equipment
with natural coolant circulation.
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Continuous development and the increase of the safety requirements in the field of engineering and industry, as well as the need to
comply with the planned timing and costs of the projects require the use of modern approaches to the management of complex
engineering systems and their interaction. To achieve the optimal balance between the deadlines and the resources expended, a project
approach is used in world practice. One of the new methods of the project approach is Agile management. The use of Agile project
management in industry and engineering requires a systematic adaptation of implementation approaches, taking into account internal
requirements, risks and organizational characteristics, and is due to the high complexity of decision-making. The paper considers an
approach to the formation of a generalized algorithm for the optimal set of tools selection for Agile project management in industry and
engineering based on system analysis methods. This algorithm is designed to provide decision support for the selection of the most
suitable tools and techniques for Agile project management with a view to their successful implementation.
Keywords: decision-making algorithm, system analysis, project, Agile management, risk, management tools.

1. Introduction
Successful implementation of projects is largely due to
competent, modern management. Today, there are many
methods and approaches to project management. One of
these approaches is Agile, which has proven itself in IT
projects and in the banking sector. The first results of
applying Agile approach in industry and engineering
showed that using Agile similar to IT projects is
impractical due to the different specifics of the activity and
the impossibility of using a number of tools and
techniques. When introducing this method in engineering
and industry, it becomes difficult to select the optimal set
of Agile tools and techniques. The problem is due to the
large number of possible options and the lack of
experience in the application of Agile project management
in this area. To determine the tools and techniques of
Agile, we need a mathematical method to optimize the
decision-making process for selecting a set of tools and
techniques.
The purpose is to determine the function and develop
an algorithm for the optimal set of Agile management tools
selections for a specific project.
2. Correlation of sets of risks and tools
Based on the existing experience of using Agile in
various projects, we define many basic Agile tools and
techniques, forming them into a specific data table with a
description (table 1).
№
1
2
3
4
5
6

Table 1. Agile tools and techniques examples

Tool name
Retrospective
Poker planning
Work speed estimation
Work in one room
Product backlog
Task board

Next, we compile a systematic list of typical project
risks in industry and engineering (table 2) [1-3].
Table 2. Examples of typical project risks

№
Risk name
1 Conflicts of goals and interests between stakeholders
2 Delays due to the change of performers
Changing customer requirements in the later stages
3
of the project
4 Conflicts within the team
5 Implicit dependencies with other projects
6 Excessive product complexity
7 The need for unique experts
Thus, we get 2 sets of project tools and project risks.
To determine the correlation of sets of risks and tools, we
apply the Swiss Cheese model and the Bow-tie model. The
Swiss Cheese model demonstrates the principle of multilevel protection against possible incidents, the Bow-tie
model determines the need to influence both the causes
and consequences of events. Agile tools designed to
manage the project can serve as preventive measures,
monitoring and control tools, remedies for recovery and
mitigation. The principle of the correlation of risks and
tools is presented in Fig. 1. The formation of correlation
between the elements of sets is carried out by the expert
method, based on the experience of using Agile tools,
personal professional experience in implementing projects
in the selected field, taking into account the characteristics
of the organization and the external environment.
In this correlation, we see that one risk can be blocked
by different instruments; one tool can cover different risks.
To select specific tools, we introduce expert assessments project criteria: time (team’s time spent on using the tool)
(t), budget (including additional resources or
competencies) (b), team satisfaction level (u). Each
criterion is assigned a range of possible weight, taking into
account pre-calculated costs [4-7].
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Fig. 1. The principle of the correlation of risks and tools

3. Application of system analysis methods
There are many decision-making methods. Due to the
presence of several criteria in the tools and the presence of
links between the sets of risks and tools, we will choose
the main methods of system analysis, which we will use
when selecting the optimal set of tools. For Agile
approach, consider a group of descriptive models (that is,
simulate human behavior in a decision-making situation).
Based on what we will build a phased decision-making
algorithm. At each stage, depending on the task, we will
use the most appropriate method.
The methods that we will use in the definition of a
function are: the matrix method of multicriteria analysis,
the logical-linguistic model, the cause-effect model, the
method of pairwise comparisons, the axiomatic method.
The matrix method of multicriteria analysis allows one to
find a balanced estimate through the construction of
matrices of values and the importance of alternatives.
A logical-linguistic model will make it possible to
determine the most suitable set of all possible risks from
the set of possible tools. In this model, when making a
decision, there is no way to consider the importance of the
element (risk), which affects the accuracy of the decision.
With a causal decision-making model, a function is
determined with a possible consideration of the
importance of the element. With this model, multicriteria
analysis involves comparing a number of criteria with
possible options, including alternative ones that arise in the
process of solving the tasks.
4. Decision making algorithm for tools
selection
Define a general decision making algorithm for tools
selection. At the first stage, the decision maker (DM)
selects the possible risks that may arise during the

implementation of the project, and also sets the limit
values and factors of importance of the project parameters
(time, budget, team satisfaction). We get the source data:
− preset project parameters (tpp; bpp; upp);
− project risk list (set ri);
− importance factor (w).
Through the selected risks, the tools are determined
based on predefined relationships. Get the matrix of M
relations (risk - tool) – mri (matrix element showing the
presence of communication, possibly in the binary system:
1-connection is, 0-communication is not).
Each tool consists of three previously defined criteria
and (t; b; u). We divide the matrix of connections into three
matrices for each of the criteria. We get three matrices with
values that have previous relations (risk - tool).
We use the method of pairwise comparisons to find the
smallest values in the first two matrices and the largest
values in the third matrix that evaluates the qualitative
characteristic - team satisfaction.
To find a set of tools on each of the matrices, a
condition must meet, each risk must be assigned a
minimum value (matrix element). We get the column of
minimum values in two matrices and the maximum value
in the third matrix.
We use the logical-linguistic decision-making model.
We transform the given project parameters into a vector
whose starting point is 0 and tends to a point — the given
project parameters (xtbu), according to each of the criteria,
these will be the points U(t), U(b), U(u). Then get many
alternative solutions P (p1, p2, ..., pn), where, for example:
p1 = u1 + u2 + u4, p2 = u6 + u9, p3 = u3 + u4 + u7.
Next, we check that all the parameters are fulfilled for
each of the alternative solutions found and find the optimal
solution. We will use the causal decision-making model.
The criteria c (c1 = t, c2 = b, c3 = u) were determined in
advance, we introduce the correction factor (cr1 = 1, cr2 =

1, cr3 = -1) for the convenience of comparison, W importance of the element (w1, w2, w3).
Now, for each of the alternatives, we make a separate
assessment for the entire range of criteria х (хt, xb, xu) –
table 3.
Table 3. Decision matrix for each criterion

t
b
u

p1
xt1
xb1
xu1
R1

p2
xt2
xb2
xu2
R2

…
…
…
…
…

pn
xtn
xbn
xun
Rn

cr
1
1
-1

W
w1
w2
w3

Thus, the most appropriate solutions рj will be
determined through the function:
𝑅𝑅 = 𝐹𝐹(𝑋𝑋, 𝑊𝑊),
(1)
where X is the vector of values хсj (хtj, xbj, xuj), cr –
correction factor, W – element importance, F – value
convolution function.
For the most balanced assessment, we can consider the
sum of the products of the criterion and importance:
𝑛𝑛

𝑅𝑅 = � 𝑝𝑝(𝑥𝑥𝑐𝑐𝑐𝑐 ∙ 𝑤𝑤𝑖𝑖 ).
𝑖𝑖=1

(2)

When finding the smallest number of alternative
solutions (satisfying the given parameters), we check their
fulfillment of the conditions without taking into account
the correction factor:
𝑝𝑝𝑖𝑖 (𝑡𝑡𝑖𝑖 , 𝑏𝑏𝑖𝑖 , 𝑢𝑢𝑖𝑖 )
(3)
≤ 𝑝𝑝𝑖𝑖 (𝑡𝑡𝑝𝑝𝑝𝑝 , 𝑏𝑏𝑝𝑝𝑝𝑝 , 𝑢𝑢𝑝𝑝𝑝𝑝 ).
That is, some solution R must satisfy the conditions:
the values of t and b - should be no more than the specified

project parameters and the minimum possible, and the
value u - no less than the specified project parameter and
the maximum possible.
We use the axiomatic method to identify the correct
solution.
𝑋𝑋�𝑡𝑡𝑝𝑝𝑝𝑝 ; 𝑏𝑏𝑝𝑝𝑝𝑝 ; 𝑢𝑢𝑝𝑝𝑝𝑝 � ≥ 𝑝𝑝(𝑡𝑡; 𝑏𝑏; 𝑢𝑢),
𝑝𝑝(𝑡𝑡; 𝑏𝑏; 𝑢𝑢) = ∑𝑛𝑛𝑖𝑖=1 𝑈𝑈𝑖𝑖 (𝑡𝑡; 𝑏𝑏; 𝑢𝑢), Х(tpp;bpp;upp) – set
parameters, i – tool serial number.
𝑝𝑝(𝑡𝑡; 𝑏𝑏; 𝑢𝑢)
𝑛𝑛

⎧ � 𝑈𝑈(𝑡𝑡) ≤ 𝑥𝑥�𝑡𝑡 � ;
𝑝𝑝𝑝𝑝
⎪
⎪ 𝑖𝑖=1
⎪ 𝑛𝑛
(4)
= � 𝑈𝑈(𝑏𝑏) ≤ 𝑥𝑥�𝑏𝑏𝑝𝑝𝑝𝑝 � ;
⎨ 𝑖𝑖=1
⎪ 𝑛𝑛
⎪
⎪� 𝑈𝑈(𝑢𝑢) ≤ 𝑥𝑥�𝑢𝑢𝑝𝑝𝑝𝑝 � .
⎩ 𝑖𝑖=1
If there are several alternatives, it is possible to use the
pairwise comparison method to find the most optimal
solution.
Having found the optimal solution in a list form, it is
necessary to ensure the conclusion of a set of tools for a
specific project, with a description of each tool and the
necessary time, budget and impact on team satisfaction.
As a result, the DM makes the final decision on the use
of these tools and forms a project management plan
(management action plan) based on the selected tools. Fig.
2 shows the general decision making algorithm for
selecting tools.

Fig. 2. Decision making algorithm for tools selection

5. Recommendations for using the tool
selection algorithm
As part of the application of this algorithm, the difficult
questions will be:
− initial definition of the scope of application of Agile
project management in engineering and industry;
− determination of the importance of the criterion and
its value for qualitative indicators (for example, the impact
on team satisfaction) in determining the overall indicator;
− combination of a formalized algorithm for selecting
tools and difficult formalized practical experience of
decision makers in the field of project management.
First, a preliminary analysis of the applicability of
Agile to specific projects is needed. For many types of
activities (for example, construction and installation
works, commissioning) Agile is not applicable. For quick
analysis, Agile applicability models (filters) can be used.
However, there are currently no filters for projects in the
field of industry and engineering. Analytical work is
necessary to supplement the existing models of Agile
applicability with criteria that are essential for the
implementation of projects in the field of industry and
engineering. Effective application of the obtained
algorithm is possible only in the field of applicability of
Agile.
Secondly, the project team, project stakeholders, and
the expert community can be involved in working with
criteria of tools. It is necessary to develop a common scale
of assessments of tools, considering various points of
view. The value of the criteria for each tool must be
determined taking into account the specifics of the
organization’s activities and corporate culture (for
example, in one project the “retrospective” tool will be a
significant improvement and will positively affect team
satisfaction, as in others it will be an obstacle).
Multicriteria analysis should be complemented by
significant methodological support. Statistics on other
projects of companies in this field of activity can also be
used.
Thirdly, it is necessary to provide for the possibility of
choosing some Agile management tools, or to adjust the
final set based on the decision of the project
methodologist. If there is a lot of informal experience in
using some Agile tools in a given company, an
understanding of the internal corporate culture, a large
number of quality criteria and implicit restrictions, various
alternative solutions can be evaluated using the presented
algorithm. In this case, it will also be useful to use readymade lists of data (risks / tools) of the algorithm. In the
absence of significant experience in the company using
Agile, the algorithm should be applied in its original form
[12-14].
In addition, when making decisions on tools selection,
various kinds of misconceptions are possible. One of the
sources of error in decision-making is premature
generalization. No matter how universal the tools are, it is
impossible to rely on the consideration of criteria on the
basis of a perfectly successful project from another field of
activity. Also misconception can be attributed to reasoning
by analogy. In some cases, not all instruments and risks

can be evaluated by analogy in different projects. An
example about the "retrospective" tool was described
above.
Based on the decision-making methods used, it is
recommended to approach each project individually for
the optimal Agile tools selection in industry and
engineering. Use the generated algorithm and systematic
lists of risks, tools to improve the quality of managerial
decision-making. Pay special attention to the
methodological work on the formation of criteria and
factors of importance for each of them. In some projects,
it will be advisable to consider a wider range of
alternatives, which will minimize the risks of the project
and choose the optimal solution in terms of design
parameters.
6. Conclusions
The paper investigates the decision-making process
when choosing tools for Agile project management. In the
framework of this article, the following issues were
considered:
− determining the principle of the Correlation of sets
of risks and tools;
− definitions of the decision-making function for
applying the Agile tools;
− development of an algorithm for the optimal set of
Agile tools selection in industry and engineering.
To determine the function and develop the algorithm,
methods of system analysis were used. At the same time,
further application of system analysis methods for making
multi-criteria decisions in terms of determining the scope
of applicability of flexible project management and
working with tool criteria also looks perspectively.
The paper gives recommendations on the application
of the obtained algorithm and its further development.
Two cases of application are considered:
− subject to your organization has Agile knowledge
and experience in this field;
− subject to initial application of Agile project
management approaches.
The results obtained can be applied to implement Agile
approaches to project management in industry and
engineering at the stages of initiation and planning. Using
the right Agile tools and techniques can help you achieve
your project goals on time and with significant resource
savings.
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The main trend relating to state structures and large corporations is to build Information Security Monitoring Centers the key
elements of which being SIEM-systems and SOC-Centers. Speaking about SOC-Centers the task of human resources optimal allocation
among information security incident reporting lines taking into consideration staff competency and line capacity seems to be urgent.
This task is solved in the article given. In general, the formulation of the task presented means the functioning of SOC-Center as a new
mathematical model making use of “input – resources – output” terms. The target function of SOC-Center is built in an assumption of
stationarity and independency of service reporting lines as a sum of their target functions. The main idea of human resources
management in this case is the aspiration to achieve maximum significance of SOC-Center system aim, i.e. its general target function
when organizing the fight with computer attacks. The problem was solved by Lagrange multiplier method. The expressions for optimal
allocation of human resources on SOC-center service lines leading to maximum processing of message flow related to computer attacks
have been received. The conclusion about this model being useful for transferring from stationary flows to their dynamic changes in
SOC-Center resource provision including new different critical situations in computer system has been made.
Key words: SOC-center, modeling, computer attack, human resources, optimal allocation.

1. Introduction
Modern state structures being referred as critical ones
as well as geographically distributed intersectoral and
large industrial corporations form complex Information
Security Monitoring Centers (ISMC) [1-3]. The structural
elements of these Centers are represented as the devices to
collect incidents arising in external and internal sources
(user devices, network devices, different systems of
information defense, web-services, etc.) Primary
monitoring segment of ISMC is SIEM – systems. SIEM
(Security Information and Event Management) technology
presupposes automated real-time analysis of security
events in network devices and applications. The next
segment of monitoring, processing and reaction to
information security incidents in ISMC is SOC – center
(Security Operation Center) that receives notifications
about threats from SIEM – system where operators being
qualified employees in the sphere of information security
make decisions concerning the reports about threats.
Mathematical modeling of SIEM – system and SOC –
center functioning processes is of utmost importance to
improve the control of information security in
organizations [2, 3]. This fact is caused by the necessity to
create scientific apparatus allowing to efficiently solve the
problems connected with optimal ISMC resources control,
with evaluation, analysis and forecasting of computer
attacks, etc. The article given considers the model to
optimize SOC-center human resources allocation on
information security incident reporting lines taking into
consideration staff competence and line capacity.
2. Materials and methods
The formulation of management task is as follows.
Let there be a certain multitude of problems to respond
on information security incidents, for them to be solved
SOC-center needs to have a certain amount of human
resources. Human resources need to be optimally allocated
among service levels (decision making levels) taking into
account a number of limitations.

ISMC material and technical resources can be
considered in this case as the tools increasing the
realization opportunities of the staff that play the leading
role in the process of problem solution. Particularly,
different level of logistics in corresponding mathematical
models is seen in different parameters reflecting the
efficiency in staff activity of SOC-center that provides the
services on computer attacks incident reporting lines.
Further let us designate the flow of input reports about
computer incidents as input vector 𝑋𝑋⃗ , the result of report
�⃗, 𝑅𝑅�⃗
processing in SOC-center – as output vector 𝑉𝑉
designates the vector of human resources being competent
in decision making referring to computer incidents.
General form in the dependence of output variables vector
from input variables vector as well as human resources
vector is as follows:
�⃗ = 𝑉𝑉� (𝑅𝑅�⃗ ,𝑋𝑋⃗) ,
𝑉𝑉
(1)
𝑖𝑖=𝐼𝐼
meeting the condition: ∑𝑖𝑖=1
𝑅𝑅𝑖𝑖 = 𝑅𝑅0 , where I – is general
number of SOC-center reporting lines; Ri – the staff that
provides services for i-th line, i = 1,2,..I; 𝑅𝑅0 – general staff
providing services for all lines.
By analogy with production processes described in the
applications of the theory of active systems [4-6] we shall
name the functional connection between acceptable level
of resource costs and input vector, on the one hand, and
output variable extreme values (minimum and maximum)
corresponding to them – on the other hand, as production
or target function:
(2)
𝑉𝑉�𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑉𝑉� (𝑅𝑅� ,𝑋𝑋�) ,
𝐼𝐼
when ∑𝑖𝑖=1 𝑅𝑅𝑖𝑖 = 𝑅𝑅0 .
Two main approaches to build target functions –
statistic and optimization – can be mentioned [7, 8]. The
first one is based on statistics dependency recovery. The
second approach is based on generalizing the solutions of
tasks analogous to the ones in other areas as well as
theoretical speculations and assumptions.
The article presented follows the second approach
where mathematical model “costs – results” is given by
introducing target function of the following type:
�)
(3)
𝜑𝜑𝑖𝑖 = 𝜑𝜑𝑖𝑖 (𝐹𝐹𝑖𝑖 , 𝑅𝑅𝑖𝑖 , µ
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where Fi – the number of attack incidents in i-th line, Ri –
number of employees servicing i-th line, µ
� – target
function parameters vector in i-th line.
We shall assume that function (3) monotonically
increases in the area 0 < Ri <∞, i.e., the higher SOC-Center
staffing is, the higher the value of target function:
�𝑖𝑖 � = 𝐴𝐴𝑖𝑖 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,
(4)
𝜑𝜑𝑖𝑖 = 𝜑𝜑𝑖𝑖 �𝐹𝐹𝑖𝑖 , ∞, µ
with the function being limited in the upper part (Fig. 1).
These conditions are satisfied by the function of the type:
(5)
𝜑𝜑𝑖𝑖 = 𝐴𝐴𝑖𝑖 · (1 − exp(−𝛽𝛽𝑖𝑖 ∗ ℎ𝑖𝑖 )),
where 𝛽𝛽𝑖𝑖 – is the coefficient reflecting competency and
professionalism of the staff in i-th SOC line that process

computer attack incidents; ℎ𝑖𝑖 = 𝐹𝐹𝑖𝑖 /𝑅𝑅𝑖𝑖 – load on the staff
in i-th line.
The choice of the function being type (5) is offered in
works [9, 10] to describe the efficiency of fire service
activity depending on the load on firefighters. In our
opinion, when necessary statistical data to build target
function in relation to SOC-Center activity are absent, the
choice of well-adapted, logic and interpreted dependence
is appropriate and justified (5).

Fig. 1. Type of target function (5)

Based on the results received in works [9, 10], target
function Фц of the whole SOC – center can be determined
as the sum of all target functions for each line:
Фц = ∑𝑖𝑖=𝐼𝐼
(6)
𝑖𝑖=1 𝜑𝜑𝑖𝑖
An important idea to manage human resources in this
case is the aspiration for SOC – center to achieve a certain
optimal value of its system aim, i.e. a general target
function while determining the target functions of active
elements (SOC – center lines) by choosing such allocation
of human resources which will promote upgrading forms
and methods of working activity as well as maximum staff
involvement when organizing the fight with computer
attacks.

The task to allocate human resources in the dependence
given (3) and known parameters µ� 𝑖𝑖 is set as the following
optimization task:
𝑖𝑖=𝐼𝐼
Ф𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑚𝑚𝑚𝑚𝑚𝑚 [∑𝑖𝑖=1
𝜑𝜑𝑖𝑖 (𝐹𝐹𝑖𝑖 , 𝑅𝑅𝑖𝑖 , µ� )],
(7)
𝑅𝑅

in case when human resources being at SOC – Center
disposal is limited: ∑𝑖𝑖=𝐼𝐼
𝑖𝑖=1 𝑅𝑅𝑖𝑖 = 𝑅𝑅0 .
Such principle of human resources allocation is called
optimal allocation principle.
Further we shall assume that the allocation of computer
attack incident flow among three reporting lines of SOC –
Center (i.e. I = 3) is implemented according to the diagram
presented in Fig. 2.

Fig.2. Diagram of allocating input and processed reports about computer attacks in SOC – center

It is worth mentioning that the results received in the
work are easily generalized to other options of SOC –
Center organization bearing in mind the number of
reporting lines.
The diagram shows that all reports about computer
attacks entering the first and the second SOC – Center
lines are subdivided into three categories regarding to
which the staff makes one of three decisions: first – the
ones representing no threat for computer system (𝑌𝑌𝑖𝑖 ); 𝑖𝑖 =
1,2,3; second – repulsed attacks (𝑄𝑄𝑖𝑖 ); 𝑖𝑖 = 1,2,3; third - the
ones transferred to a more competent and higher level of
decision making (𝐹𝐹𝑖𝑖 ); 𝑖𝑖 = 1, 2, 3. The third line, the one
where the most competent employees work is supposed to
transfer the reports with no decisions being made to a
special database in the form of 𝐹𝐹3 flow for further in-depth
examination.
We shall assume that in a certain period of time a
stationary mode of processing computer attack reports is
seen. Then for three SOC – Center lines the following nine
equations are satisfied:
𝐹𝐹 = 𝑌𝑌1 + 𝐹𝐹1 + 𝑄𝑄1
𝑌𝑌1 =𝐴𝐴𝑌𝑌1 · [1 − exp(−𝛽𝛽𝑌𝑌1 ·

𝐹𝐹

)]

𝑅𝑅1
𝐹𝐹

𝑄𝑄1 =𝐴𝐴𝑄𝑄1 · [1 − exp(−𝛽𝛽𝑄𝑄1 ·

𝑅𝑅1

)]

𝐹𝐹1 = 𝑌𝑌2 + 𝐹𝐹2 + 𝑄𝑄2
𝐹𝐹
𝑌𝑌2 =𝐴𝐴𝑌𝑌2 · [1 − exp(−𝛽𝛽𝑌𝑌2 · 1 )]
𝑅𝑅2
𝐹𝐹1

𝑄𝑄2 =𝐴𝐴𝑄𝑄2 · [1 − exp(−𝛽𝛽𝑄𝑄2 ·

𝑅𝑅2

𝑄𝑄3 =𝐴𝐴𝑄𝑄3 · [1 − exp(−𝛽𝛽𝑄𝑄3 ·

𝑅𝑅3
𝐹𝐹2

𝑅𝑅3

)],

𝑅𝑅1

𝑅𝑅2

𝑅𝑅3

To simplify further calculations we shall expand
exponential expressions from (8) in Maclaurin series
restricting ourselves to the first two terms for simplicity:
𝐹𝐹 = 𝑌𝑌1 + 𝐹𝐹1 + 𝑄𝑄1
𝑌𝑌1 =𝐴𝐴𝑌𝑌1 · [1 − 1 + 𝛽𝛽𝑌𝑌1 · ℎ1 ]
𝑄𝑄1 =𝐴𝐴𝑄𝑄1 · [1 − 1 + 𝛽𝛽𝑄𝑄1 · ℎ1 ]
𝐹𝐹1 = 𝑌𝑌2 + 𝐹𝐹2 + 𝑄𝑄2
𝑌𝑌2 =𝐴𝐴𝑌𝑌2 · [1 − 1 + 𝛽𝛽𝑌𝑌2 · ℎ2 ]
𝑄𝑄2 =𝐴𝐴𝑄𝑄2 · [1 − 1 + 𝛽𝛽𝑄𝑄2 · ℎ2 ]
𝐹𝐹2 = 𝑌𝑌3 + 𝐹𝐹3 + 𝑄𝑄3
𝑌𝑌3 =𝐴𝐴𝑌𝑌3 · [1 − 1 + 𝛽𝛽𝑌𝑌3 · ℎ3 ]
𝑄𝑄3 =𝐴𝐴𝑄𝑄3 · [1 − 1 + 𝛽𝛽𝑄𝑄3 · ℎ3 ]

(10)

Simplifying (10), we get:
(8)

)]

𝐹𝐹2 = 𝑌𝑌3 + 𝑄𝑄3 + 𝐹𝐹3
𝐹𝐹
𝑌𝑌3 =𝐴𝐴𝑌𝑌3 · [1 − exp(−𝛽𝛽𝑌𝑌3 · 2 )]

reports received by line operators having no threats to
computer systems and the number of repulsed attacks
correspondingly. In their turn, 𝛽𝛽𝑌𝑌1 , 𝛽𝛽𝑄𝑄1 ; 𝛽𝛽𝑌𝑌2 , 𝛽𝛽𝑄𝑄2 ; 𝛽𝛽𝑌𝑌3 , 𝛽𝛽𝑄𝑄3
– are the coefficients that reflect competency and
professionalism of employees working on 1st, 2nd, and 3rd
SOC lines to process computer attack reports,
correspondingly. Here, the higher the service line, the
higher the competence.
The following notations for loads in i-th line of SOC –
center are introduced:
𝐹𝐹
𝐹𝐹
𝐹𝐹
; ℎ2 = 1 ; ℎ3 = 2
(9)
ℎ1 =

where AY1, AQ1; AY2, AQ2; AY3, AQ3 - constants,
characterizing flow asymptotes that reflect the number of

𝐹𝐹 = 𝑌𝑌1 + 𝐹𝐹1 + 𝑄𝑄1
𝑌𝑌1 =𝐴𝐴𝑌𝑌1 · 𝛽𝛽𝑌𝑌1 · ℎ1
𝑄𝑄1 =𝐴𝐴𝑄𝑄1 · 𝛽𝛽𝑄𝑄1 · ℎ1
𝐹𝐹1 = 𝑌𝑌2 + 𝐹𝐹2 + 𝑄𝑄2
𝑌𝑌2 =𝐴𝐴𝑌𝑌2 · 𝛽𝛽𝑌𝑌2 · ℎ2
𝑄𝑄2 =𝐴𝐴𝑄𝑄2 · 𝛽𝛽𝑄𝑄2 · ℎ2
𝐹𝐹2 = 𝑌𝑌3 + 𝑄𝑄3 + 𝐹𝐹3
𝑌𝑌3 =𝐴𝐴𝑌𝑌3 · 𝛽𝛽𝑌𝑌3 · ℎ3
𝑄𝑄3 =𝐴𝐴𝑄𝑄3 · 𝛽𝛽𝑄𝑄3 · ℎ3

(11)

Next we introduce the notation:
𝛼𝛼 = 𝐴𝐴𝑌𝑌1 · 𝛽𝛽𝑌𝑌1 + 𝐴𝐴𝑄𝑄1 · 𝛽𝛽𝑄𝑄1
Then
𝑌𝑌1 + 𝑄𝑄1 = 𝛼𝛼 · ℎ1
By analogy
𝑌𝑌2 + 𝑄𝑄2 = 𝛾𝛾 · ℎ2 ,
where
𝛾𝛾 = 𝐴𝐴𝑌𝑌2 · 𝛽𝛽𝑌𝑌2 + 𝐴𝐴𝑄𝑄2 · 𝛽𝛽𝑄𝑄2 ,
As well as
𝑌𝑌3 + 𝑄𝑄3 = 𝛿𝛿 · ℎ3 ,
where
𝛿𝛿 = 𝐴𝐴𝑌𝑌3 · 𝛽𝛽𝑌𝑌3 + 𝐴𝐴𝑄𝑄3 · 𝛽𝛽𝑄𝑄3

(12)
(13)
(14)
(15)
(16)

Balance ratios in (10) easily show that
𝑖𝑖=3
(𝑌𝑌𝑖𝑖 + 𝑄𝑄𝑖𝑖 ) = 𝛼𝛼 · ℎ1 + 𝛾𝛾 · ℎ2 + 𝛿𝛿 · ℎ3 (18)
𝐹𝐹 − 𝐹𝐹3 = ∑𝑖𝑖=1
Then the task of optimal human resources allocation
among SOC – Center incident reporting lines is set as:
Фц 𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑚𝑚𝑚𝑚𝑚𝑚 [𝛼𝛼 · ℎ1 + 𝛾𝛾 · ℎ2 + 𝛿𝛿 · ℎ3 ], (19)
𝑅𝑅𝑖𝑖

limiting the number of human resources:
∑𝑖𝑖=3
(20)
𝑖𝑖=1 𝑅𝑅𝑖𝑖 = 𝑅𝑅0 .
The task (19) - (20) will be solved by the method of
Lagrange multipliers.
Lagrange function is written as:
L(Фц , 𝜆𝜆) = 𝛼𝛼 · ℎ1 + 𝛾𝛾 · ℎ2 + 𝛿𝛿 · ℎ3 − 𝜆𝜆 · (∑𝑖𝑖=3
𝑖𝑖=1 𝑅𝑅𝑖𝑖 − 𝑅𝑅0 ), (21)
where 𝜆𝜆 – is Lagrange multiplier.
We shall substitute (21) with expressions from (9) for
ℎ𝑖𝑖 ; 𝑖𝑖 = 1, 2, 3.
L(Фц , 𝜆𝜆) = 𝛼𝛼 ·

𝐹𝐹

+ 𝛾𝛾 ·

𝑅𝑅1

𝐹𝐹1

𝑅𝑅2

+ 𝛿𝛿 ·

𝐹𝐹2

𝑅𝑅3

− 𝜆𝜆 · (∑𝑖𝑖=3
𝑖𝑖=1 𝑅𝑅𝑖𝑖 − 𝑅𝑅0 ). (22)

We shall believe that in case of stationary mode
𝐹𝐹, 𝐹𝐹1 и 𝐹𝐹2 – are constant, then conditional extremum of
expression (22) is found from ratios:
� 𝜆𝜆)
𝜕𝜕𝜕𝜕(𝑅𝑅,
𝜕𝜕𝑅𝑅𝑖𝑖

=

� 𝜆𝜆)
𝜕𝜕𝜕𝜕(𝑅𝑅,
𝜕𝜕𝜕𝜕

= 0; i = 1, 2, 3. (23)

Having done differentiation we come to the system of
equations:
� 𝜆𝜆)
𝜕𝜕𝜕𝜕(𝑅𝑅,
𝐹𝐹
= − 𝛼𝛼 · 2 − 𝜆𝜆 = 0
𝜕𝜕𝑅𝑅1
𝑅𝑅1
� 𝜆𝜆)
𝜕𝜕𝜕𝜕(𝑅𝑅,
𝐹𝐹1
= − 𝛾𝛾 · 2 − 𝜆𝜆 = 0
𝜕𝜕𝑅𝑅2
𝑅𝑅2
� 𝜆𝜆)
𝜕𝜕𝜕𝜕(𝑅𝑅,
𝐹𝐹2
= − 𝛿𝛿 · 2 − 𝜆𝜆 = 0
𝜕𝜕𝑅𝑅3
𝑅𝑅3
𝑖𝑖=3
� 𝜆𝜆)
𝜕𝜕𝜕𝜕(𝑅𝑅,
= � 𝑅𝑅𝑖𝑖 − 𝑅𝑅 = 0
𝜕𝜕𝜕𝜕

(24)

𝑖𝑖=1

From system (24) we obtain:
𝛼𝛼 ·

𝐹𝐹
𝐹𝐹1
𝐹𝐹2
2 = 𝛾𝛾 · 2 = 𝛿𝛿 · 2
𝑅𝑅1
𝑅𝑅2
𝑅𝑅3
𝑖𝑖=3

� 𝑅𝑅𝑖𝑖 = 𝑅𝑅
𝑖𝑖=1

,
√𝛼𝛼 · 𝐹𝐹 + �𝛾𝛾 · 𝐹𝐹1 + �𝛿𝛿 · 𝐹𝐹2
�𝛾𝛾 · 𝐹𝐹1
𝑅𝑅2 = 𝑅𝑅0 ·
√𝛼𝛼 · 𝐹𝐹 + �𝛾𝛾 · 𝐹𝐹1 + �𝛿𝛿 · 𝐹𝐹2
�𝛿𝛿 · 𝐹𝐹1
.
𝑅𝑅3 = 𝑅𝑅0 ·
√𝛼𝛼 · 𝐹𝐹 + �𝛾𝛾 · 𝐹𝐹1 + �𝛿𝛿 · 𝐹𝐹2

(25)

Equations (25) can easily give expressions for such
human resources allocation on SOC – Center reporting
lines that lead to the maximum processing of computer
attack incident report flow on computing system of the
organization. Namely:

(26)

Besides, making use of ratios (11) we easily show that
𝛼𝛼
�,
𝑅𝑅1
𝛾𝛾
� · �1 −
�,

𝐹𝐹1 = 𝐹𝐹 · �1 −

(17)

3. Solving the task of human resources optimal
distribution

√𝛼𝛼 · 𝐹𝐹

𝑅𝑅1 = 𝑅𝑅0 ·

𝐹𝐹2 = 𝐹𝐹·�1 −

𝐹𝐹3 = 𝐹𝐹·�1 −

𝛼𝛼

𝑅𝑅1

𝛼𝛼

𝑅𝑅1

� · �1 −

𝛾𝛾

𝑅𝑅2

𝑅𝑅2

� · �1 −

(27)
𝛿𝛿

𝑅𝑅3

�.

From (27) we see that
(28)
0 < 𝛼𝛼 < 𝑅𝑅1 ; 0 < 𝛾𝛾 < 𝑅𝑅2 ; 0 < 𝛿𝛿 < 𝑅𝑅3 .
Besides, (28) leads to inequality fairness:
(29)
𝐹𝐹3 < 𝐹𝐹2 < 𝐹𝐹1 < 𝐹𝐹
Taking into consideration the dependences of flows 𝐹𝐹𝑖𝑖
from human resources allocation on reporting lines 𝑅𝑅𝑖𝑖 ; 𝑖𝑖 =
1,2,3, a recursive algorithm to find optimal solution has
been developed. To justify the values of model parameters,
initial conditions and asymptotic values the results
received in works [11-15] have been applied in the system
to counteract computer attacks.
4. Results
The model of SCO – center operation being developed
in the article under consideration have allowed us to
describe the system of multilevel computer attack
reporting service taking into account competency of
employees and capacity of the channels that react to
information security incidents. Formalization of the
processes that react to reports about incidents in the model
justified and implemented by the authors allows studying:
˗
efficiency of different allocations in human resources
being at SOC – Center disposal to fight with computer
attacks, viz., to find the allocation with maximum
result in the course of processing the reports about
threats to computing resources and cutting off real
threats from them;
˗
influence of such factors as competency and
professionalism of SOC – Center employees in
different service reporting lines on suppression of
computer attacks;
˗
errors of first and second order in each reporting line;
˗
possibilities to justify and transfer from stationary
flows in the model to their dynamic changes including
different critical situations of SOC – Center resource
provision.
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The hybrid classifier for the task of career guidance testing
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Career guidance testing assumes the presence of several types of individuals, and in the case when the output data of testing are
images that characterize certain qualities of the subjects – several types (classes) of images. The image classes includes of selected
searchable elements that determine whether an image belongs to a particular selected type (class). There is a ColourUnique M
software module that allows you to automate the process of testing and saving test forms. The functions of the classifier are still
performed by an expert (teacher or psychologist), which implies errors in evaluating the result due to individual characteristics of
human perception, which can negatively affect the reliability of the classification. The paper considers two algorithms for evaluating
images (the made test forms), one of which is a neural network, and the second is a filtering algorithm with hard – defined areas for
determining the desired elements. During the implementing of these algorithms, a number of problems arose. The classifier is created
in order to improve the accuracy of classification, both in comparison with expert assessment and with the first experimental data
obtained. For achieve of the most reliable classification results, the authors consider the possibility of implementing a hybrid classifier
for career guidance tasks.
Key words: neural network, algorithm, classification, element recognition, filter

1. Introduction
Today, there are many different methods for
recognizing the desired objects in an image. The choice is
determined by the features of the object and the goals of
the recognition process set by the developer. Properties of
the desired object are often set without strict
mathematical parameters. In this case, you need to
formulate the properties of the desired object (or objects)
and develop a stable method for its (their) detection. To
solve this problem, it is necessary to find, generalize and
formulate empirical observations in mathematical terms.
In other words, formalize the parameters of the desired
object [1].
When the entire object classes are searched for, where
parameter sets differ, or not all parameters are found in
all classes, formalization leads to a decrease in the
accuracy of the estimation. And if we are talking about
such an area of activity as career guidance, then the error
with determining the object class will be critical.
This paper offers a solution to the problem of
inaccuracy in defining one of the classes in the process of
implementing a neural network algorithm. the authors
develop an alternative filtering algorithm with the
possibility of implementing a hybrid classifier. The goal
is to consider both algorithms and compare their
effectiveness. based on the obtained data, we can create a
combined method for evaluating and classifying images,
which contains a neural network algorithm and a filtering
algorithm.
2. The types of individuals and classes of the
objects
The classification of individuals proposed for
automation is similar to the Holland classification [2]. In
the course of testing several groups of subjects, the
mutual complement of the final results was revealed,
which facilitates interpretation and explains a number of
points that cause contradictions in interpretation. For
example, the presence of dominant artistic and realistic
trends in color corresponds to the profile of the type
«rational» according to the testing method «Associative

color space»©. According to the method of testing
«Associative color space»©, the desired types are only 6:
the A type («skeptical»), B type («moderately avantgarde»), C type («skeptical-creative»), D type
(«rational»), E type («creative»), F type («radically
avant-garde»). The testing is performed by the
ColourUnique M program, which is the first module of
the ColouruUnique Pro career guidance software package
[3].
Since the F type is the only one that uses the «cut»
tool when working with the test form (Fig. 1), it is
determined already in the process of working with the
test form and does not pass processing through the neural
network algorithm and filtering algorithm. This leaves 5
types of individuals to classify.

Fig. 1. The test form (quasi-space) with the «cut» tool applied,
F type

The other A, B, C, D, and E types differ mainly in the
distribution of dark and light pixels within the planigon
[4]. The complexity of determining the evaluation criteria
consists in the peculiarities of color distribution.
At the moment, the object of research and testing of
algorithms are scans of the made test forms to avoid
distortion of cells (Fig. 2). For the user, the test form has
the form of a quasi-space (the effect of perceptual
distortion), but in reality it is a matrix.

Copyright © 2020 for this paper by its authors. Use permitted under Creative Commons License Attribution 4.0 International (CC BY
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Fig. 2. The made test form (quasi-space) in the form of a sweep

The A type characterized by a predominant (50% or
more, respectively 100% – pure type) presence of
elements «horizontal lines» (Fig. 3). Lines (from 3 cells
in length) can be either the colors of exactly the same
coordinates, or the colors of different coordinates, but
related to the same tone, for example, «green», as in
Fig.3c.

assumed that there will be fewer bands of colors from
different coordinates, but there will be less than one tone.
Another condition for the presence of the A type is a
small number of shades, namely-no more than one tone
with a number of shades of 5 or more.
There are the following signs of dominant A type:
1. 50% or more of the scan is filled with the desired
«horizontal line» elements (from three cells of the same
color or tone);
2. A small number of shades, namely no more than
one tone with a number of shades of 5 or more;
3. The fewer shades applied by the recipient, the more
pronounced type considered.
The B type characterized by the presence (3 elements
per scan or more) of the «vertical lines» elements (from
three cells in height) with identical coordinates (Fig. 4c,
4d). The required elements have at least 3 cells in height,
they can be up to 6, respectively, the definition area can
reach 6x1 (Fig. 4e).
The total number of shades can be very different, the
main thing – 4 times or more the presence of an element
from 3 cells in height of exactly the same color (Fig. 4e).
There are the following signs of dominant B type:
1. The presence of 3 or more elements of the «vertical
lines».
The C type characterized by the presence of the
elements «horizontal lines» (Fig. 5c) and «wide» or
«narrow» gradients in the definition areas 3×3 and 2×3
(for wide) and 3×1,4×1, 5×1, 6×1 (for narrow ones) (Fig.
5d), the line elements (from 3 cells in length) can consist
of colors of exactly the same coordinates, or colors of
different coordinates, but related to the same tone (Fig.
4d, 4e, 5d, 5e).

Fig. 3. The A type: a – ready-made test form; b – the desired
element (horizontal line); c – variants of the desired elements in
the definition area 3×3; d – sweep of the quasi-space with the
desired elements

Tone – is a range of colors that are indicated in the
color circle as «yellow», «red», «orange», and so on. It is
also the tone that gives the color its name.
In the current selection, the A type elements are
mostly represented by colors of the same coordinates.it is

Fig. 4. The B type: a – ready test form; b – the desired element
(vertical line); c – variants of the desired elements in the area of
definition 3×1; d – sweep of the quasi-space with the desired
elements

The «wide gradients» – it’s a bands of colors with
exactly the same coordinates in width and colors of the
same tone range in length, for example, green and orange
gradients in the definition areas 3×3 and 2×3 in figure 5d.
The total number of shades may vary, but there are
generally 4-5 shades for 2-3 tones. For example, in Fig. 5
d, the scan shows from 3 shades for red, green, purple
and orange tones.

The D type characterized by the presence of elements
«chess» or « chess-like» (Fig. 6c, Fig. 7). Chess and
chess-like elements are arranged by a special
arrangement of dark and light cells in the area of
definition 2×2. Moreover, chess elements can contain any
color.
The total number of shades is usually small.
There are the following signs of dominant D type:
1. The presence of «chess» elements on 50 or more
percent of the scan area;
2. A large number of cells with repeated colors of the
same coordinates, especially black, white, yellow, red
and blue.
3. Using a relatively larger number of colors from the
«basic» section of the ColourUnique M software module
(Fig. 8) compared to other types.

Fig. 5. The C type: a – ready test form; b – the desired element
(gradients and lines); c, d – variants of the desired elements in
the definition areas 1×3, 3×3, 2×3; e – sweep of a quasi-space
with the desired elements

There are the following signs of dominant C type:
1. Simultaneous presence of elements of «wide» or
«narrow» gradients and «lines»;
2. The minimum number of elements for determining
the type of 2 lines and one wide gradient 3×3 and 2×3, or
2 lines and two narrow gradients;
3. Relatively high variety and number of shades.

Fig. 6. The D type: a – ready test form; b – the desired element
(«chess»); c – sweep of a quasi-space with the desired elements

Fig. 7. The algorithm of the filter for image type (class) of images D

Fig. 8. The main colors palette of the ColourUnique M software
module

The E type is mainly characterized by the presence of
a large number of shades of the selected colors, namely –
from 5 shades for at least two tones (Fig. 9). Аs a rule,
there are much more of them. Some representatives of
this type are distinguished by the presence of mainly
«narrow» gradients, less often «wide» (Fig. 5e, Fig. 9с).
There are the following signs of dominant E type:
1. The presence of a large number of shades, namely
– from 5 shades for at least two tones;
2. The predominant presence of «narrow», sometimes
«wide» gradients.

validation and testing in each folder, images are divided
into classes (types).
Previously untrained neural networks were used to
classify individual types using the «Associative color
space» © testing method. Three architectures were used:
MobileNet [5], Inception_v3 [6], and Unet [7].
Training process. The training consists of periods.
At the moment, the most accurate network is
Inception_v3, showing a result of about 65%, trained on
40 epochs. The number of epochs is set manually based
on the results. However, too many epochs can lead to retraining (when the network recognizes local features
rather than General ones, for example, it is linked to the
color, presence or absence of a particular detail, etc.).
During the training process, the network counts the
error at each step, then changes the weights to reduce the
number of errors. For this purpose, the stochastic gradient
descent (SGD) optimizer is used, since at the moment,
when working with the network for career guidance, it
has proved to be the most effective.
Both statistical estimation and machine learning
consider the problem of minimizing an objective function
that has the form of a sum:
𝑛𝑛
1
𝑄𝑄(𝑤𝑤) = � 𝑄𝑄𝑖𝑖 (𝑤𝑤)
𝑛𝑛
𝑖𝑖=1

Fig. 9. The E type: a – ready test form; b – the desired element
(gradients); c – variants of the desired elements in the definition
areas 3×1, 4×1, 5×1, 6×1; d – sweep of a quasi-space with the
desired elements

3. Neural network algorithm
The neural network training process consists of the
following stages: training, validation, and testing. 30% of
the total data is cut off (15% goes for validation, 15% for testing). There are 3 folders with data for training,

where the parameter w that minimizes Q(w) should be
evaluated [8].
The neural network diagram for classifying images
(ready-made test forms) is shown in Fig. 10. the
architecture of the Inception_v3 network is taken as a
basis, then 4 fully connected layers were attached to it.
The first layer has 64 neurons, the second has 32 neurons,
and then there is the dropout parameter, which is
responsible for preventing overtraining. This parameter,
with a set probability of 0.1, «turns off» the neuron so
that the neurons located with it do not focus on it, but act
on their own. The fourth layer contains 16 neurons. The
final layer contains 5 neurons – 1 neuron is responsible
for 1 specific type (class) of the image.

Fig. 10. The neural network diagram for career guidance testing based on the Inception_v3 network

Look at the graphs of accuracy and loss on training
and validation data (Fig. 11). As can be seen from the
graph in Fig. 11a, there was a discrepancy in accuracy in
validation and training around the 12th epoch.

The network began to retrain and Fig. 11b shows that
the network is being it.

Fig. 11. The accuracy and loss graphs for training and validation data: a – accuracy graph for training and validation data; b – loss
graph for training and validation data. The x-axis of the abscissus is the number of epochs, and the y-axis is the accuracy from 0 to 1

To improve the network performance and further
experiments with sample expansion, you will need to
change the optimizer, create new classification layers,
and possibly reduce the step of weight changes, since this
form of the validation curve may indicate that the values
change too much at each epoch.
Validation process. The training sample is divided
into iterations. The network looks at a certain number of
images per iteration and selects weights. Then it
evaluates the error. Then, with the same weights, the
network passes to the validation sample (15% of the data
from the training sample) and applies them to images in
the validation sample.
Reducing the error both in training and validation
indicates the success of network training. If the error in
training falls, but increases in validation, it means that
there is a re-training.
Testing process. The networks are tested on data that
they haven't seen before (15% of the training sample). In
other words, the network does not know which class is on
a particular image and tries to determine it independently.
The received responses are collected and the percentage
of correct definition is output.
Library. The Keras library [9] was used to build
neural networks themselves, and the OpenCV computer
vision library was used to search for duplicates [10].
Augmentation process. For the first test of the neural
network, images were used, divided by type (class). A-1,
A-2... A-70; B-1, B-2 ... B-70, and so on up to E-70. The

total amount of: 350 images. Due to the fact that there
were not enough images for training, it was decided to
apply augmentation. Due to the specifics of the task,
some augmentation methods, such as stretching, rotations
by degrees other than 180, warping, fnd so on were not
used.
The methods of augmentation, used in the problem,
presented on Fig. 12, there are:
1. 180° rotation (for such images, 180 is added to the
title);
2. Vertical reflection (added to the top_bottom name
for such images);
3. Horizontal reflection (added to the left_right name
for such images).

Fig. 12. Augmentation images

The results. Consider the performance of the neural
network for each of the desired types (classes) of images
at the end of the first experiment. In the experimental test
sample, the network showed the highest accuracy in
classes B, C, E, and the lowest-D (Fig. 13).
In this sample, the network was presented with both
bright and mixed samples, which contained signs of
several types. First, the sample was classified as an
expert, then as a neural network classifier. And, after
repeated expert classification, the expert found that in
some cases the correct answer was still given by the
neural network (Fig. 13).
This fact is explained by individual features of human
visual perception.
However, the network currently shows a low degree
of confidence in the result in class D (D type).

Fig. 13. Diagrams of test samples. Blue – a match, red – an
error, green – the network is right, the expert is wrong

4. The filtering algorithm
The filtering algorithm is developed in parallel with
the neural network algorithm.in the future, both
classifiers will pass comparative tests and the main
algorithm will be selected based on their results, while
the second one will be a supporting or alternative class,
where they were shown the best result.
Consider a filter developed for the desired class D,
where at the moment the neural network does not classify
images reliably.
The filtering process based on the principle of
comparing regions 2x2 of the planigon cell with samples
of «chess» and «chess-like» combinations consisting of
cells of 4 conditions (Fig. 14).

Fig. 14. The example of «chess-like» combinations for cells
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For count the number of combinations, we used
permutation schemes with and without repetitions.
𝑷𝑷𝒏𝒏 = 𝒏𝒏! ,
𝑷𝑷(𝒏𝒏𝟏𝟏 , 𝒏𝒏𝟐𝟐 , … , 𝒏𝒏𝒌𝒌 ) =

(𝒏𝒏𝟏𝟏 +𝒏𝒏𝟐𝟐 +...+𝒏𝒏𝒌𝒌)!
𝒏𝒏𝟏𝟏 !∙𝒏𝒏𝟐𝟐 !∙…∙𝒏𝒏𝒌𝒌 !

,

where n – the number of elements, Pn – the number of
permutations, and P(n1,...,nk) – the number of
permutations with multiplicities n1,...,nk [11].
Received:
1. 24 combinations for cases of using cells of all 4
conditions for the 2×2 definition area without
repetitions;
2. 144 combination for the use cases of the cells 3
conditions with a single repeat of one condition (0, 1,
2 or 3);
3. 24 combinations for cases where 2 condition cells
are used for the definition area 2×2 with a single
repeat of two conditions (0, 1, 2 or 3)

Finally, there is 192 combinations.
However, not all of the resulting combinations are
«chess» or «chess-like». For example, in Fig. 13 it can be
seen that most combinations form "bands" in areas 1×2 of
the cell due to the fact that cells of the same States fall
into this area.
Now, out of 12 combinations, there are 4, which
means only 48 for cases of using cells of 3 States with a
single repeat of one state (0, 1, 2 or 3).
Translation of an image in grayscale is due to the fact
that, unlike the desired elements of other types (classes),
the elements of the desired type (class) of images D can
contain cells of all possible colors of the palette provided
by the ColourUnique M program. Since «chess» or
«chess-like» structures form alternating «dark» and
«light» cells, converting the image to grayscale simplifies
classification.
At the moment, the main problem with implementing
this filter is selecting the correct mode for translating
images in grayscale, since colors that have similar
saturation levels but different tones merge. The output
can be a channel translation, depending on which colors
are used in each case [12].
5. Conclusion
The paper explores the possibilities of different
algorithms for creating a final classifier for career
guidance tasks using the «Associative color space» ©
testing method. The efficiency of the neural network
classifier in each of the classes is analyzed. The filtering
algorithm is considered as an alternative or second
evaluation method for creating a combined classifier,
where either the most effective classifier or both will be
used for each class of images.
The purpose of the work was to evaluate the first test
results and analyze the experimental output data. This
goal was achieved.
When performing the work, the following was
performed:
1. The most efficient neural network algorithm for
developing the classifier;
2. A filtering algorithm is proposed as a second
component for creating a final classifier, in particular for

class D images that are currently classified by the neural
network with unsatisfactory accuracy.
3. The problems and errors in the implementation of
the proposed algorithms were found, and ways to
eliminate them were developed.
4. The results obtained can be applied to improve the
accuracy of image classification and adjust the work of
neural network algorithms, which will increase the
accuracy of evaluating and predicting the processes of
professional guidance of an individual.
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Long-term operation of Russian NPPs taking into account the actual
loading of passive components
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The paper considers provision of strength and structural integrity for safety relevant passive NPP components pipelines and equipment - in long-term operation of NPP units. The methods of determining the actual load parameters
during equipment installation, adjustment and commissioning are considered. The application of the acoustoelasticity
method, which provides measurement of mechanical stresses arising as a result of technological operations, will allow to
identify implicit installation preloads and assess their impact on ensuring the design life of pipeline systems, including the
equipment installed. Recommendations are given for application of the acoustoelasticity method on NPP units under
construction as a fist priority. At the objects of application of the acoustoelasticity method for the construction of the Unit1
of Kursk NPP-2, noted above (ECCS, CS, steam and feed water pipelines), at the present time, in accordance with the
certified measurement procedure (CMP), it is possible to reveal implicit installation preloads only at temperatures not
higher than 55ºC. Monitoring the actual load level in the "as built" state will be a reliable guarantee of safe operation of
Kursk NPP-2 pipelines according to the criteria of strength and structural integrity.
Keywords: long-term operation of nuclear power plants, service life management, structural integrity, pipelines and
equipment, actual load level, acoustoelasticity method.
1. Introduction
Modern nuclear power plants (NPPs) of the Russian
Federation with VVER-1200/1300 reactors belonging to
generation III+ have a design life of at least 60 calendar
years. Taking into account the fact that the performance of
some of the passive elements of the NPP unit must be
preserved in order to ensure the decommissioning of the
power facility [1], the total service life is expected to be
about 80 years. Current IAEA recommendations for NPP
long-term operation (LTO) include development and
implementation of special programs of lifetime
management (LM) [2, 3].
The relationship between the processes of LM, aging
management of NPP systems, structures and components
(SSC) and ensuring or proof their structural integrity is
shown schematically in Fig. 1 [4].

Fig. 1. The relationship between the processes of the life time
management, SSC ageing management and proof of integrity
for mechanical components

Ensuring the structural integrity of safety relevant
passive NPP components (equipment and pipelines) is a
modern tool for safe and cost-effective NPP LTO [5]
2. Ensuring SSC structural integrity
The measures to ensure structural integrity of NPP
pipelines in accordance with GOST R 58328-2018 [6]
include actual load monitoring (the requirement of
mandatory Annex A) in addition to ensuring the specified

lower limit of material impact strength at the end of the
service life (the requirement of paragraph 1.2).
When selecting candidate piping systems the
requirements of normative documents, for example, NP089-15 [7] are to be considered as well as , and the
presence of characteristic aging degradation known from
NPP operation experience as potential cause of piping
break during LTO. It is also necessary to take into account
the design characteristic features of SSC.
Dissimilar metals welds (DMW) are objects that are
characterized by increased complexity in analyzing
structural integrity and performance during LTO. To date,
international programs are being conducted to study the
characteristics of DMW operational reliability [8], and
some research programs are planned for the period of years
2020-2025 [9].
Pipelines of pressure compensation systems (PCS) and
emergency core cooling system (ECCS) adjacent to the
VVER-1200/1300 reactor coolant circuit are made of
austenitic steel and are connected to the circuit via DMW.
To substantiate the integrity of these welded joints, it is
necessary to know the actual load level of the PCS and
ECCS pipelines.
Steam and feed water pipelines may be considered as
additional objects of load control on NPP units with
VVER-1200/1300 reactors as well as similar secondary
circuit piping of VVER-1000 reactors due to their
susceptibility to damages by the mechanism of flowaccelerated corrosion (FAC) [10].
Displacement control systems (DCS) are known as a
tool to monitor the operational loads in pipeline systems.
Effective DCS was implemented at unit 4 of the Kalinin
NPP from the Unit commissioning. The same have been
implemented at Units 3 and 4 of Rostov NPP and meets
the requirements of paragraph 230 of NP-089-15 [7]. So
DCS tested at the NPPs with VVER-1000 reactor can be
recommended for use at the NPPs with VVER-1200/1300
reactors. The use of low-inertia ultrasonic sensors in DCS
for fixing pipeline displacements increases the possibility
of simultaneous monitoring of low-frequency vibrations
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and possible water hammer events (which differ from
regular hydraulic tests according to NP-089-15), which
can cause guillotine piping breaks, as known from NPP
operation experience [11].
3. Construction preloading monitoring
However, the DCS can not detect the presence of
additional loads in the pipeline system caused by
preloading due to construction and equipment installation.
Additional stresses due to preloading can be effectively
revealed at the stage of construction of the NPP unit and
installation of equipment. Taking into account the plans
for the construction of NPPs in the Russian Federation, the
nearest objects for monitoring the post-installation
preloads during commissioning are candidate pipelines of
ECCS, CS, steam and feed water at Unit 1 of Kursk
NPP-2.
To control the post-installation stress-strained state
(SSS) of NPP pipelines made of low-carbon and austenitic
steels, the acoustoelasticity method can be used [12] in
accordance with the CMP [13] approved for use at NPPs.
The possibilities of the acoustoelasticity method
application for monitoring stresses caused by installation
preloads in order to ensure the alignment of NPP pipelines
during welding are discussed in the papers [14, 15]. The
use of the acoustoelasticity method for monitoring the
post-installation NPP pipeline SSS at Units under
construction was supported in the scientific and technical
council protocols of design organizations as early as 20132014 years.
The acoustoelasticity method is the only nondestructive method that allows measuring the values of
axial and circumferential elastic stresses averaged over the
wall thickness of the material in pipelines and thin-walled
vessel shells [16]. This advantage is compromised by the
fact that plastic deformations, internal defects, and other
"imperfections" can distort the signal received during
measurement. Therefore, both CMP [13] and GOST [17]
explicitly indicate that measurements can only be made in
the elastic region in the absence of plastic deformations.
This restriction is a significant one. Usually component
failures occurs after plastic deformation, and technical
diagnostics in this area of deformations is of fundamental
interest to the industry. Special technology is needed to
reveal parts of the signal associated with such factors as:
- initial anisotropy of the material,
- mechanical stresses,
- plastic deformations,
- presence of defects inside the material.
Acoustoelasticity measurements are performed at a
point. Ideally, when the pipe is loaded only by the tensile/
compressive axial forces, one point of measurement is
sufficient. When a bend occurs, at least two diametrically
opposite points in the plane of action of the bending
moment are required. If the bending planes and the
location of the points do not match, the measurement
requires at least three evenly spaced points along the
perimeter of the pipe, which allows you to restore the law
of distribution of axial stresses.
However, this is suitable for the ideal case of
absolutely accurate positioning of the measuring

instrument and its zero error. The article [18] presents the
results of measurements that indicate a significant
dispersion of experimental data. Four measurement points
are unrepresentative and can lead to large errors if there
are defective metal zones or if one of the sensors fails. The
optimal value should be recognized as six to eight
measurement points located evenly along the perimeter of
the pipe.
For a controlled cross-section (knowing at each point
the measured stress value, wall thickness and, in addition,
the perimeter of the pipe), it is possible to determine the
axial force and components of the bending moment. In the
simplest case of a straight section of the pipeline, when
measuring in two extreme sections and there are no
intermediate points of external force application
(intermediate supports, tees, etc.), it is possible to restore
the values of the components of the cutting force, i.e. the
distribution of the bending moment along the pipe. The
torque cannot be determined. On non-straight sections of
the pipeline, measurements must be made in at least in
three sections. These arguments are also suitable for areas
with complex spatial geometry. Finally, only the
mathematical expressions of the equilibrium equation
become more complex.
If the conditions of applicability of the CMP [13] and
GOST [17] are met, the acoustoelasticity method can be
considered as an effective addition to section 5 of Annex
3 of the regulatory document PNAE G-7-002-86 [19],
where the methods used in nuclear power engineering for
experimental SSS determination of pipelines and
equipment are described. The most widely used method of
strain gauge measurement in the nuclear power industry
makes it possible to measure SSS parameters only on the
outer surface of pipelines and equipment.
The results of SSS measurements by acoustoelasticity
method at the stages of installation and commissioning
should be archived in the so-called information safety
passport of the pipeline system, which should be further
supplemented at the stages of operation, service life
extension and decommissioning.
The method of acoustoelasticity does not allow to fix
torques and cutting (lateral) forces near the closing (final)
joint, so in the spatial system of pipelines, it is necessary
to additionally monitor the value of those sections where
additional bending moments can be detected from the
cutting forces applied during welding of the closing (final)
joint. Comparison of experimental data obtained at the
stages of installation and commissioning of pipelines and
NPP equipment with the results of design calculations will
allow to correct the design calculation models and clarify
the life time design estimates. Corrected calculation
models and results of acoustoelasticity measurements
must be archived in the pipeline system information safety
passport.
4. Results of field actual load monitoring
For the period of years 2012-2015, the method of
acoustoelasticity in accordance with the CMP [13] was
applied on full-scale NPP elements only for the zones of
the reactor coolant collector connection to the steam

generator nozzle – “so called weld No.111” - at the NPPs
with VVER-1000/1200 reactors. [20].
There was no experience of using the acoustoelasticity
method in accordance with the CMP [13] during the same
period of time for the control of mounting preloads during
welding of the closing welded joints of NPP pipelines on
the NPP units under construction.
Therefore, the success of the experience of applying
the acoustoelasticity method in accordance with the CMP
[13] at Russian NPPs can only be judged by the results of
the work presented in article [20].
The article [20] analyzes the results of applying the
acoustoelasticity method to reveal the causes weld
No.111. Acoustoelasticity measurements were performed
in the zone of weld No.111 (Fig. 2) [20, 21].

marked by red at Fig. 2 b) does not correspond to flat stress
state conditions required for applying the calculation
formulas used in CMP [13].
Therefore, it can be argued that the measurements
made in the area indicated in Figure 2 (b) [20] can be
treated only as expert estimates since they are obtained
outside the scope of the conditions prescribed in the CMP
[13]. The temperature range for performing measurements
in the hydraulic test mode described in article [20] also
does not correspond to the conditions for performing
measurements in accordance with the CMP [13]. The error
of measurements made with parameters outside the scope
of the CMP certification [13] may significantly exceed the
values recorded in the documents confirming the CMP
certification.
5. Relevance of the CMP revision

Fig.2. Zone of weld №111: (a) Junction of the collector with
steam generator PGV-1000 nozzle; (b) Section of nozzle to
collector zone for measuring by acoustoelasticity method
(marked by red).

The author’s statement in article [20] that the results of
the additional checks show that design features of the zone
(Fig.2) and conditions of acoustoelasticity measurements
(such as preliminary plastic deformation, preliminary
cyclic loading, the quality of the back surface within the
manufacturing tolerance of the steam generator, the
presence of oxide films at the back surface, work in high
temperatures) do not lead to exceeding the limits of error
of measurement stated in CMP seems to be not valid
enough. So official changes in the text of the CMP [13] or
issuing of another document clarifying conditions of
acousoelasticity method application to measurements at
NPPs is evidently needed before its further application at
the NPP.

The paper [22] provided comments on the
measurements reported in article [20]. It was noted that the
zone (Fig.2) belong to a class of three-dimensional
structures (Fig.3), in which the most problematic zone

Fig.3. Steam Generator PGV-1000M

However, the CMP adjustment [13] has not been
performed to date, as evidenced by the CMP text published
on the procurement website on the application of the
acoustoelasticity method in the weld No.111 at Unit 2 of
the Leningrad NPP-2 in the spring of 2020 year.
The latest achievements in the field of acoustic
methods for measuring stresses in welded joints are
reflected in patents [23-26], which creates the basis for the
development in the coming years of appropriate CMPs
suitable for use at NPPs during LTO.
6. Conclusion
At the objects of application of the acoustoelasticity
method for the construction of the Unit1 of Kursk NPP-2,
noted above (ECCS, CS, steam and feed water pipelines),
at the present time, in accordance with the CMP [13], it is
possible to reveal implicit installation preloads only at
temperatures not higher than 55ºC.
Therefore, one of the immediate goals of improving the
CMP [13] is to confirm the values of the acousto-elastic
coupling coefficients for the temperature range of
hydraulic tests, i.e. up to 130ºС.
Monitoring the actual load level in the "as built" state
will be a reliable guarantee of safe operation of Kursk
NPP-2 pipelines according to the criteria of strength and
structural integrity.
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About leak detection systems in the framework of LBB concept
application at Russian NPPs
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Application of "leak before break" concept to reactor coolant circuit is obligatory for RF NPPs and the success depends
also on fulfilment of requirements to the leak detection systems specified in RF national standard. During 1999-2020
requirements to the leak detection systems were permanently improved in regulatory documents. The most important
changes in requirements have been done according to the Federal law on ensuring the uniformity of measurements. Paper
gives comparative analyses of these evolutionary changes of requirements as well as details of their implementation during
design and manufacturing of leak detection systems to supply NPP Units with VVER-440/1000/1200 and RBMK-1000
reactor facilities. Recently approved in the Russian Federation, the Federal norms and rules (FNR) in the field of atomic
energy use ensure the continuity of the general requirements for reactor coolant leak monitoring (detection) systems (LDS)
at nuclear power plants (NPPs) in relation to the previously valid regulatory documents.
Keywords: leak before break concept, leak detection system, certificates of approval of the type of measuring
instrument, certified measuring procedure.
1. Introduction
Actual Russian Federal Norms and Rules (FNR) in the
field of nuclear energy use [1-3] ensure continuity of
general requirements for reactor coolant leak monitoring
(detection) systems (LDS) at nuclear power plant (NPP) in
relation to former regulatory documents [4-6].
Specific requirements for LDS were first defined in
normative guidelines on the "leak before break" (LBB)
concept [7] for use at Russian NPPs. The guideline [7] had
been developed by the analogy with international practice
of the LBB concept application: the publications [8-9]
contain references to LDS manual [10].
2. Requirements to LDS in 1999-2018
The Federal Law on the unity of measurements No.102
[11] (2008) led to changes in the technical policy of
Russian nuclear power industry. Indicator-type LDS (as
was actually the case in [7]) gradually began to be replaced
by measurement-type LDS with technical requirements
providing explicitly the necessary characteristics of
measurement accuracy.
It should be noted that the regulatory documents on
LBB concept applications [7, 12-13] did not take into
account the requirements for the LDS of the primary
coolant, which were specified in paragraph 5.2.5 PNAE G01-036-95 (NP-006-98) [6] in relation to the detection of
minimum leak through the pressure boundaries of the first
circuit of the VVER type reactor: "specify the minimum
amount of leakage that can be detected by the methods
used." This requirement is fully contained in the current
document NP-006-16 [3] in subsection 5.2.6 of the
mandatory Annex No. 3.
The application of this requirement under the
conditions of a complete ban on the operation of the NPP
Unit with through wall defects in equipment and pipelines
[14] provided the way to effective LDS transfer from the

indicator status to the measuring one by metrological
confirmation of the LDS characteristics: sensitivity Q0
(one of the main parameters used in the algorithms for
proving the LBB concept in [7, 12-13]) and the minimum
leakage detected value Qmin (should be evaluated for the
LDS application).
The relationship of these parameters through the
relative measurement error of leak flow rate δ can be
written as Qmin = (1 + δ)Q0.
The normative guideline [12] specified, as
metrological requirement, that "the relative error in
measuring the leak flow rate (relative to the measured
value) is not more than ± 50 %".
Also [12] contained the requirement that "the LDS
must ensure the reliability of leak control at a level not
lower than 0.9. The reliability indicator of the LDS leak
control must be justified in the design documentation for
the system". The document [13] defined the indicator
value equal to 0.8.
In contrast to [12], [13] the national standard on the
LBB concept application (GOST R 58328-18 [15], valid
from 01.01.2019), has no any mention of the reliability
indicator of the LDS leak control.
The requirements for the lower limit of LDS sensitivity
Q0 – 1.9 kg/min for pipelines with 150 ≤ Dnom < 750 mm
and 3.8 kg/min for pipelines with Dnom ≥ 750 mm – are
coincide in the regulatory documents [12-13, 15].
Results of comparing the LDS requirements specified
by documents on LBB concept applications are presented
in detail in table 1.
3. Characteristics of VVER type LDS
For NPP Units with VVER-440/1000, JSC IPPE
developed LDS for the primary (SACT and SCTV) and
secondary (SACT-2K, SCTV-2K and SCTV-2P) circuits
in accordance with the technical specifications [16-17].
The LDS are characterized by relative error of ±50% for
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the leak flow rate measurements (table 2). The listed LDS
subsystems provide monitoring of leaks for pipelines
under thermal insulation (except for SCTV-2P) using
acoustic sensors and humidity control sensors,
determining the leak location or the distance from the
acoustic sensor to the leak location with absolute error
±2 m. The SCTV-2P subsystem is able to locate leak

position up to the compartment of the NPP Unit.
Certificates of approval of the type of measuring
instrument (CATMI) have been issued for LDS
subsystems of acoustic control and humidity control (table
2). These certificates confirm the minimum leakage
detected value Qmin at least 1.5 l/min. So requirements of
the [1-6] and [12-13, 15] are fulfilled.

Table 1. Comparison of requirements for LDS in Russian normative guidelines from 1999 year to present time
RD EO 1.1.2.05.0939- RD EO 1.1.2.05.0939Requirements for LDS
RD 95 10547-99
GOST R 58328-2018
2013
2016
LDS status

p.8.6.1: diagnostic
system

p.5.3.3: measurement
system for technical
diagnostics

Requirement for intervention of
the NPP Unit control panel
operator in the operation of LDS

p.8.6.2:
no requirements

Requirement to separate leaks
from identified and unidentified
sources

yes

5.1.2

no

no

3

p.5.3.1.1, item 2:
3 for primary circuit
2 for secondary circuit

p.D.1.8
at least 3

p.B.1.2 and p.B.1.3
2 + 1 (LDS Integral
Level)

Should leak monitoring be
performed based on the radiation
activity parameter?

p.8.5, item 1:
yes

no

p.D.1.8:
yes

Requirements for LDS Integral
Level when NPP unit operating
at rated power:

Yes

yes

Number of subsystems in LDS

- leak rate sensitivity is not worse

p.B.2.3

p.8.5, item 3:
p.5.3.1.5:
p.D.2.2, “a”:
- 3,8 l/min (for the
- 3, 8 kg/min (for main - 3, 8 kg/min (Dnom ≥ 750
reactor cooling
circulation pipelines)
mm)
circuit)
- 1,9 kg/min (for other
- 1,9 kg/min
- 19 l/min (for steam
pipelines)
(150 ≤ Dnom < 750 mm)
pipelines)

- the upper range of leak flow
measurement

not established

not established

p.D.2.2, “b)”:
at least 19,0 kg/min

- the time interval of the
detection and measurement of
leaks

p.8.5, item 3:
no more than 1 hour

p.5.3.1.5:
no more than 1 hour
(as possible)

p.D.2.2., “v)”
no more than 1 hour

don’t need to
specify

p.5.3.1.5:
reduced (modified) to
the measured value,
no more than ± 50%

p.D.2.2, “g)”:
no more than ± 50%

p.8.5, item 3:
recommendation
±2m

p.5.3.1.5:
±2m

no

p.5.3.1.5:
- 230 kg/min (for main
circulation pipelines)
- 114 kg/min (for other
pipelines)

- the relative error of a leak flow
measurement
- error in measuring the leak
location coordinates
The requirement to LDS at the
lowest recorded flow rate of
unidentified leakage

The requirement to LDS to
function in the mode of hydraulic p.8.1, paragraph 2
(pneumatic) tests

no

The requirement to LDS to
function in regimes of NNUE
and accident situation

no

p.5.1.2

The requirement to LDS to detect
and identify leaks of equipment
and pipelines when the unit is

no

no

p.B.1.3:
yes

p.B.2.3, item 1:
- 3,8 kg/min (228
kg/hour) for pipelines
Dnom ≥ 750 mm;
- 1,9 kg/min (114
kg/hour) for pipelines
150 ≤ Dnom < 750 mm
p.B.2.3, item 2:
at least 19,0 kg/min
p.B.2.3, item 3:
no more than 1 hour
p.B.2.3, item 4:
no more than ± 50%

p.D.2.2, “d)”:
B.2.3, item 5:
no more than ± 2 m or ½ ± 3 m, but no more than
of placing sensors step ½ of placing sensors step
no

p.D.1.13

no
no
p.B.1.1

RD 95 10547-99

RD EO 1.1.2.05.09392013

RD EO 1.1.2.05.09392016

GOST R 58328-2018

Need to approve the type of
measuring instrument on LDS

no

p.5.3.4.1:
yes

p.D.3.3 5):
yes

p.B.2.5:
yes

Separate requirement for approval
of the type of measuring
instrument to measuring channels

no

no

p.D.3.2 4):
yes

p.5.3.2:
not less than 0.9

p.D.2.2, “e”: not less than
0.8 (in the flow rate range
from the lower limit to the
middle of the
measurement range);
below 0.9 (if the flow rate
is above the middle of the
measurement range)

Requirements for LDS
operating in start-up (stop)
modes)

Requirements for reliability of
leak detection

Requirement to LDS to specify
the minimum leakage value that
must be detected using the
methods used (from NP-006-98
and NP-006-16)
The method for measuring leak
parameters should be developed
in
accordance
with
the
requirements of GOST R 8.9322017
LDS software must be verified
and passed the procedure for
confirming compliance with the
requirements of GOST R 8.6542009
Requirement for certification
LDS software/software tool in
Rostechnadzor
bodies
in
accordance
with
current
requirements

p.8.6.1:
requirements to
minimize:
- the probabilities of
false operation;
- probability of
missing an event

no

no

no
p.B.2.1

no

no

no
p.B.2.2

no

no

no
no

p.5.3.3:
yes

no

p.8.7.1, item 4:
yes;
p.8.9 - see below 1:

no

no

Requirement for identification
p.8.7.1, item 6: yes
and seismic qualification of AC
p.8.9 - see below 2
power sources for each LDS

no

no

The requirement to ensure the
possibility of calibration of
measuring channels in the
operating mode

no

p.6.2.3

no

Seismic qualification requirement
for each LDS subsystem

no

p.8.10:
yes

no
no
no

no

no

Table. 2. The list of CATMI for LDS of NPPs with VVER type reactor
Reg. ID

Name of measuring instrument

Valid until/
Verification
interval

The system consists
of LDS 3 / Technical
specification

Qmin / δ 4

Limits of permissible absolute
error in determining the leak
site

Acoustic LDS with acoustic signal
±2m (Limits of permissible
28.11.2018;
Technical
55686- measurement channels
1,5 l/min absolute error in determining
09.04.2023 /
specification
13 Manufacturer (Vendor): IPPE JSC
±50% the distance from the acoustic
2 years
E.091.7372.05 TU
https://info.metrologu.ru/grsi/grsi_225869.html
sensor to the leak site)

The drainage level monitoring system and at least one of the three leak monitoring subsystems must be qualified to perform the design functions
corresponding to the maximum design earthquake for NPP Unit;
2
The earthquake-resistant LDS must be powered from a earthquake-resistant AC power source
3
LDS in the table 2 meet the requirements of NP-006-98, NP-006-16 and p.6.2.3 of GOST R 58328-2018.
4
Qmin – Minimum detectable amount of coolant flow through a leak; δ – Limits of permissible relative error in determining the flow rate of the coolant
through a leak, %
1

Reg. ID

Name of measuring instrument

Valid until/
Verification
interval

The system consists
of LDS 3 / Technical
specification

Qmin / δ 4

SCTV, SCTV-2K
/ Technical
specification
LDS with relative humidity and temperature
28.11.2018; E.091.7326.01 TU
55687- measurement channels
1,0 l/min
11.04.2023/
13 Manufacturer (Vendor): IPPE JSC
±50%
SCTV-2P /
2 years
https://info.metrologu.ru/grsi/grsi_226346.html
Technical
specification
E.091.7326.01 TU

4. Characteristics of RBMK type LDS
Full-scale LDS for RBMK NPP Units - ASOTT - were
developed by NIKIET JSC. The details of certified
measuring procedures (CMP) for full-scale LDS at four
RBMK NPP Units are provided in table 3.
The
CMPs
(FR.1.29.2016.24188
÷
FR.1.29.2016.24191) contain formulas to calculate flow
rate measurement error as applied to individual
subsystems and LDS as a whole. The formulas are the
same for Units of the first and second generations of
RBMK NPPs, which have differences in layout of
technological equipment. The formulas do not take into
account presence or absence of thermal insulation on

Limits of permissible absolute
error in determining the leak
site

±2m

«-»
accurate to the room

piping outer surface. Calculations using these formulas, as
applied to full-scale LDS give for the lower flow rate
boundary 114 kg/h the corresponding relative error equal
to ±75%, and for the upper boundary 1140 kg/h the
corresponding relative error equal to ±65%. In other
words, the threshold of ±50% specified by the regulatory
documents [12-13, 15] has been exceeded.
For LDS of other two RBMK NPP Units (Smolensk
NPP Unit 1, Kursk NPP Unit 3) CATMI have been issued
also (tables 4 and 5). Formulas to calculate flow rate
measuring errors of individual subsystems and LDS as a
whole specified in the CATMI (tables 4 and 5) are similar
to the ones specified in CMP (table 3). Therefore, the
estimates given above are valid and also do not meet the
requirements of regulatory documents [12-13, 15].

Table 3. The list of CMP for LDS of NPPs with RBMK type reactor
Registration ID

FR.1.29.2016.24191

FR.1.29.2016.24190

FR.1.29.2016.24189

FR.1.29.2016.24188

Name of the CMP
Measurement procedure for measuring mass flow and
determining the leak location coordinates using the
coolant full-scaled automatic leak detection system of
Smolensk NPP Unit 2
https://fgis.gost.ru/fundmetrology/registry/16/items/2970
39
Measurement procedure for measuring mass flow and
determining the leak location coordinates using the
coolant full-scaled automatic leak detection system of
Kursk NPP Unit 4
https://fgis.gost.ru/fundmetrology/registry/16/items/2970
38
Measurement procedure for measuring mass flow and
determining the leak location coordinates using the
coolant full-scaled automatic leak detection system of
Kursk NPP Unit 2
https://fgis.gost.ru/fundmetrology/registry/16/items/2970
37
Measurement procedure for measuring mass flow and
determining the leak location coordinates using the
coolant full-scaled automatic leak detection system of
Kursk NPP Unit 1
https://fgis.gost.ru/fundmetrology/registry/16/items/2970
36

Certificate of
attestation

Issue date

Measurement
range, kg/hour

Number of
measuring
channels 1

01.002252011.201/056
-2015

18.12.2015

114 ÷ 1140

4

201007/01.00225
-2011/2016

29.04.2016

114 ÷ 1140

4

201005/01.00225
-2011/2016

08.04.2016

114 ÷ 1140

3

201008/01.00225
-2011/2016

13.04.2016

114 ÷ 1140

3

Table 4. The list of CATMI for LDS of Smolensk NPP Unit 1 with RBMK type reactor
Registration ID

57990-14

1

Name of CATMI /Technical specification

Data of the
approval
certificate of
CATMI

Full-scaled automatic leak detection system of reactor coolant RU.E.29.004.A
of Smolensk NPP Unit 1 / No technical specifications
№56250 /
https://fgis.gost.ru/fundmetrology/registry/4/items/370946
23.07.2014

Valid until /
Verification
interval

Measurement
range, kg/hour

Number of
measuring
channels

unlimited /
1 year

114 ÷ 1140

4

Measuring channel which characterized the specific way to leak detection (for example, humidity etc.)

Table 5. The list of CATMI for LDS of Kursk NPP Unit 3 with RBMK type reactor
Registration ID

Name of CATMI/Technical specification

Data of the
approval
certificate of
CATMI

Valid until /
Verification
interval

Measurement
range, kg/hour

Number of
measuring
channels

58802-14

Subsystem of ASOTT-V (ASOTT-humidity) of Kursk
NPP Unit 3 / TU 4389-007-73555750-2012
https://fgis.gost.ru/fundmetrology/registry/4/items/371903

RU.E.29.004.A
№57125 /
20.10.2014

unlimited / 1
year

114 ÷ 1140

-

58803-14

Subsystem of ASOTT-T (ASOTT-Temperature) of Kursk
NPP Unit 3 / TU 4389-008-73555750-2012
https://fgis.gost.ru/fundmetrology/registry/4/items/371904

RU.E.29.004.A
№57153 /
20.10.2014

unlimited / 1
year

114 ÷ 1140

-

58804-14

Subsystem of ASOTT-A of Kursk NPP Unit 3 / TU 4389006-73555750-2012
https://fgis.gost.ru/fundmetrology/registry/4/items/371905

RU.E.29.050.A
№57154 /
20.10.2014

unlimited / 1
year

114 ÷ 1140

-

58805-14

Subsystem of ASOTT-Ac (ASOTT-acoustic) of Kursk
NPP Unit 3 / TU 4389-009-73555750-2012
https://fgis.gost.ru/fundmetrology/registry/4/items/371906

RU.E.29.004.A
№57155 /
20.10.2014

unlimited / 1
year

114 ÷ 1140

-

58806-14

Full-scaled automated LDS of Kursk NPP Unit 3 / TU
4389-010-73555750-2012
https://fgis.gost.ru/fundmetrology/registry/4/items/371907

RU.E.29.004.A
№57156 /
20.10.2014

unlimited / 1
year

114 ÷ 1140

4

Information and formulas provided in CMPs (table 3)
for each LDS measuring channel to assess flow rate
measurement error and values of Qmin as applied to

individual subsystems and LDS as a whole are given in
table 6. Estimations of flow rate measurement error and
values of Qmin for a set of G values are provided in table 7.

Table 6. Measuring channel set for ASOTT-P for NPPs with RBMK type reactor
Measurement range,
Limits of the relative measurement error
Measuring channel / ASOTT-P
kg/hour
interval corresponding to P = 0.95
4,2 ∙ (𝐺𝐺В − 𝐺𝐺Н )
Measuring channel of mass leak flow rate based on
𝛿𝛿 = ± �0,2 +
� ∙ 100
114 ÷ 1140
direct temperature measurement (subsystem ASOTT-T)
𝐺𝐺 + 5,88 ∙ (𝐺𝐺В − 𝐺𝐺Н )
Measuring channel of mass leak flow rate based on
direct temperature and humidity measurement
(subsystem ASOTT-V)

114 ÷ 1140

Measuring channel of mass leak flow rate based on the
results of direct measurements of the volume activity of
radioactive aerosols (subsystem ASOTT-A)

𝛿𝛿 = ± �0,2 +

114 ÷ 1140

Measuring channel of mass leak flow rate based on the
results of direct measurements of the sound pressure
level (subsystem ASOTT-A)

𝛿𝛿 = ± �0,2 +

114 ÷ 1140

Measuring channel of mass leak flow rate based on the
measurement results ASOTT-P

114 ÷ 1140

𝛿𝛿 = ± �0,2 +
𝛿𝛿 = ± �0,3 +

3 ∙ (𝐺𝐺В − 𝐺𝐺Н )
� ∙ 100
𝐺𝐺 + 4,88 ∙ (𝐺𝐺В − 𝐺𝐺Н )
4,2 ∙ (𝐺𝐺В − 𝐺𝐺Н )
� ∙ 100
𝐺𝐺 + 5,88 ∙ (𝐺𝐺В − 𝐺𝐺Н )
3,58 ∙ (𝐺𝐺В − 𝐺𝐺Н )
� ∙ 100
𝐺𝐺 + 5,38 ∙ (𝐺𝐺В − 𝐺𝐺Н )

1,58 ∙ (𝐺𝐺В − 𝐺𝐺Н )
� ∙ 100
𝐺𝐺 + 3,38 ∙ (𝐺𝐺В − 𝐺𝐺Н )

* G – value of the measured mass leak flow rate, kg/hour; GB and GH – upper and lower level of measurement range of
mass leak flow rate, kg/hour; P - confidence probability.
The time between the leak occurrence and the output of the measurement result with the specified error does not exceed 1
hour

ASOTT-T
ASOTT-V

ASOTT-A

ASOTT-Ak
ASOTT-P

Table 7. Calculating of Qmin as [Gmin x (1+δ)] for ASOTT-P of NPP Units with RBMK type reactor
Gн
114 kg/h
114 kg/h
114 kg/h
Gв
1140 kg/h
1140 kg/h
1140 kg/h
G
114 kg/h
228 kg/h
627 kg/h
KNPP-4
FR.1.29.2016.24190
δ
± 90,0 %
± 89,0 %
± 85,0 %
SNPP-2
FR.1.29.2016.24191
KNPP-1
FR.1.29.2016.24188
KNPP-2
FR.1.29.2016.24189
δ
± 80,0 %
± 79,0 %
± 75,0 %
KNPP-4
FR.1.29.2016.24190
SNPP-2
FR.1.29.2016.24191
KNPP-1
FR.1.29.2016.24188
KNPP-2
FR.1.29.2016.24189
δ
± 90,0 %
± 89,0 %
± 86,0 %
KNPP-4
FR.1.29.2016.24190
SNPP-2
FR.1.29.2016.24191
KNPP-1
FR.1.29.2016.24188
KNPP-2
FR.1.29.2016.24189
δ
± 85,0 %
± 84,0 %
± 80,0 %
KNPP-4
FR.1.29.2016.24190
SNPP-2
FR.1.29.2016.24191
KNPP-1
FR.1.29.2016.24188

114 kg/h
1140 kg/h
1140 kg/h
± 80,0 %
± 70,0 %

± 80,0 %

± 75,0 %

ASOTT-P

KNPP-2
KNPP-4
SNPP-2
KNPP-1
KNPP-2
KNPP-4
SNPP-2

FR.1.29.2016.24189
FR.1.29.2016.24190
FR.1.29.2016.24191
FR.1.29.2016.24188
FR.1.29.2016.24189
FR.1.29.2016.24190
FR.1.29.2016.24191

δ

± 75,0 %

± 74,0 %

± 70,09 %

± 65,0 %

Qmin

200,0 kg/h

396, 0 kg/h

1063,0 kg/h

1883,0 kg/h

Information and formulas provided in CATMI (tables
4 and 5) for each LDS measuring channel to assess flow
rate measurement error and values of Qmin as applied to
individual subsystems and LDS as a whole are given in

ASOTT-T
ASOTT-V
АСОТТ-А
ASOTT-Ak
ASOTT-P
ASOTT-P

Table 8. Calculating of Qmin as [Gmin x (1+δ)] for ASOTT-P of SNPP Unit 1 and KNPP Unit 3
Gн
114 kg/h
114 kg/h
114 kg/h
Gв
1140 kg/h
1140 kg/h
1140 kg/h
G
114 kg/h
228 kg/h
627 kg/h
SNPP-1
57990-14 / RU.E.29.004.A №56250
δ
± 90,0 %
± 89,0 %
± 85,0 %
KNPP-3
58803-14 / RU.E.29.004.A №57153
SNPP-1
57990-14 / RU.E.29.004.A №56250
δ
± 80,0 %
± 79,0 %
± 75,0 %
KNPP-3
58802-14 / RU.E.29.004.A №57125
SNPP-1
57990-14 / RU.E.29.004.A №56250
δ
± 90,0 %
± 89,0 %
± 86,0 %
KNPP-3
58804-14 / RU.E.29.050.A №57154
SNPP-1
57990-14 / RU.E.29.004.A №56250
δ
± 85,0 %
± 84,0 %
± 80,0 %
KNPP-3
58805-14 / RU.E.29.004.A №57155
SNPP-1
57990-14 / RU.E.29.004.A №56250
δ
± 75,0 %
± 74,0 %
± 70,1 %
KNPP-3
58806-14 / RU.E.29.004.A №57156
SNPP-1
57990-14 / RU.E.29.004.A №56250
Qmin 200,0 kg/h 396,0 kg/h 1063,0 kg/h
KNPP-3
58806-14 / RU.E.29.004.A №57156

The results discussed above indicate existing
deviations from the requirements of [15] at seven RBMK
NPP Units and absence of official data for LDS status of
Leningrad Units 2-4 with RBMK.
The non-compliance of LDS at NPP Units with the
requirements of GOST R 58328-2018 [15] violates
compliance of these NPP Units with the requirements of
paragraph 3.3.3 of NP-001-15 [1] and, consequently, noncompliance with the requirements of paragraph 21 of NP010-16 [18] remains uncompensated by improper LBB
application. This situation as well as other deficiencies in
the LBB concept applications at NPP Units as stated in the
report [19] seems worth to be discussed with the Utility
and NPP staff.
5. Conclusion
The article considers the evolution of requirements to
LDS in Russian regulatory documents in 1999-2020.
The article provides details about LDS status at VVER
and RBMK NPPs as certified measuring instrument for
LBB application according to GOST R 58328-2018.
Some deviations from the actual requirements are
highlighted and recommended for further discussion and
improvement.
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Development of the design method for the optimal design of the Neutron
Converter experimental plant
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The article discusses methods for optimizing the design of the Neutron Converter research plant design with parameters that are
most suitable for a particular consumer. 38 similar plant structures with different materials and sources were calculated, on the basis
of which the most optimal options were found. As part of the interaction between OKBM Afrikantov JSC and the Nizhny Novgorod
State Technical University named after R. E. Alekseev, the Neutron Converter research plant was designed and assembled. The
universal neutron converter is a device for converting a stream of fast neutrons emitted by isotopic sources into a "standardized" value
of flux density with known parameters in the volume of the central part of the product, which is the working part of the universal
neutron converter. To supply neutron converters to other customer organizations (universities, research organizations and collective
centers), it is necessary to take into account the experience of operating an existing facility, as well as rationalize the design process of
each specific instance in accordance with the requirements of the customer.
Keywords: neutron converter, sources of ionizing radiation, gamma radiation, neutron radiation, biological protection, neutron
deceleration.

1. Introduction
The scheme and method of arrangement of isotopic
neutron sources selected in the project provide the
maximum possible uniformity (isotropy and uniformity
of axial-radial distribution) of thermal neutron flux
density in the scope of the working part of the universal
neutron converter [1].
The goal is to develop a universal design method for
the optimal design of the Neutron Converter experimental
plant to select the most suitable version of the plant for a
particular consumer. In order to achieve this goal, it is
necessary to perform the following tasks: to study the
normative documentation on the use of ionizing radiation
sources; examine the design of the existing experimental
plant and construct and calculate the model of the
existing design model; develop a methodology for
finding the most suitable plant parameters for a particular
consumer; calculate neutron fluxes and radiation doses at
various versions of the experimental installation; analyze
the results of the calculations.
2. Regulatory documentation
Neutron sources are required for neutron converter
operation. Therefore, documents regulating ionizing
radiation sources operation were reviewed. The main
documents are: Federal Law No. 170-FL "On the Use of
Atomic Energy" [2], Radiation Safety Standards
(NRB-99/2009) [3] and Basic Sanitary Rules for
Ensuring Radiation Safety (OSPORB-99/2010) [4].
The above regulations postulate.
1: During the design and installation of the converter,
measures must be taken to ensure biological protection
that meets the above requirements. Biological protection
shall ensure that doses and dose capacities established for
radioactive material handling are not exceeded.

2. Persons involved in the work of the converter:
employees and students of the department - must be
considered personnel of group B, and all other persons the population. This separation should be taken into
account when allowing specialists to work with the plant
and in the room where it is located.
3. The operating organization (department "Nuclear
reactors and power plants" of the Institute of Nuclear
Energy and Technical Physics named after Academician
F.M. Mitenkov) should develop regulations for the
operation of the plant, the procedure for admission to it,
as well as organize its maintenance and radiation control.
Based on these documents, conclusions were drawn
about the necessary degree of protection during the
operation of the plant.
It was calculated that in order to comply with the
standards for dose limits received by personnel when
working with a neutron converter, the biological
protection of the plant should provide a total equivalent
dose rate of neutron and gamma radiation at a distance of
10 cm from the hull of not more than 1.15 mSv/h. This
value is the determining value when designing the
biological protection of the converter.
3. Analyze the design of an existing plant
The universal neutron converter is a device for
converting a stream of fast neutrons emitted by isotopic
sources into a stream of thermal neutrons in the volume
of the central part of the product (Fig. 1).
To convert the fast neutron flux, it is necessary to
reduce their energy by "converting" them to thermal
ones. This process occurs due to the deceleration of
neutrons during scattering of the moderator elements on
the nuclei. The periphery of the universal neutron
converter performs the functions of biological protection.
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Fig. 1. Design diagram of neutron converter: 1- neutron sources, 2 - plugs, 3 - biological protection, 4 - paraffin, 5-graphite, 6 housing, 7 - working cavity

The advantages and disadvantages of the design of
the existing plant were analyzed. Both used and
potentially suitable as retardant and/or biological
protection of the converter structural materials were
considered during the analysis. It was concluded that it is
possible to create a variant of the installation design that
provides the required parameters of neutron radiation, but
with smaller weights or overall dimensions than the
existing version of the converter design.
As neutron sources in the plant, various plutonium-

beryllium (fast neutron sources (FNS) - FNS-6, FNS-8)
and Californium sources were considered, their radiation
spectra necessary for further calculations in programs
were identified and digitized.
For the design of this type of installations, the dose
capacities outside the existing installation and the density
of the thermal neutron flux in its working cavity were
calculated using DOT III programs, and DotGeom
designed to automate the entry of the DOT program
setting zones (Fig. 2) [4].

Fig. 2. Thermal neutron flux distribution in existing plant, n/(cm2·s): 1-working cavity, 2- retarder layers, 3-biological protection
layers, 4-sources, 5-housing

Dose capacities outside the existing plant, and the
density of the flux of thermal neutrons in its working
cavity were calculated.
4. Technique of optimizing converter design
procedure
To create an optimal neutron converter design
procedure, a basic set of 38 versions of the plant was
compiled and calculated, differing in the neutron sources
and moderator and protection materials used. In each of
these embodiments, the best combination of input and
Ver.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

Source type
Californium
Californium
Californium
Californium
Californium
Californium
Californium
Californium
Californium
Californium
Californium
Californium
FNS-6
FNS-6
FNS-6
FNS-6
FNS-6
FNS-6
FNS-6
FNS-6
FNS-6
FNS-6
FNS-6
FNS-6
FNS-6
FNS-8
FNS-8
FNS-8
FNS-8
FNS-8
FNS-8
FNS-8
FNS-8
FNS-8
FNS-8
FNS-8
FNS-8
FNS-8

output characteristics is found. After analyzing and
comparing the optimal implementations of each of the 38
variants, it was concluded that the most preferred
embodiment was the best structural materials and neutron
sources for use in the plant.
Since the efficiency of the combined protection
differs from the monolithic one, combinations of two
materials were selected as the initial data. All design
versions of neutron converter are given in Table 1.

Table 1. Versions of neutron converter

First Material
Paraffin
Graphite
Loose mix
Polyethylene
Polyethylene
Titanium hydride
Paraffin
Concrete
Graphite
Graphite
Water
Polyethylene
Concrete
Titanium hydride
Graphite
Concrete
Graphite
Paraffin
Concrete
Paraffin
Graphite
Vaseline
Water
Loose mix
Vaseline
Concrete
Titanium hydride
Graphite
Concrete
Graphite
Paraffin
Concrete
Paraffin
Graphite
Vaseline
Water
Loose mix
Vaseline

The calculation of each version of the neutron
converter design consisted of 2 stages: the calculation of
the moderator and the calculation of biological
protection. The task of the first stage of neutron converter
design is to select and calculate moderator thicknesses,
which provide the maximum possible, when using these
materials, flux of thermal neutrons in the working cavity

Second Material
Graphite
Water
Graphite
Paraffin
Polyethylene
Titanium hydride
Vaseline
Concrete
Lead
Lead
Graphite
Titanium hydride
Polyethylene
Paraffin
Water
Lead
Polyethylene
Graphite
Graphite
Graphite
Polyethylene
Graphite
Titanium hydride
Polyethylene
Paraffin
Water
Lead
Polyethylene
Graphite
Graphite
Graphite
Polyethylene

of the plant. When choosing the thickness of the layers,
the main criterion was the flux of thermal neutrons in the
working area. Criteria such as weight and size parameters
and cost were secondary, since most of the cost, weight
and size of the plant provides biological protection (Fig.
3, 4).

Fig. 3. Moderators in vertical section of converter: 1- source; 2air in the source channel; 3- source sleeve; 4- first layer of
moderator; 5 - shell of the central channel; 6- air in the central
channel of the converter; 7- the cell in which the object to be
irradiated will be located; 8-second layer of moderator

Fig. 5. Biological protection in vertical section of converter: 1source; 2- air in the source channel; 3- source sleeve; 4- the first
layer of biological protection; 5- space around converter; 6converter housing; 7- neutron and gamma radiation dose rate
calculation cell; 8 - second layer of biological protection

Fig. 4. Example of neutron flux density distribution in one of
design variants

The second stage is the calculation of biological
protection. The main task of designing the biological
protection of the neutron converter is to select and
calculate the necessary thicknesses of biological
protection materials that provide the maximum
permissible dose rate level at a distance of 10 cm from
the column body with the minimum possible values of
their weight and size parameters.
To do this, a calculation was made in R-Z geometry,
which is part of the vertical section of the column in the
direction from the source to the surface of the column
(Fig. 5, 6).

Fig. 6. Example of calculation results of neutron radiation dose
rate distribution for one of design options

All versions of the column were divided into 3 groups
of three types of sources: Californium, FNS-6 and FNS-8
(Figs 7-9).

Fig. 7. Generalized coefficient N and flux density of thermal neutrons in the working area of the converter in Californium source
design embodiments

Fig. 8. Generalized coefficient N and flux density of thermal neutrons in working area of converter in versions with source FNS-6

Fig. 9. Generalized coefficient N and flux density of thermal neutrons in working area of converter in versions with source FNS-8

All converter characteristics during design can be
divided into 2 groups: input and output. Input
characteristics are: source type, biological protection
materials (BP) and retardant. The output characteristics
are: the thickness and materials of the layers necessary to
obtain the highest density of the thermal neutron flux
while observing radiation safety standards, the density of
the thermal neutron flux in the working cavity of the
plant, mass and size and cost parameters of the converter
[5-8].
In order to obtain the most efficient installation, it is
necessary to strive to increase the parameter of the
thermal neutron flux in the center and to reduce the
values of mass, size, cost.
Each embodiment of the neutron converter has 4

defining characteristics. When comparing different
options, it becomes necessary to analyze a 4-dimensional
system of parameters, which is quite difficult without
using additional tools. Therefore, in the process of
optimizing the design procedure, it is necessary to bring
some parameters to relative values and then convolve
them as part of a complex criterion in order to reduce
their number. The parameters of the mass, size and cost
of the column materials were led to relative values,
which, in turn, were reduced to one value - a
comprehensive indicator of the quality of the design
procedure - generalized coefficient N. The result of using
this procedure is to reduce the number of output
characteristics in the considered versions to two, as a
result of which analysis and comparison of the calculated

versions of the neutron converter design is carried out
according to the value of heat flux in the working zone
with a minimum coefficient N, which determines weight
and size and cost characteristics.
5. Calculation results
38 versions of neutron converter design were
analyzed and 3 versions were defined, one for each type
of source, having an optimal set of parameters: maximum
flux of thermal neutrons in the working area of the plant
with minimum weight and size parameters and cost.
Among the options using the Californium source, the
best way was to achieve the maximum density of thermal
neutron flux in the working zone of the plant, equal to 4.2
· 105 n/cm2 • s. The cost of the converter in this design is
585 thousand rubles, the weight of the installation is 4.8
tons, and the outer radius of housing is 1.2 m.
Polyethylene was considered as a biological protection
material and retardant in this version.
The best option of all using the Pu-Be source FNS-6
was the version in which the maximum density of
thermal neutron flux in the working zone of the plant was
achieved, equal to 800 n/cm2·s. The cost of the converter
in this design is 18 thousand rubles, the mass of the
installation is 1 ton, and the outer radius of housing is
0.53 m. Water was considered as a biological protection
material and retardant in this version (Fig. 6).
Among the variants using the Pu-Be source FNS-8,
the best option was similar to the one discussed above for
the source FNS-6 (Fig. 7).
Based on the results obtained, it is possible to
optimize the design process of experimental plants of this
type with various parameters, depending on the
requirements set by the consumer.
As a result of the calculation for each version of the
converter, the most advantageous characteristics were
obtained: mass, cost, dimensions
For a potential customer, it is this output that will be
boundary conditions, and it will be for them to choose the
most suitable option. Each customer has a range of
allowable values of each parameter, and having found
options, all the parameters of which will lie in the
corresponding ranges specified by the customer, it will be
possible to offer him for consideration only those that
satisfy all the requirements of the customer.
This technique allows you to find the most suitable
options for each particular consumer as soon as possible,
without wasting time calculating and selecting the
necessary parameters, since all possible options have
already been calculated.
To visualize and simplify this method, threedimensional space was used, the ports of which are
determined by three parameters set by the customer: the
mass, dimensions and cost of the neutron converter. Each
variant is shown as a point whose coordinates are
determined by its corresponding parameters. Customerdefined ranges define a three-dimensional shape. If the
point falls within the scope of this shape, then this means
that the parameters of this option meet all the
requirements of the customer (Fig. 10).

Fig. 10. An example of how to find the best option for a
particular customer

For example, the customer's design requirements are
as follows: it is necessary to design a neutron converter at
the following specified parameters:
1. total cost: not more than 80 thousand rubles;
2. total weight: not more than 2 tons;
3. installation radius: not more than 0.58 m;
4. neutron source: FNS-6.
As shown in Fig. 8, the customer's stated
requirements are met by options 17,19 and 23.
The highest density of thermal neutron flux in the
working area of the plant: 800 n/cm2·s is achieved in
version 19. Therefore, it is advisable for the customer to
propose a project with the characteristics of 19 version, in
which concrete with water is used as the moderator
materials, water as the biological protection (Table 1).
6. Conclusion
During the development of the method for optimizing
the design procedure of the experimental neutron
converter installation, the following results were
obtained:
1. The regulatory documentation was analyzed.
2. A method for optimizing the neutron converter
design procedure has been developed.
3. Based on the calculations made, a database of
parameters of plant design implementation options was
created, which became the basis of the method of
optimizing the converter design procedure.
4. Analysis of the obtained calculation results was
carried out, the most preferred materials for the plant
design were identified, the most optimal design of the
plant was determined.
Using the base of neutron converter design options
and the method of optimizing the design procedure, it is
possible to briefly present to potential customers optimal
plant design options that meet all the requirements both
from the consumer and from supervisory authorities.
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A simulation study of processes for mixing non-isothermal flows under
dynamic effects
A.A. Sataev, V.V. Andreev, D.I. Novikov, Ju.S. Perevezentseva
sancho_3685@mail.ru | vyach.andreev@mail.ru | grey1ngreen27@gmail.com
Nizhny Novgorod state technical university n. a. R. E. Alekseev, Nizhniy Novgorod, Russia
The processes for mixing of non-isothermal streams essentially define the parameters of the heat-carrier on an input in a core in
modes with incomplete structure of the working equipment and, as a consequence, - a heat engineering condition of a core. Besides, the
task of researching the temperature pulsations accompanying practically all modes of currents for non-isothermal streams is extremely
relevant, as these pulsations lead to additional thermocyclic loadings on elements of the equipment and in many cases define its resource.
The paper describes the research of mixing processes for non-isothermal water coolant flows in hydraulic model of ship nuclear power
plant. In several experiments, attention was paid to the mixing processes when feeding non-isothermal flows through the circulation
loops located opposite of each other. To simulate the effect of external dynamic force in the form of periodic effect on the spatial
orientation of the model, the ship was tested on a stand "Swinging platform". These vibrations affected the mixing processes occurring
within the model. The main impact they had on the transition time, temperature gradient, vertical component of the velocity projection.
In the future, these parameters will be clarified and the influence of other factors on the mixing of non-isothermal flows in the ship's
nuclear power plant will be studied in more detail.
Key words: non-isothermal stream, the ship's nuclear power plant, core simulator, the mixing.

1. Introduction
Reaction of the reactor core to perturbation of
reactivity, which occurs due to a decrease in concentration
of liquid absorber (boric acid) or temperature of coolant in
one of loops of the first circuit essentially depends on
degree of mixing with other unperturbed loops [1].
The work of nuclear power plant in transitional modes
requirements on reliability of heat removal from reactor
core and its safety should be fulfilled. The main
transitional modes of operation of reactors of pressurized
water reactor (PWR) type are operation at sudden decrease
of the heat-carrier flow due to shutdown of the circulation
pump of the 1st circuit and operation of nuclear power
plant at resetting of electric load or shutdown of turbinegenerator [2].
Mixing processes are investigated by several scientific
groups, including abroad. The result of their work were
experimental
installations:
ROCOM
(Germany),
Vattenfall (USA), Fortum PTS (Finland), OKB
"HYDROPRESS" (Russia).
Thus, at the HYDROPRESS stand the experiments
were carried out on a four-loop model of the VVER-1000
reactor on a 1:5 scale [3].
It should be noted that most of the phenomena
occurring in the systems under consideration can be
studied with a sufficient degree of representativeness on
small-scale models, from which a significant amount of
information can be obtained [4].
All models involved mixing processes only in
stationary modes on PWR-type reactor plants.
During operation the ship's reactor plant is subject to
external dynamic forces of a different nature [5]. The ship
is practically constantly under the influence of external
dynamic forces influencing its spatial orientation both in
normal operation and especially in emergency situations.
In this paper, the effect of the periodic rocking
phenomenon will be investigated.
The main impact of rocking in nuclear power plant is
on the reactor and steam generator, as well as heat
exchangers of mixing type, where non-isothermal mixing

of flows takes place, which can negatively affect the
operating modes of nuclear power plant. Also modern
tendencies of nuclear power plant safety lead to the
development of autonomous methods of chilling, natural
circulation (NC) [6]. Due to the complexity of this process,
which depends on many factors, the swinging also has a
negative impact on it.
2. Materials and methods
Several small-scale models of the ship's nuclear power
plant hydraulic path were used to study the processes of
nonisothermal flows mixing. In [7-9] the mixing processes
taking place in the single-network mixing model were
described. It consists of one of four circulation loops. The
nuclear power plant KLT-40 [10] (a shipboard nuclear
power plant installed on a floating nuclear power plant
("Akademik Lomonosov"), as well as the icebreakers
"Taimyr" and "Vaigach" and the light carrier
("Sevmorput") were taken as a prototype chosen for the
modeling.
The circulation loop in this work is understood as a
hydraulic path (from the entrance to the model (inlet
nozzle)), a standpipe, a ring gap, a pressure collector, an
imitator of the active zone (made in the form of hydraulic
resistance - hole sheet (scale 1:5)) and an outlet nozzle.
The study of temperature distribution fields in
characteristic areas of mixing was used as a main method
of investigation. This is achieved by building a layer-bylayer picture of temperature distribution, which is done by
changing the vertical coordinate of sensors located on the
flow mixing path.
This work has identified the key factors that affect
these processes. The influence of external dynamic force
on the mixing of non-isothermal flows was also assessed.
However, this model required more detailed
improvement and approaching to the real hydraulic path of
the ship's nuclear power plant. Mixing issues, occurring
during operation / disconnection of circulation loops, are
also particularly interesting research topics.
To solve these problems, a four-loop stand was
proposed to study the processes for mixing non-isothermal
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flows. The main technical characteristics of the stand are
presented in table 1.
Table 1. Main parameters of the experimental stand

Parameter
Simulated reactor plant
Number of simulated circulation
loops
The number of measuring probes in
the simulator
The number of probes for
monitoring the preparation of
injections of media
Flow sensors
Number of level sensors
Reinforcement elements
Injection temperature

Amount
KLT-40 - 1:5
4
19-38
6
4
3
15
10-90°C

The general view of the stand is shown in fig. 1, and
the fuel assembly simulator is shown in fig. 2.

dynamic and thermal similarity. Similarity of heat transfer
(as basic process in work) is observed under condition of
equality of numbers Pekle (Pe) in model and in natural
object:
𝑣𝑣⋅𝑙𝑙
Pe = = Re ⋅ Pr,
(1)
𝑎𝑎

where v - flow velocity; l - characteristic size; a temperature diffusivity coefficient; Re - Reynolds number;
Pr - Prandtl number.
The Pemod number for our model is calculated:
Pemod = Remod ⋅ Pr43 ≈ 22 ⋅ 103 ⋅ 4.07 ≈ 8.95 ⋅ 104 , (2)
where the number Pr is taken for the average temperature
in steady-state mode (430C).
Pe number for average coolant parameters in the core
of KLT-40 reactor:
Pereac = Rereac ⋅ Pr298 ≈ 105 ⋅ 0.87 ≈ 8.7 ⋅ 104 , (3)
where number Re in the reactor is on average (1-5)∙105107, number Pr is taken for average parameters of the
coolant (p=12.7 MPa; taverage=2980C).
Accordingly, it is possible to draw a conclusion that the
adopted model is applicable to the analysis of processes,
as Pemod ≈ Pereac.
A new core simulator has also been developed to
provide a more detailed approximation of the simulated
reactor plant. It is an equivalent cassette of KLT-40 main
mass.
An equivalent cassette is a set of elements (simulator
tubes) (shown in the fig.3 and fig.4) of the main body of
the fuel assembly mounted on the lower (support) and
upper remote control grilles. Some of the rods (control
rods) are placed behind the model cover through the
grommets. Temperature parameters are controlled through
these rods. Temperature sensors are located directly inside
these channels (thin-walled channels are a sleeve). In
addition, the cover is equipped with additional cable
glands (in the course of this experiment are silenced)
through which it is possible to install additional channels
for measurement (temperature and pressure drop).

Fig. 1. General view of the research stand: 1 – fuel assembly
simulator; 2 - pipe of the coolant inlet; 3 - pipe of the coolant
outlet; 4 - shells; 5 - elliptical insert; 6 - remote grates)

Fig. 3. Internal elements of the fuel assembly control unit 1 "light" fuel element (18), 2 - "heavy" fuel element (54), 3 burnable absorber 1 type (6), 4 - burnable absorber 2 type (3), 5
- zirconium displacer (3), 6 - compensating rods (6)
Fig. 2. Fuel assembly simulator

Similarity of processes in a natural reactor and in a
model is observed under condition of geometrical,

where ϕ – corner, φ𝑚𝑚𝑚𝑚𝑚𝑚 – oscillation amplitude, [Rad]; T
– the oscillation period, [s]; τ – the current time, [s].
In this work, the media were supplied to the model
from two spigots (1 and 3) located opposite each other.
In the dynamic mode, the flow was fed simultaneously
with the harmonic oscillations of the model with an
amplitude of 150 degrees and a period of 4 seconds.
3. Results

Fig. 4. General view of the remote gratings

To model the impact of external dynamic force in the
form of periodic impact on the spatial orientation of the
model a "Swinging platform" stand was proposed (fig.5).
It consists of a frame rigidly fixed to the power plate. The
Oscillating platform is connected to the frame through the
shaft and bearings. The electric motor through the crank
mechanism transmits a rotational force on a rod which in
turn drives the investigated model on a platform. Due to
the change of the crank radius as well as the frequency of
rotation of the electric motor (frequency converter), it is
possible to change the amplitude and period of the rocking
model.

The diagrams (top view) of temperature distribution
through control channels are shown below (figs. 6. and 7.).
Temperature sensors are located at the bottom at the input
to the model-simulator core (except for sensors of
channels 18 and 78, where sensors are also located at the
output of the simulator). The central hexagonal channel for
compensation rods is plugged.

Fig. 6. Input temperature distribution of to the simulator active
zone in a stationary mode

Fig. 7. Distribution of temperature at the input to the simulator
active zone in dynamic mode

The data obtained in the course of the work have been
processed and the key points are given in Table 2.
Table 2. Border conditions

Parameter

Fig. 5. General view of the "Swinging platform" stand

The model can vibrate in a given plane, like a
mathematical pendulum, by law:
2πτ
𝜙𝜙 = 𝜙𝜙max ⋅ sin( ),
(4)
𝑇𝑇

Fixed
position
10 l/min /
600С
10 l/min /
200С

Swinging

Volume flow
10 l/min /
(Q1)/temperature (t1)
600С
Volume flow
10 l/min /
(Q3)/temperature (t3)
200С
Re1/Re3 (on input to the
22367/10574 22367/10574
model)
Swing amplitude
150
Swing period
4 sec.
Time of transition
≈225 sec.
≈174 sec.

Vertical projection of
velocity Δz/Δτ (on
channel 78), where
Δz=f(Δt)
Vertical projection of
velocity Δz/Δτ (on
channel 18), where
Δz=f(Δt)
Maximum temperature
gradient in steady-state
mode

≈14 cm/s

≈3.5 cm/s

≈17.5 cm/s

≈3 cm/s

4 0С

3.82 0С

4. Discussion
Having analyzed the results obtained, the following
conclusions can be drawn:
4.1. In stationary operation (without jogging), the hot
flow is counterclockwise, cold flow is in a clockwise
direction. The maximum temperature is concentrated in
the right side sectors (near the wall) for both cold and hot
flow.
During the work analysis [11] where authors used a
technique of research of mixing of streams by
conductometric method, at similar modes of work in the
field of natural circulation of the heat-carrier at giving in
circulation loops of solutions with different salt content the
following laws correlating with our results have been
revealed:
4.2. On the periphery there are two segments with
"zero" trace concentration, where there was no mixing.
4.3. According to the location of these segments and
the place of formation of the front kernel with an increased
concentration of the tracer ("heavy" salt solution - if we
interpret it by the method described above - cold flow Q3),
we can see that there was a clockwise twist of the flow.
4.4. In dynamic mode, the flow curl is disturbed. This
is probably due to the fact that the dynamic force acting in
the direction parallel to the spigots moves the hot vortex to
the opposite wall. The cold vortex also shifts, but the
degree of its displacement is greater. This is due to the fact
that the centrifugal force has a greater influence on the
cold vortex (due to its higher density and viscosity) than
on the hot vortex.
This confirms the mathematical model described by us
in [9], where the centrifugal force was set when exposed
to an elementary mole as a ratio:
𝜕𝜕𝜕𝜕
(5)
𝜕𝜕𝐹𝐹𝑐𝑐 = 𝜌𝜌𝜌𝜌( )2 𝜕𝜕𝜕𝜕,
𝜕𝜕𝜕𝜕
where, ∂v - volume change, [m3]; ρ- density, [kg/m3]; g free fall acceleration, [m/s2]; R - radius, [m]; ∂φ - angle
element, [rad]; ∂τ- elementary time increment, [s].
From this dependence it follows that the degree of
influence on the external dynamic force flow is directly
proportional to the density of the coolant.
4.5. The transition time of the rocking action is reduced
4.6. The vertical projection of speed of a stream
calculated indirectly on change of temperature, makes for
a stationary mode on the average ≈15-16 cm/s that is
comparable to speed of natural circulation of the heatcarrier (10-20 cm/s). In dynamic mode, the vertical
component is much smaller (about 3 cm/s). It means that
the stream influencing external force receives acceleration

along a rolling plane, that is the horizontal projection of a
vector of speed of a stream increases.
4.7. The maximum temperature gradient when exposed
to external dynamic force decreases slightly.
5. Conclusion
Research of processes for mixing non-isothermal water
coolant flows in a hydraulic model of ship nuclear power
plant KLT-40 has been carried out. In the experiments,
attention was paid to the mixing processes when feeding
the non-isothermal flows through the circulation loops
located opposite each other. The results correlated with the
results of other leading scientific groups dealing with this
problem and used other methods that have been obtained.
To investigate the effect of external dynamic forces,
this model was tested under the effect of periodic
oscillations. These oscillations influenced the mixing
processes occurring within the model. The main impact
they had was on the time of transition, temperature
gradient, vertical component of the velocity projection. In
the future, these parameters will be clarified and the
influence of other factors on the mixing of non-isothermal
flows in the ship's nuclear power plant will be investigated
in more detail.
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Methodological potential of the teleological principle of purpose
Yu.N.Golubchikov
golubchikov@list.ru
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The cognitive capabilities of the teleological paradigm of purpose are discussed. An inquiring mind everywhere sees that
inanimate matter serves for living, and that, in turn, serves for a man. However, such a concept as “purpose” turned out from the
contemporary science, although for a long time it went along the path of becoming the doctrine of purpose determination, or
nomogenesis. The history of the substitution of the main paradigm of science from purpose to chance is traced. The overcoming of the
catastrophic representations of Cuvier by the provisions of actualism and evolutionism is considered. From the middle of the 19th
century, public opinion began to strengthen that every new scientific achievement casts doubt on religious beliefs. Criticism of biblical
history began with the events of the Great Flood, as the key one in the Bible. The negative attitude to catastrophism in the Soviet
scientific literature and the importance of ideology in the methodology of science are considered. The anthropic principle
predetermines a radical restructuring of the general scientific methodology. It finally comes closer to religious knowledge. The
anthropic principle is teleological and contains that goal (“eidos-entelechia”) in the structure of matter that impels it. In this light, the
power of science is again seen not in confrontation with religion, but in harmonization with it.
Keywords: teleology, evolutionism, actualism, catastrophism, ideology, anthropic principle, global geological catastrophes.

1. Introduction. Geology harmonized with
teleology
Until the middle of the nineteenth century the vast
majority of scientists believed that science elevates the
mind to understanding God. Their geological surveys
merged with teleological ones. An outstanding
geographer of the XIX century Karl Ritter wrote about
the original purpose of the Earth by an invisible higher
world for the dwelling of mankind [1]. In the outlines of
the continents and oceans, great thinkers of the past tried
to guess the meaning, purpose and language.
Almost all scientists of those times assigned a
decisive role in shaping the face of the Earth to the
catastrophic power of water. They were neptunists. The
main event was described in the Bible as the event of the
Flood. The biblical flood was associated with the origin
of petrifactions. The most obvious flood evidence
included granite boulders, widely scattered across the
northern plains of Europe and North America. Since
granites come to the surface in the area of the Baltic and
Canadian crystalline shields, it was obvious that they
were transported from there by mighty flood waters.
They essentially reworked the face of the Earth. Under
the influence of the ideas of Neptunism and
catastrophism, stratigraphy has been formed.
The most prominent representative of catastrophism
was the founder of comparative anatomy and
paleontology, Baron Georges Leopold Cuvier. Having
studied the fossils of organisms in the Paris Basin, he
came to the conclusion that earlier life was immeasurably
richer than modern. It was impoverished by great
extinctions under the influence of terrible and gigantic
disasters. In this regard, Cuvier was the first
environmentalist-alarmist, the creator of the first likeness
of the Red Book.
Cuvier counted six catastrophic extinctions. The latter
was an event of the biblical flood. At such times, Cuvier
believed, qualitatively different extraordinary forces
acted, possibly carried out according to different laws.
Modern processes of decay do not allow accumulate any
fossils. Cuvier claimed [2].

Cuvier pointed out that everything that can be found
in other places as fossilized organisms is freshly frozen in
the Far North. He especially paid attention to the frozen
carcasses of mammoths. Cuvier believed that if the
mammoths did not freeze immediately after they have
been killed, rot would have decomposed them. “The
same process destroyed them and froze the country in
which they lived. This incident happened suddenly,
instantly, without any gradualness” [2, P.11].
In this regard, Cuvier can also be nominated as the
founder of permafrost science. True, modern permafrost
scientists do not consider him such. In contrast to Cuvier,
they consider the formation of permafrost, the
accumulation of underground ice deposits and the
extinction of mammoths as three independent sluggish
processes.
2. The overthrow of catastrophism
Only very few rejected the authenticity of the biblical
account of the Flood. The London Geological Society
provided strong support for these unusual views. In 1830,
the 33-year-old member of the Geological Society,
lawyer Charles Lyell, begins year after year to publish
three thick volumes, it would seem, from a sphere very
far from jurisprudence, entitled “Basic principles of
geology, or an attempt to explain the ancient changes in
the Earth by current processes”.
With investigative thoroughness, Lyell measured the
rate of accumulation of modern rainfall in calm
conditions of stagnant water bodies. It amounted to
millimeters or few centimeters per year. Then he divided
the thicknesses of the strata of sedimentary rocks known
to him at this speed and received huge, at that time, age
of the strata. If 300 m accumulated by centimeter per
year, then we get the age of the thickness of 30 thousand
years.
With attorney's pathos, Lyell began to prove that all
geological processes and phenomena in the past were the
same as now. No giant catastrophe clouded them.
Everything went slowly and gradually. “From ancient
times to the present day, no other reasons have acted,
other than those that are now acting, and their actions
have always been manifested with the same energy that
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they are showing now” [cit. 3, p. 211]. This statement has
entered into science under the name of the principle of
actualism (from Latin actualis - “real”, “real”), or
uniformism (from English uniformity - “uniformity” and
“immutability”). His motto is "the present is the key to
the past." He gave a paradigmatic view not only to all
Earth sciences, but to all science.
Lyell especially attacked upon the ideas of the Great
Flood contained in the traditions of the peoples of the
whole world. The formation of relief forms and
sediments attributable to the flood since began to explain
by the action of slowly advancing and retreating huge ice
covers.
Criticism of biblical history was thus begun with the
events of the Great Flood, as a key one in the Bible. And
the sacred picture must also be restored with the
restoration of the truth about this global hydrosphere
catastrophe. Since then, the importance of water in
shaping the appearance of the earth's land has been
steadily narrowing, up to the recognition of its leading
role only in the formation of valley and coastal
complexes. Relief forms previously attributed to water
activity began to be interpreted as glacial, aeolian,
nivational, and denudational. If hydrosphere disasters are
mentioned, they are associated with breakthroughs of
glacial waters only.
The weak link in Lyell's constructions was the
appearance of new species with the extinction of old
ones. He explained them with mysterious and
supernatural reasons.
Lyell was assisted by the 27-year-old Charles
Darwin. Darwin linked the cause of the extinction of
some species and the appearance of others not with
catastrophic extinctions, but with the slow actions of the
forces of natural selection. Darwin strongly supported
Lyell's uniformitarian views and even published several
articles substantiating the ancient glaciation of the British
Isles and South America [4]. In turn, Lyell, in the process
of developing Darwin’s teachings on evolution, published
the book “Geological Evidence of the Antiquity of A
man”.
The teachings of two Charles struck the scientific
world amazingly quickly. Each researcher knows what
incredible works it takes to gain credibility among
colleagues. But here it happened all at once to a lawyer
among geologists, and to a priest among biologists. How
so?
As the priest Daniil Sysoev, who was killed in 2009,
stated, “the topic of participation in the spread of
evolutionary teachings of secret societies certainly needs
further investigation” [5, p. 46].
V. I. Vernadsky wrote: “Geological sciences in the
19th century forced religion and philosophy to bow to the
scientific fact and redo their constructions by the power
of logic and vital applications”[6, p.236]. And they
bowed. Even in Orthodoxy, an evolutionary heresy
condemned by Konstantin Bufeev rooted [7]. Only “in
science, ideology determines what is a fact and what is
not” [8, p. 32].
The denial of catastrophism was not just a desire to
present the history of the Earth from a new scientific
point of view. The British historian of geological science,

Charles Gillispie [9], argues that the true goal was to
create alternative biblical theories about the appearance
of the Earth and a man. This opened up the possibility of
questioning the entire Christian worldview, discrediting
the structure of Christian states associated with it, and,
ultimately, taking possession of their capital, estates, and
demesnes. “This means killing all bad people, as much as
there are very few good people,” says the five-year-old
girl from A. Platonov’s novel “The Foundation Pit”. Her
wise words seem to be the key to understanding the entire
world history of the 20th and 21st centuries.
From the middle of the 19th century, public opinion
began to strengthen that every new scientific achievement
deny religious beliefs. The confrontation of religion and
science began. Biblical beliefs and teleology have been
eliminated from the new worldview [10].
The term "catastrophism" is still used with a negative
connotation. The attitude towards him in the Soviet
scientific literature was like something almost criminal.
The Great Soviet Encyclopedia quoted F. Engels:
“Cuvier’s theory of earthly revolutions was revolutionary
in words and reactionary in practice.” The following was
the verdict of I.V. Stalin from the work “Anarchism or
Socialism?”: “It is clear that there is nothing in common
between the Cuvier cataclysms and the dialectical method
of Marx” [11]. It is also clear that it would be unlikely
that after such words there would be anyone willing to
join the ranks of catastrophists. “For many decades in the
USSR, the very existence of the Flood was seen as a fairy
tale, almost as a kind of religious propaganda about the
catastrophe, which, according to Soviet ideology and,
accordingly (!) the science of that time, simply could not
be” [12, p. 75].
This also happened because in the period attributed to
the ice age, a man appeared. And such an event the
evolutionary doctrine does not think without the slow and
gradual adaptations of monkeys to changes in the natural
environment, which forced the monkeys to turn to work.
But what if there were no great apes? It would turn
out to be the closest relatives of a person, say, cats. It
seems, and in that case apologists for evolutionism would
argue that with the onset of the ice age, some humanoid
cats caught mice themselves to sewed fur coats from their
skins. Those that didn’t sew went extinct, and those that
sewed went out into the people.
Ultimately, everything about fundamental genesis lies
in the realm of science fiction. No matter how deeply we
study the morphology of the body, we cannot say
anything about its conceiving. No matter how deeply we
understand geomorphology, we cannot judge the origin
of the Earth.
But depending on the interpretation of the
deformations, we get a different picture of the Earth
history. Or there was a glacier and then we came from
Africa and descended from monkeys. Or there was no
glacier, and then, perhaps, our ancestors themselves
flourished once here.
3. Replacing the purpose for chance.
In accordance with the teleology of Plato, the essence
of objects of living nature is determined by their

intangible fundamental principle - the defined purpose or
"eidos". It is as if they predetermine the present from the
future, and all things of the visible world tend to become
like them.
Aristotle agreed with Plato. Nature, he said, acts with
a definite ultimate goal (“entelechy”). So, a seed or an
egg already initially contains the beginning of life,
aspiration. Aristotle also believed that history was
developing. It also has a goal. Therefore, the present is
like programmed by the future, and the past is
programmed by the present. Therefore, the search for
ultimate goals is the first and most important task of
studying nature [13].
L.S. Berg brilliantly demonstrated that the science has
long gone the way of becoming the doctrine of
determining goals or nomogenesis (Greek. Nomos “law”). Therefore, Berg called his concept nomogenesis,
contrasting it with Darwinian development based on a
chance [14].
According to his concept, the evolution of living
systems is guided by a certain “channel” for a specific
purpose. “There is every reason to believe that
nomogenesis will be recognized as postmodern. And then
a transdisciplinary paradigm may arise, approaches to
which from different points of view are presented not
only and not so much by biologists as by scientists from
other fields of science. For those who understand what
area this branch of science is invading, this seems like a
super task. However, without setting a super task, there is
little hope for the prosperity of science,” writes V.N.
Nevsky [15].
Everywhere an inquiring mind sees that inanimate
matter serves life, and it, in turn, serves a man. The
introduction of the teleological principle into knowledge
allows us to explain the gigantic volumes of facts. “And
this is the most necessary thing in history, where no event
is played out without a goal” [16].
Teleology is condemned by modern ideologists of
science. At the same time, carefully disguised
teleologism is the essence of all teachings on progressive
development, for example, in Soviet ideology with the
idea of building a bright communist future.
In the basis of modern science the fundamental
dogma about chance was laid. This chance has no
purpose and cannot have it. However, this chance
predetermines evolutionary progress.
4. Retrieval to anthropocosmism.
Уеt in the era of the dark Middle Ages, a man felt
himself in the center of the universe. For his sake the
stars revolved, the moon shone. For him the sun rises and
sets. All cosmology was anthropocentric.
From this obscurantism by the middle of the XX
century there was no trace left. If life had been removed
from the modern textbook of physics (natural sciences),
the textbook would not have changed. Moreover, there is
no place for humanity in the modern textbook of physics.
Science began to interpret the emergence of humanity as
a result of very long, but absolutely blind processes, and
in the universe itself it saw neither greatness, nor beauty,
nor meaning, nor purpose. “Expanding the world to an

extraordinary scale, a new scientific worldview
simultaneously reduced a person with all his interests and
achievements - reduced all phenomena of life to a
position of insignificant details in space” [17, p. 247].
Intuitive ideas of the past began to come to life
unexpectedly from the 1970s. Then it turned out that the
most important laws of physics are defined by 9
fundamental constants, such as the gravitational constant
or electron charge. By the end of the 1980s, on 30 such
constants were already indicated, then 70, and today there
are 200 of them [18]. Each of these constants is limited
by very narrow values, it looks random, not related to the
others, it seemed that it could have different values. But
each time it became clear that not only these constants,
but also their relationships are critically important for the
existence of our world. Not a man with the Earth is tuned
to them, but they themselves are filigree tuned to a man
on Earth [19].
Even a small mental change in one of the constants
leads to a loss of stability of the entire Universe. It will
become not some other, suitable, let us say, for another
matter, but in principle it will lose its physical meaning.
A proton is 1836 times heavier than an electron. If this
ratio becomes a little different, in the 28th unit after the
decimal point, either the electron will fall on the proton
and the whole world will turn into a desert of hydrogen,
or, on the contrary, the electron will break away from the
proton and everything will turn into something even
worse [19].
And if the slightest change in the numerical values of
one of the constants of the Universe occurs, it will mean
“the end of the world,” that is, the entire material
universe with all its countless galaxies.
Many attempts have been made to destroy the
anthropic principle. It was about a multitude of universes,
about the conventionality of the principle according to
which the modality of obligations is not correct in
science. But the anthropic principle itself is increasingly
penetrating the sphere of general scientific (including
humanitarian) culture [20; 21; 22].
The idea of the Pythagoreans that “numbers rule the
world” and create its order is again relevant. The Greek
root “cosmos” itself means “order”, and the word
“cosmos” is translated as a universe arranged in strict
order. Hence the "cosmetics". The order is directly
opposite to chaos and can only turn into it, but not born
from chaos. Beauty itself also serves as an attractor of
any order, not excluding the cosmic. Awareness comes
about fine tuning and earthly nature on human.
The anthropic principle is teleological. It is that goal
("eidos-entelechia") that is contained in the structure of
matter and directs it. In modern systemic phraseology,
such goals are called attractors (lat. Attrahere - to attract).
E.N. Knyazev and S.P. Kurdyumov [23] convinces that it
makes no sense to resist attractors. They make you move
in the right direction. “If the system falls into the cone of
attraction of the attractor, then there is a rigid set for a
certain future state. The future draws to itself” [23, p.
145-146].
According to A.I.Subetto [24] with the anthropic
principle, a peculiar nomogenesis of L.S. Berg is
manifested in cosmogenesis, the cosmogonic regularity

of the appearance of a man as an observer of the
Universe, creating a new Cosmos - the technosphere. The
anthropic principle not only allows the possibility of the
appearance of a man, it determines its appearance. In the
light of the anthropic principle, a man stands out not only
as “the peak of the evolution of animal creatures”, but
also as the sacred one who orders the Cosmos. It became
possible to exclaim: “Here is a man. What should be the
universe ?! "
Alfred Wallace noted: “A man... could evolve here on
Earth only with the presence of this whole monstrously
vast material universe that we see around us” [25, p.
286]. K.E. Tsiolkovsky also regarded the whole cosmos
as defining our life: “It is hard to imagine that any part of
it will sooner or later have any effect on us” [26, p. 43]. It
turns out that in order for such a small Earth to rotate
around its axis in its orbit, the existence of a huge
Universe with billions of trillions of stars is necessary.
All of them are also important and necessary for us.
In religious language, the anthropic principle is called
God's providence for a man. The most perspicacious
minds guessed about the anthropic principle long before
its appearance. K.E. Tsiolkovsky “ahead of the anthropic
modern principles of cosmology, formed a more
capacious anthropic principle. In his opinion, the
evolution of space... necessarily leads to the appearance
of Homo sapiens on Earth” [27, p. 76].
The idea of the connection of a man and the cosmos
belongs to the oldest. V.P. Kaznacheev believed: “The
salvation of mankind (preservation) ... consists in the
search and discovery of the interaction of supporting
connections with the forces of extra-planetary reason,
cosmos-planet intelligence” [27, p. 155].
Science with the anthropic principle is again
approaching religious knowledge, between which by the
middle of the 20th century there was a practically
insurmountable wall. It would seem that teleologism has
long been overcome, but regains its fullness and
orientation. Again, a certain plan of the universe and its
creatures (nomogenesis) is revealed. But the plan also
implies a goal.
5. Anthropism of geological disasters
What is the purpose of catastrophically fast burial
places of the once booming life? Perhaps the formation of
the universe was going a trial and error? But such a
construction is directly opposite to the anthropic principle
and approaches the evolutionary dogma of chance.
Let us try to understand these global catastrophes
from the perspective of a goal, for which, of course, we
will put forward a person. According to evolutionary
views, the amount of living matter in the history of the
planet should have increased from abiogenic Earth to the
present day. But if we keep to the empirically observed
facts, then the huge deposits of coal, oil and carbonates
(limestone, chalk, dolomites, marls), that found in ancient
earth strata, in particular, thick strata of carbonaceousgraphite schists, ferruginous quartzites, shungites and
black schists of the early Archean, clearly indicate that
the amount of living matter could only be reduced from

that gigantic abundance to our time, as the great Cuvier
wrote about it [6].
In the fossil record, it is sufficiently traced how each
large extinction of organisms is preceded by large-scale
growth of biodiversity and, obviously, biomass.
Phytomass at this stage already absorbed more oxygen on
the processes of decay than produced it. This process was
apparently unstoppable. Stops of movement for life are
equivalent to death and to prevent this from happening,
life need inversions that stop the movement for a while,
change the direction of the processes to the opposite, life
need cyclicity [28].
The burial and isolation of such abundant biomass
allowed new plants to re-saturate the atmosphere with
oxygen. Coal, for example, consists of pure carbon, there
is no oxygen in the coal, all the oxygen that could
connect with the coal remained in the atmosphere. “If
carbon had not dropped out of the life cycle in the form
of hydrocarbons, coals, bitumen, graphites or in the form
of calcium carbonates, free oxygen would not exist at all,
there would also not be, therefore, thousands of the most
important chemical reactions of the biosphere associated
with it” [ 29, S. 248-249]. This buried organic matter is
about 25 thousand times more than it is in the biosphere
[30].
Now the accumulation of huge volumes of biomass is
prevented by repeated fires from time to time. But they
are possible only with a certain oxygen content in the
atmosphere. Be it a few percent less, and any ignition
processes will become impossible. All that remained was
the quick burial path of the once booming life. They
made it possible to saturate the planetary atmosphere
with oxygen again.
In deposits of coal, hydrocarbons and carbonates,
colossal reserves of carbon dioxide were also conserved.
Without this conservation, the Earth could get at the fate
of Venus. Giant burials of organic residues menacingly
warn against violations of the fragile chemical
composition of the earth's atmosphere.
Millions of invertebrates had to die and overflow
with their fossils so that the Earth was covered with
fertile soil. There is some lesson in all this. Man, “Man,
"in order to cultivate the land from which he was taken"
(Gen. 3: 23), " required many processes and revolutions
that took place on the Earth… You do not walk on the
floor of your house, poor man, but you walk on the roof
of your house, and only a lot of floods gave your house
its present appearance”- Johann Herder wisely taught
[1977, p. 39].
6. Conclusion. On the harmonization of
science and religion.
The modern confrontation between science and
religion began with the substitution of the target for the
dogma of chance. This randomness is the heart of modern
scientific ideology and predetermines the natural
evolutionary progress.
More than 50-70 years ago, nothing was known either
about the fine-tuning of the Universe to human, or about
the incredible complexity of the cell. It was entirely
possible to allow spontaneous and random formation of

such structures. The universe could be explained by
evolution and actualism.
The incredible complexity of the world that has
opened up brings religion and science together. Man now
seeks God through physics and metaphysics. Man and the
Universe, religion and science, are combined with the
anthropic principle in a single holistic worldview. One
can expect an expansion of the front of this contact.
Having arisen in physics, the anthropic principle
penetrates the sphere of general scientific (including
humanitarian) culture. The power of science again
appears not in confrontation with religion, but in
harmonization with it.
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Dramatical changes in society’s infrastructure require new conceptual approaches towards the research of socioeconomic
phenomena. Nowadays, environment surrounding people experience qualitative changes; it has become possible to use full information
on the history of objects. It is essential to develop a conceptual framework enabling to thoroughly describe the interaction of an
individual and a socioeconomic environment that is changed by digital technologies. In this article, it is suggested to use the concept of
socioeconomic technology in the context of exploration of digitalization processes. These include the Internet of things, big data
processing, widespread implementation of personal tools to process and share information etc. The concept of socioeconomic technology
allows tying up new technologies with the needs of an individual and society as well as with phenomena emerging in socioeconomic
infrastructure. The suggested approach may be used at the development and implementation of the Internet of things, of global
communication infrastructure, of technologies for processing and storage of data, and for the research of other aspects of society’s
digitalization. Today it is possible to research different directions for the development of consumption sphere and technologies taking
into account the emergence of virtual properties of objects. Virtual properties result for example in multiple ways to implement things,
in the possibility to store and use the full history of major objects surrounding an individual. Conceptual framework suggested in this
article allows holistically addressing the issues of commercial efficiency and socioeconomic management in the age of digitalization.
Keywords: digitalization, socioeconomic technology, the Internet of things, virtual properties of an object, big data, digital
technologies.

1. Introduction
Digitalization and a widespread implementation of
digital technologies result in the fundamental changes of
the socioeconomic infrastructure of modern society.
Providing this, there is a high demand for the tools
allowing studying and assessing the consequences of the
implementation of digital technologies. It is required to
study thoroughly the needs specific to the current
socioeconomic system emerging due to the development
of new methods and technologies to satisfy them.
The use of digital technologies provokes virtualization
and complication of socioeconomic mechanisms on
different levels of society. Things obtain new implicit
properties due to the availability of imbedded data
processing tools, management and communication
instruments. These enable new ways to satisfy individual’s
needs. These phenomena must be taken into account at the
development of digital and social infrastructures of the
modern society.
Nowadays, new consumer goods are emerging quite
fast, existing goods are modified due to the application of
digital technologies for the design and manufacture;
interaction with environment is being automated. The
emergence of new properties in objects is a source of new
challenges for both society in general and an individual
personally. For example, the implementation of new
infrastructure is complicated by privacy issues, personal
and financial security challenges etc.
There are different approaches towards the
development of digital infrastructure so that it is more
user-friendly. One of the approaches enabling faster
adaptation to new conditions is the implementation of new
features by nature-like methods, i.e. by familiar and
understandable methods [1]. The use of artificial
intelligence technologies, robotic engineering that
considers the peculiarities of human brain can make digital

infrastructure even more user-friendly [2]. It is needed to
analyze conceptual issues, socioeconomic consequences
arising out of the implementation of digital technologies.
Before digitalization, the methods of manufacturing
and consumption of objects surrounding individuals did
not change much. At present, the integration of virtual
properties into objects, the development of information
processing and communication systems made the structure
of social interaction changeable. There is a need for
conceptual and technological solutions covering the whole
life cycle of objects surrounding individuals and allowing
detecting and addressing challenges arising on the way.
For example, there are new issues in the sphere of state
administration and legal regulation. The necessity to
address these issues is recognized by the society, which is
supported by management principles and statutory
framework in use, including in Russia [3, 4].
It is crucial to conceptualize the changes at the mass
implementation of end-to-end digital technologies: big
data, virtual and augmented reality technologies,
distributed ledger systems etc. [5]. Digital ecosystems that
connect people, things and virtual objects for co-use of
digital platforms are being developed [6]. The
implementation of such systems considerably change
society’s major life spheres – manufacture, consumption,
management systems on all levels. The changes affect all
spheres of life – career, lifestyle, leisure, communication
with other individuals etc.
Digital technologies generate huge data volumes,
enable its long-term storage and real-time usage. Interests
of all involved users should be considered when using this
data; all encountered complications should be dealt with
proactively.
The majority of new methods to satisfy the needs
appear due to the emergence of new features enabled by
the implementation of digital technologies. To address
arising scientific and practical tasks is it needed to take
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into consideration variability and multilevel structure of
changes in manufacturing and consumption patterns
occurring in the society in general and in the life of every
individual. Tools allowing exploring emerging
opportunities and defining their usage terms and
applicability limits are in demand. Some approaches
towards development of such tools are described herein.
2. Socioeconomic technology
Technologies are intended for the satisfaction of needs
of an individual, a social group or society in general. The
needs are defined by human body characteristics, social
group activities, society’s requirements, manufacturing
capabilities etc. We can consume natural and artificial
objects. The integration of digital technologies enables to
satisfy needs on a new qualitative level, by methods that
are more convenient.
Nowadays, the consumption process is defined in the
context of manufacturing capability and existing demand
- any opportunity to meet the demand is fulfilled.
However, in the age of digitalization this approach is not
enough. A comprehensive analysis of consequences after
the implementation of digital technologies should be done
because the changes it provokes are variable, deep and
controversial.
Using terminology of databases developers, the
correlation between technologies and needs can be
described as many-to-many – one technology can be used
to satisfy many needs, while one need can be satisfied by
several technologies [7]. To describe this correlation we
suggest the concept of socioeconomic technology
(hereinafter SET) [8]. The correlation between
technologies and needs is not conceptually developed and
thought over.
The SET concept is not well-defined and is usually
used in economic, sociological and philosophical spheres.
However, this concept can be effectively applied to the
research of digital transformation processes.
Under SET we mean the satisfaction of a certain need
with the use of a certain technology. For example, people
always wanted to exchange messages. In the course of
time, more advanced and convenient technologies were
used to meet this need: from birch-bark manuscripts and
letters mailed by postal service to emails and SMS and
other messengers. Appeal of this type of SET to consumers
improves when digital technologies are applied. Quality
parameters for this type of SET include message transfer
rate, price of delivery, size and length of the messages,
possibility to communicate in dialog, group
communication etc.
It could take months to deliver a letter while in digital
environment information travels instantly. Messages can
include audio and video data. Thus, SET is always
changing according to the users’ needs and requirements.
Technologies implemented in the course of
digitalization do not always substitute previously used
technologies. Quite often, they are used to modify existing
ways to meet the needs. SET of the same application that
emerged in different time and that are based on different
technologies can coexist for a long time and serve a
particular niche of users satisfying their needs. As far as

information is concerned, digital technologies allow
providing a new quality level of situational awareness of a
user. Traditional mail successfully coexist with digital
communication technologies although it is gradually
forced out by other means of communication because the
use of technical means is not always supported by
regulatory procedures and instruments.
SET is evolving technologically – technologies and
processes behind them, regulatory support is changing.
New SET allow meeting new needs and requirements. The
progress of modern society is largely the result of
advancement of existing and development of new SET
enabling the evolution of manufacturing and consumption
processes.
Fig. 1 illustrates the concept of socioeconomic
technology. In the left part of the scheme, there are
technologies enabling technological means for the
implementation of SET. In the right part of the scheme,
there are needs and requirements of a certain type of
individuals. At the intersection of technologies and needs
there are SET. New SET are emerging as a combination of
available technologies and existing needs. A SET should
be sought-after and its implementation should be possible
with the use of available technologies. Efforts to satisfy
the needs are based on a certain business model that
guarantees profitability if they are designed for
commercial use. Besides, SET can serve as a tool of
socioeconomic management supporting, for example, the
implementation of regulatory documentation.
SET system that uses digital infrastructure operates
automatically. Human involvement into SET tends to
decrease due to the automatization of business processes
that in its turn is provoked by algorithmization,
implementation of artificial intelligence and robotization.
The architecture of enterprises in digital environment
changes, which is reflected in corresponding standards [9].
The use of SET concept allows exploring the system to
satisfy the needs in connection with new technologies, to
examine consumption mechanisms in their entirety.
In literature, the expression “socioeconomic”
characterizes a certain technology either in social or
economic context. The concept suggested in this article is
more defined and allows applying a new method to
explore ongoing changes.
A new type of objects – SET – is introduced; it links
the need with the technology used to meet it. This link is
named, it can have identification and other attributes, it can
be researched along with other similar objects. Such
approach enables a thorough detailed analyses and process
modeling of digital transformation. It is possible to
develop methods to build new SET or analyze consumer
behavior in new conditions.
Consumption process is usually divided in time. New
technologies are not implemented instantly – their
development, implementation and regulatory support of
their application take time. Implementation of new SET
compared to existing ones as a rule requires investments
and a certain additional knowledge. Providing this, the
usage of new SET is low at the beginning but it grows with
the course of time and availability. The use of digital
technologies increases attainable level of consumption –
the speed of needs satisfaction is growing, participation of

other individuals to meet the need is not required more
often than not, the costs are decreasing etc. Thus, the
development of modern society is substantially defined by
digital technologies.
SET can be analyzed on different levels of
generalization. Both technologies and needs can be
demonstrated in the form of multilevel classification.
Providing this, SET is a derivative classification whose
every element is defined by corresponding elements from
technologies and needs classifications.
In the example with messages above, two classification
options are possible – on the one hand, a classification of
messaging technologies, on the other, a classification of
needs for sharing information. A combination of applied

technologies and existing needs that does not go beyond
the limits of common sense forms an admissible set of
SET.
It is known that classifications can be
monohierarchical and polyhierarchical [10, p.17].
Polyhierarchical
classifications
permit
multiple
inheritance, i.e. they allow demonstrating that SET may be
based on several technologies and several needs from
different levels of their classification. This is
schematically demonstrated on figure 1. The use of this
approach allows presenting a formalized SET description
on different levels of generalization. Classifications of
needs and technologies applied for the certain object
domain form the basis for such SET classification.

Fig.1. Socioeconomic technologies. A scheme

3. Socioeconomic digital technologies
The implementation of digital technologies increases
the number of SET variants – new virtual or virtualized
(having explicit virtual properties) objects emerge; the
infrastructure of society is interconnected by a general
communication system. There were no previous analogues
to some of the technologies, their capabilities result in the
emergence of new needs.
The examples of such previously non-existent
technologies are geolocation and automatic objects
recognition. People, vehicles and other objects of natural
and created environment are the SET objects based on
these technologies. With the use of these SET the scope of
activities and object’s location can be stored and later used
to meet the needs of individuals or improve the
performance of socioeconomic system in general.

Thus, the emergence of navigation services for
vehicles on the one hand allows saving time and resources
of a certain individual, on the other hand it helps to
improve the performance of the transportation system in
general. Such technologies make it possible to meet the
existing needs on a different level and at the same time
they are the basis for the development of new needs and
requirements and their further addressing with new SET.
A digital ecosystem is formed around such technologies;
it allows developing SET with new functional capabilities
using emergent features of such a system.
The examples of digital technologies that form the
basis for the emergence of new methods to satisfy
communication needs include new generation
communication technologies such as 5G for establishing
connectivity between devices on large territories (a city, a
state, the planet in general) [11]; WiFi 6 enabling data
exchange within buildings and confined spaces [12];
Bluetooth 5.1 enabling to connect devices of an individual

taking into account their location [13]. SET created on the
basis of these technologies will be able to meet
individuals’ communication needs and support the
performance of the emerging infrastructure of the Internet
of things in future.
A modern individual expects that the performance of
digital objects will be programmable and intellectual. The
needs of individuals may be classified by different
parameters. For example, we can define the following
basic groups of needs – nutrition, household, and lifestyle;
communication between themselves and with surrounding
automated devices; entertainment and leisure; assistance
in performing job functions etc.
SET can be different even when the same technologies
are used to satisfy the same needs because SET
performance can be implemented differently from
technological and managerial point of view. For example,
different business models or conceptual solutions may be
used at the different levels of applied technological stack.
Data storage may be implemented using different
approaches towards data storage, different data base
management systems, different data access methods etc.
Let us discuss the structure of SET considering
peculiarities of digital technologies used in it. SET
consists of the following elements – technological stack,
the description of a need SET meets, parameters
specifying the SET in general. These elements include:
− Specifics and functional features of the used
technologies in general and of the digital technologies
stack applied at the implementation of SET.
− Description of a need satisfied by SET and SET users’
characteristics.
− Parameters defining SET in general. These are the
parameters describing the main functional, technical
and economic features of SET as a universal system
and distinctive features of SET.
Development and implementation of SET require
resources, namely – design of digital devices, analyses of
consumers’
needs,
implementation
of
digital
infrastructure. Training of users and marketing of new
SET is also needed. Development and operation of a
socially valuable SET is covered from the state’s budget,
while the use of a commercial SET for the provision of
goods and services is paid for. In many cases, the result of
digital SET application is information. Thus, SET supplier
often gets the payment for the use of SET not in monetary
form, but in the form of access to the information about
service users; besides, the suppler can show advertising
messages to users.
Let us define certain specifics of SET application that
are important for the correct usage of this concept:
− As a rule, SET can be considered on different levels
of generalization. For example, messaging technology
can be considered in general or we can discuss certain
messaging technologies – a letter, an email, an SMS
etc.
− A need can be satisfied by different SET, there are
always several variants, and individuals can choose
the means to meet their need. For example, one can
send a letter over a regular mail or electronically – by
email, a social network or any messenger service.

A need does not depend on the existence of a SET that
can meet it. A need can be first conceived and later
the technology and SET to satisfy it will be suggested.
For instance, the desire to fly emerged by far earlier
than the possibility to do so.
Understanding of the need allows formulating the
requirements towards SET and finding the methods to
satisfy it among available technologies. The research of
needs as one of the main conditions for the development
of SET is growing considerably in the age of digitalization
due to the growing flexibility of infrastructure. The reason
for the that is that it is much easier to implement digital
properties with the use of digital technologies built into
things than their development by traditional ”mechanical”
or “electrical” methods.
Flexibility of functionality specific to things,
emergence of elements of intelligent behavior and mutual
communication result in additional challenges. Legallybinding agreements that are automatically generated,
smart contracts regulating concerted behavior of such
things should be developed [14].
Providing the above, it should be noted that the planing
of needs is more important than their spontaneous
development. Traditional marketing may provoke system
problems. One of the examples of problematic
spontaneous development of digital technologies is the use
of new communication features of social networks in order
to support illegal activities.
The use of SET concept to explain digitalization
processes allows implementing a new approach towards
detailed description of consumption system in the age of
digitalization. It allows developing the means of
automation for the exploration of consumption system and
avoid a number of problems in the course of
implementation of new technologies. Let us discuss
specifics and challenges related to the application in SET
of some popular digital technologies, namely the Internet
of things, big data and individual communication devices
of citizens.
−

4. The specifics of socioeconomic
technologies usage in digital environment
Digital technologies have certain specific features
people were unaware of previously. These include data
processing methods in digital environment and approaches
towards addressing challenges related to them.
The important features of digital infrastructure are the
ability to store and process data, informative interaction of
infrastructure’s elements, a possibility to store the history
of previous parameters for all significant objects. At the
same time, these features cause problems. For example,
there are certain issues when data is stored for a long time,
when it is collapsed or when it is needed to guarantee its
integrity because information has become a crucial
resource for the functioning of modern society on all levels
[15-19]. To avoid problems at the storage and processing
of data the following aspects should be taken into account:
− Data format compatibility should be implemented on
both technical and semantic levels.
− Data immutability is guaranteed. This applies to the
preservation of semantics of regulatory and reference

information in all collaborating systems and to the
provision of immutability of values for the stored
properties of objects.
− The information should be correctly collapsed when
there is a lot of raw data from different sensors, IoT
and communication devices.
− Authorized use of information should be guaranteed,
including data access restrictions, control over the
functionality of data enrichment by tying up data
about objects generated from different sources with
the use of big data technologies. Data enrichment
control should be permanent because otherwise in the
course of time once anonymous data can become
personalized when new data is added into the system
or new algorithms are applied to its processing.
− The change of restriction rules on the use of
information when data is circulating for a long time
should be eliminated. There are known cases when
license agreements and other labilities were changed
by the owners of automated systems without due
notification of users.
Both the aspects listed above and other characteristics
of digital technologies should be sustained by the digital
infrastructure and regulatory system of the state.
5. Conclusion
In the age of digitalization, it has become essential to
design methods enabling the elaboration of digitalization
processes, the formalization and modeling of interaction
between the needs and digital technologies. The SET
concept makes it possible to study in detail and analyze the
correlation between new technologies and needs they
satisfy. The conducted research allows us to draw the
following conclusions:
Digital technologies significantly and quickly change
the structure and methods for the satisfaction of needs.
Thus, it is important to address the technological aspect of
SET and the needs in complex.
SET in digital environment obtain new properties:
variability, virtuality, capability to use global
communications etc. Individuals and society in general
have conceptually new functional methods to ensure
situational awareness and improve management, including
identification and geolocation of all significant objects,
storage of information about previous behavior and the use
of this data in real time. These phenomena should be
explored along with the options to satisfy the needs on a
new level.
The use of digital technologies requires a conscientious
approach towards the formation of needs. The use of SET
concept allows describing formally the system of needs,
assessing holistically the changes in technological
capabilities and forecasting socioeconomic changes in the
society.
The suggested conceptual approach will enable
researching the specifics of manufacturing and
consumption in the age if digitalization. The application of
this approach may be automated and contribute to the
addressing of issues of technological development and
socioeconomic management in new conditions.

Acknowledgements
This article is prepared with a partial financial support
of RFBR under the scientific project № 18-29-03070.
References
[1] Reingold

L.A., Reingold E.A., Kopylov G.I.
Information technology and nature similarity in the
development of the infrastructure of society. Journal
of Applied Informatics, Vol. 14, No. 5 (83), 2019. P.
53–73. DOI: 10.24411 / 1993-8314-2019-10036.
[2] Shumsky, S. A. Machine intelligence: essays on the
theory of machine learning and artificial intelligence.
Moscow Institute of Physics and Technology
(National Research University). - Moscow: RIOR,
2019. - 339 p. ISBN 978-5-369-02011-1
[3] Program “Digital Economy of the Russian
Federation”. Approved by Order of the Government
of July 28, 2017 No. 1632
[4] Order of the Government of the Russian Federation of
March 23, 2018 N 482-r On the action plan ("road
map") to improve legislation and remove
administrative barriers in order to ensure the
implementation of the National Technological
Initiative in the direction of "Technet" (advanced
production
technologies).
Access
mode:
http://assets.fea.ru/uploads/fea/nti/docs/rasporyazhen
ie-dk-23032018-482.pdf (accessed 22.03.2020).
[5] Digital technology. Ministry of Digital Development,
Telecommunications and Mass Media of the Russian
Federation.
Available
at:
https://digital.gov.ru/ru/activity/directions/878/
(accessed 22.03.2020).
[6] Akatkin Yu.M., Karpov O.E., Konyavsky V.A.,
Yasinovskaya E.D. Digital Economy: The Conceptual
Architecture of the Digital Industry Ecosystem.
Business Informatics. 2017. No. 4 (42). P. 17-28.
[7] What is Entity Relationship Diagram (ERD)?
Available
at:
https://www.visualparadigm.com/guide/data-modeling/what-is-entityrelationship-diagram/ (accessed 22.03.2020).
[8] Reingold L.A., Slavin O.A. Socio-economic
technologies as a generalization of trends in socioeconomic development // Proceedings of the Institute
for System Analysis of the Russian Academy of
Sciences. Intelligent information technology. Applied
aspects. M.: 2005. P. 40-55.
[9] ISO 15704:2019 Enterprise modelling and
architecture — Requirements for enterprisereferencing architectures and methodologies
Available
at:
https://www.iso.org/standard/71890.html (accessed
22.03.2020).
[10] FIBO conceptual methodology, Further exploration
of conceptual Modeling Principles FDTF Day 2, 17
Sept
2014.
p.
17
Available
at:
http://www.hypercube.co.uk/edmcouncil/docs/fibobco-conceptual-modeling_v0.2.pptx
(accessed
22.03.2020).
[11] DeLooper Christian What is 5G? 5G's arrival is
transforming tech. Here's everything you need to
know to keep up. 24.01.2020. Available at:

https://www.digitaltrends.com/mobile/what-is-5g/
(accessed 22.03.2020).
[12] Wi-Fi 6 in the enterprise: We’re in a new wireless era.
Available at: https://www.wi-fi.org/beacon/davechen/wi-fi-6-in-the-enterprise-we-re-in-a-newwireless-era (accessed 22.03.2020).
[13] Hoffman Chris. Bluetooth 5.1: What’s New and Why
It
Matters.
31.12.2019
Available
at:
https://www.howtogeek.com/403606/bluetooth-5.1whats-new-and-why-it-matters/
(accessed
22.03.2020).
[14] Grin O.S., Grin E.S., Solovyov A.V. The Legal
Design of the Smart Contract: The Legal Nature and
Scope of Application. Lex Russica. 2019;(8):51-62
[Grin' O.S., Grin' Ye.S., Solov'yev A.V. Pravovaya
konstruktsiya
smart-kontrakta:
yuridicheskaya
priroda i sfera primeneniya. Lex russica (Russkiy
zakon). 2019;(8):51-62.] .
[15] Bakanova, N.B., Soloviev, A.V. Problems of longterm keeping of big data // Information Technology
and Computing Systems, No. 2, M.: 2019. P.44-53.
DOI 10.14357/2071863219020.
[16] Solovyev, A.V, Danilenko, A.Yu., Akimova, G.P.,
Bogdanov, D.S., Pashkin, M.A., Pashkina, E.V.,
Podrabinovich, A.A., Tumanova I.V. Mathematical
models for assessing the integrity of digital data
transfer in a digital economy // Proceedings of the
Institute for System Analysis of the Russian Academy
of Sciences (ISA RAS), Vol. 69, Issue 2, M.: 2019.
P.65-74. DOI: 10.14357/20790279190207.
[17] Zakharova A.A., Podvesovskii A.G., Shklyar A.V.
Visual and cognitive interpretation of heterogeneous
data (2019), Int. Arch. Photogramm. Remote Sens.
Spatial Inf. Sci., XLII-2/W12, pp. 243-247. doi:
10.5194/isprs-archives-XLII-2-W12-243-2019 В
[18] Khakimova A.Kh., Zolotarev O.V., Berberova M.A.
Visualization of bibliometric networks of scientific
publications on the study of the human factor in the
operation of nuclear power plants based on the
bibliographic database Dimensions. Scientific
Visualization, 2020, volume 12, number 2, pages 127
- 138, DOI: 10.26583/sv.12.2.10, E-ISSN:2079-3537.
[19] Zakharova, A.A., Nebaba, S.G., Zavyalov D.A.
Algorithms and Software Increasing the Efficiency of
Processing Multidimensional Heterogeneous Data
(2019) Programming and Computer Software, 45 (4),
pp. 196-201. doi: 10.1134/S0361768819040108.
About the authors
Reingold Leonid A., consultant, LLC DIAVER, Candidate
of Technical Sciences. E-mail: leonidrein@gmail.com.
Solovyev Alexander V., Chief Researcher, Department 94
ISA FRC CSC RAS. Doctor of Technical Sciences. E-mail:
soloviev@isa.ru.
Reingold Elena A., lead consultant, LLC MCD PARTNERS,
PhD in Economics, docent. E-mail: l_r@mail.ru.

Citizens’ digital infrastructure as a new element of modern society
critical infrastructure
Leonid A. Reingold1, Elena A. Reingold2, Alexander V. Soloviev3, Oleg S. Grin4
leonidrein@gmail.com | l_r@mail.ru | soloviev@isa.ru | osgrin@msal.ru
1
LLC DIAVER, Moscow, Russia;
2
LLC MCD PARTNERS, Saint Petersburg, Russia;
3
Institute for Systems Analysis Federal Research Center “Computer Science and Control” of Russian Academy of
Sciences, Moscow, Russia;
4
Kutafin Moscow State Law University, Moscow, Russia
Widespread digitalization of the modern society - the emergence of digital devices, the introduction of Internet of Things, the
development of Big Data processing and other technologies result in new challenges. Not only industrial and corporate automation that
has already been considerably covered by the legislation initiatives but also the digitalization of everyday life has started to constitute
a critical infrastructure in the modern society. This largely happens because digital devices substituting traditional technologies owned
by citizens are incorporated into corporate, financial and state business processes. For instance, citizens’ devices are becoming the
source of primary data for energy and utility companies. More opportunities for the direct interaction of automation solutions between
themselves resulting in a controversial synergy effect have been emerging recently. The article addresses specifics of citizens’ digital
infrastructure in the light of critical infrastructure, in particular the necessity and special aspects of legal and regulatory framework
and possible development trends of this functionality.
Keywords: Internet of Things, Big Data, smart contract, digitalization, critical infrastructure.

1. Introduction
Digital infrastructure of modern society becomes
critical for its functioning, which is reflected in the
legislation [1]. Critical businesses are not limited to
finance, corporate and state regulation spheres. Digital
infrastructure formed and used by the citizens also becomes
critical nowadays. Equipment owned by individuals
becomes an element of global infrastructure affecting the
functioning of large systems.
Very often personal automation solutions are necessary
extensions of corporate systems. For instance, the
shutdown of financial, communication or other subsystems
servicing citizens’ mobile devices can cause a collapse in
the modern society. Traditional, non-digital technological
solutions may either not function or solve only a limited
number of tasks. However, a massive failure of citizens’
peripheral devices also may cause critical implications. For
example, a modern finance system largely operates in
digital environment. Transactions, operations, analytical
functions are performed in an automated environment. In
case of unexpected failure of automated solutions,
including citizens' devices, the shift to previous “paper”
information processing technologies may not be possible
and result in overall collapse of the financial system. In the
article, we will address the issues of incorporation of
citizens and their devices into the critical infrastructure of
the modern society.
2. The challenges of citizens’ modern
infrastructure
Citizens’ devices interact directly with each other on the
basis of certain contracts. These contracts are made
automatically and require special legal and regulatory
infrastructure. Smart contracts are a good example of this.
Every person owns several “smart” devices that can be:
• programmed;
• used simultaneously in concerted manner;

• updated or reconfigured (e.g. by the update of
embedded software);
• replaced by a new device due to the low cost caused by
massive replication.
3. Possible solutions
When building society's digital infrastructure it is
important to take into account changes happening at the
personal level. Risks should be detected and prevented –
unauthorized access to IoT objects, phishing of personal
data, location tracking etc. In order to do so it is necessary
to have solutions enabling to prevent unauthorized use of
IoT infrastructure, and solutions allowing establishing
mutual trust between them and other personal digital
devices.
Solutions for the diagnostic of unnatural or unexpected
behavior of IoT objects and prevention of these states either
by the user himself or automatically are highly soughtafter. These solutions should be implemented technically
and must be automatically supported by legislative norms
and regulations.
It is crucial to reasonably define areas of responsibility
for incorrect or fraudulent functioning of personal devices.
For instance, it should be clearly defined in the legal
framework who is responsible for the incident – the user of
the device, the owner of the device or infrastructure
interacting with the device, the manufacturer of the device
or software installed on the device or external intruder.
In should be clear to everybody which actions must be
performed by conscientious users of an IoT device or a
system consisting of these devices to provide a sufficient
response in order to avoid liability for the damages caused
by these devices.
Providing a widespread incorporation of digital
devices, including for instance IoT devices, there is a need
for the new methods to support social and economic
structure of the modern society.
Every person in modern circumstances has to be
technologically-savvy, demonstrate a new level of
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situational awareness and understand the behavioral culture
of digital society. This should be ensured by new norms and
regulations in the sphere of digital technology.
Devices in the public digital infrastructure are explicitly
or implicitly registered; objects are being interconnected
and co-used. This connectivity and its usage is often
performed automatically. The examples of connectivity
between objects are – establishing ownership of an IoT
object by a particular person, content and usage rules set by
that person, object’s location registration and tracking of its
movements etc. Automated systems can provide
information about the objects connected with or interesting
to a certain person, about his movements or his usage
patterns for IoT objects. A new level of information
awareness has led to the emergence of new social and
economic challenges.
In is not uncommon in digital infrastructure when a
person cannot detect risks arising out of the incorporation
of IoT devices, new means of communication and
processing of information, or assess implications of the use
of the new technologies. Besides, possible risks in digital
infrastructure tend to increase due to the development of
device technical characteristics and introduction of new
data processing tools.
Many challenges arise out of the development of the
emergent properties in digital systems. These challenges
are associated, for example, with the integration of data
about the digital devices usage by a certain person and
accumulation of data history. For instance, it is possible to
collect data and use it implicitly with the Big Data
technologies. These methods allow to detect new links
between objects, e.g. to personify previously anonymous
information. The application of these methods may result
in the situation when data harmless for a user today may
jeopardize him in future if these data is somehow specified
or new data aggregation and processing technologies are
applied in unexpected ways.
Thus, there is a need for scientific researches,
development and implementation of tools guaranteeing a
certain level of situational awareness for persons who are
not familiar with the specifics of surrounding digital
infrastructure, allowing to be efficient in a rapidly changing
digital infrastructure environment.
Tools enabling situational awareness should be
implemented predictively, i.e. their emergence should
precede the development and implementation of new
communication features, IoT devices and systems based on
them. The new device development process should be
comprehensive, addressing not only technical and
technological aspects but also considering psychological,
social, economic and legislative factors.
4. Legal environment around digitalization
Preventive development of regulatory framework for
the application of digital infrastructure is crucial in modern
world.
To implement legal restraints corresponding to the
requirements of the new digital infrastructure it is
necessary to use technologies adapted for the application in
digital environment, e.g. technologies that can operate
automatically. The use of smart contracts is the example of

the application of such technology. With the use of smart
contracts, it is possible to implement automated means of
communication, for example, for settlements between
elements of the IoT infrastructure.
Smart contracts is a new, evolving technology that
requires conceptual research, technological improvement
of available solutions, and the development and adoption
of new norms and regulations. Let us discuss some
conceptual issues related to the use of smart contracts in
digital environment.
The term smart contract is not standard. It does not fully
reflect the essence of the technology behind it. It actually
means not a smart contract but a form of formal contract
representation with the use of digital infrastructure that is
enough for preparation and execution of a contract in
digital environment. In [2] it is suggested to use the terms
smart contract and automated (self-executing) contract as
synonyms. Besides, the term self-executing in authors’
opinion more accurately reflects the essence of this
technology. The term digital contract may be suggested –
it reflects the fact that operations with contracts using this
technology are incorporated into digital infrastructure one
way or another. Smart contract may not be executed as a
traditional document but still somehow enables the
execution of necessary arrangements in a particular
situation. However, as the term smart contract is the most
commonly used in literature, we will use it here.
Technological implementation of smart contracts can
be different. The same requirement, for instance to have a
formalized form and automated execution of some
contracts can have different technological implementation
and apply different social and economic technologies.
Under the social and economic technologies, we mean the
combination requirement – technology that is used to fulfill
the requirement [3]. The same requirement can be met by
different technologies; the same technology can be used to
meet different requirements.
When talking about smart contract implementation it is
often meant the use of Blockchain technology. Many
authors consider Blockchain as a part of the technology
implementing smart contracts. However, others point out
that smart contract should be technologically- neutral [4].
Now smart contracts often use Blockchain technology and
thus they are often considered as complementary
technologies [5]; in future the use of smart contracts may
require the application of advanced technologies
guaranteeing data immutability at the execution of smart
contract. Differences and interaction specifics between
smart contract using Blockchain and a traditional contract
should be taken into account. There is an opinion that smart
contract fits into the existing system of legal documents and
becomes a one more semantic layer of a traditional contract
[6].
The example of implicit smart contract implementation
when traditional documents are not produced at all is
automated taxy ordering system. One of the most wellknown services of that kind is Uber [7]. A person orders a
taxi for the price calculated by the system for a particular
itinerary. The price is calculated with consideration to
demand and traffic situation. Prepayment or funds
reservation is not needed. The driver that accepted the price
set for the trip provides the service, receives payment in

cash or by any type of cashless payments. After the trip the
driver and the user assess each other. Obviously, negative
assessments can be caused by unsatisfactory service.
In this example, smart contract is implemented without
traditional documents. Correctness of communication
between parties is guaranteed by the automated system – if
one of the parties does not fulfill its obligations, it is fined
and the further use of service can be blocked. Technology
supporting data immutability with the use of distributed
ledgers is not needed in this case – the contract is short
term, mutual assessment and sanctions are done
immediately. Automated system enabling the service
operation arbitrates the parties.
The issue whether a traditional contract should be
supplemented by a smart contract is being brought up in
literature [8]. In our opinion, the example described above
demonstrates that at the current level of technological
development this is possible only in cases when contract
negotiations can be formalized. This allows to clearly
specify parties' rights and obligations, register in detail the
state of a contract execution and undoubtedly interpret all
possible ways of its violation. It may be expected that
further technological development will broaden the scope
of situations where it is reasonable to use smart contracts.
Technologies similar to the described taxi ordering
service are becoming more and more popular and are used
for the provision of services with the help of digital devices
- smartphones and computers. These technologies
considerably change social and economic landscape of the
modern society. Thus, for example, they have
fundamentally transformed the taxi market – prices
decreased due to free competition, traditional taxi ordering
method with the use of a telephone in many cases became
an add-on to the described automated system. However,
operating principles require the development of legislative
regulation in order to eliminate potential problems.
Summing up, we can state that the technological
implementation of smart contracts should be done
according to the following technological and legal
requirements:
• Impossibility to change a contract content without
consent of all participants, however, if such consent is
granted, the contract can be changed. Immutability of
contract’s content is often guaranteed by the use of
Blockchain technology; still, this is just one of the
possible options enabling smart contract content
immutability and its execution.
• Technological invariance. For example, when
processing technology is updated or changed for a new
one, available smart contracts should remain valid.
• Legally binding. The contract must be duly supported
by the norms and regulations in force guaranteeing its
execution by the parties involved and providing
protection in case of rights violation. However,
excessive regulation that impedes the development,
should be avoided.
• Compliance with regulations concerning data
processing procedures, for instance with the legislation
on personal data processing [9].
• Verifiability and possibility to check the contract by the
parties.

• Resistance to fraudulent activities, such as hack of
software, insufficient information about parties to the
contract withheld intentionally with mercenary
intentions etc.
• User-friendly design of smart contracts, possibility to
present smart contract in a convenient form.
• Clear procedures on all stages of contract preparation
and execution.
• Possibility to combine digital and traditional display,
i.e. availability of software enabling to convert smart
contract into the format suitable for both automated
application and perception by people.
• No high requirements towards resources of the
infrastructure, possibility to scale the system processing
smart contracts. .
• Possibility to work bypassing intermediaries in the
process of contract negotiation and execution.
• Availability of interstate agreements on the
acknowledgement of contracts made by persons
belonging to different jurisdictions.
• Standardization of information processing procedures
with the use of smart contracts.
Obviously, available smart contract implementation
solutions do not meet all these requirements. This
technology is still in the process of methodological
interpretation and development. However, it is integrated
by both commercial enterprises and state regulation
authorities of some countries. In the United States, the use
of smart contracts is still regulated on the states level [10].
In Russia the use of smart contracts and related
technologies is still not enough regulated with regards to
legal framework. However, the adoption of some relevant
norms and regulations is expected in March 2020 [11].
Legislative framework around smart contracts should
be implemented considering the widespread use of
automated devices. It should be developed taking into
account smart contracts use cases in ordinary routine
situation in order to guarantee that the new means of
communication are understood by a general user, that they
do no cause discomfort and tensions in society.
It may be assumed that the legal system supporting
digital environment will function similar to the traditional
legal system because despite of new means of life cycle
implementation it attends to the same subject domain and
supports the same activities but with the help of a new
technology. For example, a promising IoT infrastructure
will became a formalized and programmed subdomain of
the traditional infrastructure. In the context of IoT
infrastructure smart contracts may include for instance the
following content:
• Service Level Agreements (SLA) in a special format
allowing to control and assess the fulfillment of mutual
obligations by devices and their owners at the
technological cooperation.
• Settlement and cooperation terms in a broader context
not covered by SLA .
• Requirements towards service access, formats, volumes
of data exchange and other parameters specific to the
system consisting of certain devices.
The contents of smart contracts should be available for
the wide application by users who do not have professional

experience in digital technologies. It is crucial to address
the challenges of interface usability and use cases for the
implemented technologies.
Figure 1 demonstrates types of smart contract users and
the goals they plan to achieve using this contractual
instrument. Citizens get a convenient automated tool to
process personal information. The state controls and

regulates the sphere in order to minimize risks for citizens
and social and economic system in general. Besides, the
state provides infrastructure services enabling smart
contracts implementation. These include up-to-date
manuals and classifiers enabling standardization of smart
contracts content.

Fig. 1. Types of smart contract users and their goals

Businesses suggest a smart contract business model of
a certain type and implement it. Throughout the life cycle
of the implemented system businesses strive for
profitability of the system, provide its modernization and
development.
Design, operation and technological development of
this type of smart contract providing sufficient SLA for the
chosen business model is supported by technical and
technological solutions. The developed software is focused
on citizens; they should understand clearly how to work
with smart contracts. Special attention is paid to the
usability and friendliness of the system interfaces.
Progress in the humanities and natural science is used
for the research of smart contracts development tendencies,
of best ways to incorporate this technological trend into the
social and economic system; it also helps to address the
challenges of technology performance. Ensuring
immutability of smart contract content providing sufficient
operation flexibility is one of these developing trends.
Digital infrastructure object features related to smart
contracts such as those of IoT devices can be considered as
a type of virtual assets in addition to other types described
in [12].
It should be noted that objects of the legislative
framework have its own life cycle – from the adoption to
the termination or change for new objects. Life cycle of a
norm or a regulation is shortening due to the rapid

emergence of the new types of digital infrastructure
objects, change in their functionality during operation. The
acceleration of changes affects the use of digital
technologies in everyday life. Emergence and rapid general
adoption of digital technologies by social and economic
system created a new situation in the society impending the
loss of control and collisions due to the development of
unexpected emergent features. Preventive development of
legislative framework, regulation of digital technologies
usage will allow eliminating possible negative situations.
5. Conclusion
Digital devices owned by citizens have become a
critical element of infrastructure in the modern society.
These are personal communication devices, e.g.
smartphones, and IoT objects, e.g. home management
solutions, utility resources consumption solutions etc.
Traditional communication channels and a significant part
of object environment are substituted by functionally
similar digital devices. New types of violations and
technological risks arise along with positive results.
In these conditions, it is essential to preventively
implement new legislative framework, new technologies
such as smart contracts that meet the requirements of the
changed environment and allow to provide effective

management mechanisms for the society and eliminate
negative situations.
It is also needed to develop and implement norms and
regulations that precede the development of new
technologies and allow to guarantee efficient operation of
social and economic system in new conditions.
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Product Sharing Contract with Gross Split scheme come up as an alternative solution for developing a healthy, fair and
sustainable international oil and gas cooperation in Russian offshore [1]. In the application, benefits will be optimal for all parties if
all legal requirements and business interests are met. Regarding that, the monitoring process on PSC GS implementation is as crucial
as the negotiation process in making suitable terms and conditions for both parties. However, the real problem is negotiation
participants (representatives of parties) are not fully aware of all PSC elements, which causes long, uncertain, and repetitive
discussion or even results in unfair domination of one party over another. This paper shows the design of the tree and expert analysis
to help all parties understand PSC elements, sensitivities, and their interactions before entering negotiation process. The methodology
used is a theoretical survey (analysis & synthesis) based on world practices and Russian economical, technical, and geological
characteristics. The result depicts both analyses are important materials to prepare all parties for the effective decision making
process as well as support the establishment of win-win contract details.
Keywords: Production Sharing Contract (PSC), Gross Split (GS), Host-Government (HG), and International Oil Company (IOC).

1. Introduction
Since the date it’s created in 2017, PSC with the new
scheme started to implement in more than 42 working
areas in Indonesia. The main differences of this hybrid of
PSC and concession from others (basic ideas) are as
follows: split starts from gross revenue; IOC takes 100%
responsibility of E&P cost; and HG can increase/decrease
IOC’s share by assessing variable (every POD) and
progressive components (monthly), design of which is
based on existing oil and gas fields calibration. Facing
difficulties to explore and develop its resources in certain
complex field condition, Russia is obviously in need of
applying PSC GS to increase its fiscal attractiveness.
Because existing contracts don’t have necessary
functionality for efficient, simple, certain and transparent
interaction with IOCs, while the international
collaboration is significant due to the absence of
sufficient technologies, facilities, human resources and
investments [2]. After all, it’s not the same PSC GS
scheme to offer to implement in different countries, but
the analogy of it by maintaining the basic ideas and
adjusting the clauses, which are shown in table 1.
Table 1. PSC basic elements (clauses) [3-18]
National Legislation
Contract Negotiation
Operational
Government
Work commitment;
Aspects
participation;
Relinquishment;
Ownership transfer;
Commerciality
Conflict resolution;
Insurance
Revenue or Royalties; Taxation;
Bonus payments; Cost
Production
Depreciation rates;
recovery limits;
Sharing
Investment credit;
Production sharing
Elements
Domestic Market;
Obligation;
Ringfencing

It’s undeniable that there are tendencies from both
parties to dominate the contract. The negotiation trade-off
between HG and IOCs lies in the clauses above. Thus,
every party should analytically and statistically

understand how the elements mean to control each
bargain position. This is necessary to establish win-win
solution contracts.
2. Tree analysis
Based on all PSC basic elements, decision tree
analysis is presented in Fig. 1. The map shows the details
of basic elements and possible options of their
implementation. Considering a large number of different
proposed contracts, the tree allows parties to fast and
thoroughly understand how this or that project can be
economically effective for all, which is certainly based on
comprehensive analysis of their capacity, market
conditions, and specific interests. It is worth noting that
the assessment of possible solutions in this analysis
allows you to determine a strategy for public-private
partnership within the framework of commercial,
budgetary, social, technological and environmental
efficiency [19].
Referring to the map, onshore and Caspian offshore
are not a prioritized option due to the fact that Russian
companies are able to deal with those fields, except, shale
and other unconventional fields, while offshore fields,
which require more cost and technologies, are more
challengeable. Therefore, by considering their most
difficult circumstances the focus is on Sakhalin and
Arctic.
3. Expert’s analysis
Table 2 presents experts’ opinion on each basic
element according to survey using multi criterial analysis.
The expert Council consisted of about 80 specialists in
various fields of science, which allowed us to consolidate
the information received and determine the most priority
areas for analysis and evaluation. The experts score the
level of significance of each criteria and set the rank
based on their experiences and objectives. Besides, the
table classifies general requirements that HG and IOC are
likely to put forward during negotiations.
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Fig. 1. Decision tree analysis (Created by Authors)
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Table 2. Expert analysis: PSC implementation option in Russian offshore (Created by Authors)
Name
HG
IOC (Contractor) PSC GS (Optimum)
Note
Considering
high
risks
in
exploration phase, Contractor tends
to recover sunk cost maximally.
Commerciality
Low sunk cost, high development feasibility, & high geopotential.
Geopotential is the key to decide
whether field development is
feasible in high sunk cost.
Incremental
sliding
scale
Single split: 50-90%
Base split + variable production sharing guarantees
Single split: 30-50%
Product sharing
share with high
(fixed) and progressive flexibility, fairness, simplicity,
with no limit CR
(monthly) components transparency & certainty of HG and
royalty/FTP
Contractor's share.
30-60 %, after
Cost Recovery by IOC after gross
40% and higher, No After gross split with
Cost recovery
recovering capital cost
revenue split stimulates work
limit
50% limit
15-30%
efficiency of the contractor
Fiscal incentive supports contractor
Taxes (Profit, local,
with financial risks. In Indonesian
Single tax, tax
road use), pipeline
GSS profit tax is the one and only
Taxation
Multiple taxes and levies
tariff, excise,
holidays, tax
tax. But in Russia, considering the
deduction and TLCF mandatory conversion,
taxation habit, some key taxes are
TLCF, Tax deduction
put in to Russian GSS.
Mostly, cost recovery weighs on
Replaced by gross
HG's take. Therefore, to secure total
revenue split and
No or yes, with
Royalties & FTP
Yes, with no split
take, HG sets 5-20% royalties,
Incremental sliding
balanced split
which results in increase of
scale components
contractor's burden.
Tech: Seismic, &
Tech: Seismic, &
Drilling Data (exp),
Tech: Seismic data.
Drilling Data in
In gross split, work commitment is
digitalization, EOR
Financial: partial
exploration. Financial: valued not only by reliable seismic
(Dev&Prod), max site
investment with
partial or full
and drilling data and delineation,
restoration; Financial:
reimbursement &
investment with
but also signature bonus. In dev. &
Full investment
investment credit.
reimbursement.
prod. phase, incentive components
Work
with(out)
Equipment: minimal
Domestic content min automatically respond to contractor
commitment
number of wells and
reimbursement;
25%. Equipment, HR, work commitment. The stronger the
platform. HR: min
Equipment: high
Tech based on variable commitment is made, the more
domestic content,
domestic content,
and progressive
contractor's take is increased, and
sufficient reliable
sufficient number of
components (sliding vice versa.
workers
wells and platform. HR:
scale system).
high domestic content
In IOC's view, working with many
parties is not preferable due to
different cultures. Though risk can
be spread. In HG's view,
involvement of National & private
Russian companies makes it easier
Gov participation Gov+NOC+ROC+IOC
Gov+IOC
Gov+NOC+IOC
to control fraud, balance dominant
power and learn science-tech from
IOC. Overall, collaboration is
needed but with limited players.
NOC's carried through exploration,
has 15% interests.
Applying
basic
principles
(Certainty,
Efficiency
and
International
Simplicity), GSS gets rid of many
Arbitration, local
Arbitration, and
Conflict
conflict potentials. But when it
litigation as an
Arbitration
International litigation
resolution
appears,
the
mechanism
of
alternative
as alternative
resolution has to be transparent,
cheap, effective and efficient.
GSS facilitates contractor to better
Period CAPEX ≤ ½ of
amortize its capex & opex. The
Long period with SLD Short period with
DD&A Rates
WP (DDB); OPEX ≤
tittle to equip belongs to HG. WP is
scheme
DDB scheme
2/3 of WP (SLD)
working period.
HG motivates contractor to do
Ringfencing
Yes
No
Yes
efficiency in order to maximize its
total take
Yes, 25%, at specific
No DMO or 25%
Yes, 25%, at market IOC has already consumer. For HG,
DMO
lower cost
DMO at market cost
cost
DMO can help fulfill national

Rank

12

13

14

15

16

Name

HG

IOC (Contractor)
+ DMO Fee

Note
demand as well as activate refinery.
Production bonuses to HG is
regulated in progressive component
Signature, prod and with sliding scale approach. While
Signature and
Bonus payments
ministerial (sliding ministerial bonuses to contractor
Ministerial
production Bonus
scale)
depends not only on uneconomic
condition, but also commitment to
efficiency
Government will decide whether or
No extension of
Extension of
not extension is worthy to be
exploration and dev exploration, transfer Possible extension of
Relinquishment
granted. HG considers contractor
or surrender part of
exploration
phase, surrender full
commitments to seismic & drilling
territory
territory
data, & appraisal)
Such an incentive has been
Investment credit
Replaced by sliding
No
Yes, 5-20%
represented by variable and
& uplifts
scale components
progressive components
Contractors and subcontractor are
Regulated based on strict No regulation (free Regulated: Determined obliged to be adequately insured in
Insurance
HG's supervision
based on white list reputable companies written on the
to determine)
white list
Ownership
belongs
to
HG.
Partially in the form of
Ownership
Contractor can transfer not the
No
Yes
participation, not
transfer
ownership,
but
participation
ownership
interests.

It also provides optimum requirements in the form
of PSC GS. As it can be seen from table 2, PSC GS
allows HG and IOC to come to an understanding and to
identify common goals in running the collaborative
projects. In addition, what will be given special
attention is described in notes. Changing the ratio of
costs and potential benefits when applying the PSA will
significantly
increase
commercial,
budgetary,
technological and scientific efficiency (figure 2.)

PSC GS (Optimum)

potential disputes. Thus, all parties are able to save the
time of signing contracts, minimize costs at further
stages of running project, and achieve win-win solution.
As we’ve known, disputes and renegotiation are timeconsuming, costly, and sometimes manipulative. In
addition, the cross-analysis gave results in terms of
improving project efficiency by 14.7% for the studied
objects of the Arctic and Sakhalin. Thus, the decision to
include the PSA synthesis model in the framework of
forecast projects for the development of the continental
shelf may become promising in terms of commercial
efficiency. It will also present an opportunity to
improve the scientific and technical potential of the oil
and gas industry not only in Russia but also in other
countries on the world energy market.
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Figure 2. The balance of costs and benefits of a project enable
SRP on the Russian shelf (forecast) - compiled by the authors

Based on the table, commerciality, product sharing,
cost recovery, taxation, and royalties are key elements
in the contract. Therefore, all parties will focus
negotiating the terms and conditions for these elements.
However, all elements play crucial roles in the contract.
For instance, 25% uplift and ownership transfer can
significantly benefit IOC, although 5 above elements
belong to HG.
4. Conclusion
To sum up, using both analyzes can prepare
negotiation participants with the picture of PSC
elements, sensitivities, and their interactions; improve
mutual understanding in setting goals; and reduce

Reference
[1] Kiat M.I., Ilyukhin S.I., Ozdoeva A.Kh.
"Indonesian PSC with Gross Split Scheme as an
Alternative for offshore business." World Energy:
Competition and Cooperation. Ed. S.V. Zhukov,
(Moscow: IMEMO RAN, 2019), 48-57,
https://www.imemo.ru/files/File/ru/publ/2019/2019
_06.pdf
[2] Konoplyanik A.A. “Russian law about PSC.” In
Overview of the economic situation of Europe,
156-161. New York and Geneva: United Nation,
1998.
[3] Gubanov D.A., Korgin N.A., Novikov D.A.,
Raikov A.N. Network expertise 2nd edition., 25-43.
Moscow: Egves, 2011.
[4] Avdeeva Z., Kovriga S. (2008). Cognitive
Approach in Simulation and Control. Proceedings

of the 17th World Congress The International
Federation of Automatic Control, Seoul, Korea,
July 6-11, 2008. pp. 1613-1620
[5] Cooper R., Sawaf A. (2000). Executive EQ.
Emotional Intelligence in Business. - London, NY:
Texere. 2000. - 358 p.
[6] Gigerenzer G. (2007). Gut Filling. The Intelligence
of the Unconscious. - London: Viking. 2007, 280 p.
[7] Hollender J., Breen B. (2010). The responsibility
Revolution. How the Next Generation of
Businesses Will Win. - San Francisco. JosseyBasss. A Wiley Imprint. 2010. - 214 p.
[8] Howe J. (2008). Crowdsourcing. Why the Power of
the Crowd Is Driving the Future of Business. - NY:
Three Rivers Press. 2008.
[9] Jamsa Kris (2013). Cloud Computing. - Burlington
(MA). Jones & Barlett Learning. 2013. 321 p.
[10] Maximov V. (2001). Maximov V. Cognitive
Analysis and Situation Modeling // Proceedings of
the 8th IFAC Conference on “Social Stability: The
Challenge of Technology Development” (SWIIS'
01). Sept. 27 - 29, Vienna, Austria.
[11] Peitgen H.-O., Richer P.H. (1986). The Beauty of
Fractals. Images of Complex Dynamical Systems. Berlin, Heidelberg, NY.: Springer Verlag. 1986.
[12] Perkins D. (2001). The Eureka Effect. The art and
Logic of Breakthrough Thinking. - NY - London:
W W NORTON&COMPANY. 2001, 293 p.
[13] Raikov A.N. (2008). Raikov A.N. Convergent
Cognitype for Speeding-Up the Strategic
Conversation. Proceedings of the 17th World
Congress The International Federation of
Automatic Control, Seoul, Korea, July 6-11, 2008.
pp. 8103-8108.
[14] Raikov A.N. (2009). Convergent control and
Decision Support. - Moscow. IKAR, 2009. - 244 p
(Russian)
[15] Saaty Thomas L. (1988) The Analytic Hierarchy
Process. - Pittsburg.: University of Pittsburg.1988.
[16] Ulyanov S., Panfilov S., Kurawaki, I. and Yazenin
A. (2001), “Information analysis of quantum gates
for simulation of quantum algorithms on classical
computers”, Proc. QCC&M, Kluwer Academic /
Plenum Publ., 2001, pp. 207-214.
[17] Ulyanov S.V., Raikov A.N. (1998). Chaotic factor
in Intelligent Information Decision Support
Systems. In: Proc of Third International Conference
on Application of Fuzzy Systems and Soft
Computing (ICAF'98), Wiesbaden. Germany.
October 5-7, pp. 240-245
[18] Wong P.C., Leung L.R. Scott M.J., Mackey P.,
Foot H., Jr. Taylor Z.T., Xu J. Unwin, S.D.,
Sanfilippo A. (2009). Designing a Collaborative
Visual Analytics Tool for Social and Technological
Chang Prediction. In: IEEE Computer Graphics and
Application
“Collaborative
Visualization”,
September/October 2009. pp. 58-68.
[19] Johnston, D. International petroleum fiscal systems
and production sharing contracts, 25-93. Tulsa,
Oklahoma: PennWell, 1994.

About the authors
Kiat Mukhammad I., scientific researcher, National
Research University of Oil and Gas n.a. I.M. Gubkin,
Moscow, Russia. E-mail: Muhammadiksankiat95@gmail.com
Ilyukhin Savelii I., scientific researcher, National
Research University of Oil and Gas n.a. I.M. Gubkin,
Moscow, Russia. E-mail: savelykh@yandex.ru
Ozdoeva Alina Kh., PhD in economics., scientific
researcher, National Research University of Oil and Gas n.a.
I.M. Gubkin, Moscow, Russia. E-mail: 4305@bk.ru

Organizational resilience. Cost optimization approaches
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The article considers the possibility of applying the theoretical concept of resilience to the optimization of activities to improve the
resilience of organizations. For this purpose, various approaches to the concept of resilience and its practical implementation are
analyzed. The generalizing point for these approaches is the understanding of resilience as the degree of readiness to respond adequately
to unforeseen events and circumstances. Thus for organizations, resilience is cognate to risk management. In order to optimize costs,
the analysis of the relation between these types of activities was carried out. Based on the definition of resilience as a component of risk
management, a multi-level approach to optimizing the cost of improving the resilience of organizations is proposed. In this approach,
the most effective measures to improve resilience are selected end-to-end, while increasing the scope of the task consistently: from the
level of specific activities to the analysis of interactions between organizations. This reduces the impact of uncertainty on risk-based
decisions by maximizing consideration of factors and boundary conditions.
Keywords: organizational resilience, risk management, cost-benefit analysis.

1. Introduction
Recent examples of natural, man-made, and
humanitarian disasters have revealed a lack of readiness of
companies to deal with unforeseen threats of a serious scale.
"Black swans", that is, catastrophic events difficult to
predict, from a rare phenomenon passed into the category
of quite probable. In such circumstances, traditional risk
management methods focused on a thorough threat analysis
and based on the extrapolation of retrospective assessments
and expert assessments representing a generation of a more
stable period will no longer work. This does not allow
companies to develop adequate responses to sudden shocks,
which often leads to significant losses.
To solve this problem, organizations must develop the
ability to withstand an emergency and recover from a
failure. This is the goal of the concept of resilience, which
has recently become one of the most frequently used in
various disciplines when considering sustainable
development issues.
The main purpose of the work is to study the
possibility of applying the theoretical concept of resilience
to optimize the activities aimed to improve the resilience
of organizations. The first section provides the basic
concept of organizational resilience. In the second section,
resilience is considered in the context of risk management
activities. In the third paragraph, a multi-level approach to
optimizing the cost of improving the viability of
organizations is proposed.
2.

Organizational resilience

The term resilience or stress resistance in Russian
translation was used by scientists, starting with Seneca and
Cicero, then Bacon and others in the middle ages,
gradually becoming more universal and relevant over time
[1]. In the modern context, the use of the term in relation
to ecosystems was initiated by the work of Halling [2],
who defined resilience as the ability of an ecosystem to
independently maintain and restore the level of basic
relationships in it by absorbing shocks and fluctuations in
the parameters of external or internal influence. In the last
decade, the concept of resilience has played an
increasingly important role in the development of political
solutions, in addressing environmental, technical and

social issues. Despite the wide cross-disciplinary scope of
use, to date it has not developed a common understanding
of the term [1]. However, by now it is possible to
distinguish the main approaches that can be used as a basis
for working on the resilience of organizations.
The Latin word “resilio", passed into English as
“resilience” in the sense of “bounce back, go back”. It is
in this sense that resilience is understood in the first
approach – the ability of the system to return to its original
position after being out of balance. At the same time,
resilient species overcome adverse external influences at
the expense of internal resources [3]. This static approach
to resilience is used in ISO 22313 [4].
The second approach understands resilience as the
ability of a system to adapt to stressful events without
necessarily returning to its original state. The main
disadvantage of such adaptability in socio-ecological
systems, as noted by A. Hornborg [5], is the fact that poststress equilibrium is likely to assume the oppression of the
natural system, since the significance of social systems for
decision-makers is higher.
D. Chandler [3] proposed the third, so-called dynamic
approach. It defines resilience as "an emerging and
adaptive process of subject-object relationships". Chandler
explains "the subject does not survive solely because of its
internal resources, but survives and thrives because of its
ability to adapt or interact dynamically with the socioecological environment."
The definition of resilience, which summarizes all
these approaches, is used in the UN Strategy for disaster
risk reduction [6]: “The ability of a system, community or
society exposed to hazards to resist, absorb, accommodate
to and recover from the effects of a hazard in a timely and
efficient manner, including through the preservation and
restoration of its essential basic structures and functions”.
One of the important areas of research on resilience is
organizational resilience. Here, as in the mainstream of
research, there is a high degree of activity of researchers
with many different approaches to the subject. M.
Linnenluetske [7] traces the development of the concept of
"organizational resilience" from the ability to resist
external influences in the 1980s, the understanding of
resilience as reliability in the 1990s, to strategies for
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working with staff, the adaptability of business models and
the stability of supply chains in the 2010s.
L. Hiao, and H. Cao [8] note that the fundamental
difference between organizational resilience and
adaptability, flexibility, reliability, etc. is that the
resilience of the organization is understood not only as the
ability of the organization to respond, but also to develop
in a state of uncertainty, interruptions and emergencies. In
addition, the same researchers suggest a multi-level
approach to considering the sustainability of the
organization from the individual level (personnel), to the
level of divisions and the entire organization, and also note
the importance of transit relations between these levels.
A large number of studies have been devoted to the
development of indicators for determining the level of
resilience of companies [9, 10]. M. Bruno et al. [11] define
four aspects of resilience that are of interest for seismic
events: technical, organizational, social and economic.

Physical
Informational
Cognitive
Social

Prepare

The following characteristics are proposed for assessing
the seismic stability of systems: robustness, redundancy
and diversification, entrepreneurship, and efficiency.
These characteristics are quite universal relative to the
application area.
J. Park et al. [12] consider resilience as a cyclical or, as
they write, recursive process, in which it is important to
pass the following main stages of information processing
and development of adaptation measures: sensing,
anticipation, adaptation, learning.
I. Linkov et al. [13] identify and apply [14] four jointly
exhaustive components of any complex system: physical,
informational, cognitive, and social.
As a result of their combination with the process of
resilience, the authors obtained [13] the so-called
resilience matrix, which takes into account the quality of
each of the selected vital components of the system for
each of the processes of ensuring resilience (Table 1) [13].

Table 1. Example of the resilience matrix

Absorb

The use of the matrix does not imply the use of certain
quantitative estimates, but allows you to get a
comprehensive view of the system's readiness for shocks
and to identify weaknesses that require priority study.
The work [15] proposes a methodology for quantifying
the system's resilience based on the concept of critical
functionality, which is the minimum necessary set of
functions during a crisis.
Companies that are active users of natural resources
can use approaches to assess so-called "sustainable
resilience" [16].
Thus, at the moment, there are a number of approaches
to assessing the current level of resilience of an
organization, from which you can choose the most
appropriate to the context of the organization's activities
and the required accuracy of analysis. Based on the results
obtained from such assessment, it is possible to plan
further steps to improve the level of preparedness of
organizations to respond to unexpected stressors.
3. Resilience and risk management
When implementing the concept of resilience in
companies, it is necessary to understand that this activity
does not replace the need for existing risk management
practices. Resilience can be either an independent line of
work or a complementary function in relation to risk
management. To successfully combine these practices, it
is necessary to clearly understand the difference between
their main goals and methods.
The main difference between the two approaches is
that risk management is aimed at identifying and
neutralizing risks that can cause unacceptable deviations
of the company's indicators from the planned ones. At the
same time, resilience is designed to respond to unknown
threats, and in the process of responding, the original

Recover

Adapt

targets can be changed in accordance with changed
circumstances.
The risk management process, as presented in the most
popular ISO 31000(2018) [17] standard, is represented by
a cycle of the following stages: scope and criteria - risk
assessment - risk treatment - monitoring and control –
documentation. As risk management has moved into the
management area from the technical one, which was used
for the risk analysis of dangerous objects, it has adopted
the characteristics of probabilistic safety analysis of
technical objects. This approach is used most extensively
in the nuclear power industry, due to the severity of the
consequences. It allows to assess the possible size of
nuclear damage, taking into account the probabilities, and
to organize the safety management of a nuclear facility by
developing recommendations for improving safety
(reducing risk) based on the results of risk assessments.
Conducting such an analysis allows, on the one hand, to
ensure a given level of security of nuclear facilities, and on
the other hand, to optimize the size of investments in
security. A characteristic feature of risk management
approaches from the point of view of the nuclear industry
practice is that even such a deep approach to the study of
the safety issue could not completely exclude major
nuclear accidents. So, since the publication of the WASH
-1400 report [18], released in 1975 shortly before the
accident at the Three Mile Island nuclear power plant,
none of the major accidents (Three Mile Island,
Chernobyl, Fukushima) has exactly followed a prepredicted scenario. The largest accidents were caused by a
combination of unforeseen events.
Given the fact that risk management based on the
identification and analysis of risks cannot completely
exclude the occurrence of unforeseen events, and their
frequency has been objectively increasing in recent years,
the resilience approach, which consists in organizing the

company's actions in the event of unforeseen events, is the
missing link in the risk management activity. J. Park et al.
[12] cite the article by Marais et al.: “It is not necessary to
predict all potential causes of a ship sinking in order to
provide life boats and other emergency measures“. In the
same paper, the authors [12] provide a comparative table
of risk management and resilience approaches. In addition
to the differences in goals already mentioned above, there
are differences in design strategies, analysis models, and
attitudes to sustainable development. There is a significant
difference in the mechanism for coordinating response
measures: while risk management methods provide for
centralized execution of emergency response plans,
resilience methods provide more "bottom-up" initiative
depending on the specific situation.

To explain the differences between the scope of
classical risk management and resilience, we provide a
graphical explanation in Fig.1. At time T1, classical risk
management methods can be used to extrapolate current
knowledge of possible risk (direct V1 = f1(T1)). However,
due to the inertia of human thinking and the methods used,
there has recently been a gap between the rate of increase
of vulnerability V=f(T) from the area of assessed risks (the
area under the line V1 = f1(T1), highlighted in Fig.1.).
Therefore, at time T2, there remains a risk area that is not
covered by risk management activities. It is precisely to
close this gap that the company's resilience is being
developed. And the higher the growth dynamics of risk
exposure is, the higher the significance of activities for the
development of resilience.

Fig. 1. Differentiation of areas of application of classical methods of risk management and resilience

Working to improve the resilience of companies shifts
the focus of risk management to strategic risks and
strategic assets. This is due to the fact that in the process
of responding to a stressful event, resilience does not
exclude modifications of the main process, the loss of
individual components of the system, and other changes.
In the work [19], this approach is called "hard resilience",
in contrast to "soft resilience", which assumes full
restoration of the system's functionality after a failure.
Thus, the concept of resilience can be considered as an
element of risk management activities with due
consideration of the identified differences and the
development of boundary conditions. With high dynamics
of changes in the quality and level of risks, such activities
can significantly compensate for the inertia of traditional
risk management approaches.
4. Optimizing the cost of resilience

need a tool to analyze possible alternatives and choose the
best solution to improve their resilience. However,
investments in risk management measures and resilience
have a number of significant differences from commercial
investment projects. The main difference is that the
assessment of the effect of such activities is based on
probabilistic estimates of events that are not fully
understood. This can cause difficulties in making a priori
decisions. For any organization, making a wrong decision
about the level of resilience in an uncertain environment
can lead to the following adverse consequences [20]:
• "insufficient countermeasures can lead to incidents
with significant losses;
• over-investment in security can reduce the
organization's performance."
To reduce uncertainty and maximize consideration of
all factors associated with increased resilience, we perform
a cost-effectiveness analysis at four levels (fig. 2).

As with any other investment decision, companies

Fig. 2. Multi-level cost-benefit analysis of resilience

This approach will allow to identify the most effective
measures at each level, from which the most relevant for
the organization could be selected.
At the first level of analysis, we will highlight the
measures that are most effective in reducing losses after
incidents. As known, it is better to prevent a fire than to
extinguish it. And the effective cost of resilience has a rule
of leverage – relatively small costs at the preparatory stage
give a huge effect in the case of risk realization. For
example, an analysis of many projects aimed at reducing

the risk of natural disasters has shown that the vast
majority of them were profitable in terms of a posteriori
cost-benefit analysis [21].
In the general case, the cost effectiveness of the
resilience Еres could be determined by the ratio of areas
ΔSloss/Sres (Fig. 3).
where ΔSloss - reduction in incident response costs; Sres –
costs for improving resilience.

Fig. 3. Intertemporal distribution of expenses for preparation and response to the incident

At the second level, we will consider the impact of
costs of resilience as part of the risk management
activities. To do this, we use the total cost of risk (TCR)
indicator, which takes into account the entire amount of
possible costs associated with risks. This indicator is often
used to optimize risk management and insurance
measures. The total cost of the TCR risk is determined by
the sum of the following components:
TCR = Cret + Cins + Crm 
→ min
where Cret - capital reserve for self coverage of expected
and unforeseen losses; Cins –insurance premium; Crm - noninsurance costs.
Non-insurance costs will consist of two components:
risk reduction costs (Crisk) and resilience costs (Cres): Crm=
Crisk+ Cres, then
TCR = Cret + Cins + (Crisk + Cres ) .

To minimize the total cost of risk, we select such types
of investments in resilience Cres that will minimize the
amount of the contingency reserve for Cret, which will also
have a positive impact on the size insurance premium Cins,
and can also theoretically reduce the estimate of the
expected loss. Taking into account the identified
correlations between the total cost of risk and resilience,
as well as working to strengthen the positive relationships
between TCR components, can lead to a very noticeable
synergistic effect. One of the successful examples of such
joint activities is the extinguishing of the fire in the NotreDame Cathedral on April 15, 2019. Thanks to emergency
response plans developed jointly with insurance

companies and coordinated with firefighters, it was
possible to save most of the relics and art objects stored in
the Cathedral [22].
At the same level, the entire risk management process
is coordinated to determine the resilience project's scope
in terms of boundary values. In this sense, it is useful to
use experience from high-risk industries that have
accumulated some experience of planning activities in
conditions of uncertainty. Thus, the International
Commission on Radiation Protection (ICRP) introduces
the following principles of radiation protection [23]:
•
the principle of justification;
•
the principle of optimizing protection;
•
the principle of using dose limits.
In this approach, the ALARA (as low as reasonably
achievable) principle of protection optimization is applied
exclusively in the area of compliance with the required
levels of collective and individual risk (dose limits), and
only for activities whose estimated benefit significantly
exceeds the possible harm (justification principle). If the
organization has and is fulfilling certain security
requirements (for example, industrial or information
security), then it is necessary to use the amount of work
that has already been done, thereby minimizing the cost of
increasing the level of resilience.
In addition to the limits of the optimization area, other
possible strategies must be considered [24] since
minimizing the total cost of risk is not always the best
option. While minimizing the total cost of risk, today's real
costs are added to the hypothetical losses of tomorrow. At

the same time, the optimal solution has a strong
dependence on the quality of risk assessments. The cost
criterion may not always be dominant when making
decisions. For example, for enterprises with critical
infrastructure, the main criterion may be the duration of
the predicted business interruption. Taking into account all
possible restrictions and alternatives will allow you to
make the most informed decision about the possibilities of
reducing the risk.
At the third level, we will consider applying the costbenefit analysis to the entire organization. At the same
time, both the scope of the problem and the number of
stakeholders increase significantly. Therefore, before
performing such an analysis, it is recommended to
determine [25, 26]: the goals of the analysis, the time
interval, the discount rate, the stakeholders, and the
required amount of information.
Careful analysis of the source data for the calculation
is important for two reasons. On the one hand, the
calculation of financial indicators, such as the benefit/cost
ratio or NPV (Net Present Value), is one of the reference
points for making a decision. On the other hand, financial
estimates cannot be the only decision-making tool due to
the inaccuracy of the initial data. Therefore, all structured
information about existing alternatives, assumptions, and
limitations is essential for making a decision.
For example, when evaluating the key parameter of the
analysis - the discount rate, you need to find a balance
between the desire to get returns as quickly as possible
(high rate) and take into account as many potential
stressors as possible, sometimes with a long horizon of
manifestation (low rate).
For public companies, it is important to take into
account the views of shareholders. As the practice of large
losses shows, the success of the company in the process of
responding to an incident affects the share price. In the
case of unsuccessful measures, the yield of shares falls,
and, conversely, shows an excess of the estimated yield in
case of successful countermeasures.
The fourth level of analysis involves considering the
possibilities of interaction between different organizations
in the event of incidents. Such an association is possible
on a territorial or professional basis. This can be a unified
response system, the creation of a mutual insurance
company, and so on. The development of joint pre-agreed
responses by various organizations can significantly
improve the effectiveness of investments in their
resilience.
This multi-level approach to optimizing the
organizational resilience costs will help to determine the
required level of coverage and identify solutions that best
meet the organization's needs at the lowest cost.
5. Conclusions
The analysis of theoretical approaches to the concept
of resilience allowed us to determine the place of activities
to improve the organizational resilience as a component of
risk management. This positioning of resilience allows to
combine this activity with existing risk management
processes in the organization.

The proposed multi-level approach to optimizing the
cost of resilience reduces the level of uncertainty in
making decisions based on risk assessments by taking into
account factors and limitations as much as possible.
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The current article is devoted to search tools for determining the optimal solution and forming the optimal company strategy for
small innovative companies in the business innovation environment of the oil and gas complex. The main area of research in the
article is the reasons for the difficulties of innovative Russian entrepreneurship and its entry into the domestic market and work in this
market. We also consider tools such as SWIFT-analysis of assessment and forecasting of the company's performance, the portfolio
model of BCG (Boston consulting group), a multi-factor matrix for selecting strategies for the most effective planning of the company's
activities, as an improved version of the Arthur D. Little model. At the same time, the study revealed that a wider range of project and
strategic opportunities for planning and managing a company is formed by the production and economic matrix using SWOT analysis.
Thus, based on this study, the following recommendations were formulated for beginning entrepreneurs and developers in the field of
innovation: take into account and apply the strategy for small innovative enterprises according to the SWOT analysis for monitoring
and forecasting upcoming events (production or economic); use marketing research tools, as well as forms for planning a product
plan for the life of the company; take into account that the forecast should be based on strategic analysis, using the optimal method for
specific goals, and be the starting point for developing new models and business development plans.
Keywords: business strategies, cascading strategy, SWOT analysis, product plan

1. Introduction
The modern way of innovative development of any
country can be implemented through integration with the
world system. However, business models often focus
exclusively on project activities and do not take into
account the current management and development needs
of a company, region, or country. It remains obvious that
the socio-economic development of the state depends on
innovations of strategic importance, including in the oil
and gas industry. The synthesis of technological and
economic methods can lead to GDP growth. According to
statistics, the current market volume of high-tech
products is 2 trillion 300 billion US dollars. According to
statistics, the US accounts for 39% of this production,
Japan-30%, Germany-16%. Russia's share is only 0.3 %
[1]. The national security of a country may depend on the
level and volume of impact of high-tech products on the
economy, its position on the world market, as well as on
its activity in the economy. Thus, when forming a
business
strategy
and
determining
innovative
development, it is necessary to proceed from the needs of
the external environment and internal potential [8]. This
study defines the limits of opportunities and analyzes the
resources of both companies and the state in determining
innovative development using business strategies.
2. Comparisons
For the second half of 2018 and the first quarter of
2019 US government spent 39.24 billion dollars. to the
scientific sector of the economy for development and
research. The USA has increased the budgetary
allocations for science since 2009 by 29%. Similar
expenses of Russia in 2018 amounted to 431,073.2
million rubles. (about 6.79 billion dollars). Russia has
increased its budgetary allocations for science since 2009
by about 50%. Thus, in relative terms, the budget
expenditures of Russia for innovation are higher, but in
fact in absolute terms the difference is quite noticeable
(more than 5 times).
The key drawback of Russia's scientific and
innovation policy is the lack of consistency in the

formalization and implementation of scientific and
innovative priorities. There is a gap between the
development and creation of technologies, the
implementation of R&D and the release of technologies
into mass production. Partly, the lag in this area is a
consequence of the established administrative command
system of the USSR, which does not allow fully
developing many promising areas of R&D, as well as the
result of uncontrolled transformations of the 1990s [2].
During periods of paradigm shift, including in
scientific and innovative approaches, namely, the
transition from the paradigm of “catching up with foreign
innovations” to the paradigm of catching up while
creating something fundamentally new, and not just
copying existing analogues, there are opportunities to
catch up with outrun the leaders. Changing approaches
makes it possible to open new paths of development, gain
an advantage, and become better in their direction, while
others are just learning. However, it is worth noting that
one cannot just take and change landmarks, conditions
must be created.
Within several years since the creation of the first
nanocenter, 11 centers and 275 start-ups created by them
appeared [3]. In the Sverdlovsk Region, 27
fundamentally new scientific and technical products were
created: anti-corrosion materials and coatings:
nanocrystalline magnetic alloys, heavy-duty parts based
on hard alloys, and optoelectronic devices. In the field of
computer technology, Russia has overcome a huge and
difficult path, getting new modern market products based
on the fundamental scientific, technical and educational
backlog, formed back in the USSR and attracting
international practice [4].
Thus, adaptation of Russian legislation to
international standards, adopted best practices in this
area, closer interaction with the global economic system,
have a positive effect on the business environment of
Russia, creating market growth, including fair
competition, as well as a more attractive investment
climate for high technology long-term forecasts [9].
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3. Business strategies and tools
Working towards each other is the most reliable and
shortest path to understanding and trust in public-private
partnerships. Solving the problems of introducing and
commercializing innovative technologies, a clear
understanding and adoption of measures is necessary
both from the state and from the business side. The main
part of the mutual cooperation procedure begins on the
part of the innovative enterprise, namely, understanding
the basic elements of the company’s work and business
development strategy.
At present, there are 4 fundamental business
strategies [5,6]:
˗
a strategy of concentrated growth - a strategy to
strengthen market positions, a market development
strategy, a product development strategy;
˗
reduction strategy - elimination strategy, “harvest”
strategy, reduction strategy, cost reduction strategy;
˗
diversification growth strategy - centered
diversification strategy, horizontal diversification
strategy;
˗
integrated Growth Strategy - a strategy of reverse
vertical integration, a strategy of forward-going
vertical integration.
Each of these strategies has its advantages and
disadvantages, its capabilities and threats. A fairly clear
assessment can be obtained using such tools as SWOT
analysis, the portfolio model of BCG (Boston consulting
group), a multi-factor matrix for selecting strategies for
the most effective planning of the company's activities, as
an improved version of the Arthur D. Little model (Table
1) however, the expert assessment procedure based on
SWOT analysis in the course of the study has shown
SWOT
Concentrated growth strategy

Strengths:
1. Acceptable pricing policy
2. Availability of professional staff
3. Performance of quality services
4. Maintaining the economic balance
of the company thanks to several
products

Weaknesses:
1. Lack of feedback
2. Little information about a new

great informativeness and transparency for developing
strategies together with representatives of large
businesses, in particular innovation areas. The model
included: formation of expert groups by area, analysis
and evaluation of company reports by experts, including
business models in the oil and gas sector. (annual reports
of LUKOIL-Western Siberia, Gazprom, Novatek,
Rosneft, Exxon Mobile, etc. [7]) For example, the
advantage of a concentrated growth strategy is that it
allows small businesses with a new product to enter the
market and have a large demand, while there is a risk that
larger companies that have a budget can make a similar
product a year later and having a customer base
successfully sell it, forcing a new manufacturer out of the
market. On the other hand, the diversification strategy
makes it possible to manufacture several others on the
basis of one product and make the company less
dependent on one product, ensure financial stability, but
there is a risk of a lack of managerial personnel. The
integration growth strategy allows you to attract entire
teams with an administrative apparatus, which greatly
simplifies and accelerates the growth rate of the
production base and expands the influence on the market
of an innovative company, but may entail a decrease in
the competencies of the general administrative
managerial staff and a deterioration in marketing
awareness, which in turn can be decided individual
events (additional financing). In addition, you can use the
strategies already discussed earlier in a cascading way of
switching from one to another. The cost reduction
strategy can be attributed, in this case, as an auxiliary
one, it allows at each stage to optimize the company’s
activities and save it from unnecessary costs, but it is not
recommended to make it basic.

Table 1. SWOT analysis of business strategies
Opportunities:
Threats:
1. high demand for the service
1. Competition
2. The presence of workers, craftsmen
2. High dependence of the profitability of the
(professionals in their field)
production activity of the enterprise on changes
3. Availability of premises
in prices for energy carriers and used raw
4. Availability of equipment and materials materials;
5. The possibility of raising capital
6. Underemployment of the market, there
are free places
7. Diversification of services
8. The presence of a customer base for staff
Development of competitive advantages
Overcoming threats (minimize the
(maximize opportunities)
consequences of threats)
1. Holding stocks on a new product along
1. Increase in customer service due to low
with the old
prices for services
2. Follow the market trend
2. Retention of competitive positions due to
3. Make a convenient work schedule
customer satisfaction.
4. Increase the number of new offers for new 3. Professional staff will bring potential
products
customers
4 Image acquisition through quality services
5 Establishment of new business relations with
the administration, state. familiar inspections
6. Fulfillment of scheduled inspections of the
main type of production
7. Search for alternative suppliers of materials
and basic raw materials, to maintain a price
balance
Elimination of weaknesses
Non-standard events (maximum caution)
Provide affordable prices for services
1. Networking
Carrying out PR-actions:
2. Attracting specialists from the production

product
3. Lack of working capital;

High level of professionalism
New Product Ads
Attracting investors

SWOT
Growth diversification strategy

Opportunities:
1. Decrease in economic risks
2. Flexible reallocation of resources from
areas with low perspectives to where they
are high
3. Investment Opportunity
4. Expand existing markets and find new
ones.
5. Improve the efficiency of using the
accumulated potential
6. Ensure full capacity utilization
7. Adapt to market conditions, actively
counteract rivals (including by buying up
their enterprises)
8. Reduce partner dependency
Development of competitive advantages
(maximize opportunities):

implementation of the product
3. Use of platforms to attract customers and
public relations of the company (technology
parks, etc.)
4. Search and attraction of partners and
distributors
Threats:
1. The complexity of the internal coordination
of units
2. The uncertainty of the future is growing
3. Reducing the role of the former core
production

Strengths:
1. Survival is ensured by obtaining a
guaranteed level of profit.
Continuous training of employees and the
2. Achieving economic stability and
use of this in competition
financial stability
3. Gaining a dominant market position Need to follow the trend of technology
development
Continuous advertising and marketing

Overcoming threats (minimize the
consequences of threats):
1. The planned control of fixed assets, including
the main area of activity.
2. The increase in customer service due to low
prices for services
3. Retention of competitive positions due to
customer satisfaction.
4. Professional staff will bring potential
customers
5. Image acquisition through quality services
Elimination of weaknesses
Non-standard events (maximum caution)
1. stay afloat in case of deterioration of
1. Establishment of new business relations with
economic indicators by type of activity,
the administration, state. familiar inspections
since possible failures in one area are offset 2. To expand through the acquisition of new
by success in others
resources and technologies the possibility of
2. liquidate stocks of enterprises at their
optimizing the range of products, financial
peak on time and skillfully invest them in
flows
growing promising firms
3. economies of scale

Weaknesses:
1. requires new skills, new staff
2. A relatively large budget is needed
3. there may be uncertainty about the
managerial aspect of diversification
(for example, how the two teams of
leaders will collaborate with each
other)
4. high-risk strategy for long-term
returns
5. Significant cash reserves required
6. There may be a tendency to transfer
shortcomings from an existing
enterprise to a new one.
SWOT
Opportunities:
Cost reduction strategy
1. Price reduction to attract customers and
create a customer base
2. Increase in sales
3. By reducing costs do not reduce the cost
of the product

Threats:
1. It is fraught with a protracted “price war”
2. Decrease in profitability of the company
3. Copying competitor cost reduction methods
4. The risk of excessive concentration on cost
reduction - lack of marketing
5. The decrease in consumer value of the goods
Strengths:
Development of competitive advantages
Overcoming threats (minimize the
1. Strong price competition
(maximize opportunities)
consequences of threats)
1. Conducting targeted marketing for
1. To lay the main production and alternative
2. Low brand change costs
customers with a more price-sensitive
2. Determine the optimal level of the volume of
3. Cooperation with large customers
customer
DOS. funds for primary and secondary
requiring a price reduction
2. Planned cost reduction through the search 3. Training
for new suppliers and ways to reduce costs 4. Presentations to clients, lectures, information
refinement
5. Integrity check of counterparties
Weaknesses:
Elimination of weaknesses
Non-standard events (maximum caution)
1. Standard or intended for a wide
1. Setting a clear cost plan and reducing
1. Maintenance of planned inspections for cost
range of consumer’s goods
variable costs
control
2. The inability to diversify the goods 2. Reducing the cost of delivery of products 2. Company privacy mode
3. Standard use of goods
3. Identification of new product markets
4. Competitors can copy cost reduction
methods

SWOT
Integration Growth Strategy

Opportunities:
1. New specialists bring new customers
2. The acquisition of new technologies
3. New consumption markets
4. Expansion of the product range
5. Attracting new counterparties
6. Improving the image of the company

Threats:
1. The risk of unprofitability
2. Simple
3. Low qualification
4. High competition
5. The risk of not selling the entire volume
6. Disruptions in supply - lack of raw materials
(domestic)
7. Low implementation efficiency
8. Low customer information
Strengths:
Development of competitive advantages
Overcoming threats (minimize the
1. Accelerated Growth
(maximize opportunities)
consequences of threats)
1. Improving old products and developing a 1. To lay the main production and alternative
2. Scale up market coverage
2. Determine the optimal level of the volume of
3. The acquisition of contracts for the new product
2. Cost optimization
DOS. funds for primary and secondary
full cycle of work
3. Training
4. The increase in stages for one artist 3. Diversification of the stages
4. Presentations to clients, lectures, information
refinement
5. Integrity check of counterparties
Weaknesses:
Elimination of weaknesses
Non-standard events (maximum caution)
1. Poor awareness
1. Marketing research
1. Maintenance of planning meetings
2. Low technological equipment
2. Direct marketing
2. Absorption of small innovative enterprises
3. Lack of competencies
3. Scheduled continuing education seminars with the presence of
4. Lack of admin control. The staff
4. Compilation of personnel reserve
- administrative staff
5. The cost of continuing education
5. Budgeting for staff training
- customer base
6. Lack of relevant standards and
6. Review of accounting policies
regulations
7. Weak customer awareness

It is worth noting that the standard procedure for
reaching a solution in any business, given the choice of
strategy, combines the following stages:
• identification of the problem/possible risks;
• information collection;
• selecting the analysis method;
• select a group of experts for each issue.;
• creating a request to experts;
• collecting expert responses;
• developing a computer model (cognitive,
hierarchical, etc.);
• formulation of decisions and conclusions on the
existing issue / problem;
• development of new goals and objectives in
accordance with the established solutions. [10].
In addition, a novice entrepreneur must necessarily
resort to the techniques and tools of marketing research.
So, for example, at the startup stage, conduct a general
assessment of the market for your product:
˗
market assessment using Potential Available Market
(PAM) 1, Total Addressable Market (TAM) 2,
Served/Serviceable Available Market (SAM) 3,
Serviceable & Obtainable Market (SOM) 4;
˗
demand assessment - determine the approximate
level of demand for a given product;
˗
sales forecasting - determine the expected level of
sales for a given demand.
When a company moves from one stage to another, it
becomes necessary to use new or additional techniques,
potential market size
target market volume
3
available market volume
4
really achievable market volume
1
2

for example, when moving to the early growth stage, the
company can use the methods of Primary Marketing - the
first, on a small scale, launch of a product, used to
determine the possible adoption of the product when
launching for more wide market or conduct elasticity - to
understand how sensitive the consumer is to price
changes. This also includes methods for creating a sales
plan, which will include a customer base, a sales funnel, a
plan for communicating information to potential
customers of the company, through direct marketing or
digital marketing, as well as other methods. All this
influences quite strongly the decision-making regarding
the product and strategic development of the company, as
well as the pricing of the product and the financial and
economic plan of the company.
It is very important for novice entrepreneurs who are
involved in the development and commercialization of
their innovative technologies, in the case of cascading
strategies, to understand their product plan, which should
include at least the terms of development and the timing
of products on the market. As one of such schemes, one
can cite as an example a table of one of the possible plans
for applying strategies in a cascading way for years,
where the plan is formed from the beginning of the
product development and testing (R&D) stage to entering
the market with one strategy, and then switches to a new
one, developing and introducing new products. This
diagram is presented as a demonstration and can be
changed in various conditions and specifics of the
enterprise (Fig.1).

Fig. 1. Variant of the Business Plan of a small innovative enterprise in a cascading manner by year (Source: Compiled by the authors)

It should be noted that for companies that work in
innovative activities and not only in this area, the period
of development or life cycle (Fig. 2) can be divided into
the following stages:

˗
˗
˗

startup;
stage of growth (early / expansion);
maturity.

Fig. 2. The stages of enterprise growth, taking into account the change of strategies over 10 years and the change in the company's
revenue (Source: Compiled by the authors - based on worldbank.org, 2019)

As a rule, it is additionally worthwhile to attribute the
stage of a company to IPO after the maturity stage, but
this applies more to large innovative enterprises, and in
this case we consider small innovative enterprises and
small business companies. Such a cycle can be presented

both for one specifically selected strategy, for example,
concentrated growth, and for mixed (hybrid) strategies.
Here, a choice is possible for each of the novice
entrepreneurs, where at each stage of the enterprise it is
possible to use the tools proposed and discussed earlier to

analyze and predict the work of your company, for
example:
1) At the Startup stage - Conduct a SWOT analysis
applying it both to the choice of a company’s
strategy and to evaluate the product of its advantages
and disadvantages compared to competitors. Use
marketing tools that were previously considered, for
example, PAM, TAM, SAM, SOM to assess the
market. To formulate a product plan for the terms of
product release according to the cascading method of
business strategy.
2) At the growth stage, a repeated SWOT analysis is
necessary, the use of deeper marketing research and
the formation of a sales plan, the adjustment of the
product plan by the timing.

3) At the maturity stage, it is necessary to use the same
tools, it is also necessary to develop and introduce
additional regulations for the conduct of certain
operations of a commercial, technological or
financial nature, for the stability of the enterprise’s
commercial activities and the possibility of
developing new models and business development
plans.
4. Results
As a result, threats that appear in a specific period of time
for one strategy can be compensated by the capabilities of
another, thereby saving the entrepreneur from a crisis
situation in the company as a whole (Fig. 3).

Fig. 3. The result of the economic activity of the company when combining several strategies (Source: [7])

5. Conclusion
By defining new paths and new approaches, working
ahead of the curve, it will open up new opportunities for
Russia and will make it possible to occupy certain and
possibly completely new niches in the world market of
high-tech products and diversify its export base. Thus, a
more open Russian market, bringing Russian legislation
to the international level, as well as closer interaction
with the global economic system can positively affect the
business climate in Russia and significantly contribute to
the competitiveness and growth of investment
attractiveness of the service sector. and technology. In
addition, it is worth considering the application of such
measures that the expert community focuses on:
- tighten control over the implementation of decisions
and programs;
- improve legislation;
- introduce tax incentives for innovative activity of
enterprises

At the same time, novice entrepreneurs and
developers in the field of innovation are also
recommended:
- take into account and apply the strategy for small
innovative enterprises according to the SWOT
analysis for monitoring and forecasting upcoming
events (production or economic);
- use the tools of marketing research, SWOT analysis
and the formation of a product plan for the life of the
company;
- based on SWOT analysis, build a cognitive model
that evaluates the management process and its
various scenarios in dynamics, and to optimize
decision-making, set the inverse problem using a
genetic algorithm; [10]
- keep in mind that the forecast should be based on
SWOT analyzes as a starting point, and in the future,
it is necessary to apply regulations to develop new
models and plans for business development.
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The article attempts to analyze the degree of impact of changes in the ruble exchange rate on the oil market in the conditions of
economic instability caused by the coronavirus pandemic. The statistical data for the calculation cover the time from January to May
2020. The importance of the further development of theoretical and methodological approaches to the study of the dependence of the
country's economy on external shocks is substantiated. The approach described in the article is considered by the authors based on the
analysis of non-stationary time series. The transformation of the post-industrial economy indicates the duality of this process, which
manifested itself both in expanding opportunities for the development of the world economic system and in the emergence of new factors
of its instability. The main factors complicating its development include the volatility of world prices, the growth of protectionism, the
spread of trade wars, the coronavirus pandemic.
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1. Introduction
The involvement of the Russian economy in world
processes a priori implies its dependence on external
shocks, the most important of which are the sanctions
policy, the volatility of oil prices and the coronavirus
pandemic, which dramatically changed the world
economic space. The projected slowdown in the global
economy poses a serious threat to Russia's GDP growth
rates, which are critically dependent on external factors,
primarily the situation on world energy markets [1]. A
negative influence is exerted on the development of
foreign trade. So, even the relatively high growth rates of
physical volumes of export could not compensate for the
losses from the deterioration of the terms of trade [2,3].
In addition, a large-scale collapse in global financial
markets generates crisis processes in the global economy.
National states are again forced to urgently develop and
implement anti-crisis programs [4]. An important role in
these programs in Russia should be played by measures to
counter external shocks aimed at strengthening the
national currency and reducing losses of the state budget
from lower oil prices.
The purpose of this study is to identify the dependence
of changes in the ruble exchange rate on the oil market in
the conditions of economic instability caused by a
pandemic. The most important task facing the scientific
community is to identify priority drivers for the
development and functioning of the Russian economic
system.
The role of the world oil market in the volatility of the
ruble exchange rate is very important for development of
Russia. We used hypothetical method in stating the
problems and contradictions that arise in the era of a
pandemic and in the sustainable economic development of
Russia.
The study of the problem of the mutual influence of the
ruble exchange rate and the oil market conditions in the

conditions of economic instability caused by the pandemic
allows to introduce adjustments to the theory of global
imbalances [5,6], putting forward new requirements for
rethinking established ideas. The results also contribute to
the development of institutional theory.
2. Materials and methods
A lot of attention is paid to the transformation of the
contours of the world economic system in modern
domestic science, which is associated with global changes
in the conditions of reproduction. The aggravation of the
global systemic crisis, complicated by the coronovirus
pandemic, necessitates the search for new forms of
existence of the system of international economic relations
and its sustainable development [7].
A number of researchers draw an analogy of the
current crisis caused by the coronavirus epidemic with the
Great Depression, which has hit the global economy on a
large scale. Under these conditions, it is very important to
understand how much the national currency depends on
the dynamics of world energy prices [6].
This problem is particularly significant for states
whose income largely depends on export prices for
resources, in particular Russia [8]. It is necessary to
operate not only with the absolute values of financial
indicators, but also to understand the trends in the
economic situation in the country. Understanding how
dependent the national economy is on external conditions,
on the market conditions for energy carriers, allows us to
draw appropriate conclusions and make important
strategic decisions in terms of sustainable economic
development of its economic system.
The article discusses the dynamics of oil prices and the
ruble for the period from January 13, 2020 to April 23,
2020. Table 1 shows a fragment of statistical data, and the
variables introduced below will be considered in detail.
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Date
23.04.2020
22.04.2020
21.04.2020
20.04.2020
17.04.2020
16.04.2020
15.04.2020
14.04.2020
13.04.2020
10.04.2020
09.04.2020
08.04.2020
07.04.2020
30.03.2020
27.03.2020
26.03.2020
25.03.2020
24.03.2020
23.03.2020
20.03.2020
19.03.2020
18.03.2020
17.03.2020
16.03.2020
13.03.2020
12.03.2020
11.03.2020
10.03.2020
06.03.2020
05.03.2020
04.03.2020
03.03.2020
02.03.2020

Table 1. Statistical data on oil prices and the ruble exchange rate (fragment) [9]

Rub
77,0416
76,2562
74,6657
73,9441
74,7119
73,7145
73,315
73,5245
73,7515
74,605
75,7499
75,455
76,4074
77,7325
78,7223
77,7928
78,8493
80,8815
78,0443
80,157
77,2131
73,8896
74,1262
73,1882
74,0274
71,472
72,0208
67,5175
66,1854
66,0784
66,4437
66,3274
66,9909

Oil
RelRub
21,33 1,010299
20,37 1,021302
19,33 1,009759
25,57 0,989723
28,08 1,013531
28,5 1,005449
28 0,997151
30,09 0,996922
31,86
0,98856
31,41 0,984886
32,03 1,003908
33,64 0,987535
32,4 0,982953
26,45 0,987427
28,25 1,011948
29,31 0,986601
30,05 0,974874
27,71 1,036354
27,52 0,973643
27,21 1,038127
28,1 1,044979
26,42 0,996808
28,85 1,012816
29,84 0,988664
34,97 1,035754
32,76
0,99238
35,84 1,066698
37,78 1,020127
45,5 1,001619
50,18 0,994502
51,51 1,001753
51,6 0,990096
53,06 1,021052

RelOil
1,047128
1,053802
0,755964
0,910613
0,985263
1,017857
0,930542
0,944444
1,014327
0,980643
0,95214
1,038272
1,224953
0,936283
0,963835
0,975374
1,084446
1,006904
1,011393
0,968327
1,063588
0,915771
0,966823
0,853303
1,06746
0,914063
0,94865
0,83033
0,906736
0,97418
0,998256
0,972484
1,059293

The study introduced the Rub and Oil variables - these
are the sets of ruble exchange rates and oil prices for the
specified period, respectively.
The trends in the dependence of the national currency
rate on energy prices were analyzed.
An initial assessment was made of the relative impact
of incremental changes in the ruble exchange rate, the
variable RelRub was introduced, which shows the change
in the trend of the ruble exchange rate depending on time
(strengthening or weakening of the ruble exchange rate).
By analogy with the theory of time series, when the first
difference (the difference between adjacent members of
the series) is introduced, the concept of the first quotient is
introduced. The set of values of the RelRub variable forms

RelPercRub
25,75510257
24,47309315
21,87691795
20,69904935
21,95233027
20,32427297
19,67216861
20,01413573
20,38466812
21,77783727
23,64665901
23,16529336
24,7198971
26,88285953
28,49851134
26,9812873
28,7058136
32,02297627
27,39181107
30,84037399
26,03504224
20,61008893
20,99629141
19,46519281
20,83502004
16,66383734
17,55964429
10,20890192
8,034513378
7,859857141
8,4561368
8,266300161
9,349332062

RelPercOil
65,16641082
66,73416729
68,43257014
58,24215305
54,1431231
53,45722964
54,27376947
50,86063298
47,97008198
48,70496783
47,69245844
45,06320018
47,08821896
56,80504295
53,86549956
52,13443512
50,92595617
54,74736258
55,05764771
55,56390241
54,11046151
56,85403534
52,88565176
51,2689029
42,89120423
46,50031029
41,47042493
38,30225038
25,6948754
18,05206258
15,88006663
15,73308946
13,34879315

DepRubOil
39,5220517
36,67250846
31,96857565
35,53963627
40,54500187
38,01968996
36,2461808
39,35093717
42,4945451
44,71379048
49,58154765
51,40623228
52,49698894
47,32477635
52,90679855
51,75329365
56,36774597
58,49227208
49,75114668
55,50433403
48,11461872
36,25088141
39,70130028
37,96686043
48,5764399
35,83597022
42,34257141
26,65353032
31,26893302
43,53993958
53,25000831
52,5408578
70,03878144

the time series RelRub (t). Here Rub (i) and Rub (i + 1) are
sequential values of the ruble exchange rate in the reverse
order (from a later value to an earlier in time):
𝑅𝑅𝑅𝑅𝑅𝑅(𝑖𝑖)
(1)
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡) =
𝑅𝑅𝑅𝑅𝑅𝑅(𝑖𝑖+1)

Similarly, we calculate the trends in oil prices, the first
private ones for the RelOil (t) series. A calculation is made
for the set of values of the RelOil (t) series:

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡) =

𝑂𝑂𝑂𝑂𝑂𝑂(𝑖𝑖)
𝑂𝑂𝑂𝑂𝑂𝑂(𝑖𝑖+1)

(2)

Fig. 1 shows a joint diagram of the relative changes in
the ruble and oil prices.
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Fig. 1. The joint dynamics of changes in the ruble and oil prices

Based on the diagram in Fig. 1, the relative dynamics
of price changes is lower than the relative dynamics of the
ruble exchange rate. Obviously, the series RelRub (t) and
RelOil (t) are stationary.
The RelPercRub variable shows the relative
percentage change in the ruble exchange rate from the
beginning of the year to April 23. Next, the set of values
for the series RelPercRub (t) is calculated:
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡) = 100 ∗
80

𝑅𝑅𝑅𝑅𝑅𝑅(𝑖𝑖)−min�𝑅𝑅𝑅𝑅𝑅𝑅(𝑖𝑖)�
𝑚𝑚𝑚𝑚𝑚𝑚 (𝑅𝑅𝑅𝑅𝑅𝑅(𝑖𝑖))

(3)

Similarly, the RelPercOil variable is calculated. It is
the relative percentage change in oil prices from the
beginning of the year to April 23. But instead of a
minimum of prices of oil, the maximum value of the series
is used. The values of the RelPercOil (t) series are
calculated in a similar way:
max (𝑂𝑂𝑂𝑂𝑂𝑂(𝑖𝑖))−𝑂𝑂𝑂𝑂𝑂𝑂(𝑖𝑖)
(4)
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(𝑡𝑡) = 100 ∗
𝑚𝑚𝑚𝑚𝑚𝑚 (𝑂𝑂𝑂𝑂𝑂𝑂(𝑖𝑖))

Fig. 2 shows the relative changes in oil prices and the
ruble exchange rate as a percentage.
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Fig. 2. Joint chart of changes in the ruble exchange rate and oil prices, in %

Based on the presented diagram, the relative changes
in the ruble exchange rate are significantly lower than the
relative changes in oil prices in percent [10].
Figure 3 shows a joint diagram of the relative changes
in the ruble exchange rate and oil prices for this period.

makes it possible to estimate the share of the country's
income from the sale of petroleum products. This is the
DepRubOil variable. The set of calculated values of this
variable is presented in the following formula:
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑖𝑖)
(5)
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑖𝑖) = 100 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑖𝑖)

Next, we calculate the average value among the set of
values of the series {DepRubOil}. It is equal to
DepRubOilAvrg = 42.2932996060693.
An analysis of the many values of the DepRubOil
variable shows that despite the emergency in the country
due to coronavirus, the indicator of the dependence of the
Russian economy on oil prices still fluctuates around 40%.
Fig. 3 shows the dependence of the ruble on oil prices. The
figure also shows the average value of the indicator of the
dependence of the ruble exchange rate on the price of oil,
and for comparison, the price of oil for the indicated
period.

3. Results and discussion
Analysis of the dynamics of price changes shows that
significant changes in oil prices cause less significant
changes in the ruble exchange rate. At the same time, oil
price spikes in early February do not cause equally
significant changes in the ruble exchange rate, it is
growing gradually. A similar conclusion can be made
regarding the period at the end of February. In this
situation, the dependence of the ruble rate on oil prices
should be calculated.
The following is an assessment of the dependence of
changes in oil prices on the ruble exchange rate. This
140
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Fig. 3. The dependence of the ruble on oil prices

At the same time, with the depreciation of the ruble and
lower oil prices (Oll), the dependence of the Russian
economy (DepRubOil) on oil products also falls, which
obviously confirms the calculations made.
This is the average dependence of the ruble exchange
rate on oil prices, expressed as a percentage.
Agreed indicators of the dynamics of the ruble
exchange rate and oil prices suggest that the ratio of these
two values depends on objective factors. We can observe
it for periods of stability.

4. Conclusion
Currently, there is a large dependence of the economic
situation in the country on the foreign exchange market. In
addition, the coronavirus pandemic once again showed the
dependence of the Russian economy on the volatility of oil
prices on the world market.
An analysis of the dynamics of price changes shows
that significant changes in oil prices cause less significant
changes in the exchange rate of the ruble. At the same

time, oil price spikes in early February 2020 do not cause
equally significant changes in the ruble exchange rate but
demonstrate gradual growth.
The calculations of the average value of the
dependence index and the presented results in the form of
graphs clearly indicate that with the fall in world oil prices,
the dependence of the Russian economy on the oil market
conjuncture falls. However, it should be noted that the
coronavirus pandemic will have a residual impact on the
global and national economies for a relatively long time
manifested in the volatility of exchange rates.
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Approaches to assessing the semantic similarity and future citation of
publications by identifying informative terms with predictive properties
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The article discusses new approaches to assessing the semantic similarity of documents in a vector space, taking into account
statistically significant and informative terms. Informative terms reflect the current state of research in a certain field of research. To
select informative terms, an algorithm for calculating the impact factor of the term is proposed. It is shown that informative terms allow
both to evaluate the semantic similarity of texts and to predict future citations. The developed methods for assessing the semantic
similarity and future impact of scientific publications can be used in the framework of “Predictive optimization”, a modern technology
that allows us to make decisions based on forecasts. In evaluating the activities of research and individual scientists, bibliometric
indicators often play an important role. However, the use of citation-based indicators is problematic in determining the impact of recent
publications. Usually, two years after the publication of most articles, they receive only a few links. The probability of future citation
can be predicted using the proposed indicator - IFT.
Keywords: semantic similarity, informative terms, impact factor of the term, citations, statistical analysis, citation prediction.

1. Introduction
Measuring the similarity between documents is an
important component in various tasks such as document
clustering, topic detection, topic tracking, question
answering, information retrieval and text summarization.
For scientific articles, there are two main types of
similarity measures: citation-based similarity [1] and
semantic textual similarity [2]. These two types of
similarity measures should correlate and maximizing this
correlation is a convenient way to adjust the coefficients
and parameters on which these measures depend.
Citation-based similarity measures such as
bibliographic coupling (if two documents share a reference
in their bibliography) and co-citation (if two documents are
cited by a third document) are an integral component of
many information retrieval systems. Semantic textual
similarity measures analyze situations where two
documents share certain words (co-word linkages [3]),
phrases or ideas [4].
Latent Semantic Analysis (LSA) [5] and Generalized
Latent Semantic Analysis (GLSA) [6] are the most popular
techniques of Corpus-Based semantic textual similarity [2].
GLSA extends the LSA approach by focusing on term
vectors instead of the dual document-term representation.
There is a problem of efficient filtering of noninformative words. LSA and GLSA suffer from noise
introduced by typos and infrequent and non-informative
words [6]. To solve this problem, we present a new
citation-based method for efficient filtering of the core
vocabulary and keeping only content bearing words. This
new citation-based method is called the Impact Factor of
Terms (IFT). It is described in Section 2. IFT assesses the
significance and informational content of terms in scientific
articles based on citation analysis of the articles with these
terms. Also, IFT is useful for prediction future citations and
promising topics in different subject areas such as smart
energy systems.
Maximizing correlation between citation-based
similarity and IFT-based semantic textual similarity is a
convenient way to adjust the coefficients and parameters of
the IFT method.

IFT is similar to journal impact factor (JIF) which has
been used for many years and has proven effective. JIF is a
scientometric index that reflects the yearly average number
of citations that articles published in the last two years in a
given journal received. If all articles of a journal are highly
cited, then this journal has a high JIF value and is
considered significant and authoritative. Similarly, if all
articles with some general term are highly cited, then this
term has a high IFT value and is considered significant and
informative. The IFT helps to identify informative terms
that indicate significant fundamental ideas. Words and
terms with a constantly high IFT (for example, neural
networks) denote significant ideas, interest in which is
stable for many years. For such informative words, the IFT
values are stably high. Also, such words have a high
correlation between IFT values of the current and next year.
This correlation as well as the conditions for the stability
and predictability of the IFT are discussed in Section 4.
Section 3 describes a collection of articles used for
experiments to study the empirical properties of IFT,
including its correlations. The next section gives a formal
description of the IFT.
2. Impact Factor of Terms (IFT)
There are currently several journal ranking systems, but
the oldest and most influential system is a journal impact
factor (JIF). JIF is used as an indicator of the importance of
a journal for its field.
A journal's impact factor is based on how often articles
published in that journal during the previous two years (e.g.
2017 and 2018) were cited by articles published in a
particular year (e.g. 2019).
The higher the JIF, the more often articles in that
journal are cited by other articles. Thus, the influence factor
can give an approximate idea of how prestigious the
magazine is in its field of science.
The journal with the highest IF value is the one that
publishes the most frequently cited articles over a two-year
period. One easy way to increase JIF is to publish more
review articles, which are usually cited more often than
research reports [7].
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Author Impact Factor (AIF) is an extension of the
impact factor for authors. The AIF of an author A in year t
is the average number of citations given by papers
published in year t to papers published by A in a period of
Δt years before year t. AIF is able to capture trends and
variations in the influence of scientists over time, in
contrast to the h-index, which is a measure that takes into
account the entire career path [8].
We offer an extension of the impact factor idea for
terms. We offer a new numerical indicator of the authority
of words and terms, called the impact factor of the term
(IFT).
IFT (formula 1) can be used to effectively filter the
dictionary, excluding uninformative words and terms. With
the help of IFT, we can identify promising topics and ideas,
find implicit links between articles and texts, and discover
ideologically influential sites.
𝐴𝐴𝑡𝑡
𝐼𝐼𝐼𝐼𝐼𝐼 =
,
(1)
𝑁𝑁𝑡𝑡
where Аt is the number of citations in articles with the term
A published in year t to articles with the term A in the
period Δt years to year t; Nt - total number of articles with
term A for the time period ∆t + 1.
Therefore, the IFT of term A in year t is the average
number of references cited in articles with term A
published in year t to articles with term A in the period ∆t
years to year t.
It follows from the IFT formula (1) that the method will
certainly increase the correlation of the similarity measure
of texts with their bibliographic relationship, since the IFT
linearly depends on the number of bibliographic references
over the past two years (or over a period of ∆t years).
Various approaches to the calculation of IFT were
investigated.
The modified impact factor of the term (IFTm) is the
ratio of citations of articles with term A to the total number
of articles with this term over 3 years.
𝐴𝐴𝑡𝑡−2 + 𝐴𝐴𝑡𝑡−1 + 𝐴𝐴𝑡𝑡
(2)
𝐼𝐼𝐼𝐼𝐼𝐼𝑚𝑚 =
,
𝑁𝑁
where Аt-2 - the number of links to the article with the term
A two years ago in same year; Аt-1 - the number of links to
the article with term A last year for the same and previous
years; Аt - the number of links to the article with term A
over a three-year period, including the current year; N total number of articles with term A for three years.
Both the IFT and IFTm are considered only for articles
in which the given term is in the title. Only citations from

articles containing the specified term in the title are taken
into account.
3. AI collection (Data Set)
In our experiments, we analyze DBLP citation network,
which is a collection of articles on Artificial Intelligence
from 1936 to 2017, compiled by aminer.org and referred to
here as AI collection.
The citation data is extracted from DBLP (Digital
Bibliography & Library Project dblp.org), ACM
(Association for Computing Machinery acm.org), MAG
(Microsoft Academic Graph), and other sources.
We used the V10 version released in October 2017.
This data set consists of 3,079,007 articles and 25,166,994
citation relationships. For each article there is a title,
authors, year of publication and links. We have processed
all titles and citation relationships.
In this paper, the AI collection was analyzed in different
directions described in the next Section.
4. Results of a statistical analysis of term trends
The main goal of the statistical analysis of the AI
collection is to study the empirical properties of Impact
Factor of Terms (IFT), including the correlation of its
current and future values to assess its stability and forecast
future citations.
Statistical analysis of the collection was carried out
using the Trend+ author program, which built a frequency
dictionary of all words and terms in the collection. Also, for
each term with a frequency of more than 5, Trend+
calculated its trend indicators (trending situations),
including the number of articles with this term for the year,
the number of citations from other articles with this term,
the IFT and IFTm indicators for the current and next year.
To calculate the correlation, situations/points were
selected for different words in different years, when the
values of IFT and IFTm of the current year were more than
zero. There could be several such situations for one word
in different years. The selected situations were divided into
groups differing in the number of articles with a word over
the past 3 years. According to the number of situations, the
IFTm groups turned out to be larger than the IFT groups,
because IFTm takes into account more citations. Fig. 1
shows graphs of the number of situations/points in these
groups for calculating correlations.

Fig. 1. Graphs of the number of points for calculating the correlations of the current and future years for the indicators IFTm (upper)
and IFT, depending on the number of articles with the word in the last 3 years

In Fig. 1, the upper graph corresponds to the IFTm, and
the lower IFT. The y-axis represents the number of points
for calculating the correlations of the current and future
years. The x-axis represents the frequency of terms, i.e. the
number of articles with the term over the last 3 years. The
maximum points on both graphs are achieved when the
number of articles is 5, because the experiment did not
analyze terms that occurred less than 5 times in the
collection for all time.

On the IFT graph, the maximum number of points
54326 is reached at X = 5, and the minimum 2423 at X =
50. On the IFTm graph, the maximum number of points
91997 is reached at X = 5, and the minimum 2913 at X =
50.
For each group of trending situations/points (i.e., for
each X) individually, a correlation was calculated between
the current and future values of IFT and IFTm. The results
of calculating the correlations are shown in Fig. 2.

Fig. 2. Graph of IFT correlations (upper) and IFTm correlations of the current and future years depending on the number of articles
with the word in the last 3 years

The upper graph is the IFT correlations, and the lower
graph is the IFTm correlations.
Both graphs behave very similarly, but the correlations
of the IFT (upper graph) are almost always greater than the
correlations of the IFTm. The correlation on the graphs
reaches 0.5 at a frequency of 17 articles over the past three
years, 0.6 at 26 articles, and 0.7 at 45 articles. Thus, IFT
behaves more stably and predictably than IFTm, but IFTm
covers more different situations and words/terms.

The graphs show that the higher the current frequency
of the term (the number of articles with the term), the higher
the correlation, and therefore, the more stable the IFT
behaves in time. Stable IFT allows you to accurately
predict the average number of future citations, since the IFT
is exactly equal to the average number of citations of
articles with the specified word/term. Thus, the
words/terms with a high frequencies and high IFT values

define promising topics in different subject areas such as
artificial intelligence or smart energy systems.
The most stable and predictable words/terms with high
IFT values are called informative terms. Informative
words/terms have high frequencies and IFT meanings
above a certain threshold. The type of function for filtering
of non-informative words which grows with increasing IFT
and frequency can be selected by maximizing the
correlation between citation-based similarity and IFTbased semantic textual similarity. As a first approximation,
this filtering function can be taken as the product of IFT
and frequency with a certain minimum threshold for IFT.
Here are examples of the most informative words/terms
in the collection of AI articles that have the largest total
values of IFT multiplied by the current frequency: web
(year 1982), fuzzy (1969), sensor networks (1992), neural
(1962), video (1976) , social (1971), cognitive (1973),
semantic (1967), clustering (1970), neural networks
(1986).
These examples point to the most actively and stably
developing areas of AI, and also confirm the usefulness of
the proposed filtering function and its ability to evaluate the
significance and information content of words/terms.
5. Predicting the citations with IFT
Prediction of citation of scientific works was studied by
many researchers. The described approaches are mainly
based on the analysis of a number of features, including
information about the authors (number of authors, country,
authors rating, etc.), features of the journal (total number of
links to the journal, impact factor of the journal), article
parameters (topic, volume, number of references etc.), type
of research (for example, original research compared to a
literature review), as well as other characteristics
(reputation of institutions etc.). In addition, altmetrics are
also used to predict the citation of a scientific paper.
Citation prediction methods have been proposed, for
example, by Walters (2006) [9], Haslam et al. (2008) [10],
Fu and Aliferis (2010) [11], Wang, Yu and Yu (2011) [12],
Wang et al. (2012) [13], Didegah and Thelwall (2013) [14],
Yu, Yu, Li and Wang (2014) [15], Onodera and Yoshikane
(2015) [16], Cao et al. (2016) [17], Golosovsky and
Solomon (2017) [18], Fiala and Tutoky (2018) [19], Bai et
al. (2019) [20]. For example, Wang et al. (2013) [21]
propose mathematical models that describe how
publications accumulate citations over time. Using these
models, the authors predict the effect of publication citation
on a longer term based on a short-term publication citation
history. Bornmann et al. (2013) [22] present an empirical
analysis of the correlation between short-term and longterm citation indicators.
IFT evaluates the significance and informativeness of
terms in scientific articles based on an analysis of the
citation of articles with these terms. IFT can also be used to
predict future citations of new articles.
Given the practical importance of incorporating the
latest publications in evaluations of scientific performance,
one of the goals of our study is to develop a model to
predict the impact that recent publications will have in the
long run.

Our model assumes a publication citation prediction
based on the following predictors: the impact factor of
significant terms (for example, authors' keywords) and the
time of appearance of subsequent articles associated with
implicit links to the original article.
The two predictors used are readily available, and
unlike most prediction approaches, they allow you to make
predictions pretty soon after the publication.
Citation forecasts have a high degree of uncertainty.
Therefore, we believe that it is more important to know the
likelihood that the publication will receive a certain number
of links in the future. Therefore, we do not predict the
average number of links that the publication should attract
in the future, but we predict the probability distribution for
the future number of links based on the developed
mathematical probabilistic model of the dependence of the
number of direct citations on terms with high IFT.
It is important to emphasize that the purpose of our
work is different from the studies mentioned above. As in
the above studies, we are interested in predicting the future
citation. However, many indicators that have been found to
correlate with the influence of citation are easy to
manipulate.
For example, suppose researchers know that future
citations of a publication will be predicted based, for
example, on the number of pages or the number of links. In
this case, authors can artificially increase the number of
pages or increase the number of bibliographic references.
Therefore, we consider variables that cannot be changed by
the authors of the publication.
Based on IFT values, we can choose informative terms
that indicate important fundamental ideas. Words and
terms with a consistently high IFT indicate important ideas
that have been stable for many years.
In our experiments, we analyze the DBLP citation
network, which is a collection of articles on artificial
intelligence from 1936 to 2017, including 3,079,007
articles and 25,166,994 links. Statistical analysis of the
collection was carried out using the Trend + program,
which built a frequency dictionary and trend indicators,
including the number of articles with this term per year, the
number of links to other articles with this term, IFT and
IFTm indicators for the current and next year.
The term “Trend of the initial frequency” (TIF) is
proposed - this is the number of years from the first article
with a certain term to the nth article with this term. A
relationship was found between TIF, IFT, and citation
trends. It is shown that the higher the trends of the initial
frequency, the higher the trends of fresh citation links, that
is, the higher the likelihood of quick appearance of links to
the article.
Of particular interest are trend terms with a large
number of new articles (more than 10 articles in the
previous 2 years). For trend terms, the correlation of current
and future IFTm is more than 60%, which allows us to
make a fairly confident forecast of IFTm (i.e. citation
forecast) for the next year.
We summarize how our study differs from existing
works:
˗ we are interested in predicting the long-term impact of
citation, based solely on the impact factors of

˗
˗

significant terms (as mentioned above, we do not want
to use variables that can be easily manipulated);
we are interested in predicting the long-term impact of
citation within one or two years after the publication;
unlike most earlier papers, our interest is in predicting
the probability distribution for the future number of
links to a publication. We do not aim to give an accurate
estimate of the future number of links to the publication.
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This paper is devoted to the development of a methodology for evaluating the semantic similarity of any texts in different languages
is developed. The study is based on the hypothesis that the proximity of vector representations of terms in semantic space can be
interpreted as a semantic similarity in the cross-lingual environment. Each text will be associated with a vector in a single multilingual
semantic vector space. The measure of the semantic similarity of texts will be determined by the measure of the proximity of the
corresponding vectors. We propose a quantitative indicator called Index of Semantic Textual Similarity (ISTS) that measures the degree
of semantic similarity of multilingual texts on the basis of identified cross-lingual semantic implicit links. The setting of parameters is
based on the correlation with the presence of a formal reference between documents. The measure of semantic similarity expresses the
existence of two common terms, phrases or word combinations. Optimal parameters of the algorithm for identifying implicit links are
selected on the thematic collection by maximizing the correlation of explicit and implicit connections. The developed algorithm can
facilitate the search for close documents in the analysis of multilingual patent documentation.
Keywords: cross-lingual semantic similarity, semantic textual similarity measure, semantic implicit links, collection of documents,
measure of similarity of texts, method of relevant phrases, vector representations for words.

1. Introduction
As cross-language information retrieval gets more
attention, tools to measure cross-language semantic
similarity between documents become necessary. An
accurate assessment of the actual similarity between
documents is fundamental for many automatic text
analysis applications, such as thesaurus generation [1],
machine translation [2], information search [3], automatic
generalization [4].
Text mining and knowledge management technologies
play a key role in many areas, including critical
infrastructures.
Information
search,
document
classification,
business
analytics,
forecasting
technologies, etc. are currently the most important
activities.
Patent search, including monitoring competitors,
checking the novelty of an invention, or searching for
technical solutions in other fields of application, requires
a lot of effort.
Comparing documents in different languages is
challenging for natural language processing applications,
and especially in machine translation applications.
Cross-language matching of documents is carried out
in a patent search to protect an invention in more than one
country or region. A separate patent must be filed with
several patent offices in different languages. Before
applying for a patent, applicants conduct a preliminary
search for patents or documents revealing intellectual
property similar to the filed invention. In such a process, a
set of patents is requested in one language, using the
source document in another language as a request.
To compare the received documents, it is necessary to
use cross-language similarity assessment functions. This
task can be formulated as discarding text pairs that are not
semantically equivalent [5]. The task is complicated by the
fact that in the case of filing an invention in different
countries, different standards may be used, which may
lead to a discrepancy between versions of the document in

different languages. In this case, the task of identifying
semantic equivalents is complicated [6].
Natural language processing methods for text analysis
and data mining are used in the analysis of many types of
technical documentation. Functional analysis methods are
based on extracting interactions between the entities
described in the document.
Linguistic analysis tools permit to identify key
elements of a document by combining morphological,
syntactic, and semantic analysis. Application of methods
of linguistic analysis to patent documents allows for
accelerated analysis and comparison of patents.
The purpose of the analysis of technical documentation
is to discover possible ambiguities or incompleteness on
the one hand, and understanding the requirements in the
direction of possible formalization on the other.
The main problem here is that keyword searches do not
take into account synonyms or more abstract terms
associated with given query words. This means that if a
synonym is used for an important term in a patent
application, for example, a wire instead of a cable, a
keyword search may not reveal this relationship if an
alternative term was not explicitly included in the search
query. This is relevant since patent texts often use abstract
and general terms to describe the invention in order to
maximize protection [7].
If we consider the Internet as a multilingual database,
a typical problem when searching for information is the
search for relevant documents in the collection of
documents by some key terms, or by the example of the
corresponding document. Assessing the semantic
similarity between words (phrases) is critical to assessing
whether a document meets user needs. Many information
retrieval systems, such as online library catalog systems,
web search engines, deal with multilingual documents and
must have tools to measure cross-language semantic
similarity.
In recent decades, many studies have been carried out
aimed at improving the effectiveness of measures of
semantic similarity of words. However, studies of
semantic similarity mainly focus on English. This is partly
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due to the limited availability of similarity criteria for
words in languages other than English. Since the
development of multilingual methods is necessary, there is
an urgent need to find a reliable basis for assessing
multilingual and interlingual semantic similarity.
Despite the fact that in many areas a multilingual
measurement of semantic semantic similarity is required,
most algorithms measure semantic similarity between
words of the same language. Cross-language similarity
was first described in 2009 [8] for Anglo-Spanish crosslanguage data sets. Over the past few years, multilingual
word embeddings, which are lexical elements from several
languages in a single semantic space, have attracted
considerable attention of researchers [9-11].
Interlanguage applications are based on data mining
methods, such as text clustering, which includes extracting
words or phrases from documents as functions,
representing documents as feature vectors, and then
grouping documents into clusters based on similarity of
feature vectors. In a multilingual document collection,
recoverable functions will refer to multilingual words.
Therefore, it is important to measure the similarity
between the words of not only one language, but also of
different languages.
According to the concept of the information data space
[12], the information space should model a rich set of
relationships between data repositories. To model the
relationship between data warehouses in data spaces, you
need a component that can measure the semantic similarity
between interlanguage pairs. Sources in a data space can
be relational databases, XML repositories, text databases,
web services, etc.
The problem of plagiarism in a monolingual context is
well developed [13]. Free machine translation tools help
spread cross-language plagiarism (plagiarism by
translation). In this relatively new field of research, the
definition of semantic text similarity in language pairs has
been carried out. The authors investigated various existing
approaches to detect plagiarism on different language
pairs and found that if the method is effective for a
particular language pair, it will be equally effective for

another language pair with a sufficient number of available
lexical resources, i.e. the method can be optimized for a
particular case and is effectively applied on another case
[14].
2. Methodology for calculating the assessment
of semantic similarity
The technique includes the following steps:
1) pre-processing of texts by replacing their terms with
synset codes;
2) construction of quotation vectors by identifying
common rare phrases (long quotes) in various
documents using the relevant phrases method;
3) thematic analysis of processed texts and building a set
of available topics and corresponding thematic
document vectors using the LDA method with the
possibility of further clustering documents on topics /
ideas into “baskets”/clusters;
4) the construction for each document of an extended
vector describing the presence of long citations, the
statistics of the synsets included in it and their
thematic composition, i.e. the document vector is the
concatenation of the citation vector, thematic vector
and synset statistics vector;
5) calculation of the similarity index between
articles/documents (Semantic Text Similarity Index,
ISTS) by the cosine measure of the corresponding
article vectors;
6) calculation of the correlation between the formal
connectedness of articles and their similarity index,
taking into account the minimum and maximum
thresholds of the ISTS;
7) the choice of values of various calculation parameters
(ISTS thresholds) based on the maximum correlation.
The calculation method is selected according to the
maximum correlation of ISTS with formal links.
In the basis of the algorithm for vector transformation
of terms used recurrent neural networks (RNN - Recurrent
neural network) - Fig. 1.

Fig. 1. Graphs of the number of points for calculating the correlations of the current and future years for the indicators IFTm (upper)
and IFT, depending on the number of articles with the word in the last 3 years

RNN is used for tasks where there is a sequence of
words and phrases. Formally, at each step (after each new
processed word), RNN considers for each word in the
corpus the probability of which word will be next. In this
work, LSTM neurons, which are a special case of RNN,
were used. Moreover, bi-directional recurrent biLSTM
network (Bidirectional recurrent neural networks) was
used. biLSTM is a combination of two LSTM networks in

which at the same time one network builds a language
model from the beginning of the sentence, and the second
from the end.
We used the simplest sequential model, consisting of
two layers. For the software implementation of the
proposed architecture in Python, the jupyter notebook
development environment was used. A linear layer was

attached to the biLSTM layer to solve the classification
problem (Fig. 2).

Fig. 2. Scheme of the LDA model

At the input of the neural network, vector
representations of words (embending) were applied.
Word2Vec was used to convert each word from the title of
the article to a number vector. In the experiments, 300
dimension vectors were used (Word2Vec from the gensim
library allows changing the embedding dimension).
In our experiments, we consider the DBLP citation
network, a collection of articles on artificial intelligence
compiled by aminer.org. In this study, we intentionally
relied only on the title of the publication and its links.
During the experiments, various models of the neural
network were tested. Experiments were conducted with a
change in the number of neurons in the biLSTM layer (4,
8, 16, 32, 64, 128) and the number of neurons in the linear
layer (from 0 to 10). The best model was able to give an
accuracy of 0.6131 according to the ROC AUC metric.
The time for calculating the forecast and evaluating its
accuracy was about 1 hour.
To combine articles with similar topics into clusters,
we used generally accepted approaches to machine word
processing (NLP), clustering articles using the Latent
Dirichlet Allocation (LDA) method, and visualizing the
results obtained with Python libraries. After extracting the
data, preprocessing it, extracting tokens, stamping and
deleting stop words, we used the Latent Dirichlet
Allocation (LDA) algorithm - Fig. 2.
LDA is a hierarchical Bayesian model that consists of
two levels: at the first level, a mixture whose components
correspond to “themes”; at the second level, a multinomial
variable with an a priori Dirichlet distribution that defines
the “distribution of topics” in the document.
The principle of the model:
1) select the document length N
2) vector is selected θ ~ (α) - the vector of the “degree of
expression” of each topic in this document;
3) for each of N words w:

˗
˗

choose a theme zn by distribution Mult(θ);

choose a word wn ~ p(wn|zn, β) with probabilities
given in β.
For simplicity, we fix the number of topics k and
assume that β is just a set of parameters βi,j = p(wj=1|zi=1),
which need to be evaluated, and we won’t worry about the
distribution on N. The joint distribution then looks like
this:

Unlike conventional clustering with an a priori
Dirichlet distribution, we do not select a cluster here once,
and then we look for words from this cluster, but for each
word we first select a topic from the distribution θ, and
only then we relate this word to this topic.
At the output after training the LDA model, themed
vectors θ are obtained, showing how topics are distributed
in each document, and distributions β, which show which
words are more likely in certain topics. In our case, we got
8 pronounced clusters corresponding to the following
directions:
1) computing systems and algorithms in them;
2) bioinformatics and data processing methods in it;
3) signal processing;
4) optimization methods and algorithms based on them;
5) problems related to theoretical informatics and
computational complexity;
6) neural and computing networks;
7) issues regarding natural language processing (NLP)
and programming languages;
8) robotics, and self-learning systems (Reinforcement
Learning).
After the previous step, n-dimensional thematic
vectors of articles are obtained. To compress the results
into a two-dimensional vector space, the t-SNE machine
learning algorithm was used. To visualize the clusters, we
used an interface written in JavaScrIFT (Fig. 3).
The previous approach was based on a comparison of
vectors at the megalemma level in a cosine measure, which
determined the semantic similarity of the texts. As a
development of this approach, based on the assumption
that while maintaining the semantic similarity of phrases,
ideas in them can be expressed in different words, we use
the Impact Factor of the Term (IFT) to assess the similarity
of documents.
To compare articles expressing new ideas, we use the
hypothesis that new ideas are often expressed in terms of
a high impact factor IFT. IFT is determined by the average
number of links to articles with this term, the higher the
IFT, the higher the citation trend and the number of formal
links. If a couple of articles have a general term with a high
IFT, the probability of a formal link between them will be
high.
Using multilingual synsets built for high IFT terms
(IFT terms), you can evaluate the similarity of articles in
any language. If there is a semantic similarity, estimated
by a cosine measure, it can be assumed that articles with
this term will be quoted with some probability.
If previously the similarity of the vectors of
megalemma determined the similarity of texts, now we use
extended vectors based on common rare phrases,
megalemmas and multilingual IFT synsets, as well as the
results of thematic analysis. The similarity of extended
vectors more accurately reflects the similarity of texts,
since it takes into account not only semantic, but also
thematic similarity.

Fig. 3. Cluster states in 1993. 1) computing systems and algorithms in them (pink); 2) bioinformatics and data processing methods in it
(purple); 3) signal processing (brown); 4) optimization methods and algorithms based on them (green); 5) problems related to
theoretical informatics and computational complexity (orange); 6) neural and computing networks (red); 7) issues regarding natural
language processing (NLP) and programming languages (blue); 8) robotics, and self-learning systems (Reinforcement Learning) (dark
orange); yellow - a “garbage” cluster with articles in German

Our study is based on a model for representing ideas in
the form of many terms and similar phrases in a
multilingual semantic field, on the hypothesis that the
proximity of vector representations of terms in a
multilingual vector semantic space can be interpreted as
semantic similarity in an interlanguage environment. We
propose a method of formalizing ideas by using terms with
high IFT and megalemma, which allows you to recognize
an idea expressed in different words. References, both
formal (bibliographic) and contextual (implicit, expressed
by matching IFT terms), are an expression of the
connection between ideas.
High IFT terms are significant terms (or ideologically
significant). If the texts on the IFT synsets have the same
vector, then this means the presence of common ideas in
these texts and a significant similarity related to citation.
The similarity in vectors of megalemmas also correlates
with formal links (as our previous experiments showed),
but to a much lesser extent. It is shown that megalemma
has a very low impact factor.
It should be noted that the similarity in vectors of
megalemmas is more applicable to texts with common
vocabulary, in this case, the degree of coincidence of their
thematic composition as a set of popular words is
calculated. The approach to calculating the similarity of
IFT / megalemma vectors is focused on comparing the
similarity of scientific texts with specific terminology,
despite the fact that ideas can have different lexical

expressions. Therefore, in the second case, it becomes
possible to more accurately assess the similarity from the
point of view of ideological similarity, since terms with a
high IFT are significant terms denoting ideas.
Three types of semantic similarity can be considered
(based on implicit references): 1) similarity of the thematic
composition of popular / common words (word frequency
from 10 thousand or more); 2) the presence of common
significant IFT terms denoting specific ideas (frequency 51000); 3) the presence of common rare phrases (long
quotation) (frequency 2-100). These types differ in the
frequency of matching terms / phrases. The highest
frequency is typical for popular terms and megalemmas,
the lowest is for common rare phrases. The proposed
similarity assessment algorithm takes into account all
these types of similarities, giving appropriate weights.
Thus, when identifying similarities and implicit
references, the entire frequency range of terms and phrases
is used.
So, we build extended vectors from megalemmas and
multilingual IFT synsets, and these can be weighted
vectors whose elements have weights. The larger the
impact factor, the higher the likelihood of a formal link
and the higher the weight of the vector element. The cosine
measure allows you to work with weighted vectors, in
which elements take large real values. Since our task is to
search for semantic similarity of articles correlating with
the presence of formal links, then increasing the weights

of IFT synsets in extended vectors improves the quality of
the proposed algorithm.
Therefore, the algorithm for calculating ISTS is based
on assessing the similarity of vectors, expanded by adding
multilingual IFT synsets and weights, according to a
cosine measure, in order to determine the similarity of
texts. This takes into account the presence of formal links
between texts containing matching IFT terms. The method
may contain options that are determined/selected by the
optimization method according to the maximum
correlation of ISTS with formal links.
The first version of the methodology for calculating the
multilingual Index of Ideological Influence (III) as the
number of similar subsequent / future articles / documents
has been developed.

We consider similar subsequent articles to be articles
that will cite this document, i.e. those articles are similar
that are linked by formal links. Thus, the III is looking for
trending articles containing trending IFT terms. We can
calculate the second-level III, since one idea gives rise to
another, then you can search for articles similar to the
articles found in the first stage (indirect similarity /
similarity). The mutual influence of articles is calculated
using the PageRank algorithm [15], which increases the
significance / influence of texts / articles the more they
have more (implicit) links with other significant /
influential texts.
IFT terms in scientific articles have an expiration date.
The value of IFT is higher in the first years (3-4 years),
and then it decreases (Fig. 4).

Fig. 4. Graphs of the average values of the IFT term, depending on the number of articles with these terms and the speed of the trend. 1
- 0 years, 2 - 1 year, 3 - 2 years, 4 - 3 years, 5 - 4 years, 6 - 5 years

Over time, some important terms are replaced by
others. If in the vector for the term, in addition to the IFT,
another year is introduced when the term was of high
importance, then you can also obtain some information
about the age of the article by the vector, which will allow
you to find general ideas of a certain age when comparing
the articles. This provides information on the dynamics of
the development of ideas. For example, the term NEURAL
NETWORKS has a long history, and in different years,
various derivatives of this term were significant IFT terms,
for example, FUZZY NEURAL or RECURRENT neural
networks.
Over time, some important terms are replaced by
others. If in the vector for the term, in addition to the IFT,
another year is introduced when the term was of high
importance, then you can also obtain some information
about the age of the article by the vector, which will allow
you to find general ideas of a certain age when comparing
the articles. This provides information on the dynamics of

the development of ideas. For example, the term NEURAL
NETWORKS has a long history, and in different years,
various derivatives of this term were significant IFT terms,
for example, FUZZY NEURAL or RECURRENT neural
networks.
So, the methodology for calculating the III contains the
following steps:
1) search in the article for significant IFT terms;
2) compiling multilingual IFT synsets for these IFT
terms;
3) on the basis of IFT-synsets, the definition of the
forecast (regression analysis according to previous
values of IFT and trend parameters);
4) refinement of the forecast using the PageRank
algorithm
[12],
which
increases
the
significance/influence of texts / ideas, the more they
have (implicit) connections with other significant /
influential texts.

In this case, implicit links between texts/articles are
determined using the methodology for calculating the
index of semantic text similarity (ISTS).
3. Results
As a result, we see the following pattern: the higher the
forecast of the IFT, the higher the III of the document. The
predictive value of the IFT is the same as the text, term, or
idea. If there are several IFT terms in the text, then you can
make a prediction according to the most significant/high
IFT, or according to statistics that take into account the
synergy of IFT terms when found together. An updated
forecast of III/IFT is carried out using regression analysis
using a number of indicators for the current year (IFT,
IFTm, external links) and similar indicators of previous
years.
4. Conclusion
The Multilingual Index of Ideological Influence (III)
corresponds to the number of subsequent/future
articles/documents citing the source document that are
similar to the source document. We plan to consider a
number of index modifications taking into account the
cascade of citation (first and other levels) and the temporal
dynamics of the development of ideas. It is planned to
develop an algorithm for the updated forecast of III/IFT
using a number of indicators of the current year (IFT,
IFTm, external links) and similar indicators of previous
years.
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Research and development of linguo-statistical methods for forming a
portrait of a subject area
Oleg V. Zolotarev
ol-zolot@yandex.ru
ANO HE «Russian New University», Moscow, Russia
The project aims to solve the fundamental scientific problem of semantic modeling, within the framework of which a methodology is
developed for the automated identification of translation links (translation correspondences), as well as hierarchical, synonymous and
associative links from Internet texts and the construction of multilingual associative hierarchical portraits of subject area (MAHPSA),
in particular, on autonomous uninhabited underwater vehicles (UUV). Accounting for multilingual and heterogeneous resources allows
you to get a more complete picture of what is happening in the subject area, to identify the sources of the origin of ideas, the speed and
directions of their distribution, to identify significant documents and promising directions. The solution to the problem is based on an
integrated approach that combines the methods of statistics, corpus linguistics and distributive semantics, and is implemented in
technology that involves the development of linguo-statistical mechanisms for the formation of a multilingual associative hierarchical
portrait of a subject area, which is a dictionary of significant terms of the subject area, the elements of which organized in synonymous
series (synsets), including translational correspondences, as well as associative and hierarchical relationships.
Keywords: Linguo-statistical methods, associative and hierarchical portrait of the subject area, multilingual integrated ontology,
forecasting the spread of ideas, multilingual body of the subject area.

1. Introduction
The growth of volumes on the Internet significantly
complicates the search for information. Using semantic
search, comparing multilingual documents will allow you
to find new interesting trends and ideas, which will
significantly reduce the cost of developing and
popularizing new areas in science. Using a multilingual
associative hierarchical portrait of a subject area when
comparing documents will allow us to compare texts not
only on the basis of matching phrases included in these
documents, but also on the matching of the described
objects and processes. MAHPSA allows you to determine
the semantic similarity of documents even if the
documents do not have common words that are included
in both documents. MAHPSA allows you to calculate the
integrated statistics of a multilingual collection, determine
significant documents and promising areas without
translating documents into one of the languages. This is
important for the automatic processing of a large number
of documents (Big Data). The construction of MAHPSA
will provide an opportunity not only to compare
documents and search for new ideas, but also to solve other
problems associated with the rapid analysis of a large
amount of information.
2. Technique of automatic formation of a
multilingual associative-hierarchical portrait
of a subject area
The essence of the proposed method for the formation
of a multilingual associative-hierarchical portrait of a
subject domain consists in iteratively expanding the initial
multilingual dictionary of significant phrases to the
hierarchy of multilingual synonymous series (synsets).
The method can be stated as the following algorithm:
1) Compiling a collection of multilingual texts by means
of a directed search in the databases of scientific
documents (for example, Dimensions) by keywords;
2) Word processing by means of the Pullenti program,
tokenization and metatoke nization;
3) Automatic generation of glossaries of terms and
megalemms; expert quality control of generated
dictionaries;

4) Automatic selection of topics on the basis of thematic
modeling methods, the formation of a dictionary of
subject areas, the selection of many keywords of
subject areas, expert control, topic correction;
5) The formation of a dictionary of key terms mapped to
topics;
6) Compilation of frequency dictionaries of domain
terms (using statistical methods);
7) Compilation of frequency dictionaries of subject
domain megalemmas;
8) Building multilingual synsets by combining BabelNet
resources and a megalemma dictionary;
9) Building SVPs using a neural network model (a
combination of Word2Vec with multilingual
recurrent neural networks RNN) for texts that have
undergone preprocessing;
10) Performing hierarchical clustering using Word2Vec
and RNN, taking into account the hierarchical
relationships of synsets;
11) The construction of an ordered list of candidates for
hierarchical
relationships
from
associative
connections of the neural network model; viewing and
correction of hierarchical relations is implemented on
the basis of the Keywen Knowledge Architect
resource [1].
3. Methodology for calculating integral statistics
based on MAHPSA
MAHPSA is created automatically on the basis of
statistical analysis of large volumes of texts from the
Internet. The hierarchical connections that make up the
MAHPSA form a hierarchy and classifier that facilitate the
search and navigation in the multilingual subject area of
the UUV.
The proposed methodology also includes the
integration of various MAHPSA s with multilingual
linguistic resources (WordNet, Wikipedia, BabelNet, etc.)
to obtain the largest multilingual ontology with relevant
knowledge and improved coverage of terminology in the
subject areas under consideration. The combined (integral)
ontology contains a hierarchy of synonymic series
(synsets) of multilingual terms, including Russian, and
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serves as the basis for constructing a single multilingual
vector space that allows us to evaluate the semantic
proximity of multilingual texts, synsets and terms, similar
to NASARI and MAFFIN methods. The translation
correspondences between the multilingual synsets of
MAHPSA are built using Word2Vec technology. Integral
ontology allows you to calculate integrated multilingual
statistics and trends in the use of terms and ideas, which
allows you to predict the distribution of ideas between
languages and determine promising directions. A measure
of the semantic proximity of multilingual documents
allows you to identify implicit links between documents
and determine significant documents, which is necessary
to collect high-quality information from the open Internet
and build large relevant multilingual corpuses of texts for
the subject area. Thus, increasing the size and quality of
integral ontology will allow us to build a better similarity
measure and subject corpus of texts, extracting knowledge
from which in turn will further increase the size and
quality of integral ontology.
The methodology includes not only the identification
of significant documents, but also the identification of
trends and the identification of promising areas for the
development of science.
To develop the first version of the integrated statistics
methodology based on MAHPSA, it is necessary to do the
following:
1) Conduct morphological, syntactic and partially
semantic analysis of the text;
2) Select typed objects - named entities;
3) Identify formal elements for the presentation of
concepts;
4) Develop a structure and software for storing a
multilingual collection of documents;
5) Create dictionaries for storing structured information;
6) Develop neural network algorithms for calculating
integrated statistics based on MAHPSA.
The first version of the program has been developed
for highlighting interlingual implicit connections and
assessing the semantic similarity of phrases in different
languages.

Text processing is carried out using the program
PullEnti [2]. This is a unique product that wins the
computer linguistics competitions held as part of the
Dialogue conference.
Pullenti is a linguistic processor developed at the
Institute of Informatics Problems, which is constantly
being refined and allows morphological, syntactic and
partially semantic analysis of the text, distinguishing typed
objects - named entities.
Pullenti SDK includes the following main blocks:
1) Tokenization: breakdown into words (tokens) as
adjusted (Fig. 1 [2-12]);
2) Morphological analysis: definition for tokens of parts
of speech (this is a POS-tagger - Part of Speech, which
gives out all possible options for a word form
regardless of its surrounding context). Languages are
Russian, Ukrainian and English. There is
normalization, reduction of the word form to the
desired case \ gender \ number, and there is also
processing of unknown and new words, and there is
also a mode for correcting errors (Fig. 2 [2-12]);
3) Selection of named entities [13] (NER - Names Entity
Recognition): a lot of so-called analyzers that find
entities of the corresponding type (person,
organization, geographical objects, etc.) in sequences
of tokens (Fig. 3 [2-12]);
4) A lot of tools for working with numerical data,
nominal and verb groups, brackets and quotation
marks, dictionaries of terms and abbreviations,
various checks (for example, equivalence of strings in
Latin and Cyrillic letters) and other useful features
that appeared during the solution of practical
problems (Fig. . 4 [2-12]);
5) Derivative dictionary: a dictionary of the so-called
derivative groups (many same-root words, but
different parts of speech, and one group contains
words in different languages), group management
model (what can come after a group), synonymy, etc.;
6) Semantic representation: tokens are structured in the
form of a graph with semantic connections to solve
more complex problems related to meaning [14].

Fig. 1. Tokenization
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Fig. 2. Morphological analysis

Fig. 3. Highlighting the named entities

Fig. 4. Numeric Tools

Specially for this project, the linguistic processor has
been modified so that it is possible to more accurately
highlight implicit links in documents
The concept of a token (Token base class) is at the
heart of the Pullenti SDK model. Each token refers to a
merged fragment of the source text (BeginChar and
EndChar positions). First, the text is divided into a
sequence of text tokens (TextToken), and then during
processing they are converted - merging into meta-tokens
(MetaToken). A metatoken is a token that has "absorbed"
a fused sequence of other tokens. Metatokens, for
example, represent places of occurrence of named entities
(ReferentToken) in the text. Metatokens can represent
various numerical data (lowercase spelling of numbers),
name groups (in the example, NounPhraseToken is the
inherited class from MetaToken), etc. Most of the
elements received and used during the analysis are
metatokens.
The concept of PullEnti megatokens served as the basis
for building dictionaries of megalemmas, each of which
can consist of several tokens or megatokens. The
megalemma is the basis for comparing meaningful phrases
from different languages, i.e. the concept of megalemma
is broader than the concept of megatoken, since it
additionally includes identifying connections between
different languages.
Megalemma dictionaries are constructed using the
method for determining the proximity of terms [11]. It is
this method that allows us to form megalemmas on the
basis of statistical patterns of occurrence of terms in the
framework of the formation of an associative-hierarchical
portrait of a subject area.
Thematic dictionaries of megalemmas are formed by
subject areas and serve as the basis for the classification of
texts. Megalemma dictionaries are also used to represent
knowledge in ontologies and automatically supplement
them with relevant vocabulary.
The formal element for the presentation of concepts
was chosen synset. This is the basis of knowledge
representation in systems such as Wordnet, Babelnet and
others. This is a well-established and generally accepted
concept [15]. Synsets can chain together (megalemmas
include synsets).
Thus megalemmas are presented - these are chains of
synsets. The concept of synset is initially oriented toward
multilingualism.
The work was carried out in two subject areas “computer graphics and visualization” and “autonomous
uninhabited underwater vehicles”.
Algorithms for the semantic analysis of information
have been developed [2-11, 15]. Prototypes of software
components for semantic analysis of textual information
have been developed too.
Implicit links are searched using the megalemma
dictionary. First, the text is processed using the PullEnti
program, normalization of words in the text, selection of
named entities (NER - named entity recognition),
formation of dictionaries of tokens and megatokens for the
text are performed. Next, a thematic analysis of the text is
carried out using megalemma dictionaries. In the
dictionaries of megalemmas, as already mentioned, there
is a correlation of each megalemma with a specific
document and with a specific subject area. This allows the
classification of texts in subject areas and a statistical
analysis of documents for the presence of implicit

references. According to the publication date of the
document, the source document of the megalemma and the
document that has a link to the megalemma are
determined.
To control the quality of automatic detection of
implicit links, methods of collective intelligence and
crowdsourcing were used [17]. It was proposed to conduct
a quality check for the detection of implicit links using an
expert approach.
The probability of a positive decision is determined by
the mathematical model:
𝑴𝑴=𝟏𝟏/𝟐𝟐

𝒊𝒊
𝑲𝑲𝟎𝟎 = � 𝑪𝑪𝒊𝒊𝑴𝑴 𝑮𝑮𝑴𝑴=𝒊𝒊
𝑹𝑹 (𝟏𝟏 − 𝑮𝑮𝑹𝑹 )
𝒊𝒊=𝟎𝟎

In accordance with this formula, the probability K0 of
a positive decision by a group of M experts with the
probability of the correct GR solution for one expert is
determined by this formula. The analysis of expert
estimates showed a rather high level of revealing implicit
links and determining the semantic similarity of phrases
and documents.
There was developed software for storing a
multilingual collection of documents. A software
implementation of thematic modeling methods using
dictionaries of megalemmas in subject areas has been
developed [18].
As a result of processing collections of documents,
dictionaries of terms and dictionaries of megalemmas are
built. Statistics is collected for the use of terms and
megalemmas by articles.
BabelNet is an integration resource based on the
following resources: WordNet, Wikipedia, OmegaWiki,
Wiktionary, Wikidata, Wikiquote, VerbNet, Microsoft
Terminology, GeoNames, ImageNet, FrameNet, WNMap, Open Multilingual WordNet, WoNeF, Albanet,
Arabic WordNet ( AWN v2), BulTreeBank WordNet
(BTB-WN), Chinese Open WordNet, Chinese WordNet
(Taiwan), DanNet, Greek WordNet, Princeton WordNet,
Persian WordNet, FinnWordNet, WOLF (WordNet Libre
du Français), Hebrew WordNet, Croatian WordNet,
IceWordNet , MultiWordNet, ItalWordNet, Japanese
WordNet, Multilingual Central Repository, WordNet
Bahasa, Open Dutch WordNet, Norwegian WordNet,
plWordNet, OpenWN-PT, Romanian WordNet, Lithua.
BabelNet is fully integrated with BabelFly's
multilingual lexical ambiguity and entity binding system.
BabelNet is also integrated with Wikipedia's bitaxonomy
[20], which is built around two hierarchies: page
hierarchies and category hierarchies [15].
Integration with BabelNet will be carried out by
analogy with the approach that BabelNet uses to integrate
with other (described above) resources, using automatic
display and filling of lexical gaps in languages with limited
resources using statistical machine translation. The result
is an “encyclopedic dictionary” that provides concepts and
named entities lexicalized in many languages and
associated with a large number of semantic relations [21].
Additional vocabulary and definitions are added by
reference to free networks such as WordNet, OmegaWiki,
English Wiktionary, Wikidata, FrameNet, VerbNet and
others. Like WordNet, BabelNet groups words in different
languages into sets of synonyms called Babel synsets. For
each Babel syntax, BabelNet provides short definitions
(called glosses) in many languages, taken from both
WordNet and Wikipedia.

In the future, it is planned to use the Babelscape
product [22], which allows us to analyze documents,
perform semantic markup of texts, build semantic
knowledge graphs in several languages, etc., but this issue
requires additional careful study [15].
The dictionaries of terms and megalemmas proposed
within the framework of the project allow not only to
classify texts, but also to define implicit links between
articles.
The structure of the glossary is represented by a tuple:
Dterm = < IDterm, Term>,
(1)
where Dterm is a glossary of terms, IDterm is a term
identifier in a dictionary, Term is a term.
The structure of the megalemma dictionary is
represented by a tuple:
Dmeg = < IDmeg, MegL>,
(2)
where Dmeg is the megalemma dictionary, IDmeg is the
megalemma identifier in the dictionary, MegL is the
megalemma.
The structure of the document dictionary is represented
by a tuple:
Ddoc = <IDdoc, NAMEdoc, SRCdoc, YEARdoc, NUMwrd>, (3)
where Ddoc is the document dictionary, IDdoc is the
document identifier in the dictionary, NAMEdoc is the
document name, SRCdoc is the publication source,
YEARdoc is the publication year, NUMwrd is the total
number of terms in the document.
The structure of the domain dictionary is represented
by a tuple:
Dsa = < IDsa, SA>,
(4)
where Dsa is the domain dictionary, IDsa is the domain
identifier in the dictionary, SA is the domain name.
While the Dterm dictionary is a general glossary of
terms, dictionaries of documents contain the terms of the
document and the frequency of occurrence of the term in
the document. The same thing applies to the dictionary of
megalemmas. These two dictionaries are associative tables
in the database. An associative table in the database
implements a relationship between many-to-many entities.
The structure of the dictionary of terms of the
document is represented by a tuple:
Dtd = < IDterm, IDdoc, Fterm>,
(5)
where Dtd is the dictionary of terms of the document,
Fterm is the relative frequency of occurrence of the term
in the document, calculated as follows: first, all
insignificant words are removed from the document (stop
words, rare words, etc.), only the terms remain, then the
frequency of occurrence of the term is divided by the total
number of terms in the document.
The structure of the dictionary of megalemmas of the
document is represented by a tuple:
Dmd = < IDmeg, IDdoc, Fmeg>,
(6)
where Dmd is the dictionary of megalemmas in the
document, Fmeg is the relative frequency of megalemma
in the document, calculated as follows: the frequency of
megalemma is divided by the total number of
megalemmas in the document.
The structure of the keyword dictionary is represented
by a tuple:
Dkeywrd = < IDterm, IDsa>,
(7)
Keywords are taken from a general vocabulary of
terms and compared with the subject area. This is also an
associative table.
The structure of the dictionary of document correlation
with a subject area is presented below.

Ddsa = <IDdoc, IDsa>,
(8)
where Ddsa is a dictionary of subject areas of a document.
One document can belong to several subject areas.
4. Results
A program was developed to implement methods for
modeling topics and to identify implicit links between
documents [23]. The megalemmas' dictionary is used to
determine implicit references. The task is to determine the
source of the megalemma and link to it. A storage structure
and methods for constructing a multilingual collection of
synsets - synonymous series are developed.
A neural network algorithm was developed using tags
/ tokens (flagging) and the Word2vec method modified by
the team of authors, already described, to identify Russianspeaking terms in texts that are similar in context of lexical
meaning [24].
The methodology for constructing forecasts for the
development of new directions includes the ratio of the
relative frequencies of occurrence of the same
megalemmas calculated over adjacent years. This
approach eliminates the problem of retraining neural
networks in connection with the accumulation of
information.
The analysis of clustering methods and thematic
modeling to assess the quality / significance of texts
carried out [25]. Various thematic modeling methods are
considered, including the vector model, latent semantic
analysis, latent Dirichlet placement, and others. The basis
of these methods is a probabilistic approach, i.e.
correlation of a term or document with several topics with
a certain degree of probability. The disadvantage of this
approach is the automatic formation of a list of topics.
5. Conclusion
As a result of this scientific research, a number of
results will be obtained that have high scientific and
applied significance:
1. The updated actual multilingual collection of
scientific texts in various languages, containing more
than 60 thousand scientific documents and having
more than 6 thousand internal bibliographic
references. This collection will allow us to accurately
calculate the significance of documents using the
scientific citation index (SCI) by the number of
bibliographic references, as well as using the context
scientific citation index (CSCI), calculated by the
number of implicit references identified through the
semantic similarity of texts.
2. The developed technique for the automatic formation
of a multilingual associative-hierarchical portrait of a
subject area (MAHPSA) containing a hierarchy of
multilingual synonymous series (synsets). With the
help of MAHPSA, it is possible to solve a wide range
of problems, including calculating the semantic
similarity of texts, identifying multilingual
plagiarism, expanding queries in multilingual search.
3. The developed methodology and algorithms for
calculating integrated multilingual statistics based on
MAHPSA, including the identification of significant
documents, trends and promising areas. Because of
applying the technique to a multilingual collection,
new concepts will be revealed, the dynamics of their

4.

development over time will be considered, and
promising areas for the development of the subject
area will be constructed. Based on this, it will be
possible to build forecasts of promising areas of
research.
The developed methodology for integrating
MAHPSA with other ontologies and linguistic
resources, including BabelNet, which contains
millions of multilingual synsets. As a result, the
shortcomings of BabelNet related to the low level of
coverage of Russian terms will be overcome. For
integrated resources, updated ratings of the
significance of documents will be calculated and
updated forecasts of promising areas of research in
selected subject areas will be constructed.
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The paper is devoted to the problem of the bibliometric study of publications on the topic “Cross-lingual Semantic Similarity”,
available in the Dimensions database. Visualization of scientific networks showed fragmentation of research, limited interaction of
organizations. Leading countries, leading organizations and authors are highlighted. Overlay visualization allowed us to assess the
trends in citing authors. The expansion of the geography of research is shown. For international cooperation, the uniformity of semantic
approaches to describing the concepts of critical infrastructure, incidents, resources and services related to their maintenance and
protection is important. The stated approaches can be applied for visualization and modeling of technological development in the
modern digital world. Semantic similarity is a longstanding problem in natural language processing (NLP). The semantic similarity
between two words represents the semantic proximity (or semantic distance) between two words or concepts. This is an important
problem in natural language processing, as it plays an important role in finding information, extracting information, text mining, web
mining and many other applications.
Keywords: text mining, tech mining, cross-lingual semantic similarity, visualization, scientific network, bibliometrics

1. Introduction
Linguistic similarities were studied by researchers
from different fields using numerous statistical, linguistic
and neuroscientific approaches.
The semantic properties of languages are usually
evaluated using the embedding of words, which projects a
linguistic dictionary onto the vector space of a given
number of dimensions, in which the semantic relations of
words are stored.
In artificial intelligence and cognitive science,
semantic similarities were used for various scientific
assessments and measurements, as well as for decoding
complex interfaces of conceptualizing feelings [1].
Theoretically, semantic similarity refers to the idea of
commonality in the characteristics between words or
concepts in a language. Although this is a property of the
relationship between concepts or feelings, it can also be
defined as a measurement of the conceptual similarity
between two words, sentences, paragraphs, documents, or
even two parts of a text.
Recently, there has been a growing interest in finding
semantically similar words in different languages based
on comparable data easily accessible from the Internet
(for example, Wikipedia, news) [2, 3].
According to Hotho et al. [4] Text Mining can be
defined - like data mining - as the application of
algorithms and methods from fields of machine learning
and statistics in texts in order to search for useful
templates after pre-processing. Data mining algorithms
can be applied to the extracted data.
Text analysis in big data analytics is becoming a
powerful tool for processing unstructured text data,
analyze it to extract new knowledge and identify
meaningful models and correlations hidden in the data.
Text mining refers to the extraction of information and
implicit patterns previously unknown in automatic or
semi-automatic mode from a huge unstructured text data
such as natural language texts [5].
Tech Mining refers to the application of text mining
methods to technical documentation. For the purposes of
patent analysis, this is called “patent mining”. Tech

Mining (TM) [6] uses text mining software to exploit
scientific and technical information resources. Mining
technology is used to inform technology management.
This technology combines understanding of technological
innovative processes with software tools for obtaining
vital scientific and technical knowledge.
Whereas many applications have employed certain
similarity functions to compute the semantic similarity
between terms, most of the traditional approaches solving
the problem by using dictionaries such as WordNet. The
main problem is that a lot of terms (e.g. abbreviations,
acronyms, brand names etc.) that are not covered by these
kinds of dictionaries [7]. As a result, semantic similarity
measures which are based on this type of resources cannot
be used directly in these cases.
Tech Mining is the application of text mining tools to
scientific and technical information resources. The evergrowing volume of scientific results represents a boom in
technological innovation, but also complicates efforts to
obtain useful and concise information for solving
problems. This problem extends to technological mining,
where the development of methods compatible with big
data is an urgent problem.
In the current patent analysis, numerous patent
documents use different words to describe the same event,
leading to semantic inconsistency and polysemy due to
the many meanings that may exist for a single word. To
solve this problem, document analysis often requires
combining synonyms into the same semantic dimension.
On the other hand, different words can be used to describe
the same events.
The methods for measuring the semantic similarity of
texts are necessary for the development of areas of
information retrieval, data mining and text analysis. Such
methods will help to avoid patent infringement in the
development of technological capabilities to achieve
future competitive advantages [8].
The growing popularity of data science is also
affecting high-tech industries. However, since they
usually have different core competencies - the creation of
cyberphysical systems, and not, for example, machine
learning algorithms or data mining - to delve into the
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science of data by specialists in the field, such as system
engineers or architects, can be more cumbersome than
expected.
In recent years, in order to help subject matter experts
use data science, scientists have been developing semantic
search engines. So, for example, Semantic Snake Charmer
(SSC) [9], is a search engine based on subject knowledge.
SSC includes a natural language processing module that
can convert relevant documentation into several types of
semantic graphs.
2. Related works
An accurate assessment of the actual similarity
between documents is fundamental for many automatic
text analysis applications, such as thesaurus generation
[10], machine translation [11], question-answer [12],
information search [13], and automatic generalization.
Semantic space is an attempt to model the
characteristics of human semantic memory, which is
guided by the principle that words with similar meanings
are found in a similar language environment. Semantic
space is a vector space that captures the value
quantitatively from the point of view of coincidence
statistics, where words (or concepts) are represented as
vectors in a high-dimensional space [14]. As a result, the
similarity of the meanings of words can be quantified by
measuring their distance in a high-dimensional vector
space.
Latent semantic analysis (LSA) is based on the fact
that words that have similar meanings tend to occur in
similar texts [15].
Knowledge-based methods suffer from a limited
number of common vocabulary words that are commonly
used in general English literature and often not suitable
for specific domains.
The vector space model is classically used to evaluate
the semantic similarity between two documents. Terms
are represented in this semantic space as vectors called
word embeddings. The possibilities of determining textual
similarity based on vector representations of terms in a
semantic space in which the proximity of vectors can be
interpreted as semantic similarity [16] are investigated.
The LSA method has an advantage over most modern
information retrieval methods because it has the ability to
measure the similarity of two texts that use completely
different words. However, there are morphological
problems of the correct identification of terms, as well as
more fundamental problems with homonymy / polysemy
and synonymy. Techniques that depend on large
enclosures tend to overestimate relatively unrelated
sentences or relatively related sentences (e.g., LSAs).
LSAs overestimate the similarity score of compared pairs
of sentences [17]. The study of the similarity assessment
between patent documents and scientific publications in
the field of biotechnology by the LSA method proved that
in this case the decrease in dimension led to the cutting off
of valuable information [18].
Semantic spaces can be constructed either using the
additive model or the multiplicative model. Both additive
and multiplicative approaches to constructing semantic
space do not take into account the word order among the

components (i.e., words or phrases). Traditional clustering
algorithms usually rely on the BOW (Bag of Words)
approach, and the obvious drawback of BOW is that it
ignores the semantic relationship between words.
Researchers expanded DSM to include the
compositional structure of the language, and called these
models compositional-DSM (CDSM). CDSM models
suggest that the meaning of a word can be interpreted by
its context, and the meaning of a sentence can be obtained
from its compositions [19]. The central place in CDSM is
compositionality, that is, the meaning of complex
expressions is determined by the values of their
component expressions and the rules for combining them.
Assessing semantic similarities between concepts is a
key tool to improve understanding of texts. The structured
knowledge provided by ontologies is widely used to
evaluate similarities. However, in many areas several
ontologies modeling the same concepts in different ways
are available. The paper describes the criteria for choosing
ontologies for assessing semantic similarity [20].
A measure of calculating the similarity between
sentences or between documents using an ontology is
proposed. The similarity is evaluated using the concept
vector of the document (proposal), formed by finding the
links between the ontology terms and the content of the
document (proposal) [21].
The vector space model is used to identify potentially
useful services and evaluate web services [22]. Methods
for extracting information and automatic semantic textual
similarity assessment were used for electronic health
systems (EHR) [23].
Similarity measures are used to select a contextsensitive application that matches the current context of
the user. Personalization of services is directly related to
the user's preferences, displaying his contextual
information from the user environment.
A semantic similarity measure is a tool for assessing
the similarity between instances of the context, which
allows to select services in accordance with their
relevance for a given request, profile and user preferences.
With this approach, the context is considered as a set of
information representing spatio-temporal information
about the user, as well as his preferences and interests,
which is used as a factor in classifying services by
relevance [24].
The data sets of common STS problems were widely
used to study similarities at the sentence level and
semantic representations [25-27].
The CL-WES method [28] is based on the cosine
similarity of distributed representations of sentences,
which are obtained by weighting the sum of each word
vector in a sentence. At the same time, at the first stage,
the Spanish sentence is translated into English using
Google Translate (i.e., two sentences are formulated in the
same language), then both statements are compared.
The similarity score of the interlanguage pairs in
English and Spanish was calculated as the average of the
corresponding language ratings in the monolingual data
sets [29]. The study was developed for five languages [30]
- English, German, Italian, Spanish and Farsi.
The skip-gram model has become one of the most
popular for the study of word representations in NLP [31].

The cross-language definition of semantic textual
similarity is an important step for the detection and
evaluation of interlanguage plagiarism; research in this
area is rare.
A comparable corpus consists of documents in two or
more languages or varieties that are not translations of
each other and deal with similar topics. Comparable
bodies are, by definition, multilingual and interlanguage
collections of text. The Internet can be used as a huge
resource of multilingual texts.

4. Results and Discussion
2050 articles of 2825 authors from 64 countries were
discovered. The dynamics of publications is shown in Fig.
1. The trend line is clearly exponential, the determination
coefficient (R2), which is also called the approximation
confidence value, is 0.6648. Initial publications date back
to the 80s of the 20th century, but research has been
growing since the beginning of the 21st century.

3. Matherials and methods
To search for publications, the Dimensions database
(https://app.dimensions.ai/) was used, which provides
open access to more than 95 million publication records
and related metrics for individual users. The search
keywords used were “cross-lingual semantic similarity”.
2050 articles were discovered.
VOSviewer (https://www.vosviewer.com/) was used
to visualize scientific networks. VOSviewer uses a remote
approach to visualizing bibliometric networks. In a
bibliometric network, there are often large differences
between nodes in the number of edges they have to other
nodes.
Popular sites, for example, representing highly cited
publications or highly prolific researchers, may have
several orders of magnitude more connections than their
less popular counterparts. When analyzing bibliometric
networks, normalization of these differences between
nodes is usually performed. VOSviewer by default applies
the normalization of communication strength [32].

Fig. 1. Dynamics of the number of publications devoted to the
problem of cross-lingual semantic similarity

With the help of VOSviewer, a co-authorship network
was built. For 2825 authors, the minimum number of
articles by the author was taken to be five; 26 such authors
were identified in 17 clusters. The largest cluster included
4 authors. Fig. 2 shows that there is a separation of the
authors into small research groups.

Fig. 2. Collaboration Network

We reviewed a collaborative network of organizations
(Fig. 3). For 684 organizations, the minimum number of
articles of the organization was taken to be five; such
organizations were allocated 64 in 6 clusters. Fig. 3 shows
that only a small number of universities interact. The
largest cluster included 11 European universities and
organizations: Dublin City University; Fondazione Bruno

Kessler; German Research Center for Artificial
Intelligence; National University of Distance Education;
Trinity College Dublin; University of Alicante; University
of Edinburgh; University of Sheffield; University of The
Basque Country; University of Trento; University of
Wolverhampton.

Fig. 3. Collaboration on organizations

We examined a co-authorship network by country, the
minimum number of articles by the author was taken to be
five. Of 2825 authors of 64 countries, 35 are associated in
five clusters (Fig. 4). The two largest clusters included 9
countries. The first cluster included countries: Austria,

Canada, China, India, Iran, Japan, the Netherlands,
Taiwan, and the USA. The second cluster included
countries: Belgium, Finland, France, Greece, Slovenia,
Spain, Switzerland, Tunisia, Great Britain.

Fig. 4. Co-authorship by country

The citation index in recent years is the main measure
of the value of both a scientist and an institution, so we
examined citation networks.

We examined the citation network for documents, the
minimum number of publications by the author was taken
equal to ten. 298 authors from 2050 were identified in 14
clusters (Fig. 5).

Fig. 5. Citation from publications of the most cited authors

The most cited author is Navigli, Roberto (759
citations) [29, 30]. More than 200 citations from Rosso,
Paolo (239) and Moens, Marie-Francine (216) [2].
VOSviewer also supports overlay renderings. In
overlay rendering, the color of a node indicates a specific
property of the node, for example, the year of publication.

We presented the authors citation network in an overlay
visualization option to assess citation trends (Fig. 6). The
figure clearly shows that R. Navigli is the founder in the
area.

Fig. 6. Overlay citation network visualization

A citation network by authors was built. The minimum
number of publications by the author was taken to be five.
16 authors were identified from 2050 in 2 clusters (Fig.
7). Mittal Namitali (2017), Rettinger Achim, Gipp Bela,

Li Juanzi and Zhan Lei (2016) are the most recent of the
most cited authors.

Fig. 7. Overlay visualization of the most cited authors

The geographical aspects of citation were considered.
A citation network for countries was built with a
minimum of five publications. 34 countries were
identified (Fig. 8). It is seen that the geography of research

is expanding. So, in the last goals, Brazil, Czech Republic,
Iran, Egypt, Tunisia have joined the research.

Fig. 8. Overlay visualization of citation by affiliation of authors

5. Conclusions
A bibliometric study of publications on the topic
“Cross-lingual Semantic Similarity”, available in the
Dimensions database, was carried out. In recent years,
there has been a significant increase in research.

Visualization of scientific networks using VOSviewer has
shown fragmentation of research, small research groups
have been identified.
The visualization of a network of co-authorship across
organizations showed limited university interaction on
cross-language semantic similarities. The largest cluster

included 11 European universities and organizations from
Ireland, Italy, Germany, Spain, Scotland, and Great
Britain.
Visualization of the co-authorship network by country
showed that 35 countries interact in research, countries are
connected in five clusters. The two largest clusters
included 9 countries. In the largest clusters, including 9
countries, the leading ones were the USA and China,
Great Britain and Spain.
The visualization of the citation network revealed 298
of the most cited authors out of 2050. The most cited
author is Navigli, Roberto (759 citations). More than 200
citations from Rosso, Paolo (239) and Moens, MarieFrancine (216) [2].
Overlay visualization made it possible to evaluate the
citation trends of the authors; it turned out that the most
cited author, Navigli, Roberto, is also the founder of
research in this field [29, 30].
The most recent cited authors are Mittal Namitali
(2017 citation), Rettinger Achim, Gipp Bela, Li Juanzi
and Zhan Lei (2016 citation).
Consideration of the geographical aspects of citation
showed an expansion of the geography of research. So, in
the last goals, Brazil, Czech Republic, Iran, Egypt,
Tunisia have joined the research.
Acknowledgment
The reported study was funded by RFBR according to
the research projects № 18-07-00225, 18-07-00909, 1807-01111 and 20-04-60185.
References
[1] Rajat Pandit, R., Sengupta, S., Naskar, S.K., Dash,
N.S. and Sardar, M.M. (2019). Improving Semantic
Similarity with Cross-Lingual Resources: A Study in
Bangla - A Low Resourced Language. Informatics,
6, 19; doi:10.3390/informatics6020019
[2] Vulic, I., De Smet, W., and Moens, M.-F. (2011).
Identifying word translations from comparable
corpora using latent topic models. In Proceedings of
ACL, pages 479-484.
[3] Prochasson, E. and Fung, P. (2011). Rare word
translation extraction from aligned comparable
documents. In Proceedings of ACL, pages 13271335.
[4] Hotho, A., Nürnberger, A. and Paaß, G. (2005). A
brief survey of text mining. In Ldv Forum, Vol.
20(1), p. 19-62.
[5] Hassani, H., Beneki, C., Unger, S., Mazinani, M.T.
and Yeganegi, M.R. (2020). Text Mining in Big Data
Analytics. Big Data Cogn. Comput. 2020, 4, 1;
doi:10.3390/bdcc4010001.
[6] Porter, A. L. (2005). Tech Mining. Competitive
Intelligence Magazine. 8 (1): 30-37.
[7] Ali, A., Alfayez, F. and Alquhayz, H. (2018).
Semantic Similarity Measures Between Words: A
Brief Survey. Sci. Int. (Lahore),30(6), 907-914,
2018.
[8] Wang, H. C., Chi, Y. C. and Hsin, P. L. (2018).
Constructing Patent Maps Using Text Mining to
Sustainably
Detect
Potential
Technological

Opportunities.
Sustainability,
10,
3729;
doi:10.3390/su10103729.
[9] Grappiolo, C., van Gerwen, E., Verhoosel, J. and
Somers, L. (2019). The Semantic Snake Charmer
Search Engine: A Tool to Facilitate Data Science in
High-tech Industry Domains. In Proceedings of the
2019 Conference on Human Information Interaction
and Retrieval (CHIIR ’19). Association for
Computing Machinery, New York, NY, USA, 355359. DOI:https://doi.org/10.1145/3295750.3298915.
[10] Jarmasz, M. and Szpakowicz, S. (2003). Roget’s
Thesaurus and Semantic Similarity. Recent Adv.
Nat. Lang. Process. III Sel. Pap. from RANLP , vol.
111, 2004.
[11] Islam, A. and Inkpen, D. (2012). Unsupervised NearSynonym Choice using the Google Web 1T. ACM
Trans. Knowl. Discov. Data, vol. V, no. June, pp. 119.
[12] O’Shea, J., Bandar, Z., Crockett, K., and McLean, D.
(2008). A Comparative Study of Two Short Text
Semantic Similarity Measures. In Agent and MultiAgent Systems: Technologies and Applications, vol.
4953, N. Nguyen, G. Jo, R. Howlett, and L. Jain,
Eds. Springer Berlin Heidelberg, pp. 172-181.
[13] Li, H. and Xu, J. (2014). Semantic matching in
search. Foundations and Trends in Information
Retrieval, 7(5):343-469.
[14] Mitchell, J. and Lapata, M. (2010). Composition in
distributional models of semantics. Cognitive
science, 34(8), 1388-1429.
[15] Chen, B. (2009). Latent topic modelling of word cooccurence information for spoken document
retrieval. In IEEE International Conference on
Acoustics, Speech and Signal Processing ICASSP
2009, no. 2, pp. 3961-3964.
[16] Kenter, T., Rijke, M. de (2015). Short Text
Similarity with Word Embeddings. CIKM '15
Proceedings of the 24th ACM International on
Conference on Information and Knowledge
Management October 19-23, Melbourne, Australia.
Pp. 1411-1420.
[17] Atoum, I. (2016). Efficient Hybrid Semantic Text
Similarity using Wordnet and a Corpus. (IJACSA)
International Journal of Advanced Computer Science
and Applications, Vol. 7, No. 9, pp.124-130.
[18] Magerman, T., Van Looy, B., Baesens, B. and
Debackere, K. (2011). Assessment of Latent
Semantic Analysis (LSA) text mining algorithms for
large scale mapping of patent and scientific
publication documents. Department Of Managerial
Economics, Strategy And Innovation (MSI),
October, 77 р.
[19] Marelli, M., Bentivogli, L., Baroni, M., Bernardi, R.,
Menini, S., & Zamparelli, R. (2014). Semeval-2014
task 1: Evaluation of compositional distributional
semantic models on full sentences through semantic
relatedness and textual entailment. SemEval-2014.
[20] Batet, M. and Sánchez, D. (2015). Ontology
Selection for Semantic Similarity Assessment.
ICAART 2015, At Lisbon, Portugal, Volume: 2
https://www.researchgate.net/publication/283877653

[21] Liu, H., Wang, P. (2014). Assessing Text Semantic
Similarity Using Ontology. Journal Of Software, vol.
9, no. 2, pp.490-497.
[22] Maheswari, J.U., Karpagam, G.R., Indhumathy, S.
(2014). Comparison of Web Service SimilarityAssessment Methods. International Journal of
Computer Applications (0975 - 8887) Volume 98 No.22.
[23] Moen, H. (2016). Distributional Semantic Models
for Clinical Text Applied to Health Record
Summarization Thesis for the Degree of
Philosophiae Doctor Trondheim, May NTNU
(Norwegian University of Science and Technology
Faculty of Information Technology), 93 р.
[24] Guessoum, D., Miraoui, M., Tadj, C. (2015). Survey
Of Semantic Similarity Measures In Pervasive
Computing. International Journal On Smart Sensing
And Intelligent Systems Vol. 8, no. 1, рр.125-158.
[25] Arora, S., Liang, Y., and Ma, T. (2017). A simple
but tough-to-beat baseline for sentence embeddings.
In
Proceedings
of
ICLR
2017.
https://openreview.net/pdf?id=SyK00v5xx.
[26] Conneau, A., Kiela, D., Schwenk, H., Barrault, L.,
and Bordes, A. (2017). Supervised learning of
universal sentence representations from natural
language inference data. CoRR abs/1705.02364.
http://arxiv.org/abs/1705.02364.
[27] Pagliardini, M., Gupta, P., and Jaggi, M. (2017).
Unsupervised Learning of Sentence Embeddings
using Compositional n-Gram Features. arXiv
https://arxiv.org/pdf/1703.02507.pdf.
[28] Ferrero, J., Besacier, L., Schwab, D., and Agnes, F.
(2017). Using Word Embedding for Cross-Language
Plagiarism Detection. In Proceedings of the 15th
Conference of the European Chapter of the
Association for Computational Linguistics, (EACL
2017). Association for Computational Linguistics,
Valencia, Spain, volume 2, pages 415-421.
http://aclweb.org/anthology/E/E17/E17-2066.pdf.
[29] Camacho-Collados, J. and Navigli, R. (2016). Find
the word that does not belong: A framework for an
intrinsic evaluation of word vector representations.
In Proceedings of the ACL Workshop on Evaluating
Vector Space Representations for NLP. Berlin,
Germany, pages 43-50.
[30] Camacho-Collados, J., Taher Pilehvar, M., Collier,
N., and Navigli, R. (2017). SemEval-2017 Task 2:
Multilingual and cross-lingual semantic word
similarity. In Proceedings of SemEval. Vancouver,
Canada.
[31] Mikolov, T., Chen, K., Corrado, G., and Dean, J.
(2013). Efficient estimation of word representations
in vector space. arXiv preprint arXiv:1301.3781
[32] Van Eck, N.J., and Waltman, L. How to normalize
cooccurrence data? An analysis of some well-known
similarity measures. 2009. Journal of the American
Society for Information Science and Technology,
60(8), 1635-1651.
About the autors
Khakimova Aida Kh., PhD, docent, Kama Institute
(Naberezhnye Chelny, Russia), ANO «Scientific and Research

Center for Information in Physics and Technique» (Nizhny
Novgorod, Russia), Е-mail: aida_khatif@mail.ru

The problems of human embryos genome editing from the position of
Christian denominations
Ε.Ε. Gribkov1, T.P. Minchenko2
astratys@gmail.com | mtp70@mail.ru
1
National Research Tomsk State University
2
Tomsk State Pedagogical University
Modern biomedical technologies pose bioethical dilemmas foe humanity. On the one hand, medical advances can make life much
easier for people, but, on the other hand, the problem of interference in human nature actualizes the most fundamental questions
regarding his ontology, the boundaries of permissible transformations, the responsibility of a scientist and a specialist who applies the
latest technologies, for remote and unpredictable consequences, due to the integrity and interconnectedness of various aspects of
human nature. In the scientific literature, there is a lot of information about the attitude of various denominations to genetic
manipulation. This paper presents the experience of generalizing and systematizing the attitude of the main Christian confessions to
the problem of editing the human embryo genome. The assessment of modern biomedical technologies from the standpoint of the
Christian worldview differs, on the one hand, in the moral depth due to spiritual experience in relation to the higher divine principle,
and, on the other hand, if we bear in mind the specificity of the Orthodox, Catholic and Protestant views on the problem of genetic
manipulations, it is diversity interpretations in connection with historically arisen and existing to this day confessional and doctrinal
differences.
Key words: biomedicine, bioethics, human, embryo, genetic manipulation, Roman Catholic Church, Russian Orthodox Church,
Protestantism.

1. Introduction
Intensive development of biomedicine in the XX XXI centuries generates fundamentally new ethical
problems in the scientific community and society as a
whole. Various social groups form their own vision of
current issues of bioethics. In particular, the problems of
genome editing in the modern world have an ambiguous
interpretation from the standpoint of scientific, religious,
political, economic, legal and other approaches. The
purpose of this work is to study and compare the attitude
of various Christian denominations to the problem of
genome editing of the human embryo.
XXI century became revolutionary for biomedical
sciences, completely new methods and technologies were
developed in bioengineering, synthetic biology,
molecular genetics. Among the new technology's
potential applications are the treatment of hereditary
diseases (hemophilia, beta-thalassemia, and muscular
dystrophy), cancer therapy and viral infections therapy,
including the human immunodeficiency virus (HIV).
However, there are also more exotic potential uses. For
example, combating multifactorial diseases (diabetes,
schizophrenia, etc.) or editing embryos during artificial
insemination to select quality characteristics in children.
It is here that many ethical issues arise that have begun to
be discussed, but have not yet received a consensus
solution from the international community. When can
and when can not genome editing be used? So far, in the
absence of a unified position among humanity, each of
the countries is solving this problem in its own way,
based on the prevailing socio-cultural characteristics.
To solve the bioethical problem of gene editing, it is
necessary to determine the problem of human essence,
because the embryo does not have a generally accepted
status in the world. Due to the complex definition, a
multilevel analysis of the problem is required. For human
society, one of the most important spheres of knowledge
is religion, it forms everyday ethics. The religious vision

is ambiguous, due to the divergence in theological issues
of ideas about the status of the embryo.
Consequently, the problem of the admissibility of
editing the genes of the human embryo from the
standpoint of the main Christian confessions in the work
must be investigated in an inextricable connection with
the concept of human ontology.
2. Position of Catholicism
The most widespread, developed and influential is the
position on this issue of the largest Christian confession the Roman Catholic Church (RCC), with more than a
billion followers. This position is dominant in Europe
and it is well represented in the scientific communities of
the world as a whole.
Here are the most important documents that
determine the position of the RCC in the field of genetic
manipulations, as well as the qualitative stages in the
development of this position in connection with
significant progress in medical science and genetics,
which gave the main impetus for bioethics development:
- Speech of Pope PIUS XII «To participants in the
Primum Symposium Internationale Geneticae
Medicae» (September 7, 1953) [1];
- Address of John Paul II. To members of the Pontifical
Academy of Sciences. Saturday, 23 October 1982 [2];
- Charter of the Rights of the Family, October 22,
1983, article 4C [3];
- Address of His Holiness Pope John Paul II at The
Conclusion of the thirty-fifth General Assembly of
the World Medical Association, Saturday, 29 October
1983 [4];
- Congregation for the doctrine of the faith. Instruction
on respect for human life in its origin and on the
dignity of procreation. Replies to certain questions of
the day [5];
- Ioannes Paulus II Evangelium Vitae. To the Bishops,
Priests and Deacons, Men and Women, religious lay,
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Faithful and all People of Good Will on the Value and
Inviolability of Human Life. 25 March 1995 [6];
- Concluding Document of IV Plenary Assembly of the
Pontifical Academy for Life «The Human Genome:
Human Personhood and Future Society», February 23
- 25 1998 [7];
- Congregation for the Doctrine of the Faith.
Instruction Dignitas Personae on certain bioethical
questions. 8 September 2008 [8];
- Charter for Health Care Workers. Pontifical Council
for Pastoral Assistance to Health Care Workers [9].
An important aspect of the institutionalization of
biomedical ethics in Catholicism is associated with the
founding in 1985 by Pope John Paul II of the Pontifical
Commission (later renamed the Pontifical Council of
Pastoral Assistance to Medical Workers). and in 1994 the Pontifical Academy for Life, which still plays a key
role in the development and decision-making in the field
of bioethics [10].
As we know, the organizational feature of the RCC is
clear centralization, the messages of the Pope are the
most authoritative for the entire Church. For the RCC, the
development of the scientific and technological process is
a blessing, which is confirmed by Pope Francis' reference
to the words of Pope John Paul II, who emphasized the
blessings of scientific and technological progress,
“showing how noble is the vocation of man to
responsibly participate in the creative action of God,” but
at the same time reminded that "no intervention in the
sphere of the ecosystem can overlook its consequences in
other spheres." He argued that the Church values the
contribution “to the study and application of molecular
biology, complemented by other disciplines such as
genetics and its technological applications in agriculture
and industry” [11]. Also in this encyclical, a positive
attitude of the church was expressed to various kinds of
research and scientific discoveries for the world of
animals and plants, but categorically negative in relation
to experiments on humans.
The Catholic Church raises the question of the status
(or nature) of human embryos, which it considers
originally human: “the embryo is originally human and
should be treated as 'as if it was a person', with the
ensuing human rights and dignity. The embryo is already
a person, and does not become one: from the moment of
gamete fusion and up to birth (and further), it represents
one and the same human being, autonomously and
continuously developing” [12, p.100-101].
The address of John Paul II to the participants of the
35th General Assembly of the World Medical
Association contains the quintessence of the official
position of the RCC in understanding the essence of man
and the attitude to genetic manipulation in general:
1. Genetic interventions should not interfere with the
natural origin of human life. The continuation of the
human race is associated not only with a biological
union, but also with a spiritual union between parents,
who are united by marriage;
2. It is necessary to consistently respect the fundamental
human dignity and, in general, biological nature,
which underlies rights and freedoms;

3. It is necessary to avoid manipulations that tend to
alter the genetic heritage and create groups of
excellent people, at the risk of leading to new cases of
isolation in society;
4. The fundamental relationship that inspires genetic
research and experiments should not be based on a
racist or materialist mentality that seeks to improve
human well-being, but in fact, it is reductionist.
Human dignity extends far beyond just its biological
component;
5. Genetic manipulations become arbitrary and unfair if
life is reduced to an object, if we forget that
researchers are dealing with a human subject, gifted
with reason and freedom, worthy of respect despite
any restrictions. One cannot perceive a person from
the point of view of criteria that are not based on the
integral reality of the human person, at the risk of
limiting his dignity. In such cases, they often sacrifice
a person's individual good for the whim of others,
thereby depriving the person of autonomy;
6. Whatever the scientific and technological progress, it
must maintain the greatest respect for the moral
values that protect the dignity of the human person. In
the list of medical values, life is the highest and most
fundamental good of a person, so we must follow the
principle "first resist everything harmful, and then
proceed to the search and achievement of good [4].
The use of embryos for genetic manipulation, for
commercial purposes, “absolutely contradicts their
dignity” [12, p.102], “the use of embryos in scientific
research or experiments designed to meet the needs of
society is incompatible with the concept of human
dignity” [13, Ι,4].
Analyzing the messages of the Popes, the rationale of
Catholic scientists [see e.g.: 14], Social doctrine of the
RCC [15], we can conclude that the priority for the RCC
is the protection of the dignity of the personality of each
individual from the beginning of its existence. RCC
upholds the principle of inviolability: "It is impermissible
to do evil in order for good to come from it" [16]. This
principle prohibits experiments on human embryos, even
if they are theoretically aimed at curing diseases and
improving the health of many in the future.
The RCC calls for the use of other research methods,
in particular the use of animals for experiments. Although
methodologically it will be more difficult, nevertheless,
the results of such studies will be more ethical and will
not bring much more to humanity.
3. Protestant position
As for the numerous areas of Protestantism, the
second largest denomination of Christianity by the
number of followers, a wide variety of positions in
relation to the investigating problem connected with the
specifics of churches arrangement and the peculiarities of
dogma.
Most local churches are autonomous and do not share
common social positions. Thus, the majority of Russian
Protestant churches are on the brink of "survival", with
almost complete absence of any serious spiritual

education. Therefore, the issues of biomedical ethics,
which require some preparation, both in the fields of
medicine and biology, and in the fields of philosophy and
theological anthropology, are not raised in the proper
form. There is a “Social position of the Protestant
churches in Russia” [17], which superficially describes
all the problems faced by the Russian Protestant
community.
This is not the case for Western Protestant churches.
The level of theology, the percentage of educated clergy
and flock is much higher, which affects the immediate
response to incoming ethical problems. The Community
of Protestant Churches in Europe (CPCE) can rightfully
be considered one of the most authoritative opinions of
the Protestant world in the field of bioethics. In 2017, a
guide to the ethics of reproductive medicine was
published from the CPCE “Before I formed you in the
womb…” [18], which examines the status of the embryo
and possible manipulations with it. Since CPCE has a
large number of churches with different theologies, their
opinions cannot be uniform, so this guide shows a
spectrum of opinions.
With regard to issues of bioethics, somewhat
simplifying the overall complex picture, we can
distinguish two poles of opinions emanating from
different ontological understanding. In the idea of the
nature of being, two extreme positions are revealed:
1. An imperfect sinful world with sinful creatures. Man
in it is a co-creator, making decisions and using
scientific methods to improve carnal imperfection.
This concept considers technological progress as an
opportunity to free one from the shackles of sinful
flesh, an opportunity to improve the human race.
2. An ideal inviolable world created by the Creator in all
its beauty and completeness. In this world, man is
only a perishable creation that does not have the right
to touch the world. This concept prohibits all possible
research in the field of biomedicine, only the Creator
is the infallible author, encroaching on the creation,
we only aggravate the situation [18, p. 44]. Of course,
there is a whole palette of views gradually flowing
from conventional "conservatism" to "liberalism".
The main problem determining the decision on the
admissibility of intervention in divine creation is the
status of the embryo. In this regard, Protestant trends are
also represented by a spectrum of views between two
extreme positions:
1. Is the embryo a “human beings” and a “person”? The
person is a member of the human community,
actively contacts and benefits this society. A number
of criteria indicates personality: rationality, selfawareness, the ability to interact, the ability to
abstract thinking. In this concept, a person becomes a
person gradually, i.e. has several stages of
development. The embryo is at the very first stage of
human development and does not have personality
characteristics. Therefore, embryos do not have
exactly the same moral rights as a person-personality
[18, p. 50].
2. The embryo is a person only because it is an
individual. The adherents of this concept rely on the
Aristotelian-Thomistic metaphysic: what makes a

human person is the presence of a human soul, which
gives the matter of the body a distinctively human
form [18, c. 51]. The presence of the soul in the body
already makes a personality out of the embryo, at the
earliest stage of its development. The human embryo
is a human being with human dignity from the
moment of fertilization. For instance, American
Lutheran Gilbert Meilaender argues that “the human
embryo is fully deserving of our moral respect and
that such respect is incompatible with its deliberate
destruction in research [19, C. 290].
Protestant attitude to the problem is very
multifaceted; a different vision allows to study various
aspects of bioethics problems from different positions.
There can be no single correct opinion, but the churches
are trying to find an agreed path that will lead to the
solution of emerging ethical issues in society in relation
to acute biomedical dilemmas.
4. The position of Orthodoxy
The Orthodox Church unites a community of
autocephalous and autonomous Churches that are
administratively independent from each other and have
Eucharistic communion with each other. Orthodoxy is the
predominant confession in Russia, in parts of the Balkan
countries (Greece, Serbia, Bulgaria, Romania, North
Macedonia, Montenegro), in Ukraine, Belarus, Moldova,
Georgia and Cyprus) [20].
Among Autocephalous Churches, there is no
unequivocal consensus about editing the human embryo
genome. The most widespread and influential position is
the position of the Russian Orthodox Church, which is
held by a significant part of the population of Russia [21].
On the basis of religious belief, a view on the moral and
ethical problems of biomedicine is formed.
The Russian Orthodox Church (ROC) is very cautious
about the use of new medico-genetic techniques. The
main document "Bases of the Social Concept of the
Russian Orthodox Church" describes the attitude of the
church to the new problems of bioethics. The Church
supports the desire of physicians to cure hereditary
diseases, however, the purpose of genetic intervention
should not be an artificial “improvement” of the human
race and intrusion into God's plan for man [22]. The
Church-Public Council on Biomedical Ethics of the
Russian Orthodox Church, without denying the
importance of medical genetics, expressed concern about
the ethical side of manipulation of living embryos, which
may have the following negative consequences:
1. Possible errors of inaccurate editing of the genome;
2. The impossibility of predicting the negative
consequences of genetic editing in a number of
generations of carriers of the altered genes;
3. The risk of the formation in a market economy of an
attitude towards designer embryos, and then towards
to child as a product;
4. Development of new forms of eugenics, contributing
to the devaluation of human dignity and the loss of
the equal value of all people;
5. The attitude towards human embryos as a consumable
material for experiments, despite the fact that in

relation to them it is necessary to apply the same
norms and standards as to experiments on humans
[23, p. 123].
However, not all Orthodox churches are strongly
opposed to research. Thus, the current members of the
ecumenical movement The Conference of European
Churches (CEC), members of the Church and Society
Commission, are: Albanian, Cypriot, Czech, Slovak,
Estonian, Finnish, Greek (Greek), Polish, Romanian and
Serbian Orthodox churches. They describe their vision of
this problem in their thematic reference book "Moral and
Ethical Issues in Human Genome Editing" [24].
As a result of considering this problem by ecumenical
movement members, the following conclusions were
made: Genome editing is seen as the next historical step
in our ability to analyze and change the genetics of plants
and animals, including ourselves. Hasty decisions and
conclusions can lead us to fall, and the story in the
Garden of Eden is a biblical example. However, in equal
measure, history shows tremendous advances in medicine
that come from the use of our intellect and imagination.
New developments in genome editing will require us to
rethink how we can balance the hope of a happy future
with the fear of a dire future. Therefore, there is an urgent
need for clear guidelines on the problem that has arisen,
drawn up in an interdisciplinary dialogue between
scientists, bioethics, theologians and lawyers.
5. Viewpoints of some other Christian
denominations
Spiritual Christianity (Russian proto-Protestantism) is
one of the specific branches of Christianity that broke
away from the Russian Orthodox Church in the late 17th
- early 18th centuries. One of the most common
representatives of this trend is the Molokans. A collective
council manages the community. In essence, each
community is an autonomous and full-fledged church in
its positions. The Presbyter of the community is the face
of such a community, and it should be noted that this is a
spiritual form of ministry that is in no way identified with
the hierarchical structure of government. Presbyter,
Molokan thinker Viktor Vasilyevich Tikunov [25], when
asked about the possibility of using the techniques of
genetic editing of human embryos, reflects as follows:
“Has science achieved an understanding of the essence of
life? To invade what is not yet fully understood and
change what is not comprehended is the way to the abyss,
the depth of which is also unknown” [26], and gives an
unequivocal answer - no, to any manipulations associated
with genetic engineering.
One of the most ancient branches in Christianity is
Anti-Trinitarianism. Anti-trinitarian trends in Christianity
have never had a single doctrine (as, indeed, trinitarian
ones), they are united only by the rejection of the
Trinitarian dogma.
The largest denomination of anti-Trinitarian Christian
restorers is The Church of Jesus Christ of Latter-day
Saints (TSIHSPD). For TSIHSPD, a special vision of
human life is noteworthy: a person begins his existence
with a spiritual form, then this spirit infiltrates human

matter, however, no direct revelation has been received
about when exactly it enters the body [27].
The Church teaches its flock to treat life and their
bodies with due respect. Parishioners are blessed to use
the latest medical techniques to heal their bodies. At the
same time, the church does not recommend turning to
medical and health-improving practices that are
questionable from the point of view of ethics or
legislation. However, he advises to contact competent
and practicing professionals, whose activities are licensed
at the state level.
The Church does not oppose the use of new methods
in medicine, but it sets moral barriers that are not
recommended to go beyond. The church does not have
the right to prohibit church members from using methods
that go beyond the scope of morality, while all
responsibility falls on the conscience of the spouses, no
church sanctions are applied in this case [27, р. 21.4 21.4.7].
The second largest trend in anti-Trinitarianism is
Christian restorers premillennialists - Jehovah's
Witnesses. Christians of this denomination perceive the
beginning of human life from the moment of the fusion
of two gametes [28, pp. 1-11]. Accordingly, any
manipulations with the embryo are perceived as with a
person. From the point of view of the church, new
medical techniques to cure a person are acceptable. But
the experimental part of embryo manipulation raises
moral and ethical questions. Scientists in experiments
with embryos are too free to deal with human life, which
is sacred. Jehovah's Witnesses argue that, despite the
great progress made by people in the field of science and
technology, it is impossible to protect oneself - and even
more so others - from old age, disease and, ultimately,
death [29, pp. 1-10], that talks about the admissibility of
new technologies, but lack of faith in their effectiveness.
Oriental Orthodox churches of the East are six archaic
churches that do not recognize the Chalcedonian and all
subsequent cathedrals, they are designated as Miathisite
or non-Chalcedonian churches.
The Syrian Orthodox Church is one of six nonChalcedonian churches. Human life in the teachings of
the church is seen as the union of soul and body. A
feature of the ontological understanding of the Syrian
Church is the acceptance of Aristotle's interpretation: the
soul enters the male fetus when he is forty days old, and
into the female fetus when he is ninety days old [30, pp.
583bpp. 3-23].
Since human life is sacred, but until a certain period
of time the fetus is not human, the church does not
prevent medical manipulation. It should be noted that the
church has a positive view of the institution of "family
planning", which primarily considers a happy family and
healthy children.
A broad understanding of medicine can be traced
throughout the history of Syrian Christianity, having a
significant impact on many aspects of its intellectual
culture, as well as daily life. Since ancient times, Syrian
Christianity has been interested in teaching not only
religious culture, but also general sciences such as
medicine, astronomy, philosophy, history, language and
others. Thus, religion is not limited to the salvation of the

soul, but also extends to the care of the body, because it
cares about the person as a whole [31].
It is worth noting the historical process of the
adoption by the Syrian Church of Aristotelian philosophy
and Galenian medicine [32]. Keeping traditions alive, the
Syrian Church has a positive attitude towards the
development of medical science, including research in
the field of genetic engineering, for editing human
embryos.
6. Conclusions
Finally, the author concludes that the position of the
main Christian denominations is ambiguous on the
problem of editing the human genome, the different
degree of elaboration of this problem in theological
works and documents of various Christian movements.
Thus, the largest in terms of the number of followers
and the most influential of the Christian denominations,
the centralized RCC, prohibits experiments on human
embryos, even if they are theoretically aimed at curing
diseases.
Numerous Protestant churches represent a wide range
of opinions between two extreme positions: from the
permissibility of using scientific methods and genetic
manipulation to improve human fleshly imperfection to
the prohibition of all possible research in the field of
biomedicine.
Autocephalous Orthodox churches, as well as large
movements of Christianity that are not included in the
main 3 confessions, represent various positions - from a
categorical prohibition on any manipulations related to
genetic engineering to the admissibility of the use of new
technologies after scientists, theologians, ethicists and
lawyers have developed clear principles that take into
account the unity of the spiritual, mental and bodily
aspects of a person.
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In the framework of the concept of neoconflictology, the possibilities and methods of mathematical modelling of conflict dynamics
under uncertainty are considered. Complex contradictory situations, when it is necessary to quickly respond to changes in the situation
and perform some actions in conditions of uncertainty, are often found in different spheres of activity. In this case, the uncertainty may
be due to incomplete knowledge of the situation, the inability to quickly understand and evaluate possible options for its development,
the influence on it from other participants in the process, etc. The result of further developments depends on how the decision will be to
the situation and what actions will follow on its basis. Usually, the effectiveness of behavior in difficult situations is determined by the
level of special training and experience of the decision maker. The trend of using artificial intelligence systems to support decisionmaking, including complex conflict situations with a high level of uncertainty, is now more frequent. Focusing on the use of such systems
requires the creation and improvement of specialized tools and technologies, thanks to which the artificial intelligence systems
themselves can form an information base, which is a necessary factor for developing rational solutions in a complex environment. The
creation of a virtual polygons is one of the ways for producing such information base.
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1. Introduction
In an antagonistic conflict, the effectiveness of
achieving goals depends on the adopted strategy of
behaviour, the speed of decision-making in a changing
environment and the level of their optimality, or in other
words, the degree of their compliance with the current
situation.
The best way to analyze situations of this kind that
demonstrate emerging phenomena or generate unforeseen
patterns is to model and simulate them [1]. The
problematic complexity of solving these issues is directly
related to the level of uncertainty, which is often due to a
lack of time to obtain the information necessary for
decision-making in a conflict situation and many other
factors.
Given the modern development of computer methods
and tools, it is numerical modelling that assumes the role
of the tool by which you can explore a variety of conflicts
to identify the role and significance of certain behavioural
strategies, determine the list of effective actions in various
situations. One of the methods that greatly simplify the
modelling process is the creation of an electronic polygon.
Despite the complexity of developing such kind of
software systems, they make it possible to visually
simulate various situations and see what these or those
solutions lead to.
The main participants in a computer polygon are
intelligent agents [2-3] who are trying to achieve their
goals. They can have both common goals and completely
opposite. It is worth considering that for each of the
participants in the conflict, their own space of probable
states can be formed, due to its capabilities and ideas about
the "world in which it operates." Moreover, the state of the
agent can be changed not only due to the actions taken by
him, but also under the influence of other agents who are
most often the adversaries. The agent’s task is to construct
an optimal trajectory for transition from its initial state to
a given target state.
Usually, the set of actions that an agent can perform is
limited, but each of these actions must be taken into
account not only affects its own state, but also the state of

other agents in their phase space. The purpose of these
repeated experiments is to train the agent for rational
action in the given conditions. To achieve this effect, a
mathematical model is designed.
2. Basic provisions of the model approach
The developed research technology is based on
numerical modelling of possible ways to actualize an
antagonistic conflict based on the following
considerations. In the simulation model, each of the
subjects of the conflict can be represented as an
“intelligent” agent. The theory of agents or multi-agent
systems [4] is a computer theory which seeks to apprehend
the coordination of competing independent process. An
agent is thus a computer process [5], which can be
considered as autonomous since it is capable of adapting
when its environment changes. The basic characteristics of
such an agent are the formation of an internal model of the
surrounding world and the presentation of its place in it, a
system of rules for creating and changing this model,
decision-making methods for taking actions to respond
adequately in response to a changing situation. Intelligent
agents have targeted behaviour to achieve a certain goal in
the most optimal way.
This process comes down to setting optimization
problems and finding their solutions. Based on the
described representations, each of the subjects of the
confrontation can be represented in the form of a complex
system that has certain resources and has its own goals. It
is worth considering that many types of conflicts, such as
social and political, cannot be strictly defined [6]. Because
of this, it may be necessary to discard some non-significant
parameters.
The subject's capabilities depend on his position in the
phase state space at each current point in time, which is
characterized by a certain set of particular characteristics.
Otherwise, a change in its state over time depends on the
position of the subject in the phase space of his states,
which also include the physical coordinates of his location.
Moreover, each subject has its own phase space, only
partial intersection with the opponent’s space is possible.
The transition of the subject from the initial state to the
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target is carried out through a set of intermediate states, the
trajectory of motion in phase space is a result of their
change.
Conventionally, the reflection of the model of the
intelligent agent in the form of a graph, according to [710], can be displayed in the form of the circuit shown in
Fig. 1. The initial position is conditionally shown in a blue
circle, and the target in yellow. Choosing a path from one

state to another involves a certain sequence of actions
(steps), which is determined by the subject's ideas about
the cost of resources for each of them and an assessment
of their proximity to the target state. The diagram shows
that each individual action is associated with a certain
resource of the real world, the availability of which (in the
representation of the object) is a factor determining the
possibility of its implementation.

Fig. 1. Intelligent agent action planning

In other words, any change in the parameter that
describes some of the characteristics of the subject’s
position in the phase space can be associated with a change
in some scalar quantity — the transition price, which is
understood as the conditional cost of the action. Each of
the parameters has its own “price scale”, which
dynamically depends on the current state of the subject and
is determined by the value of this parameter to solve the
problem.

initial position of the subject. We also set the second point
denoting the position of the target. The state of the subject
changes as a result of some elementary actions in the state
space, while the set of possible actions is limited and is
described by a set of rules of behavior, each of which is
displayed by a vector in the phase space. The sequential
step-by-step execution of actions forms a certain trajectory
of the subject in the state space. In a two-dimensional
interpretation, the task is shown schematically in Fig. 2.

3. Adapting rules of conduct
In the phase space or in the space of states we define
some arbitrary point, which will be considered as the

Fig. 2. Schematic representation of the problem

The shortest direction or trajectory from the source to
the target state is shown by a dashed line. It is obvious that
the result of the implementation of one or another rule of
behavior, which is displayed in the phase space by some

action vector, is unlikely to coincide with the shortest
direction. Clearly, a rational trajectory of movement
should be as close to this line as possible.

But in conditions of inaccurate information about the
properties of each of the vectors, it is difficult to construct.
For the two-dimensional problem shown in figure 2, such

an operation can be done “manually”, based on visual
estimates. One of the possible results may be, for example,
the path options shown in Fig. 3.

Fig. 3. A schematic example of the construction of rational trajectories

In the presented schematic example, based on a visual
assessment of the set of action vectors, such trajectories
can be constructed “manually”. There are at least two
rational options for the trajectories of the transition from
the initial state to the target, and it is enough to use a
combination of only two of all possible actions. When
comparing the obtained trajectories, it is seen that that the
upper one is slightly more preferable in terms of the degree
of approximation to the target position, but its
implementation requires one more step. To determine the
best of them, additional evaluation criteria are needed, for
example, a comparison of criteria for accuracy and
resource costs. Based on the above examples, it can be
argued that in a multidimensional phase space, the
construction of the optimal path is possible only with full
knowledge of the situation: where, by what means, with
what intermediate results certain actions arising from the
rules of behaviour of agents can be realized.
The following scheme was proposed and tested.
Multidimensional phase space and an unordered set of
permissible actions are set. At the same time, the number
of actions and the dimension of space are determined by
the conditions of a specific task. It is assumed that the basis
for decision-making by the agent in the current situation to
choose a specific action is some a priori assessment of the
value of certain actions. Initially, it can be set by experts
or randomly generated.
Further refinement of the assessment of the actions that
the agent must carry out is the result of a wide series of
numerical experiments, in each of which the trajectory of
motion of the agent states in the phase space from the
source to the target is constructed. In the process of
performing calculations, a certain rating is assigned to
each perfect action. The rating of each action is determined

by the degree of approximation of the new state to the
target state obtained as a result of this action from this
position. With a positive effect (approaching the goal),
incentive is introduced, with a negative effect (moving
away from the goal) - a penalty. At the beginning of the
calculation, all ratings are set close to zero.
The next move step is randomly selected from the list
of all possible actions, but taking into account their rating.
The probability of choosing an action increases in
proportion to the rating. As a result of the calculations, the
initially uniform distribution of the rating of actions is
gradually deformed towards growing ratings. At each
iteration, the current state in which the subject was located
is remembered. Thus, a model of stereotypical situations
is formed in which the effects of the same actions can
manifest themselves in different ways. Each iteration stops
after reaching the target state or after completing a given
number of steps. At each subsequent iteration, the ratings
accumulated in previous experiments are saved and used
when choosing actions. Therefore, the knowledge base is
accumulated and the conditional agent is “trained” in the
rational choice of actions depending on the position in the
state space in which it is located.
4. Results
Testing of the methodology was carried out on an
arbitrary example in a space of 12 measurements with a
total number of rules of behavior equal to 50 (Fig. 4).
The fig. 4 shows 33 of 50 actions in a 12-dimensional
state space. The positions of the initial and target states
were randomly selected as vectors in the phase space. In
addition, in the form of increments of vectors, action
vectors were arbitrarily specified.

Fig. 4. List of available actions

Let us dwell in more detail on the data given in the
table. As already mentioned above, the agent’s training
technology is demonstrated using a hypothetical example,
in which a certain zone of the phase space is
conventionally defined as a range of changes in the
coordinate values of the parameters, and the initial and
target position of the agent are determined inside this zone.
Variants of the agent’s possible actions are randomly
generated by coordinatewise specifying a certain set of
increment vectors. When generating incremental vectors,
the only condition is to limit the length of each of these
vectors to a value significantly less than the distance
between the initial and target position of the agent in the
phase space.

The data given in the table reflect the obtained picture
of the learning outcomes at some intermediate stage of the
experiments. For clarity, a visual analysis introduced the
color of the cells. In this case, color means the directivity
of the effect, and the intensity of the color is its immediate
meaning. In other words, the cells highlighted in red
indicate that the choice of this action will lead to the loss
of a parameter or resource. Moreover, the more intense the
color, the greater the loss. Positive effects highlighted in
green.
Fig. 5 shows the result of a computational procedure
for finding a rational trajectory.

Fig. 5. Schematic representation of the problem

The process of qualitatively improving the procedure
for choosing rational actions from a given set is visible in
the fig. 5. The x-axis shows the number of experiments, in
each of which a motion pattern limited in the number of
steps is plotted in the phase space, and the y-axis is the
distance from the target state in the adopted metric. It can
be seen that the agent training process leads to the
achievement of some non-improved level of performance,
which, however, allows to get close enough to the target
state.
5. Conclusions
Proposed technological solution for modeling the
behavior of intelligent agents provides a fairly broad basis
for studying the features of constructing trajectories of
achieving goals in phase space and the adaptive behavior
of agents in a conflict situation.
Due to the specifics of the problem, approaches and
methods for modeling the phase space of states of a
conflict environment are proposed, which allow
determining strategies for rational trajectories of goal
achievement. The technology for modeling agent behavior
is based on a detailed description of their behavior based
on a scheme of intelligent transitions between states and
behavior models.
Such a detailed description of complex behavior
models makes it possible to uniformly display in the model
of a conflict environment the essential aspects of the
behavior of real-world prototype objects. The proposed
scheme for ensuring the adaptive behavior of agents in a
conflict environment is an integral part of the
methodological and algorithmic support of an electronic
training ground for studying the conflict interaction of
complex systems.
According to the authors, this technology has shown its
effectiveness in test tasks and can be recommended for use
as part of an electronic training polygon to test its
capabilities in developing strategies for agents' behavior
under conditions of uncertainty during their interaction.
A similar technology can be applied in automated
process control support systems, where an operational
assessment of the situation is necessary based on the
available incomplete or inaccurate data with the
development of recommendations for rational actions. In
particular, when creating combat control systems,
ensuring the safety of facilities, responding in emergency
situations, as well as in control systems for unmanned
vehicles.
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Visualizing methods of multi-criteria alternatives for pairwise
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The article deals with the problem of choosing a preferred alternative in a pairwise comparison procedure. The difficulties of
applying this procedure in a case of using alternatives with a large number of criteria are noted. It is proposed to supplement the
procedure of expert pairwise comparison with visualization tools of multi-criteria alternatives. The paper considers several visualization
methods for multi-criteria alternatives for pairwise comparison procedures: histograms, two-dimensional graphs, three-dimensional
surfaces, probability distribution diagrams, visualization based on modifications of radar and radial diagrams, as well as combined
methods. It described an experimental study of the application of the considered method for the task of determining the preferred
alternative by the example of choosing one of two OpenFoam solvers (rhoCentralFoam and pisoCentralFoam), with the help of which
estimates of the accuracy of calculating the inviscid flow around a cone were obtained. Еach solver is characterized by 288 criteria. It
is shown that the use of some of the methods considered does not make it possible for the expert to make a choice. In this case, a good
result was obtained using methods for constructing three-dimensional surfaces, probability distribution diagrams, as well as using the
combined method based on modified radar diagrams. It is concluded that the rhoCentralFoam solver is more preferable if there are no
additional criteria for ranking the criteria. The possibility of using the combined method in combination with the ranking procedure of
criteria (or their groups) during decision-making is also noted.
Keywords: multi-criteria alternatives, visual pair comparison, alternatives visualization, decision support.

1. Introduction
In decision theory, one of the basic tasks is ranking
alternatives [1, 2]. This allows setting their priority in
relation to the task at hand. There are various methods
that allow such ranking, some of which are expert.
Among the expert ranking methods, the method of
pairwise comparisons [3] has proven itself well, the
essence of which is to provide the expert alternately with
pairs of alternatives for comparison, during which he
prefers one of them. In particular, this procedure used in
one of the classical decision-making methods — the
hierarchy analysis method developed by T. Saati [4], in
which it is necessary to construct matrices of pairwise
comparisons for all levels of the hierarchy.
The use of pairwise comparisons is usually effective
in cases where each alternative is well reflected in the
expert’s perception or is characterized by a small number
of criteria (usually no more than 10) [5]. In the case when
an expert needs to compare new for him alternatives with
a large number of criteria, this can cause difficulties for
him. Therefore, in such situations, it is necessary to use
additional tools, for example, reducing the dimension, or
statistical processing of criteria values. However, even
applying these approaches, there is still a chance of not
getting the desired result. For example, in the case of
calculating statistical characteristics, we can get
conflicting data in a situation where the mathematical
expectation for an alternative is better, but the variance is
worse. Therefore, additional tools are needed that could
help the expert decide.
One such methods may be visual analytics - when for
each alternative a corresponding visual image is
constructed that characterizes the set of values of its
criteria. Visualization is able to present the alternative as
a holistic image, and it will be easier for an expert to
make his choice with its help. It should be noted that the
visual comparison of alternatives is currently already
being applied and shows a good result, for example,

when comparing the site design at the stage of its design
[6].
Thus, we have the task of visualizing data sets
characterizing alternatives. Consider and analyze several
approaches and methods that can be applied to visualize
multi-criteria alternatives.
2. Visualization methods
Data preparation
The visualization procedure begins with a step
requiring initial data preparation.
1. All input values should be given to a numeric format
- relevant methods of decision theory may be used
for these purposes [7].
2. Normalization of data per segment [0; 1] taking into
account the direction of the criterions optimization
(maximization or minimization). For these purposes,
the formulas can be used:
𝑣𝑣𝑖𝑖,𝑗𝑗 −𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚,𝑗𝑗
′
• 𝑣𝑣𝑖𝑖,𝑗𝑗
=
– in case of maximization;
′
• 𝑣𝑣𝑖𝑖,𝑗𝑗
=

𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚,𝑗𝑗−𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚,𝑗𝑗
𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚,𝑗𝑗−𝑣𝑣𝑖𝑖,𝑗𝑗
𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚,𝑗𝑗−𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚,𝑗𝑗

– in case of minimization,

where i – alternative number (1 ≤ 𝑖𝑖 ≤ 𝑁𝑁), j – criteria
number (1 ≤ 𝑗𝑗 ≤ 𝐾𝐾), N – count of alternatives, K – count
of criteria, vmax,j, vmin,j – maximum and minimum possible
value of j-th criteria. Values vmax,j, vmin,j usually
determined on the basis of their physical meaning.
However, if there are problems with their definition, then
they can be calculated by the formulas:
𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚,𝑗𝑗 = min�𝑣𝑣𝑖𝑖,𝑗𝑗 �,
𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚,𝑗𝑗 = max�𝑣𝑣𝑖𝑖,𝑗𝑗 �.

After the data is prepared, you can proceed to
visualize them. For these purposes, several different
approaches and methods can be applied, in each of which
we will consider the visualization of two alternatives and
the features of their visual pairwise comparison.
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Histograms
One of the most accessible and simple methods of
visualization of multidimensional data is diagrams, and
among them, the most accessible in the procedure of
pairwise comparison can be called histograms. In this
case, two main approaches to their application can be
distinguished.
1. Both alternatives are shown on a common
histogram. (Fig. 1). In addition, you can use the
option of overlapping columns to focus on the
deviation of values by criteria.

in the criteria that the expert can undoubtedly notice with
a pairwise comparison.
In addition, when comparing two histograms, the
expert’s perception can be significantly affected by the
order of columns (criteria), therefore, when using this
approach, it is appropriate to think over the ordering or
grouping of criteria based on their features, for example,
by a degree of importance.
In addition to using this visualization method in the
pairing comparison procedure, it can also be useful in
ranking the criteria, as well as grouping them. This
makes it possible to use this method as a preparatory
stage for the construction and comparison of visual
images of alternatives.
Two-dimensional graphics and threedimensional surfaces

Fig. 1. Visual comparison of two alternatives in a common
histogram

2.

Each alternative is
histograms. (Fig. 2).

visualized

on

separate

Other common data visualization methods are twodimensional graphs and three-dimensional surfaces.
Their application can be effective when there are areas
with a noticeable difference in the values of the criteria,
and due to interpolation, these areas are more
pronounced.
In the case of two-dimensional graphs, the X axis can
be interpreted as the serial number of the comparison
criterion j (1 ≤ 𝑗𝑗 ≤ 𝐾𝐾) and at Y axis normalized criterion
′
(1 ≤ 𝑖𝑖 ≤ 2) is plotted. If each criterion
value – 𝑣𝑣𝑖𝑖,𝑗𝑗
corresponds to a numerical value (for example, time),
then it can also be used to determine the X coordinate
(only provided that all these values are pairwise
different) (Fig. 3).

Fig. 2. Visual comparison of two alternatives on separate
histograms

Note that in the 2nd approach, it is important to use
identical parameters of the diagrams (color, size, etc.) in
order to reduce the subjectivity of the perception of
visual images, describing the data sets of the
corresponding alternatives, and to enable the expert to
focus on a holistic perception of visual images.
When determining preferences among alternatives
based on visual images, an expert can be guided by his
perception of the degree of filling of the columns of
diagrams, including and the total area of all columns (the
second approach is more suitable for these purposes) or
the subjectively averaged deviation of the criteria
columns of the two alternatives (the first approach is
more suitable for these purposes).
The use of histograms is justified for those situations
when it is necessary to see the whole alternative as a
whole, and the number of criteria is not too large (about
5-20). Moreover, the effectiveness of this visualization
method is additionally achieved if ranking approaches or
non-linear scales were used in the normalization process
since this allows you to get quite noticeable differences

Fig. 3. Visual comparison of two alternatives on a twodimensional graph

However, for the application of visualization based
on surfaces in three-dimensional space, a prerequisite is
the presence or ability to display a set of criteria on the
axis X and Y: 𝑓𝑓𝑓𝑓(𝑗𝑗) = 𝑥𝑥, 𝑓𝑓𝑓𝑓(𝑗𝑗) = 𝑦𝑦, 1 ≤ 𝑗𝑗 ≤ 𝐾𝐾. This
mapping can be set based on the physical meaning of the
criteria, or by using the grouping of criteria (for example,
using clustering methods) (Fig. 4).

Probability distribution diagram

Fig. 4. Visual comparison of two alternatives using a surface
in three-dimensional space

Similar to histograms, visual images for the pairwise
comparison procedure in the case of two-dimensional
graphs and three-dimensional surfaces can also be
constructed both on one diagram, and on two
neighboring ones with the same parameters.
The expert can make his choice based on the area (for
surfaces) or the intervals (for curves) of the zones where
one alternative prevails over another. Moreover, in the
case of surfaces built in three-dimensional space, a
prerequisite is the availability of tools that allow you to
rotate and zoom in on the surface so that the expert can
choose the most suitable angles for comparison. Thus, it
is important to provide an interactivity property. This
method allows you to compare visual alternatives
entirely based on the subjective perception of the
coverage area of one surface of another, and also with its
help you can determine the various relationships of the
groups of criteria that are used as the coordinates of the
measurements along the abscissa and ordinates.

Probability distribution diagrams can also be used as
another approach to visualizing data sets describing
alternatives. For these purposes, the interval [0; 1], to
′
) belong,
which all normalized values of the criteria (𝑣𝑣𝑖𝑖,𝑗𝑗
on M equal intervals in length (for example, by 5 or 10)
depending on the number of criteria. These intervals are
located on the abscissa axis. After that, the number Сi,m
(1 ≤ 𝑚𝑚 ≤ 𝑀𝑀) of hits of the normalized criteria values for
each of the intervals is determined, which then allows
you to determine the corresponding probabilities: 𝑝𝑝𝑖𝑖,𝑚𝑚 =
𝐶𝐶𝑖𝑖.𝑚𝑚
, used as values on the ordinate axis when plotting
𝐾𝐾
(Fig. 5).
As in previous approaches for this visualization
method, it is also possible to build diagrams on a single
diagram, or separately. The choice of preference in the
comparison of the probability distribution the expert can
give an alternative, which is characterized by the
displacement of the probability distribution to the right
(towards the interval with the highest criteria of values).
This type of chart is conveniently displayed on a single
diagram while applying transparency of the columns so
that the differences are accented (Fig. 5).
The effectiveness of this approach becomes
significantly higher when the number of criteria K is
sufficiently large (for example, hundreds and thousands).
With its help, not only visual images can be obtained, but
also quantitative probabilistic characteristics of the
dominance of one alternative over another. Also, this
method allows us to group criteria, but it does not allow
them to be ranked.

Fig. 5. Visual comparison of two alternatives using a probability distribution diagram

Visual images based on radar and radial
diagrams
As noted in [8] visual images of alternatives can also
be built on the basis of methods based on the radar and
radial diagrams. The following visualization options are
proposed:

˗
˗
˗

sectors with radii proportional to the criteria of
alternative (Fig. 6);
sectors with radii proportional to the roots of the
criteria of alternative (Fig. 7);
radar diagram with a permutation of criteria by
grouping large values side by side (Fig. 8);

radar diagram with a permutation of criteria, taking
into account their alternation (alternately clockwise
are the criteria with larger and smaller values) (Fig.
9).
When using this method of visualization, the main
emphasis is on the fact that the best alternative occupies
a larger area, and also that the visual image is brighter
due to the use of gradient fills (in the center, the color is
more neutral – green, and on the periphery – more
contrast – red).
˗

Fig. 6. Visual comparison of two alternatives using a radial
diagram with sector radii proportional to the values of the
criteria

Fig. 7. Visual comparison of two alternatives using a radial
diagram with sector radii proportional roots of values of the
criteria

advantages and disadvantages, and often some of them
may not be useful in the visual comparison itself, but in
the preparatory stage, the purpose of which is to
determine the order or grouping of criteria (as histograms
and 3D surface), as well as the integral quantitative
characteristics of visual images - brightness, area of
prevalence, statistical characteristics (probability
distribution diagram), etc. And already these
characteristics allow, for example, to set a specific order
of permutation and grouping of criteria during
visualization (radial and radar diagrams).
Thus, it is advisable to move from the task of
comparing a single visual object to the task of comparing
a group of visual objects that characterize an alternative
or its components. For this purpose, an integrated
approach is proposed, consisting in the sequential
presentation of a series of visual images obtained using
different methods, until the expert makes a choice.
For this expert to select the first represented whole
visual images. If with their help he cannot determine the
preferred alternative, then by means of visual analysis he
tries to identify groups of general criteria, and also, if
possible, to rank and filter them. Further, the selected
groups can be visualized separately and placed in a table
grid - on the right are the images for the components of
one alternative, and on the left for the other (Fig. 10).

Fig. 8. Visual comparison of two alternatives using a radar
diagram with a permutation of criteria by grouping large
values side by side

Fig. 9. Visual comparison of two alternatives using a radar
diagram with a permutation of criteria, taking into account
their alternation

If one of these visualization methods is used, the
expert, when paired, selects the alternative that seems to
him subjectively brighter and larger in area.
The methods described in [8] represent a more
universal visualization mechanism, because they allow
one to take into account the order and grouping of
criteria, and also for them integral quantitative
characteristics (brightness, area) can be determined.
Complex method
When comparing alternatives by only one visual
image, it is not always possible to choose the preferred
one from them. This is because the comparison is usually
based on the color, shape, area or volume of the visual
objects defining the respective alternatives. At the same
time, different visualization methods have different

Fig. 10. Visual comparison of two alternatives using the
integrated method

In such a set of visual images, there is a high
probability that in a number of rows it will be possible to
choose a preference. If for one alternative there are more
such preferences than for another, then you can make a
choice in favor of this alternative.

3. Experiments
Let us analyze the application of the considered
methods on the example of the alternative (solvers)
described in the works [9, 10]. As noted in [8], out of five
solvers, two give the best results – rhoCentralFoam and
pisoCentralFoam (rCF и pCF). Given the fact that the
number of comparison criteria for these two alternatives
is quite large, we will use visual images built on different
diagrams. In Fig. 11 is a visual comparison using
histograms.

well as defined for two norms (L1, L2) four parameters
(Ux, Uy, p, ρ). Analyzing this visual image (Fig. 12), one
can notice that the blue color (rCF solver) prevails on the
surface over red (pCF solver), so the expert can choose
this alternative (rCF slover).

Fig. 12. Visual comparison of two solvers using surfaces
in three-dimensional space
Fig. 11. Visual comparison of two solvers using histograms

For most experts, this comparison will not be
unambiguous, because the images are very similar, and
at the same time on both diagrams, there are both areas
with the best values and the worst.
We will get an approximately similar result when
using a two-dimensional graph, however, constructing a
surface in three-dimensional space can give a more
interesting result. This method visualization is possible
because criteria can be grouped due to the fact that they
were obtained during computational experiments by
varying two parameters – angle β (in range 10-35° with
step 5°) and Mach numbers (in range 2-7 with step 1), as

Fig. 13 shows the results of the visualization of
alternatives using a probability distribution diagram. To
build it, we used a partition of the values of the criteria
into 10 intervals. In this diagram (Fig. 13), it can be noted
that the blue color largely prevails in the columns [0.6;
0.7), [0.8; 0.9) and [0.9; 1.0], which correspond to the
probability of falling into intervals with a higher value
(rank). This means that for the normalized values of the
rCF solver, the probability of obtaining a better solution
is higher. Therefore, the choice of an expert, in this case,
will most likely also be made in favor of this alternative
(rCF solver).

Fig. 13. Visual comparison of two solvers using a probability distribution diagram

Given the possibility of decomposing criteria into
subsets, we consider the use of complex visual images
based on petal families of diagrams. The decomposition
will be carried out based on various parameters (Ux, Uy,
p, ρ) and norms (L1, L2), i.e. for each alternative, we
construct eight diagrams (Fig. 14).
Analyzing these visual images, it can be noted that
for the first four rows (L1 norm) due to a more uniform
shape and subjectively somewhat larger area of images
the second alternative (pCF solver) looks preferable,
however, for the L2 norm (5-8 rows) first alternative (rCF

solver) is significantly preferable (due to a more uniform
shape and a subjectively larger area of images). If we
assume that these criteria are peer-to-peer, then it will be
difficult for an expert to determine preference.
However, if these criteria can be ranked (for example,
the criteria of the L1 block are preferable to the criteria of
the L2 block, or vice versa), then it will be easier for an
expert to make a choice because for this, it will suffice to
compare either only the upper images or only the lower
ones.

4. Conclusion
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Fig. 14. Visual comparison of two solvers using a series of
radar diagrams

The greatest effect in the pairwise comparison
procedure can be achieved by visualization of groups of
initial criteria combining with a ranking of
decomposition parameters. Research in this direction can
be quite promising. Those, we can thereby reduce the
dimension of the initial data set, which will also allow us
to apply traditional decision-making methods, and the
comparison of criteria, in this case, can be based on the
considered visualization methods or supplemented by
them.
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Attempts to improve the quality of managerial decisions by introducing modern advances in information technology in various areas
of public administration (socio-humanitarian, strategic, foreign policy, etc.) do not give the desired effect, comparable to the effect of
their implementation in the manufacturing sector. The solution to this problem requires qualitatively new approaches to the issues of
information and analytical support for decision-making in conditions of significant uncertainty. This article highlights the difficulties of
predictive management of social processes based on direct computer modeling of social systems, considers the disadvantages of expert
decision support methods used in practice, and proposes new technologies for applying expert knowledge and competencies based on
the use of computer modeling and research. Current approaches to working with experts can be described as methods of coordinating
the opinions of a group of experts based on their personal views (models) on the issue under discussion. Our experience has shown that
creating a common integrated model by a group of experts gives a much better result. While the traditional approach can be called
"group" intelligence, the new approach is called "collective" intelligence. In addition, methods of decision support using artificial
intelligence systems are currently being intensively developed. We propose to begin work on the creation of "hybrid" intelligence with
the integration of these approaches to obtain a synergistic effect.
Keywords: public administration, decision support, computer modeling, expert judgement, artificial intelligence, group intelligence,
collective intelligence, hybrid intelligence

1. Introduction
Many researchers note the fundamental problem of
insufficient compliance of traditionally slow-evolving
public administration systems with modern challenges of
world development.
Large-scale institutional transformations of the world
community in the course of scientific and technological
progress have formed and continue to modify the new
reality of human and society existence. An increase in the
number of connections and relations into which each
element of the social world order is somehow interwoven
due to the processes of globalization and information and
technological development increases the complexity of
developing and making managerial decisions by orders of
magnitude. The empirical knowledge previously
accumulated in the field of social sciences and humanities
in the new conditions is of little use, since it does not allow
us to explain with sufficient degree of certainty the nature
and tendencies of the changes that are taking place, derive
their regularities and predict the further course of

development of general society and its institutions, to
predict the events and reactions of people, and therefore
cannot serve as a support in the development of managerial
decisions at the state level. Modern systems of government
are forced to function in conditions of a significant level
of uncertainty, which is due to the high dynamics and poor
predictability of possible trajectories of changes in the
current situation, affecting the dynamics of current
priorities in the military-political, economic, social and
humanitarian spheres.
Attempts to compensate for an insufficient
understanding of the phenomena occurring in these areas
with data volumes, as a rule, lead more to overloading of
management systems than to improving the quality of
decision-making.
In fact, modern civilization challenges can be
interpreted as a consequence of the growing gap, on the
one hand, between the demands of social development
and, on the other hand, the capabilities of management
systems to develop and implement adequate solutions (fig.
1).

Fig. 1. Generalized view of public process management problems
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2. The State of Research
As a subject of scientific research, the field of public
administration appears as a system of tasks of developing
managerial decisions and tasks of reproduction and
development of management mechanisms in relation to
certain areas and directions, for example, such as politics,
economics, defense, production, international relations,
society etc. Obviously, each of these areas has its own
specificity, its own range of problematic issues and
research methods, its own forms and methods of analyzing
the situation, developing and implementing solutions. The
key tools for analyzing, developing and supporting the
implementation of solutions to date are various means of
monitoring and visualizing data about the situation,
including partially processed by relatively simple
analytical methods.
In addition to fairly simple analytical processing tools
for monitoring data and their visual presentation forms,
recently in concepts and development plans for decision
support systems, much attention has been paid to the
development of mathematical modeling methods and
various approaches to creating simulation models of
complex controlled systems. Based on such models, it is
supposed to conduct research and forecasting the behavior
of the corresponding prototypes in various situations. As
the analysis of literary sources shows, the level of
development of modeling forms in various areas of public
administration differs in their specificity and prevalence:
if the economy has been using predominantly econometric
and statistical models for a long time, and the military is
persistently making attempts to introduce simulation, then
in social the humanitarian sphere still focuses on scenario
modeling, and, as a rule, at the verbal level.
Based on a relatively large number of publications of
the corresponding orientation in foreign countries, we can
conclude that at present, there are multiple attempts to
comprehend the possibilities and limits of the application
of traditional and new technologies of model research in
order to increase management efficiency in conditions of
significant uncertainty.
We can distinguish several among the most intensively
developing areas modeling in the world. One of the main
methods for analyzing the political situation remains
models based on the application of the principles of
equilibrium [1-3]. Methods based on the agent approach
are getting a great deal of development, including their
variety - multi-agent modeling (as a rule, requiring
significant computational resources, as well as significant
costs for collecting and preparing data for modeling for
practical purposes) [4-6]. The method of system dynamics
remains quite popular, which over the past decades has
acquired many varieties, such as the use of technology of
cognitive maps, fuzzy modeling, etc. [7-19].
Unfortunately, we have not come across work with the
idea of simultaneous research of one object using a
scientifically based of different models, which does not
allow us to evaluate their comparative effectiveness.
Although some generalizing works can be mentioned that
could form the basis of such an approach [20-25].
Regarding the development of modeling methods in

the field of applied social and humanitarian research in
domestic science, several points of concentration of
advanced scientific thought can be noted. So, at the
Institute of Management Problems of the Russian
Academy of Sciences, quite a lot of attention is paid to the
development of general theoretical approaches to
modeling various aspects of managing complex systems
under the leadership of D. Novikov, methods for solving
practical problems in the face of uncertainty - by V.
Kulba's group, substantiation of the theoretical
foundations of decision-making - by the group of
Aleskerov F. et al. The approaches to a comprehensive
review of socio-political, economic, demographic
processes in their mutual influence are being developed by
a team of researchers at the Plekhanov Russian University
of Economics led by A. Kugaenko.
3. Basic approaches
According to management theory, there are three basic
methodologies for improving the efficiency of developing
managerial decisions in relation to social and economic
processes. These include full-scale experiments, expert
assessments and mathematical modeling [26].
In the practice of public administration, targeted field
experiments are usually used to test the effectiveness in
local pilot areas of any regulatory innovations or proposed
solutions in order to study the likely consequences of their
implementation. Although it is believed that field
experiments are most reliable, the cases of their
application (unless, of course, the traditional “trial and
error method” is referred to them) are extremely limited,
in particular, they are unacceptable in crisis or urgent
situations, and most cases and simply impossible.
An expert study of a problem situation is characterized
by the fact that general information about the situation is
limited to the expert’s personal knowledge. Although
expert knowledge has the important property of focusing
on individual groups of alternatives, it is characterized by
an extremely high level of subjectivity and limitedness
simply because of the characteristics of human thinking.
To increase confidence in expert conclusions, groups of
experts are usually involved, but the factor of subjectivity
is not eliminated in that case.
Model studies, as a rule, are associated with the
formalization of the description of the control object and
the current situation, the selection of criteria for the
adequacy of modeling. A direct study of the situation on
the model with an assessment of the possible
consequences ends with an interpretation of the simulation
results to redistribute the preference of alternatives.
As the capabilities of computer technology and the
development of model research methods have grown, the
field of applicability of the results of model studies of
control objects and the environment has significantly
expanded to solve the problems of managing complex
systems such as the state, economy, armed forces, etc.
Thus, in practice, there is a competition between two
fundamental approaches - an orientation toward the use of
information systems and ever-increasing complexity of
models or at attracting the experience and knowledge of
experts. It is clear that this separation is somewhat

contingent, since domain experts also participate in the
creation of models, and any expert in solving the problem
relies, inter alia, on the results of a model representation of
the subject of study.
4. Problems of expert approaches
One of the main difficulties in applying expert
approaches is the impossibility of a full-scale vision of the
analyzed picture in a holistic form by any of the experts
with the degree of detail that is inherent in each individual
specialist in the field of his competencies. This does not
allow, within the framework of traditional approaches, a
qualitative analysis of multi-parameter problems with the
complex nature of the interconnections within the systems
under consideration, which include most of the tasks of
public administration. Moreover, it is obvious that the
impossibility of a holistic vision of the problem, situation,
goals and objectives inevitably leads to a decrease in the
quality of management decisions.
Even when solving problems in a group, each of the

experts uses their own ideas about the situation, on the
basis of which they form their own conclusions about its
development. To reduce the importance of the factor of
specialization and subjectivity of experts, to date, many
standard methods for rational construction of the processes
of formation of expert conclusions and conclusions by
expert groups have been proposed. All of them are, to one
degree or another, based on methods of reconciling the
resulting opinions by selecting the most preferred of them
for some reason (acceptability, validity, authority, etc.).
This approach allows us to reach consensus and increase
the level of confidence in the results, however, despite the
group nature of the discussion, in fact even the adjusted
final conclusion is based on the limited vision of one
expert with whom the others agree, which virtually
eliminates the possibility of original solutions appearing.
In other words, the technology used in practice (fig. 2),
which we will arbitrarily call the technology of “group”
intelligence, involves procedures for agreeing on
particular conclusions that do not allow going beyond the
scope of voiced proposals and gaining new knowledge.

Fig. 2. Conditional presentation of an “agreed” group decision of experts

5. Problems of modeling social systems
From a research point of view, society, society is a
variety of large complex systems with many elements that
are in a certain relationship and connections but with a
large number of degrees of freedom. For this reason,
various kinds of political, public, social, societal and
another processes are characterized by a significant degree
of subjective uncertainty due to the high complexity of the
behavior of individual elements of the system, the
complexity of the mechanisms for linking the behavior of
the system and its elements and the objective limitation of
the subject in perception and understanding of reality.
To build a detailed model of such a system, it is
necessary to describe the behavior of almost each of the
elements in all its relationships with others. Moreover,
according to modern ideas about rational approaches to
modeling, to obtain a qualitative model of the object of
study, it is necessary to build a model of interaction of its
components to the third structural level of the hierarchy of
elements, which significantly increases the scale and
complexity of the model.
Due to the increasing capabilities of computing tools,

many of the approaches currently being developed are in
line with such a mechanistic approach - in the direction of
the greatest possible detail in the model reproduction of
the system under consideration. As you know, the more
complex the model, the more resources are needed for its
creation and validation. Moreover, the more complex and
accurate the model, the more difficult and costly it is to
provide it with satisfactory input data, that is, in addition
to the development itself, additional resources are also
needed for collecting, validating, formalizing and entering
large volumes of heterogeneous input data.
When solving engineering, technical, and physical
problems, where the behavior of modeling objects is
objectively limited by the scope of well-studied physical
laws, or in the production sphere, which is regulated by
strict restrictions on resource balances and the rules of
interaction of elements that reduce the degree of
arbitrariness, such approaches are justified and give
satisfactory results. But in humanitarian spheres, objective
laws and restrictions that reduce the degrees of freedom of
elements have not yet been established (if they exist for
such systems at all with respect to the time and place scales
in question), so the creation of complex models for

describing social processes encounters insurmountable
difficulties.
6. The lack alternate to expert methods
If we go to the limit views, we can conclude that in the
field of public administration for solving practical
problems it is impossible to build large-scale detailed
models or provide them with initial data with details
satisfying the necessary and sufficient requirements to
reduce the level of uncertainty in order to develop effective
managerial of decisions.
However, one cannot deny the importance of modern
methods of computer modeling for studying complex
systems, testing hypotheses, identifying obscure
relationships and dependencies, etc. In other words, if
direct modeling of specific processes in society is
objectively impossible, then the use of various forms of
modeling the systems under study in this area can be
effective, first of all, to build up expert experience and
knowledge.
By the way, human evolution itself can serve as a
confirmation of the higher efficiency of expert approaches
in solving managerial problems in comparison with
numerical modeling. There are facts about the unique
abilities of individuals, for example, with absolute
memory, able to perform ultrafast and voluminous
calculations, etc. That is, the human brain is initially able
to do what computers are doing more and more well. And
physiologists believe that the potential of the human brain
for certain types of information processing is almost
unlimited. Nevertheless, evolution did not follow the path
of improving the mechanisms of deep analysis and
miscalculation of details, but the path of developing
mechanisms for a “broad” assessment of situations for an
operational response in difficult conditions with high
uncertainty.
Strange as it may seem, despite the intensive
development of multi-agent technologies, the prospects
for the development of decision-making support systems
based on computer technologies are also seen in the
creation of “artificial intelligence”, that is, imitating the
intellectual functions of a person in terms of “wide” and
operational analysis of reality and the development of
rational management decisions in conditions of high
uncertainty. From the above it follows that at present, the
use of expert approaches in management systems is seen
as the most rational direction for the development of
decision support systems. The only question is how to
most effectively use the progress in the development of
modern computer technologies to increase the
effectiveness of the application of these approaches and
their further improvement.
It seems that now the society is in a situation where a
transition to new, more effective forms of information
support for management is needed, based on a
combination of the use of expert knowledge with the
possibilities of modeling situations, as well as on ways to
“objectify” the subjective knowledge of experts . In our
opinion, a transition from “group” intelligence to
“collective” is needed, when in the process of analyzing
the situation and making decisions, there is not a simple

summation or averaging of the finished conclusions of
individual experts, but a synergistic summation of the
competencies of experts conducting a joint search
solutions.
7. The technology of "collective" intelligence
When performing several search and research works
aimed at creating tools for predictive management of
complex systems under significant uncertainty, a new
technology was tested - the technology of “collective”
intelligence, combining expert analysis and modeling of
complex systems (fig. 3).

Fig. 3. Conditional representation of the “collective”
intelligence of experts

The main contours of this technology were outlined in
the process of considering problematic issues of modeling
and studying complex systems, searching for rational
(primarily in terms of mathematical optimality) solutions
and predictive evaluation of their performance. The
accompanying result of these works was a complex of
various research and service software tools, some of which
have found application in various areas of solving
managerial problems, allowing to ensure their
implementation at a high scientific and technical level.
During the development, the foundations and the
procedure for applying the technology were laid, its
operability was verified, and its higher efficiency was
confirmed in comparison with other expert methods for
solving a certain range of tasks.
The general algorithm of work using the technology of
"collective" intelligence involves the following set of
interdependent procedures: analysis and classification of a
problematic issue; determination of the required
composition of professional and target competencies of
the expert group; formation of a team of experts; teaching
them the rules of technology; organization of coordinated
interaction, including verification of psychological
compatibility, distribution of roles, coordination of
understanding of goals and perception of the subject of
research; assignment of indicators and criteria of decision
quality; the construction of a generalized cognitive model,
as well as the selection of ready-made or the creation of a
set of express models of various subsystems and
subprocesses; study of the model for consistency and
consistency; conducting iterative studies on model
examples; adjustment and refinement of the model;

conducting experiments; comparison, analysis and
interpretation of results; preparation of an opinion. It is
clear that, depending on the situation, some deviations
from the regulations described here are possible in the
implementation process.
As a result, a look at the constituent elements of the
model and the forms of their relationship with respect to
the competencies of each expert remains subjective,
however, the complex model obtained as a result of
collective work has the properties of an independent object
alienated from personalities, on the basis of which it is
possible to study the behavior of a controlled system for
subsequent collective analysis of the resulting results.
To some extent, here we can draw an analogy with the
method of “abstracting from the problem” within the
framework of the so-called “Harvard School principal
negotiations”, the substantive essence of which is not a
direct search for a compromise, but preliminary agreement
on the principles of its search.
8. Technology of "hybrid" intelligence
The technology of the "collective" intellect is
considered as an intermediate stage in the development of
decision support systems. It is expected that as the
technology of “artificial” intelligence develops, the
“collective” intelligence described here can evolve into
some form of “hybrid” intelligence, forming a symbiosis
with such properties that will ensure that the control
system meets the new challenges of civilizational
development. The possibility and pace of evolutionary
development of management information support methods
in the direction of “hybrid” forms will be substantially
determined by the progress in the development of

“artificial” intelligence technologies.
As noted above, it is advisable to use the modern
capabilities of modeling complex systems to build up
expert knowledge [27, 28]. One of the forms of using
“artificial” intelligence can be the use of an electronic
training ground with a model of the complex system under
study deployed on it and constantly being improved. As an
example, we can cite the results presented in [28, 29],
which relate to the methodology of training an intelligent
agent at an “electronic training ground” with a layout of
the environment that allows, during many experiments, to
determine the mechanisms of formation of rational
trajectories of movement to a target in the phase space of
an agent’s state from an arbitrary provisions.
After training at the training ground and introducing
the function of assessing one’s current position by an
arbitrary number of features, one can use the rules
developed at the “training ground” to make decisions in
the current situation, including the situation understood
with a certain degree of uncertainty. Considering that an
“electronic polygon” is still some abstract model
representation of the environment, it is advisable to
combine both the construction of the model on polygon
and the recommendations resulting from its application
with expert assessment by specialists. Thus, with the help
of artificial intelligence technologies, it is possible to
expand the knowledge base on the basis of which
alternatives are evaluated and recommendations are made
on the most rational actions in the face of uncertainty. One
of the possible versions of the model of the “hybrid”
intellect based on the “collective” and “artificial” is
presented in fig. 4.

Fig 4. A possible scheme of the symbiosis of technologies based on hybrid intelligence

9. Conclusion
It can be summarized that in order to increase the
effectiveness of information and analytical support for
government in the face of significant uncertainty, it is
necessary to develop methodological foundations,
principles of construction and architecture of a hybrid
automated decision support system by synthesizing the
collective intelligence of experts with artificial
intelligence based on methods computer modeling of
complex systems and solving optimization problems. The
development of forms of expert management support
should be focused on obtaining qualitatively new results
through the integration of expert competencies, as opposed

to the search for compromises that are oriented towards
traditional approaches for coordinating expert opinions.
The originality of the proposed approach lies in the
appropriate combination of social engineering methods
with modern advances in the field of information
technology. Implementation of the technology of “hybrid”
intelligence will allow to obtain the results of an expert
assessment of the situation and alternatives by
synergistically integrating expert knowledge with the
capabilities of “artificial” intelligence.
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The article describes the solution to the problem of teaching programming skills using modern techniques and additional software.
It is proposed to use simulation modeling of interaction developed by users as part of the training of intellectual agents in a competitive
form that implement various algorithms as the main approach to the solution. Intellectual agents are presented in the form of artificial
intelligence developed by platform users, which interacts with other intellectual agents following the rules of the developed scenario for
the competition. Scenarios provide a set of capabilities for intelligent agents, an interaction environment, and a set of constraints that
participants follow. To support this simulation, it is proposed to use a specialized software platform. The platform allows organizers to
develop scenarios with a unique set of rules, and additional platform tools speed up development and allow organizers to implement
visual display to users that can be used to show competitive process. A set of built-in platform tools allows organizers to focus directly
on the rules of the competition, since the platform provides communication with participants and additional tools for calculating the
results of the competition. In additional there is a set of basic competition systems on the platform. However, if necessary, the organizers
can present their own competition format and implement it separately. The article describes the developed platform for teaching and
holding competitions in artificial intelligence. The article also examines a number of scenarios and intelligent agents.
Keywords: artificial intelligence, intellectual agent, artificial intelligence competitions.

1. Introduction

2. Analogues

At present, technologies are developing at tremendous
speed. One of the most promising areas today is the
development of methods and technologies based on
artificial intelligence. Artificial intelligence permeate
deeper and deeper into various spheres of human life, both
in the field of science and industry, and in everyday life.
In addition, the training of IT specialists who are able to
create new and maintain software products, analyze big
data, administer complex technical systems and etc. is
especially relevant.
The acquisition of new professional competencies in a
dynamically changing world requires the creation and
application of new technologies in the learning process.
Currently, there are different software platforms.
However, these are specialized platforms for
implementing either educational programs or competency
assessment activities (competitions, hackathons, etc.),
including in remote form.
For the quick creation of unique training tracks
(educational and methodological support adapted to the
individual learning path) a tools are needed. Current trends
are also aimed at the gamification of the learning process
in order to improve its quality, and the competitive aspect
is much better motivates for independent study of
materials [1]. It is important to implement active
pedagogical methods involving the student in the design
of his own educational path, increasing his degree of
motivation for the learning process.
There is the introduction of meta-design into the
educational process [2], which allows you to organize a
space for effective education for the required
competencies, taking into account the individual
characteristics of students.
In that case, it can be argued that the creation of a new
educational platform that is adaptable and implements the
above-mentioned modern approaches to education is
relevant.

Currently, there are platforms aimed at artificial
intelligence competitions among user’s intellectual agents.
Among the most famous, the following platforms can be
distinguished: Russian AI Cup, Mini AI Cup and Google
AI Challenge [3-5]. In the process of participating in the
competition, users are provided with additional
information about working with the platform, and a set of
additional training materials is created for participants.
However, these platforms can hardly be used to direct
training for the following reasons.
1. Closure. Users are provided with limited functionality
and are not allowed to implement their own scenarios.
As a result, it is not possible to build a training
program based on them.
2. Narrow focus. Focus on a fixed set of subject areas.
Often, for each subject area, a new separate platform
is created, completely duplicating the functionality of
existing platforms, making only minor changes.
3. Lack of control. There is no ranking of users by levels
of knowledge and skills. All users are forced to be in
the same group: both novice developers and
professionals.
4. The same type of competition system. There are a
huge number of competition systems, however,
modern platforms often use the most popular or basic
approaches (for example FFA, double elimination,
etc.).
5. Completeness. The platforms do not provide the
opportunity to conduct a series of competitions with
subsequent monitoring in order to collect statistics
and evaluate the results. Support for the competition’s
scenario is over.
6. Decentralization of information. There is no
supporting methodological assistance and additional
information materials. The organizers provide only
materials directly related to the competition.
Given the above, we note that there are tools for
creating and conducting competitions with a number of
significant drawbacks. Modern technologies are
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developing at a rapid pace, new techniques, approaches to
learning and tools that can implement them appear. Based
on the existing shortcomings, it was concluded that there
is a need to develop a universal educational platform on
artificial intelligence with the following basic properties:
1. Openness. The users should be provided with the full
functionality of the platform, which will allow not
only to participate in the competition, but also to act
as the organizer of the competition, as well as use the
platform in training.
2. Broad focus. The platform should be universal, which
will allow it to be used in training in any IT field
(using additional materials and methodological
support), to conduct competitions and test algorithms
in the user-developed scenarios [6].
3. Flexible control. The platform should be able to rank
users according to various criteria. Both basic criteria
(level of skills and competencies, age), and any other
criteria defined by the scenario developers can be
used.
4. The flexibility of the settings. The platform should
contain not only the basic conducting systems built
into it by default, but also allow users to implement
their own, if this is necessary.
5. Renewability. This property allows you to collect
statistics and can serve as a universal tool for
assessing the knowledge of participants. This is
especially useful for monitoring the overall level of
educational skills.
6. Centralized information. The presence of additional
training material on the platform on various aspects of
programming will allow new users to always have
high-quality and up-to-date information from trusted

sources and to develop much faster in the direction
they are interested in.
The platform under development is based on openness.
Openness implies that any user of the platform can be not
only a participant, but also the creator of the educational
program and the organizer of the competition. The
platform also has an ever-expanding knowledge base
necessary for working with intellectual agents, which is
also developed at the expense of platform users, through
which the platform is also excellent in educational
activities. The presence of high-quality and verified
material will allow faster to find high-quality information
needed in the subject area of interest [7-8], and as a result
to get better information than in open sources.
Moreover, the platform allows you to create your own
scenarios and visually display them [9]. At the moment, to
organize a competition, the user needs to develop a
software product that implements the logic of the
competition and establish communication between its
participants. This platform already has the basic
mechanisms for that, and the organizer can focus only on
conditions of the competition and the tasks of the scenario.
Separately, it is worth noting that platform users can be
united into a group and learn how to develop in
competitions with each other among opponents with equal
knowledge.
3. Description of the approach to building a
platform for modeling the interaction of
intellectual agents
To solve this problem, the following architecture is
proposed (Fig. 1).

Fig. 1. Software platform architecture

Platform users are represented as scenario developers,
organizers and participants. It means that the same person
or group of people can act as the developer of scenario and
organizer of the competition.
Organizers and scenario developers work in the control
module, and participants interact with the participant
module.
In the control module, organizer configure the
competition parameters and load the scenario.
The participant module contains both general training
materials and specific data for the scenario. The
competition module and the visualization module are
interconnected. Competitions using the module can used
to tests by the developer, and if the competitions are
presented in a graphical representation, the user can see the
results in a visualization module.
The competition is held on the server, which is
necessary for data protection. The server has a module for
mathematical calculations and a module for implementing
the system. The first module is responsible for the outcome
of the competition, and the second for its format. Then the
data gets into the database, and from there the organizers
and participants can get it.
Administrators provide technical support and
resources for computing.
The platform implements all the principles described
above. Openness is achieved due to the lack of a global
separation of roles. Any user can be either a participant or
an organizer of one or several competitions at the same
time. And also there is no local separation, which provides
flexibility in management.

The platform allows you to develop in several
directions at once, since it is universal and supports the
development of scenarios, both competitive and training,
and the complexity of such scenarios depends only on the
task set by the authors. The module for providing a
conductive system is also flexibly configured, which
allows you to choose a conductive system from those
already implemented on the platform, or implement your
own.
There is also a module that allows students to get
methodological and informational software for training.
The module for working with educational material
allows you to centrally store information and use it in the
learning process. At the same time, any competition can
be resumed for a specific local group, which corresponds
to the renewability property.
The platform has a built-in visualization module,
which can significantly reduce the time for developing a
visual display. Users can use both the tools built into the
platform and, if necessary, connect their own.
4. Description and testing of developed
scenarios
On the developed platform, three test competitive
scenarios were created: “Sea battle”, “Snake” and “Virus
war”. Each scenario has its own set of rules.
Sea battle (Fig. 2) is presented in its classic, desktop
version, with the possibility of the initial arrangement of
ships and directly the game process.

Fig. 2. Sea battle

The snake (Fig. 3) is presented in the form of a game
for four participants, where the main goal of all agents is

to be the last among those who have reached a dead end
created by the enemy's snake or natural obstacles.

Fig. 3. Snake

The virus war (Fig. 4) is presented in the form of
capturing a field with special conditions: an agent can
capture only cells adjacent to those already captured, and

if the agent attacks the cell of another agent, it becomes
impassable and free.

Fig. 4. Virus war

The platform also supports custom single-user
scenarios. The idea is that the user receives a task to
implement a specific algorithm. At the end of

development, the user agent is tested by the platform using
various input data to verify its operation. For testing, two

task scenarios were created: matrix transposition (Fig. 5)
and array sorting (Fig. 6).

Fig. 5. Matrix transposition

Fig. 6. Array sorting

A few intellectual agents have been developed for all
scenarios. They solve the problem in various ways. Series
of tests were carried out.
For competition scenarios were used intellectual
agents that implement various strategies. Using the “sea
battle” scenario as an example, consider the results of three
different strategies:
A. Algorithm based on random events;
B. Algorithm with analyzing field;
C. An algorithm that bases its choice on the experience
of previous parties.
As a tournament system, it was circular, i.e. each agent
will play with each other.
Table 1. Performance characteristics of various algorithms for
the scenario "Sea battle"
Victories, %
A
B
C
Defeats, %
A
71,7%
93,4%
B
28,3%
70,8%
C
6,6%
30,2%

As follows from the table, algorithm B and C have a
significant advantage over algorithm A, and algorithm B
is significantly inferior to algorithm C.
Consider a similar table in which copies of these agents
participate.
Table 2. Performance characteristics of various algorithms for
the scenario "Sea battle" with copies of agents
Victories, %
A1
А2
B1
В2
C1
С2
Defeats, %
A1
50,1% 70,9% 72,1% 90,2% 93,1%
А2
49,9%
71,3% 70,8% 92,7% 91,9%
В1
29,1% 28,7%
49,5% 69,5% 70,9%
В2
27,9% 29,2% 50,5%
71,1% 70,5%
С1
9,8% 6,3% 30,5% 28,9%
49,8%
С2
6,9% 8,1% 29,1% 29,5% 50,2%

Based on the second table, we can conclude that
algorithms of the same type on average always have a 50%
probability of winning against each other, and the
conclusion based on the results of the first table is fully
consistent with the conclusion of the second.
5. Conclusion
The developed system allows you to create scenarios
with different conditions, as well as set them your own
unique display and conduct an unlimited number of
tournaments according to the created scenarios. It is also
possible to use it as a training system due to special task
scenarios in which the user needs to implement the
algorithm and send the result to the server for verification.
The article analyzes the main analogues - Russian AI
Cup, Mini AI Cup and Google AI Challenge, identifies the
main shortcomings and formulates the properties that the
platform should have, and provides the platform
architecture that meets all the requirements.
Distinctive features of the developed system compared
to other platforms is its versatility and immutability both
in supported scenarios and in visualization methods for the
interaction of intellectual agents. Also, the presence of a
flexible system for visual reproduction of scenarios allows
more efficient development and debugging of algorithms
from various areas of artificial intelligence.

As an example of implementation, a number of
scenarios were demonstrated, including “sea battle”,
“snake”, “virus war”, “array sorting” and “matrix
transposition”. For the “sea battle” scenario, a set of agents
was developed that implements a number of algorithms
aimed at solving the problem, two experiments were
conducted using different numbers of agents, and the
results of these algorithms on all systems are presented.
The developed system was used to conduct an artificial
intelligence competition as part of the Bryansk Regional
IT Festival.
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The article presents a new vision of the process of approximating the solution of differential equations based on the construction of
geometric objects of multidimensional space incident to nodal points, called geometric interpolants, which have pre-defined
differential characteristics corresponding to the original differential equation. The incidence condition for a geometric interpolant to
nodal points is provided by a special way of constructing a tree of a geometric model obtained on the basis of the moving simplex
method and using special arcs of algebraic curves obtained on the basis of Bernstein polynomials. A fundamental computational
algorithm for solving differential equations based on geometric interpolants of multidimensional space is developed. It includes the
choice and analytical description of the geometric interpolant, its coordinate-wise calculation and differentiation, the substitution of
the values of the parameters of the nodal points and the solution of the system of linear algebraic equations. The proposed method is
used as an example of solving the inhomogeneous heat equation with a linear Laplacian, for approximation of which a 16-point 2parameter interpolant is used. The accuracy of the approximation was estimated using scientific visualization by superimposing the
obtained surface on the surface of the reference solution obtained on the basis of the variable separation method. As a result, an
almost complete coincidence of the approximation solution with the reference one was established.
Keywords: multidimensional approximation, multidimensional interpolation, geometric interpolant, heat equation, differential
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1. Introduction
Traditionally, one of the possible results of the
numerical solution of differential equations (DE) is a
certain geometric model, the visualization of which
allows you to visually evaluate the result. Thus, for most
abstract solutions, there is a geometric interpretation. For
example, the solution to an ordinary differential equation
is a line, and the solution to the inhomogeneous heat
equation of the rod is the surface compartment. Those,
the result of solving the differential equation is a
geometric object. Change the causal relationship to the
inverse. Then it turns out that in order to solve the
differential equation it is necessary to simulate some
geometric object that has the required differential
characteristics. A similar approach was implemented in
[1, 2]. Of course, DE have a wide variety of varieties, and
not for every differential equation there is an exact
solution. Therefore, for the numerical solution of the
differential equation it is enough that the required
differential characteristics are provided at some discrete
points (network nodes) that belong to the simulated
geometric object. In this case, the intermediate values of
the resulting solution will be determined using
multidimensional interpolation. Then, to approximate the
solution of the DE, it is convenient to immediately use
one of the geometric interpolants.
2. A bit about geometric interpolant
A geometrical interpolant is a parameterized
geometrical object passing through predetermined points,
whose coordinates correspond to the initial experimentalstatistical information, or possessing the necessary,
predetermined, properties. In accordance with the
geometric theory of multidimensional interpolation [3-5],
the geometric interpolant is formed by analytically
describing the tree of the geometric model.

So, for a one-dimensional geometric interpolant (1parameter interpolant) the tree of the geometric model is
just one line (Fig. 1), passing through the predetermined
points.

Fig. 1. 1-parameter interpolant

In the BN-calculus [6-8], such an interpolant can be
represented as the following point equation of a oneparameter set M of points:
n

M = ∑ M i pi ( u ),
i =1

(1)

where M – the current point of the arc of the curve of the
line passing through the predetermined points; Mi – the
starting points through which the arc of the curve should
pass; pi(u) – function of the parameter u; u – is the
current parameter, which varies from 0 to 1; n – the
number of starting points of the arc of the curve line; i –
serial number of the starting point.
Moreover, the condition is that the one-parameter set
belongs to the space of the selected dimension:
n

∑ p (u ) = 1 .
i =1

i

This condition is satisfied using special

algebraic curves obtained on the basis of the Bernstein
polynomial [9]. The fulfillment of this condition is
mandatory for all subsequent interpolants and is not
given in the article below, since it is calculated in a
similar way.
The point equation (1) is a symbolic notation. Having
performed the coordinate-wise calculation for twodimensional space, we obtain a system of the same type
parametric equations:
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n

 xM = ∑ xM i pi ( u );

i =1

n
y =
yM i pi ( u ).
∑
M

i =1
Similarly, any point equation for a space of any
dimension can be represented as a system of parametric
equations. Moreover, the presented system of parametric
equations is an analytical description of the projections of
the arc of a plane curve on the axis of the global
coordinate system.
A two-dimensional geometric interpolant represents a
two-parameter set of points – the surface of 3dimensional space passing through predetermined
(Fig. 2).

Fig. 2. 2-parameter interpolant

The computational algorithm for determining a 2parameter geometric interpolant can be represented as the
following sequence of point equations, which include m
of 1-parametric interpolants at the stage of tree formation
of the geometric model (Fig. 2):
n

 M 1 = ∑ M 1 j p1 j ( u );
j =1

...............................

n
 M = M p ( u );
∑
i
ij ij

j =1

(2)
...............................

n
 M m = ∑ M mj pmj ( u );

j =1

m
 M = M q ( v ),
∑
i i

i =1
where qi(v) – function of the parameter v.
To describe a 2-parameter interpolant (Fig. 2), a 3dimensional Cartesian coordinate system is used
(although the proposed equations are also valid for an
affine coordinate system). In addition, such a geometric
interpolant can exist in a space of higher dimensions. In
this case, the point equation will remain unchanged, but
when performing the coordinate-wise calculation of the
parametric equations of the system, there will be more,
and their number will directly depend on the dimension
of the space in which the simulated geometric object is
located.
Similarly, a three-parameter interpolant is defined by
a 3-parameter set of points – a hypersurface of 4-

dimensional space passing through predetermined points
(Fig. 3).

Fig. 3. 3-parameter interpolant

The computational algorithm for determining the 3parameter interpolant will include m of 2-parametric
interpolants forming an even more extended tree of the
geometric model (Fig. 3):
l

 M ij = ∑ M ijk pijk ( u );
k =1

...............................

n
 M = M q ( v );
(3)
ij ij
 i ∑
j =1

...............................

m
 M = ∑ M i ri ( w ),

i =1
where ri(w) – function of the parameter w.
Summarizing this approach, we can obtain a
geometric interpolant of n dimension corresponding to nparameter set of points or hypersurfaces (n+1)-th space
passing through the predetermined points. At the same
time, the belonging of the nodal interpolation points to
the simulated geometric interpolant is ensured by the
passage of all points through the guide lines (onedimensional interpolants) at each stage of the formation
of the model tree: Fig. 1 → Fig. 2 → Fig. 3.
It should be noted that the geometric theory of
multidimensional interpolation was developed and is
effectively used to model and optimize multifactor
processes and phenomena based on any experimental
statistical information [10-12]. However, in the context of
the above studies, it is used for a different purpose,
namely, for solving DE.
To solve the equations of mathematical physics [13],
the choice of a geometric interpolant depends primarily
on the dimension of the Laplacian. So, for the numerical
solution of the inhomogeneous heat equation with linear
Laplacian ∂2U/∂x2 served as a two-parameter interpolant
U=f(x,t) [2]. Then with a flat Laplacian ∂2U/∂x2 + ∂2U/∂y2
the use of a three-parameter interpolant is necessary
U=f(x,y,t), and with spatial ∂2U/∂x2 + ∂2U/∂y2 + ∂2U/∂z2 four-parameter interpolant U=f(x,y,z,t).
3. Analytical description of geometric
interpolants
For the analytical description of geometric
interpolants, the point equations of algebraic curves arcs
passing through the predetermined points obtained on the
basis of Bernstein polynomials [9] are used. The need to
determine such curves lies in the fact that when modeling
multi-factor processes for each separate problem, it is
necessary to solve systems of linear algebraic equations

(SLAE) in determining the desired equation. To obtain a
universal approach to modeling multifactor processes [35], it was necessary to obtain such equations of arcs of
algebraic curves into which you can substitute any values
of the points coordinates (both fixed and variable), and
immediately obtain the desired result. For this, the SLAE
solution process was laid down directly at the stage of
curve modeling. As a result, we obtained the point
equations of algebraic curves arcs passing through
predetermined points, which are the main tool of the
geometric theory of multidimensional interpolation and
approximation.
It should be noted a very important distinguishing
feature of the obtained equations. For point equations, the
belonging of a geometric object to a space of a specific
dimension is determined by the sum of functions of a
parameter (condition to equation (1)), which must be
equal to 1. The using of Bernstein polynomials made it
possible to ensure that this condition is met regardless of
the dimension of the space of the global coordinate
system. The functions of the parameter are determined by
the Newton binomial, which is expanded for the
parameter and its complement to 1. By this, it provides
the condition that the arc of the curve belongs to a
specific space, regardless of its dimension. In other
words, the obtained parametric equations of the arc of the
curve can be used for a space of any dimension and,

accordingly, for solving differential equations with a
Laplacian of any dimension
Another important feature of the obtained equations
of the curve arc is the uniform distribution of the
parameter values, which was originally laid down in the
method for determining the curve arc passing through
predetermined points. Moreover, for each specific
coordinate axis having a uniform distribution of the
coordinates of the source points, a linear relationship
between the natural value of the factor belonging to the
projection axis and the current parameter is valid. This
significantly reduces the amount of necessary
calculations when approximating the solution of the
differential equation, allowing us to consider them on a
regular multidimensional network of points. Moreover,
the method is universal in nature and without making any
changes, it can be fully used for both regular and
irregular network of points.
In this way, point equations of arcs of curves of 2–10
order, passing through 3–11 points, respectively, were
obtained. For example:
1. The point equation of an arc of a curve of the 2nd
order passing through 3 predetermined points:
M= M 1u (1 − 2u ) + 4uuM 2 + M 3u ( 2u − 1) ,
(4)
where u = 1 − u - parameter addition u to 1.
2. The point equation of an arc of a third-order curve
passing through 4 predetermined points:
M= M 1 ( u 3 − 2,5u 2 u + uu 2 ) + M 2 ( 9u 2 u − 4,5uu 2 ) + M 3 ( −4,5u 2 u + 9uu 2 ) + M 4 ( u 2 u − 2,5uu 2 + u 3 ) .
(5)

4. General approach to the approximation of
the solution of differential equations
The main idea of the proposed approximation method
is that at the nodes of the selected interpolation network
of points the condition of the original differential
equation is satisfied. For its implementation, the
following fundamental computational algorithm was
formed:
1. Depending on the source differential equation, form
a network of points of the required dimension and
density, which will be the basis for creating the tree
of the geometric model.
2. Select arcs of approximating curves for an analytical
description of a geometric interpolant, thereby
forming a computational sub algorithm.
3. Perform coordinate-wise calculation and, in the case
of using a regular network of points, go from the
parametric equations system of the geometric
interpolant analytical description to its equation in an
explicit form.
4. Enter the coordinates of the points corresponding to
the initial and boundary conditions.
5. To differentiate the obtained equations and substitute
them in the original DE.
6. Substitute parameter values at the nodal points,
thereby forming a local system of linear algebraic
equations (SLAE).
7. In the case of using piecewise approximation, we
repeat the first 6 points of the computational
algorithm several times, thus accumulating local
SLAEs to form a global SLAE.

We solve the obtained SLAE and determine the
necessary values at the nodal points of the
interpolant. After that, we substitute the result of
calculations in the approximation equation from the
5th point.
9. We analyze the result and check its reliability. In the
case of insufficiently accurate results, we increase
the number of nodal points of the geometric
interpolant.
Of course, each engineering task is separate in nature
and has its own characteristics, but this will not affect the
fundamental approach to solving differential equation.
For example, with a large number of nodal points, it is
possible to use composite approximating curves that will
form composite geometric objects in multidimensional
space. If necessary, they can be docked with the required
smoothness order [14-19]. And with an increase in the
order of the differential equation, an increase in the order
of the approximating curve is necessary. Moreover, in
order to obtain the correct result of solving the
differential equation, it is necessary that the order of the
approximating curve be greater than the order of the
original differential equation.
It should be noted that the result of the
implementation of the proposed computational algorithm
will be a general control solution. It can have an infinite
number of particular solutions. A specific solution is
distinguished from a variety of particular solutions using
initial and boundary conditions, which, unlike most
methods for solving differential equation, must be laid
down in the form of input data at the stage of creation
and analytical description of the geometric interpolant,
thereby forming point 4 of the computational algorithm.
8.

In other words, the geometric display of the initial and
boundary conditions are also some geometric objects:
points, lines, surfaces, etc. Thus, the desired geometric
interpolant must be a carrier of geometric objects
corresponding to the initial and boundary conditions.

∂U
∂ 2U
= a 2 2 + 2 x + 1,
∂t
∂x
0 < x < 1, t > 0, U ( 0, t ) =
1,
U (1, t )= 2, U ( x, 0 )= x + 1.

To approximate the solution of equation (6), we use a
16-point 2-parameter interpolant [2]. Using the point
equation of the arc of a third-order curve passing through
4 predetermined points, we obtain the following
computational algorithm for determining a 16-point 2parameter interpolant, which is determined using the
point equation (5) by the following sequence of point
equations:

5. An example of approximation of the solution
of the heat equation using a two-parameter
interpolant
Consider the use of the proposed method on the
example of solving the following inhomogeneous heat
equation:

 M=
111

 M=
112

 M=
 113
 M=
 114
 M=
 11

(6)

M 1111 ( u 3 − 2,5u 2 u + uu 2 ) + M 1112 ( 9u 2 u − 4,5uu 2 ) + M 1113 ( −4,5u 2 u + 9uu 2 ) + M 1114 ( u 2 u − 2,5uu 2 + u 3 ) ,

M 1121 ( u 3 − 2,5u 2 u + uu 2 ) + M 1122 ( 9u 2 u − 4,5uu 2 ) + M 1123 ( −4,5u 2 u + 9uu 2 ) + M 1124 ( u 2 u − 2,5uu 2 + u 3 ) ,

M 1131 ( u 3 − 2,5u 2 u + uu 2 ) + M 1132 ( 9u 2 u − 4,5uu 2 ) + M 1133 ( −4,5u 2 u + 9uu 2 ) + M 1134 ( u 2 u − 2,5uu 2 + u 3 ) ,
2

M 111 ( v − 2,5v v + vv
3

2

2

(7)

) + M ( 9u u − 4,5uu ) + M ( −4,5u u + 9uu ) + M ( u u − 2,5uu + u ) ,
) + M ( 9v v − 4,5vv ) + M ( −4,5v v + 9vv ) + M ( v v − 2,5vv + v ) ,

M 1141 ( u − 2,5u u + uu
3

2

2

1142

112

2

2

2

2

1143

2

113

2

2

1144
2

114

2

2

2

3

3

where u = 1 − u and v = 1 − v .
U. Thus, the number of equations in the sequence (7) will
triple. Given the special properties of arcs of algebraic
Perform coordinate-wise calculation of the sequence
curves obtained on the basis of Bernstein polynomials
of equations (7) for 3-dimensional space. To do this, we
and described above, we obtain:
adopt a Cartesian coordinate system with axes: x, t, and
t = u;

(8)
 x = v;

3
2
2
2
2
2
2
3
2
2
U 11 = U 111 v − 2,5v v + v v + U 112 9v v − 4,5v v + U 113 − 4,5v v + 9v v + U 114 v v − 2,5v v + v ,

(

)

(

)

(

)

(

)

4
5
and U M1131 = .
3
3
2
2
( 9u u − 4,5uu ) + U M1113 ( −4,5u 2u + 9uu 2 ) + U M1114 ( u 2u − 2,5uu 2 + u 3 ) ;

where U=
2 , U M1121 =
U=
U=
U=
M1141
M1142
M1143
M1144

U=
U M1111 ( u 3 − 2,5u 2 u + uu 2 ) + U M1112
111

U=
U M1121 ( u 3 − 2,5u 2 u + uu 2 ) + U M1122 ( 9u 2 u − 4,5uu 2 ) + U M1123 ( −4,5u 2 u + 9uu 2 ) + U M1124 ( u 2 u − 2,5uu 2 + u 3 ) ;
112
U=
U M1131 ( u 3 − 2,5u 2 u + uu 2 ) + U M1132 ( 9u 2 u − 4,5uu 2 ) + U M1133 ( −4,5u 2 u + 9uu 2 ) + U M1134 ( u 2 u − 2,5uu 2 + u 3 ) ;
113

U=
U M1141 ( u 3 − 2,5u 2 u + uu 2 ) + U M1142 ( 9u 2 u − 4,5uu 2 ) + U M1143 ( −4,5u 2 u + 9uu 2 ) + U M1144 ( u 2 u − 2,5uu 2 + u 3 ) .
114

Using the linear dependence of the first two equations
indicate the corresponding coordinates of the points along
of system (8), we pass to the explicit equation of the
the axis U: UM1111=UM1112=UM1113=UM1114=1,
Thus, it remains to determine the values of the
approximating 2-parameter interpolant.
geometric interpolant at 6 points: M1122, M1123, M1124,
Further, to ensure the initial and boundary conditions,
M1132, M1133 and M1134 that correspond to the following
it is necessary that the obtained geometric interpolant
values of the parameters of the nodal points of the
passes through 3 straight lines: U(0,t)=1, U(1,t)=2 and
interpolant:
U(x,0)=x+1. To ensure these conditions, it suffices to
1
1
1
2
1
; tM1122
;=
; tM1123
;=
; tM1124 1;
xM1122
xM1123
xM1124
=
=
=
=
3
3
3
3
3
2
1
2
2
2
; tM1132
;=
; tM1133
;=
; tM1134 1.
xM1132
xM1133
xM1134
=
=
=
=
3
3
3
3
3
As a result, we obtain a SLAE of 6 equations with 6
U =1 + x − 0, 608t 3 x 3 + 1, 212t 3 x + 1, 247t 2 x 3 −
unknowns: U1122, U1123, U1124, U1132, U1133 and U1134.
−2, 634t 2 x − 0, 785tx 3 + 1, 783tx −
Solving this SLAE and substituting the obtained values in
the equation of an approximating two-parameter
−0, 604t 3 x 2 + 1,387t 2 x 2 − 0,998tx 2 .
interpolant, taking into account the rounding of the
Having checked the result obtained by comparing the
coefficients of the equation, we obtain:
obtained solution with the solution obtained on the basis
of the variable separation method:

∞

+∑
n =1

( 6 ( −1)

U ( x, t ) = x + 1 +
n +1

+2

π n (π na )

2

) 1− e

(

2

− (π na ) t

) sin (π nx ).

them on each other (Fig. 4). In this case, the green
solution shows the reference solution obtained by the
method of separation of variables.

For a visual comparison of the obtained results, we
will visualize the obtained surfaces and superimpose

Fig. 4. Comparison of the results of solving the inhomogeneous heat equation

As can be seen from Figure 4, with the help of the 16point geometric interpolant, it was possible to achieve an
almost complete degree of coincidence with the reference
solution. Moreover, further use of the obtained
polynomial equation for engineering calculations is more
preferable in comparison with the equation obtained by
the method of separation of variables. It should be noted
that, if necessary, the number of nodal points of the
approximating network can be practically any and can
always be increased to achieve the required accuracy of
the solution.
6. A generalization of the proposed solution of
the inhomogeneous heat equation to a
multidimensional space

higher-dimensional Laplacian. In this case, the
computational algorithm does not have fundamental
differences. Only increases the dimension of the
geometric interpolant and the number of equations of
coordinate calculation. Based on this, we consider not a
particular, but a general solution of the heat equation,
given in a general form for a three-dimensional
Laplacian:
 ∂ 2U ∂ 2U ∂ 2U 
∂U
= a 2  2 + 2 + 2  + f ( x, y , z ) .
(9)
∂t
∂y
∂z 
 ∂x
As a geometric interpolant, we choose a 4-parameter
hypersurface belonging to a 5-dimensional space. As an
example, let us take a curve of the third order passing
through 4 forward given points (5) as an approximating
arc. Then the computational algorithm for determining
the 4-parameter interpolant takes the following form:

Let us consider a generalization of the proposed
solution of the inhomogeneous heat equation for a
 M=
M 11 ( w3 − 2,5w2 w + ww2 ) + M 12 ( 9 w2 w − 4,5ww2 ) + M 13 ( −4,5w2 w + 9 ww2 ) + M 14 ( w2 w − 2,5ww2 + w3 ) ,
1

 M=
M 21 ( w3 − 2,5w2 w + ww2 ) + M 22 ( 9 w2 w − 4,5ww2 ) + M 23 ( −4,5w2 w + 9 ww2 ) + M 24 ( w2 w − 2,5ww2 + w3 ) ,
2

 M=
M 31 ( w3 − 2,5w2 w + ww2 ) + M 32 ( 9 w2 w − 4,5ww2 ) + M 33 ( −4,5w2 w + 9 ww2 ) + M 34 ( w2 w − 2,5ww2 + w3 ) ,
 3
 M = M ( w3 − 2,5w2 w + ww2 ) + M ( 9 w2 w − 4,5ww2 ) + M ( −4,5w2 w + 9 ww2 ) + M ( w2 w − 2,5ww2 + w3 ) ,
41
42
43
44
 4
 M= M (ϕ 3 − 2,5ϕ 2ϕ + ϕϕ 2 ) + M ( 9ϕ 2ϕ − 4,5ϕϕ 2 ) + M ( −4,5ϕ 2ϕ + 9ϕϕ 2 ) + M (ϕ 2ϕ − 2,5ϕϕ 2 + ϕ 3 ) ,
1
2
3
4

where w = 1 − w and ϕ = 1 − ϕ .
It should be noted that the sequence (10) did not
include 16 2-parameter interpolants Mij, which also must
be determined by analogy with the sequence (7). Thus,
the desired geometric interpolant will pass through 256
nodal points. Accordingly, for the inhomogeneous heat

(10)

equation with a flat Laplacian ∂2U/∂x2 + ∂2U/∂y2 the
number of nodal points will be 64.
We perform the coordinate-wise calculation of the
sequence of equations (10) for a 5-dimensional space. To
do this, we adopt a Cartesian coordinate system with
axes: x, y, z, t and U. Given the special properties of the

arcs of algebraic curves obtained on the basis of
Bernstein polynomials and described above, we obtain:

=
t at u + bt ;
=
x ax v + bx ;

=
(11)
 y a y w + by ;

=
 z a z ϕ + by ;
U= U ϕ 3 − 2,5ϕ 2ϕ + ϕϕ 2 + U 9ϕ 2ϕ − 4,5ϕϕ 2 + U −4,5ϕ 2ϕ + 9ϕϕ 2 + U ϕ 2ϕ − 2,5ϕϕ 2 + ϕ 3 ,
) 2(
) 3(
) 4(
)
1(

where ax, ay, az, at, bx, by, bz, bt – parameters that are
determined depending on the initial and boundary
conditions for solving the differential equation.
Further, taking into account the linear dependence of
the first 4 equations of system (11), we proceed to the
equation given explicitly U=f(x,y,z,t). We differentiate it
in accordance with equation (9) and, substituting the
parameter values at the nodal points of the interpolant
one by one, we compose a SLAE, solving which we
obtain the desired numerical solution of the
inhomogeneous heat equation.
Similarly, other arcs of curves passing through
forward given points of a higher order or obtained in
some other way can be used to approximate the solution
of the differential equations. It is also possible to create
mixed geometric interpolants, including arcs of curves of
various orders. Thus, the number of nodal points can be
any at each separate stage of the formation of the
geometric interpolant and depends primarily on the initial
and boundary conditions of the differential equation.
7. Conclusion
A method for the numerical solution of differential
equations using a geometric interpolant is proposed.
Moreover, it can easily be generalized to
multidimensional space and therefore can be used to
solve differential equations with a large number of
variables, by analogy with the geometric modeling [2021] of multifactor processes and phenomena [3-5]. The
proposed method is considered as an example of solving
the inhomogeneous heat equation using a 16-point twoparameter interpolant. In this case, a generalization of the
proposed solution of the heat equation to
multidimensional space is made. In a similar way, the
number of nodal points of a geometric interpolant can be
increased, which allows you to geometrically simulate
the solution of differential equations with any
predetermined accuracy. For this, not only arcs of curves
passing through predetermined points can be used, but
also contours of the required smoothness order. Also, the
proposed approximation method can be effectively
generalized not only in the direction of increasing the
dimensionality of space, but also in the direction of
increasing the order of the initial differential equation,
which is the prospect of further research.
The geometric theory of multidimensional
interpolation can also be used to solve other engineering
problems of modeling and visualization multi-factor
processes and phenomena [20-30].
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Component approach to the translation of geometric models
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Nizhny Novgorod State Technical University n.a. R.E. Alekseev, Nizhny Novgorod, Russia
The article considers the issue of different approaches to assessing the transfer of geometric models of assembly units between
different professional software environments of different vendors. A model for calculating the metric of the volume of data loss and the
calculation of the relative volume of manual recovery of geometric models after their translation are considered. For evaluation, a
hierarchical structure of the parameters of geometric models is used, as well as a graph of parameters, based on which structural
weighting coefficients are calculated. Algorithms of the considered approaches are described, their differences are considered. The
assembly unit of a machine-building unit was constructed in the Autodesk Inventor Professional software product. Based on the
parameters of the obtained geometric model, the corresponding parameter graphs were constructed and calculations were made for
each proposed approach to data translation. The model was exported and the resulting files were analyzed. Weights were calculated
that reflect expert preferences and structural features and are determined in accordance with the theory of rational choice. The assembly
model was translated into the KOMPAS-3D geometric modeling environment. Based on the data obtained in different formats, an
analysis was made and parameter distortion coefficients were obtained and the relative amount of parameter data losses was estimated
when transferring the geometric model from the professional software environment Autodesk Inventor Professional to the KOMPAS-3D
environment. Conclusions are made and recommendations are given on the possibility of applying the component approach to the
translation of geometric models in professional software environments.
Key words: geometric model, data translation, component approach, metric, parameter graph, structural weight.

1. Introduction
To date, domestic industrial enterprises are in a
situation of some uncertainty associated with the political
and economic situation in the country. On the one hand,
there are increasing requirements for the digitalization of
production processes, their improvement and transition to
the Fourth Industrial Revolution e, on the other hand, the
requirements for software that accompanies ubiquitous
production processes, and, in particular, the import
substitution program. At different levels, these problems
are viewed differently. But in any case, regardless of the
decisions made, a huge financial injections are required.
The transition from one software product to another,
regardless of the reasons, for each enterprise can be very
painful. This includes software costs, staff training,
updating the computer equipment fleet, and, of course, the
possible loss of previously accumulated material. The
ability to use previous developments to modernize or
create new products increases the speed of work and
reduces the time for issuing finished documentation [1].
Professional software environments (PPP) for creating
and working with geometric models (GM) have been and
remain the subject of competition from different
manufacturers who offer their technologies in the global
market for the development of products, objects of
architecture and construction, infrastructure, etc.
Undoubtedly, this competition leads to a continuous
increase in the accuracy of design objects, the convenience
of working with them and other factors [2,3] that
positively affect the productivity of production processes.
Unfortunately, once choosing a system of geometric
modeling, it is quite difficult for production enterprises to
switch to other products, and an incorrect assessment of
future costs can lead to serious consequences [4].

on the structure of their parameters [5], the process of data
transfer in the form of assembly units from one software
product to another is considered. In this methodology, the
assembly unit is considered as a whole, not taking into
account the individual parts or other components that are
present in the assembly unit. When calculating the
transmission coefficient, only functionally oriented and
size-oriented parameter metrics [6] of the general
assembly are taken into account.
𝑛𝑛

𝑉𝑉𝑍𝑍,𝑆𝑆1 →𝑆𝑆2 = � 𝐿𝐿𝑖𝑖 𝑘𝑘𝑖𝑖,𝑍𝑍,𝑆𝑆1 →𝑆𝑆2
𝑖𝑖=1

where 𝑉𝑉𝑍𝑍,𝑆𝑆1 →𝑆𝑆2 – metric of the amount of data loss during
transmission and recovery of GM in professional software
environments from S1 to S2 in Z format; Li –
dimensionally-oriented estimation of the transfer and
restoration of a GM parameter; k i,Z,S1→S2 – relative amount
of loss of parameter data during transmission of GM in
professional software environments from S1 to S2 in Z
format.
The set of GM parameters with this approach is wider
than the set of parameters when transmitting single
models, because When evaluating the transfer and
recovery, the parameters of the assembly unit are taken
into account. A functionally-oriented assessment for
calculating the information metric for the transfer and
restoration of GM in faculty depends not only on the set of
parameters, but also on the weighting coefficients of these
parameters in the graph of the hierarchical structure of the
parameters (Fig. 1).

2. Evaluation methods
Assemble model
In one of the methods for evaluating data transfer based

Fig. 1. Hierarchical structure of GM parameters
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The assembly parameters are at the upper levels (tiers)
of this graph (element 4 in Fig. 1), as a result of which their
structural weighting coefficients of the parameters of the
complexity of recovering the GM parameters will have
significant weight [7]. Taking into account the opinions of
experts on the importance and complexity of restoring
assembly parameters, we get a fairly serious effect on the
parameter k i,Z,S1→S2 through the manual recovery volume
adjustment factor and structural weighting factors.
𝑘𝑘𝑖𝑖,𝑍𝑍,𝑆𝑆1 →𝑆𝑆2 = 𝑤𝑤𝑖𝑖эс 𝑝𝑝𝑖𝑖,𝑍𝑍,𝑆𝑆1 →𝑆𝑆2 ,
where 𝑘𝑘𝑖𝑖,𝑍𝑍,𝑆𝑆1 →𝑆𝑆2 – relative loss of parameter data during
transmission of GM in professional software environments
from S1 to S2 in Z format;𝑝𝑝𝑖𝑖,𝑍𝑍,𝑆𝑆1 →𝑆𝑆2 – relative volume of
manual parameter recovery [0, 0,5, 1]; 𝑤𝑤𝑖𝑖эс – manual
adjustment volume of manual parameter recovery.
Component approach

Consider a methodology for evaluating data transfer
based on the structure of their parameters, which provides
for the transfer of an assembly unit of a product in the form
of a set of its components and parts. With this approach,
there will be no branch with assembly parameters in the
graph of the hierarchical structure of parameters, and local
weights will be distributed in a completely different way,
increasing the weight of the remaining parameters.
Soweget:
𝑛𝑛сб.ем > 𝑛𝑛сб.кп ,
𝑤𝑤𝑖𝑖,сб.ем < 𝑤𝑤𝑖𝑖,сб.кп ,
𝐿𝐿сб.ем > 𝐿𝐿сб.кп ,
Based on the data obtained, we assume that with this
approach, the relative amount of parameter data loss
during GM transmission should be less, and the GM
transmission coefficient should increase.
To test this hypothesis, we will carry out experimental
calculations on the example of an assembly unit of a
machine-building product.
Algorithm
The sequence of operations during the transfer of a
assembly model.
1. Creation of GM parts included in the assembly,
determination of all parameters in a software
environment S1.
2. Formation of an assembly unit with the definition of
all parameters.
3. Determining the hierarchical structure of parameters,
creating a graph, calculating weight coefficients.
4. Formation of a single transmitting assembly file (file
export).
5. Import a GM assembly into a software environment
S2.
6. Assessment of accuracy of transmission of GM
parameters.
7. Restore missing or distorted parameters using S2
tools.
The sequence of operations during the transfer of the
model based on the component approach:
1. Creation of GM parts included in the assembly,
determination of all parameters in a software

2.
3.
4.
5.
6.
7.

environment S1.
Determining the hierarchical structure of parameters,
creating a graph, calculating weight coefficients.
Formation of a single transmitting assembly file (file
export).
Import a GM assembly into a software environment
S2.
Assessment of accuracy of transmission of GM
parameters.
Restore missing or distorted parameters using S2
tools.
The formation of the assembly unit and all the
necessary parameters through the tools of the software
environment S2.
Modeling

For the experiment, Autodesk Inventor Professional,
the environment of geometric parametric modeling, was
chosen as the first S1 system, as one of the most popular
Russian systems among domestic enterprises KOMPAS3D v18 as the S2 system. The geometric model is built on
the basis of the assembly drawing presented in Fig. 2.

Fig 2. Drawing of section

In the Autodesk Inventor Professional environment,
individual assembly parts were modeled (Fig. 3) and the
assembly itself was created from the designed parts (Fig.
4, 5).

Fig. 3. An element of an assembly unit with parameters.

1.2.1.7 Connections
1.2.2 Parameterization
1.2.2.1 Geometric parameterization
1.2.2.2 Hierarchical parameterization
1.2.3 Sketches
1.2.4. Drawings
1.2.5 Reflections
1.2.6 Thread

Fig. 4. 3D assembly model with parameters

2. Attribute information
2.1 Material
2.2 Mass
2.3 Density
2.4 Area
2.5 Volume
2.6 Center of mass
3. File options
3.1 The possibility of using Cyrillic in the name
3.2 File size
To obtain data on the relative volume of manual
parameter recovery, it is necessary to transfer the model to
environment S2. To do this, we export GM to various
formats for data transfer. Based on the data obtained, it is
possible to analyze the sizes of the received files (Fig. 6).

Fig. 5. Attribute information

The process of constructing a graph of parameters of a
geometric model in professional software environments
consists in the formation of groups of these parameters
using the integration and differentiation process, based on
the analysis of properties and differences inherent in the
classification procedure [8]. As a result of the analysis and
combining of similar properties, we can distinguish the
parameters that will be included in the graph [9]. Based on
the obtained graph (Fig. 1), we calculate the weight
coefficients, which we will use to evaluate the transfer of
GM as a single assembly unit:
1. Geometry
1.1 Assembly
1.1.1 Connection accuracy
1.1.2 Creation tree (hierarchical parameterization)
1.1.3 Assembly dependencies
1.1.4. Drawings
1.1.5 Associative
1.2 Section
1.2.1 Geometry accuracy
1.2.1.1 Node accuracy
1.2.1.2 Rib accuracy
1.2.1.3 Surface accuracy
1.2.1.4 Volume accuracy
1.2.1.5 Saving simulation type
1.2.1.6 Chamfers

Fig. 6. Diagram of created files size

The largest file size was obtained when exporting to
*.xgl (17 969 Kb) and the smallest file size was obtained
when exporting to *.jt (325 Kb), with the total size of the
source files *.iam and .ipt was1648,64 Kb.
Thus, the vast majority of files are not larger than the
original file, with the exception of *.xgl (10.9 times more)
and *.zgl (1.2 times more).
Weighting factors, which will reflect the preferences of
experts and structural features, are determined in
accordance with the theory of rational choice [10]. Odds
are calculated using the formula:
𝑤𝑤𝑖𝑖э
𝑤𝑤𝑖𝑖эс =
𝑤𝑤э
𝑤𝑤𝑖𝑖с ∑𝑛𝑛𝑖𝑖=1 𝑖𝑖с
𝑤𝑤𝑖𝑖

where 𝑤𝑤𝑖𝑖эс – weight coefficient reflecting expert opinions
on the difficulty of reconstructing the ith GM parameter
and structural features of the graph of parameters of
geometric models; 𝑤𝑤𝑖𝑖э – weight coefficient reflecting only

expert opinions; 𝑤𝑤𝑖𝑖с – weight coefficient, reflecting only
the structural features of the graph of GM parameters.
The calculation results are shown in table 1.
Table 1. The result of the calculation𝒘𝒘эс
𝒊𝒊
𝒊𝒊
𝒘𝒘с𝒊𝒊
𝒘𝒘э𝒊𝒊
1
0,17
0,046
2
0,17
0,036
3
0,17
0,035
4
0,17
0,046
5
0,17
0,045
6
0,17
0,046
7
0,5
0,025
8
0,5
0,019
9
0,2
0,053
10
0,2
0,033
11
0,2
0,031
12
0,2
0,043
13
0,2
0,031
14
0,08
0,041
15
0,08
0,042
16
0,08
0,040
17
0,08
0,026
18
0,14
0,051

𝒘𝒘эс
𝒊𝒊
0,041
0,032
0,031
0,041
0,040
0,041
0,008
0,006
0,040
0,025
0,023
0,032
0,024
0,078
0,079
0,076
0,050
0,055

𝒊𝒊
19
20
21
22
23
24
25
26

𝒘𝒘с𝒊𝒊
0,14
0,14
0,14
0,14
0,14
0,14
0,5
0,5

𝒘𝒘э𝒊𝒊
0,052
0,047
0,047
0,040
0,025
0,025
0,043
0,030

𝒘𝒘эс
𝒊𝒊
0,056
0,050
0,051
0,043
0,027
0,027
0,013
0,009

We will determine the relative volume of manual
recovery of each parameter, or the distortion coefficient of
the ith parameter of the geometric model created in the
professional software environment S1, translated into
software environment S2 — 𝑝𝑝𝑖𝑖,𝑆𝑆1 →𝑆𝑆2 =[0, 0,5, 1]. When the
parameter is fully saved, the value of this coefficient is set
to 0, while the parameter is partially saved – 0,5. If the
parameter is not transmitted, the distortion coefficient
takes the value 1. An example of estimating the relative
volume of manual recovery of each parameter is given in
table 2.

Table 2. Estimation of the relative volume of manual recovery of each parameter in the format igs.
Parametr (i)
Screenshot
𝑝𝑝𝑖𝑖,𝑆𝑆1→𝑆𝑆2
1. Geometria
1.1 Assembly
1.1.1. Connection accuracy
(14)

1

1.1.2. Creationtree (hierarchical
parameterization)

0,5

1.1.3. Assembly dependencies

0

2. Attributeinformation
2.1. Material

0

2.2. Mass

0,5

2.3. Density

0,5

Similarly, we carry out calculations using the
component approach of transferring assembly units, i.e.
part transfer and assembly in S2 receiving system. We

export all assembly parts in various formats and assemble
the assembly unit in KOMPAS-3D v18 (Fig. 7-8).
Element 4 (assembly parameters) and its branches in
the parameter graph (Fig. 1) will be absent. Accordingly,

all weighting coefficients will be recalculated - the
weighting coefficient of each parameter, reflecting the
opinions of experts on the difficulty of reconstructing the
ith GM parameter and the structural features of the graph
of parameters of geometric models, will be greater than in
the previous calculation procedure.

Thus, in the course of the work, the relative amount of
loss of parameter data was obtained during the transfer of
GM from the professional software environment S1 to
environment S2 in the Z format. A comparative table with
the results is presented below (table 3).

Fig. 7. The choice of parts for assembly

Fig. 8. The process of adding assembly components
Table 3.Datatansferevaluation

DataTransferRating Value (transmission method as a assembly model) Value (component based transmission method)
𝐾𝐾𝑑𝑑𝑑𝑑𝑑𝑑
0,69
0,77
𝐾𝐾𝑖𝑖𝑖𝑖𝑖𝑖
0,68
0,76
𝐾𝐾𝑗𝑗𝑗𝑗
0,65
0,72
𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠
0,68
0,76
𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠
0,44
0,49
𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠
0,68
0,78
𝐾𝐾𝑥𝑥_𝑏𝑏
0,67
0,73
𝐾𝐾𝑥𝑥_𝑡𝑡
0,67
0,73

3. Conclusion:
When transferring a GM assembly unit from one
software environment to another, both methods of model
transfer can be used. Eachoft he methods has its
advantages and disadvantages.
1. Transmission method as a assembly model
• With this transmission method, the geometric
model can be used as typical parts that do not
require editing; The manual recovery time for the
model is approximately 1/3 of the total manual
recovery time.
• If all the components of the assembly unit are
created and assembled in one file (in this case,
the associativity parameter is completely
absent), the preservation of individual elements,
their transfer and assembly in the receiver
program can take significantly longer than the
complete manual restoration of the assembly
unit of the geometric model.
2. Component unit geometric model data transfer based
on component approach.
• This method showed that the relative amount of
manual recovery during the transfer of similar
data will be less, respectively, the time to restore
the model will be reduced.
• This method is especially relevant in the case
when all components of the assembly unit are
created in different files and subsequently
assembled in a separate assembly file.
• The transfer of the GM in this way, despite the
time required to create the assembly unit in the
receiver system after the transfer of the individual
components, will allow using this model not only
as typical parts that do not require editing, but
will also make it possible to make changes and
adjustments to the assembly, i.e. . use it to build
new modified products based on old models.
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Method of dynamic selection of regression tests during developing
multimodule information systems in conditions of CI/CD
I.B.Zarubin, A.D.Filinskikh
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Nizhny Novgorod State Technical University n. a. R.Е. Alexeev
The article considers the forming a pool of regression tests when using the CI/CD process in the development of information systems
consisting of a significant number of interacting modules and using various database management systems. The reasons that do not
allow using standard filters of testing management systems to account for possible interactions between modules of the developed
information system are indicated. The method of selection of the tests to consider the interaction and potential mutual influence of
modules on each other, which also minimizes the pool of selected tests, and rank tests for significance from the point of view of a decision
on the correctness of the implementation of the functionality of the information system and the system's readiness for its transfer to the
customer. The method of dynamic selection of tests that allow to quickly evaluate changes made to the components of the information
system in terms of possible negative impact on the unaffected components and functionality is considered. The advantages and
disadvantages of the considered methodology, the necessary conditions for its successful application, and ways to implement it both in
new projects for the development of information systems and in existing projects in continuous development and without the possibility
of organizing code freezing are given.
Key words: regression testing, automated test cases selection, multicomponent information systems testing, quality assurance testing
without code freeze.

1. Introduction
High competition in the field of information systems
(IS) development [1] forces companies that develop IS to
reduce the development time and the number of employees
involved in the process of creating IS, while trying to avoid
reducing the quality of their product. Various software
development models are used to reduce development time,
such as Agile [2], Iterative model [3], V-model [4], and so
on. Almost all IS development companies use methods for
implementing the most popular Agile model at the
moment. It is necessary to note the growing popularity of
the methodology of "Extreme programming" (XP) [5] (one
of the implementations of the Agile process) - "continuous
integration/continuous delivery" (Continuous integration /
Continuous delivery – CI/CD) [6], which allows for
regular functional growth of the IS and its rapid updating.
This methodology is especially convenient for use in the
process of developing IS, which consist of several
components (micro-services) [7].
An attempt to reduce the number of employees
involved in the development of IS often results to reduce
the number of staff in the testing Department (QA) [8],
whose tasks, among other things, include checking the IS
for bugs and usability [9]. However, in terms of the impact
on the commercial success of IS, the role of testing is hard
to overestimate – it is unlikely that a potential user will
want to use a software product that is riddled with bugs
and uncomfortable to use.
There are many different test methods that can be
classified by the test object, the test subject, by the
positivity of the scenarios, the degree of isolation of the
tested component, the degree of automation, by the stage
of testing and so on [10]. One of the most important types
of testing that is used in almost every IS development
project is Regression testing (RT) [11] – a specific activity
of QA engineers aimed to detecting bugs in the modules
or functionality of the IS that have not been changed, but
could be affected by changes in related modules or
functionality. Regression can occur both in the interaction
between individual IS modules, and in the interaction

between two different IS when transmitting any
information [12].
Using the Agile development process in conjunction
with the CI/CD methodology in conditions of insufficient
resources for checking the quality of IS and extremely
tight development deadlines may lead to a lack of
sufficient time to run some extremely important types of
testing. RT is often neglected, since the correct selection
of the tests for this type of testing is quite complex and
requires a deep understanding of the system architecture,
and this type of testing reveals a small number (in absolute
numbers) of is errors. In the case of developing a multicomponent IS, the choice of scenarios for RT that would
check the possible negative consequences of changes is an
extremely difficult task. Unfortunately, very often the
criterion for selecting tests for RT is the" importance " of
the test or a failed test result during the previous RT – it is
very easy to select tests based on these criteria, but they do
not allow you to select the correct set of scenarios that can
effectively detect errors in the operation of IS modules or
functions that have not been modified.
The "code freeze" procedure is very important from the
point of view of detecting errors in IS [13]. During this
procedure, the IP code is not modified for some time – to
check the entire IS, rather than any part of it, to detect and
localize non-obvious bugs and bugs with complex
playback scenarios that affect several components of the
IS. It usually takes a significant amount of time to check
the entire IS – from a week to a month (depending, of
course, on the complexity of the IP and the number of test
engineers involved in testing process), and the set of RT
scenarios does not change. It is obvious that running a set
of tests in parallel with the modification of the is code will
lead to the loss of relevance of the test results after only
one or two changes have been made. In other words, the
results of tests performed at the beginning of a specific test
procedure refer to an already outdated version of the IS
and do not provide an answer about the quality of the
current IS configuration. In practice, the "code freeze"
procedure is often neglected during the IS development
process due to planning errors and a lack of understanding
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of the need to perform all the necessary quality control
procedures before transferring the IS to the customer.
This situation in multicomponent systems is
complicated by the presence of a significant number of
paths and rules for interaction between components – in
such cases, it is very difficult to take into account all
possible influences on the information system in the
development process and, as a result, avoid negative
effects on components that are not directly affected by
code changes.
Based on above, there is an urgent need to develop a
methodology that would allow you to quickly create a list
of scenarios for RT, as well as take into account the
changes made to the IS components and an arbitrary
number of criteria for selection.

2. Methods for selecting scenarios for
regression testing using filters
In the context of continuous development of new
functionality and new components in complex
multicomponent IS, it is necessary to be able to select tests
that would show regression (bugs occurrence) in the
components of the system that have not been modified.
The selection of tests should be made in a short time and,
preferred, should not require special knowledge and a deep
understanding of the system`s architecture. For some
methods of selection, it is sufficient to filter tests using the
tools built into the test management system. For example,
it is possible to quickly select high-priority tests (for
example, one of the most popular test and defect
management systems - Jira) (Fig. 1).

Fig. 1. High priority test cases selection

In the same way, it is possible to select test cases which
are developed during a certain time period (Fig. 2) or test

cases developed to verify one of the components of a
multicomponent IS (Fig. 3).

Fig. 2. Creation period test cases selection

Fig. 3. Component test cases selection

Depending on the specifics of the project, it is possible
to select test cases using one of the following parameters:
˗
by success of the previous test run;
˗
by the number of bugs found during the test
execution;
˗
by priority of bugs found during the test execution;
˗
by duration of the test case;

by the employee who completed the test;
by test case developer;
by finding the test in a specific test Suite;
and so on.
Obviously, it is possible to combine test selection
parameters during filtering and even determine the order
of these tests according to certain rules (Fig. 4).
˗
˗
˗

Fig. 4. Developer, priority and component test cases selection

Selection by filters is very convenient, but it has some
very significant limitations:
1. It is not pfossible to select tests that would test
functionality that indirectly depends on changes made
to the IS, for example, cases of changing the format of
a message transmitted from one module of a
multicomponent system to another;
2. It is not Possible to organize the selection and ranking
of test cases based on the weight coefficients of
various selection methods;
3. It is not possible to quickly create a list of test cases
that would track changes in the system over a certain
period – sprint, week, or day.
3. Selection and ranking of test cases
depending on the degree of potential impact
of the changes
The IS development process is usually organized in
such a way as to reduce the time and other resources spent

on it. At the same time, there may be situations when
savings are made by escaping some important procedures
from the point of view of confirming the quality of IS. RT
is a complex and time-consuming procedure – that is why
in the process of developing complex multicomponent IS
in a tight time frame, regression testing is performed only
if resources are available and the selection of tests for RT
is carried out using extremely simplified methods – based
on the importance of the test or the results of the previous
RT. This approach has a high risk of losing the quality of
components that have not been explicitly changed and,
consequently, have not passed the standard checks that has
new or updated functions and modules. It is needed to
develop the method that would allow you to take tests that
would allow to consider the interaction of components and
modules would not require comprehensive knowledge of
the test IS and would use any number of methods of
selection of tests for RT.
As an example, let's consider a simplified scheme of a
multi-module information system (Fig. 5).

Fig. 5. IS components interactions scheme

Real-time data collection modules collect information
from third-party systems or databases and transmit the
collected information to the enrichment module. The
augmentation module supplements the received data with
additional information from the additional database
(which, in turn, is supplemented by a separate data
collection module) and transmits the enriched data to the
main database.
Data from the main database is processed by various
modules – for generating various types of reports, graphs
and diagrams, and performing various transformations of
data from the database. These modules can transmit
processed data to the notification module for further
conversion and transfer to the modules for sending data to
third-party systems.
The visualization module can receive various types of
information from all processing modules to display it to
users in real time.
Let's imagine the interaction of modules of the
presented is in the form of a graph [14] (Fig. 6).

very deep knowledge in system architecture and the
structure and content of the test scripts.
To solve this problem, it is suggested to entering
information about adjacent modules in the description of
the module verification test, changes in which may cause
the need to run this test. This allows to select not only all
the necessary tests for related modules, but also to check
the correct operation of modules that are not directly
affected by the change. Such effect can be secondary,
tertiary, and so on, depending on the degree of distance
from the module with the changes made. However,
considering all levels of relationships will lead to the
selection of all possible test cases, which clearly does not
make sense in the context of the RT selection task.
It is obvious that if there is filtering of incoming and
outgoing data from modules, the influence of changes
made in any module on adjacent modules is on average
more pronounced than the indirect influence of different
levels [15]. Thus, it is possible to rank the importance of
the RT of different modules (Fig.7).

Fig. 6. Graf form IS components interactions scheme

Fig. 7. The level of influence of changes made on related
modules

Thus, it is obvious that the changes made to the
calculation module (the vertex of graph 8) indirectly affect
modules 6, 10, and 14 (the main database, notification
module, and visualization module), and, accordingly, it
makes sense to check the correctness of these modules in
interaction with the updated module 8.
Moreover, it could not be exclude the indirect impact
of changes – not on the adjacent module, but on the
module that interacts with the adjacent module – changes
made to the calculation module 8 may disrupt the correct
operation of the sending modules 11, 12 and 13. At the
level of unit and integration tests-selection and even the
creation of the necessary test cases, can be done by
automated systems that analyze the source code, but the
selection of tests of high level, such as system and
regression test cases, that constitute the sequence of steps
in human language, is a very difficult task, which requires

Based on Fig. 7, it is obvious that it is necessary first
to perform RT on modules 6, 10 and 14, and second of allon modules 4, 7, 9, 11, 12, 13 etc.
When evaluating the possible impact of the changes on
adjacent modules, it is also necessary to consider that in
modern multi-module IS, not all interactions between
modules are two-way. Let's look at an example of such an
IS (Fig. 8).

Fig. 8. The level of impact of changes made on adjacent
modules, taking into account data flows

Based on the direction of data flows in Fig. 8, it is
obvious that changes in module 8 may affect only some of
the IP modules (highlighted in yellow and blue) –
therefore, the number of RT to assess the impact of
changes on adjacent modules will be significantly reduced.
For convenience in further research, we will introduce
a numerical measure of the significance of the regression
test of an adjacent component in terms of checking the
correctness of the is operation – the significance of the test
– ST. For simplicity of calculations, we assume that the ST
of modules that directly interact with the updated module
is equal to 100, tests of a module that interacts with the
updated module through one intermediate module will
have a ST of 50; through two modules - 25, and so on. In
this way, we can rank tests and perform first those tests
that are most likely to detect errors in the operation of IS
modules introduced by the update.
In the process of developing modern multi-module IS,
work on updating, correcting, refining the code is usually
performed on several modules at once. Let us consider the
situation of RT selection if two modules in the IS are
changed simultaneously (Fig. 9).

Fig. 9. Distribution of ST for changing two modules at the same
time

The total ST value for changing two modules
simultaneously is shown in fig. 10.

Fig. 10. The total value of the ST including changes to two
modules at the same time

It is obvious that the changes made to modules 8 and
10 have the greatest potential impact on module 14. A ST
value of 200 indicates the need to perform RT for module
14 with the highest priority. Next, you need to perform RT
for modules 11, 12 and 13 (ST 150), then for modules 10
and 6 (ST 100), and finally for modules 7 and 9 (ST 50).
Thus, using this method, it is possible to determine the
priorities of regression tests in a multi-module IS in a
situation when changes were made to several modules
simultaneously.
4. Selection and ranking of test scenarios
using an arbitrary number of selection
methods and the value of the ST
Currently, there are a significant number of methods
for assessing the degree of is regression [16], RT selection,
which are based on various principles for determining the

need to run the test. The use of multiple methods of
selection RT at the same time facilitates the identification
of RT, which are able to detect bugs in the IS. Let's look
at how to rank test scenarios selected using various
methods together, taking into account the degree of
potential impact of updated components. Let's assume that
high-priority tests are selected, tests that were performed
unsuccessfully in the previous RT, and tests that are able
to detect bugs made to the system by updating an adjacent
module.
𝐼𝐼𝑎𝑎 = �(𝐼𝐼𝑝𝑝 + 𝐼𝐼𝑓𝑓 + 𝐼𝐼𝑐𝑐 )

(1)

where: Iа – sum of ST; Ip – ST by priority; If – ST by
success of the previous RT run; Ic – ST considering the
potential impact of updated related modules.
For an arbitrary number of selection methods (1) is
converted as follows:
𝐼𝐼𝑎𝑎 = �(𝐼𝐼1 + 𝐼𝐼2 + ⋯ + 𝐼𝐼𝑛𝑛 )

(2)

where: Iа – sum of ST; I1 – ST of the test cases selected by
method 1; I2 – ST of the test cases selected by method 2;
In – ST of the test cases selected by method n.
Using (2), it is possible to get the significance of the
test in terms of the possibility of detecting errors in the IS
– the more importantly test case received higher value of
the ST. Thus, we get a test queue ranked by the priority of
test execution.
Separately, it should be noted that (2) is correct for the
ST values of each selection method in a certain general
range, for example, from 0 to 1 or from 0 to 100. If this
condition cannot be met for various reasons, it is suggested
to use additional rationing.
𝑤𝑤1 × 𝐼𝐼1 + 𝑤𝑤2 × 𝐼𝐼2 + ⋯ + 𝑤𝑤𝑛𝑛 × 𝐼𝐼𝑛𝑛
𝐼𝐼𝑎𝑎 =
(3)
𝑤𝑤1 + 𝑤𝑤2 + ⋯ + 𝑤𝑤𝑛𝑛
где: Iа – sum of ЗТ; w1 – weight coefficient for group of
the test cases 1; I1 – ST of the test cases selected by method
1; w2 – weight coefficient for group of the test cases 2; I2
– ST of the test cases selected by method 2; wn – weight
coefficient for group of the test cases n; In – ST of the test
cases selected by method n;
5. Using the method of calculating the total
significance of the test for the rapid creation
of a list of RT
In case of use the practice of continuous development
and issuance of new versions of IS modules (CI/CD), there
is an urgent need to take into account the changes made to
the IS when selecting tests as often as possible. The
method of selecting regression tests presented above
allows quickly select the most significant scenarios
without a deep dive into the specifics of IS. For example,
daily generating a list of tests for each tester that will
allows to validate and detect bugs in the IS, given as the
previous day's code changes, the results of the test
execution for a certain period, etc. and thus reduce the
negative impact of absence in the life cycle [17]
development is "code freeze».
This method can be integrated into test management
programs using the API and basic constructs of popular
programming languages (Fig. 11).

Fig. 11. Form for setting parameters and weights for selecting
regression tests

At the result of the calculating by application, we get a
list of Regression tests sorted by total ST (table 1).
Table 1. List of the regression test cases

Test case ID
SQM-1285
SQM-1452
SQM-1589
SQM-1698
SQM-1455
SQM-1889
SQM-2036
SQM-1845
SQM-1721
SQM-1805

ST
385
385
365
365
365
265
265
245
245
225

Separately, it should be noted that the above method is
also suitable for determining the priority of running
automated module and integration tests when it is
necessary to select autotests to run, for example, in the
case of a high duration of test execution.
6. Conclusions
The presented method of selecting regression tests
based on the sum of significance of tests has the following
advantages:
1. Takes into account the potential impact of changes
made to related modules;
2. Takes into account any number of selection methods;
3. Allows rapid selection of tests for RT;
4. Can be integrated into test management frameworks;
5. Can be used in automated testing systems.
Acknowledgments
This work was completed and published with financial
support from the Russian Foundation for Basic Research,
grant 19-07-00926.
References
[1] Kuznetsov
Electronic

S.D.

Great

Russian

encyclopedia.
resource:

https://bigenc.ru/technology_and_technique/text/344
4940.
[2] McHugh, Martin; McCaffery, Fergal; Coady, Garret
(4 November 2014). Mitasiunas, Antanas; Rout,
Terry; O'Connor, Rory V.; et al. (eds.). An Agile
Implementation within a Medical Device Software
Organization. Software Process Improvement and
Capability Determination. Communications in
Computer and Information Science. 477. pp. 190–
201. doi:10.1007/978-3-319-13036-1_17. ISBN 9783-319-13035-4.
[3] Larman C., Basili V.R. Iterative and Incremental
Development: A Brief History // Computer. - 2003. –
Vol.36, № 6. – P.47-56.
[4] Staroletov S. M. Fundamentals of software testing and
verification. Textbook. Publishing house «Lan» 2018
p. 344. (pp. 16-18). ISBN 978-5-8114-3041-3.
[5] Kent Back Extreme programming. SPb.: Publishing
house «Piter» 2017 p. 294 ISBN 978-5-496-02570-6.
[6] Pol M. Duval, Stiven M. Matias III, Andrey Glover.
Continuous Integration: Improving Software Quality
and Reducing Risk (The Addison-Wesley Signature
Series). - Wiliams, 2008. p. 240 - ISBN 978-5-84591408-8.
[7] Balalaie, A.; Heydarnoori, A.; Jamshidi, P.
Microservices Architecture Enables DevOps:
Migration to a Cloud-Native Architecture (англ.) //
IEEE Software: journal. - 2016. - 1 May (vol. 33, no.
3). - P. 42-52. - ISSN 0740-7459. - DOI:
10.1109/MS.2016.64
[8] Glenford Myers, Tom Budget, Cory Sandler. The art
of software testing. Third edition. 2019. p. 272. (p. 2021) ISBN 978-5-907144-37-8
[9] Filinskikh A.D., Guliaeva U.I. Analysis of
opportunities for implementing cross-platform mobile
app development. JSON markup language.
KOGRAF-2019. Collection of materials of the 29th
all-Russian scientific and practical conference on
graphic information technologies and systems. 2019.
Publishing house: Nizhny Novgorod state technical
University named after R. E. Alekseev (Nizhny
Novgorod).
[10] R. Saving. Testing dom com or Пособие по
жестокому обращении с багами в интернетстартапах. 2017. p. 312. ISBN 978-5-4485-4551-1.
[11] S. Yoo and M. Harman. Regression testing
minimization, selection and prioritization: A survey.
King`s College London - 2007. - c. 60.
[12] Filinskikh A.D., The information metric is the
transmission and recovery of geometric models in
professional software environments, thesis of
candidate of technical Sciences, 05.13.17 Theoretical foundations of computer science,
protected 26.12.13, approved 23.06.14 – Nizhny
Novgorod, 2013 – 180 p.
[13] Pete Goodliffe. chapter 22: The curious case of the
frozen code // Becoming a Better Programmer: A
Handbook for People Who Care About Code. "O'Reilly Media, Inc.", 2014-10-03. - С. 195 - 203. 362 с. - ISBN 9781491905586.

[14] Volchenskaya T.V., Kniazkov V.S. Computer
mathematics: Part 2. Graph teothry / Textbook. Penza:
Publishong house of Penza university, 2002. 101 p.
[15] Lipaev V. V. Quality of the software. – М.: Finance
and statistics, 1983. – 263 p.
[16] Zarubin I.B., Filinskikh A.D. Method of estimation of
completeness of regression testing with normalization
by weight coefficients. // Т 78 Proceedings of the
NSTU named after R. E. Alekseev / NSTU named
after R. E. Alekseev. - Nizhny Novgorod, 2019. №4
(127). - 204 p. (9-17).
[17] National standard of the Russian Federation GOST R
56136-2014 life cycle Management of military
products. Terms and definitions. Reissue 11.2016 p.
20 (p. 5-6).
About the authors
Zarubin Ilia B. – senior lecturer Nizhny Novgorod State
Technical
University
n.a.
R.E.
Alekseev,
e-mail:
simarglz@yandex.ru.
Filinskikh Aleksandr D., Ph.D. in Technology, Associate
Professor, Nizhny Novgorod State Technical University n.a. R.E.
Alekseev. E-mail: alexfil@yandex.ru

Mathematical justification of the wound suturing by wound contractors
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Frequent cases of man-made disasters, terrorist attacks and military conflicts lead to an increase in the number of victims. Significant
soft tissue defects are known to result from gunshot wounds. So, as a result of mine-blasting injuries, defects in the skin and underlying
tissues more than 10 cm in diameter are formed in 71.1% of cases. The prerequisite for the uncomplicated course of the wound process
is to achieve an adequate comparison of the edges of the wound without excessive tension. To close such extensive wounds, various
technical means are used: sutures on pads, various types of dermatotension. We have developed various models of wound contractors
(RC) for treatment of wounds. With the help of the RC, a complete reposition and good adaptation of the edges of the wound is created.
The wound closure method using these RC almost completely eliminates tissue cutting and limits the sawing effect to a minimum. This
is explained by the effects of elastic forces reducing to zero when matching soft tissues and suturing. The use of hardware methods for
suturing wounds requires the development of mathematical models of various types of wounds and surgical sutures. These models should
provide a simulation of living tissues of the wound edges behavior to achieve the best results in the treatment of wounds by RC advanced
technologies. The purpose of this study is to mathematically justify RC with the parallel holding of spokes. Another purpose is to develop
a mathematical model of the wounds suturing by hardware technology.
Key words: wound suturing, wound contractors, spoke adaptation and reposition contractors, branch, adaptation and reposition
apparatus.

1. Introduction
The mathematical justification of the spoke adaptationrepositional contractors (SPARC) and methods for
suturing wounds was carried out by standard formulas and
methods adopted in mechanics [1-3]. Mathematical
calculation and formulas derivation were consulted by the
assistant professor of the Department of Theoretical
Mechanics of Kazan State University Tazyukova F.Kh.
The wound mathematical model was developed together
with Professor E.V. Popov and Professor S.I. Rotkov.
The experimental part of the work was performed on
18 outbred dogs, weighing 14.5 ± 0.7 kg, which were
divided into two groups: experimental (hardware method
of suturing) and control (traditional method of suturing).
An extensive granulating wound was modeled according
to the method of V.I. Struchkov (1975) in our
modification.
In order to reduce the morbidity of stitched tissues, we
used a spoke (Sp) adaptation-reposition apparatus (ARA)

(SPARC-III) that we developed to bring the edges of the
granulating wound closer in the animals of the main group.
This device for converging the wound edges is protected
by Patent for invention No. 2214797, filed January 8, 2002
and published on October 27, 2003 in Bulletin No. 30 S.
G. Izmaylov, V. V. Beschastnov, A. A. Bodrov, M. N.
Kiselev, M.N. Kudykin. (A positive FIPS decision on the
grant of a patent of the Russian Federation dated 01/18/02.
On the application for invention No. 2002100973). The
device contains two branches (Fig. 1), a rack-and-pinion
drive and spokes, characterized in that the spokes are made
in the form of curved surgical spokes, comprising 1/2 - 5/8
of the diameter of the circle and installed with the
possibility of fixation by presoft tissueated branches made
of two corrugated plates on internal surfaces. In this case,
one of the plates is removable, and in the end part of the
other, a turnkey 3- or 4-sided groove is made for
alternately turning the branch in the cylindrical sockets of
the rack-and-pinion drive, which is equipped with screw
clamps for turning the branches, which can be fixed by
rails to each other.

Fig. 1. General view of SPARC -III for rapprochement of the edges of a granulating wound in a prefabricated form with removable
branches and spokes made in the form of curved surgical needles

Copyright © 2020 for this paper by its authors. Use permitted under Creative Commons License Attribution 4.0 International (CC BY
4.0)

The ARA was removed after suturing in the 1st series
of the experimental group of animals, and in the 2nd series,
it remained on the wound for up to 3 days. In this case, the
rack-and-pinion drive was removed. Capron No. 4 was
used in control group, and sterilized and factory-packed
suture material in experimental group No. 2.
Microbiological studies were carried out on the basis
of the Research Institute of Epidemiology and
Microbiology of the Ministry of Health of the Russian
Federation. I.N. Blokhina. The consultant was the leading
researcher at the Laboratory of Microbiology and
Diagnosis of Dysbiosis, candidate of biological sciences
E.V. Belyaevа in compliance with the order of the USSR
Ministry of Health No. 535 of 04/23/85. The range of
studies included quantitative and qualitative determination
of microflora. To quantify microorganisms, colony
forming units (CFU) were counted with limiting dilutions
per 1 ml of wound, 1 cm2 of skin and 1 cm of suture. The
skin and the animal’s hair were studied in the area of
purulent wound modeling, separated from the wound at the
stage of purulent inflammation and regeneration, as well
as suture material inside the tissues.
The “surface biopsy” method according to M.F.
Kamaev (1970) was applied to cytological studies.
Material for histological examination was taken
immediately after suturing and on the 3rd day after
suturing the wound. Cytological and histological studies
were carried out in consultation with an assistant professor
of the Department of Forensic Medicine and Pathological
Anatomy of the Novosibirsk State Medical Academy A.A.
Artifeksova.
The strength properties of the scar were studied by
ranotensiometry method on the 3rd day after suturing of
the granulating wound by a special device (Grechko V.N.,
1993).
Experimental and clinical measurements of the elastic
forces separating the edges of the soft tissue wound along
its entire length were carried out by the dynamometric

method (Ramazanov R.M., 1983; Izmailov S.G., 1994).
The thickness of the tissues in the area of the wound
sutured edges was measured with a caliper.
To assess the state of the microvascular bed around the
wound during tissue tension, a study of the skin
temperature was carried out in dynamics (Struchkov V.I.,
1975). The skin temperature was measured with a TEN-5
electronic thermometer, manufactured in 2001 (Moscow),
intended for use in medicine and veterinary with 0.1°C
resolution.
All animal operations were carried out in compliance
with the order of the USSR Ministry of Health No. 755 of
08.22.77.
2. Results and discussion
The entire devices is subdivided according to the
bringing together mechanism working part into the
following main subgroups: 1 - spoke, 2 - lamellar, 3 filament, 4 - spoke and 5 - rod.
Depending on the wound location and shape, the RС
are divided into: general (for all wounds) and special (for
operations on the limbs, etc.). By appointment, the RС are
divided into the following types: fixation (for gripping and
holding tissues); hemostatic (for temporary, preventive or
final stop of bleeding); immobilization; for the
implementation of programmed rehabilitation of the
pathological hotbed.
The most universal devices are SPARC with parallel
holding of spokes relative to the axis of the wound. The
goal of the work is to substantiate the use of curved
knitting spokes in parallel by the methods of mathematical
modeling. The feasibility of using bent knitting spokes is
justified by the following circumstances.
We assume that the place of entry A (A0) and the place
of exit B (B0) of these spokes coincide. Denote by l the
length of the straight spoke in the soft tissue, l0 the length
of the curved spoke in the soft tissue (l0 > l) (Fig. 2).

Fig. 2. Two types of spokes

Consider two cases of spoke: straight and curved
spokes (Fig. 2). Since most of the spoke is located in the
soft tissue at the curved spoke, and not at the straight
spoke, and given the formula
𝑃𝑃
𝑃𝑃
(1, 2)
𝑞𝑞0 = , 𝑞𝑞 = ,
𝑙𝑙0

we obtain the following inequality

𝑙𝑙

𝑞𝑞0
𝑞𝑞

=

𝑙𝑙

𝑙𝑙0

< 1,

(3)

where q0, q are the pressures of the curved and straight
spokes on the soft tissue respectively.
We carry out a numerical estimate of inequality (3). It
is known that
(4)
𝑙𝑙0 = 𝑟𝑟 ∙ 𝛼𝛼, 𝑙𝑙 = 2𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�∝�2�

Here r is the radius of the curved spoke, α is the central
angle in radians.
Find the q0 / q ratio for different types of knitting
spokes

𝑞𝑞0
𝑞𝑞

=

𝑙𝑙

𝑙𝑙0

=

𝑆𝑆𝑆𝑆𝑆𝑆�∝�2�
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2

(5)

Let us plot the relationship between the pressure ratio
of the curved spoke and the straight spoke as a function of
the central angle α of the curved spoke (Fig. 3).

Fig.3. The ratio of pressure on the soft tissue of a curved spoke to a straight line, depending on the central angle of the curved spoke

It can be seen from the graph that, as α increases, q0 /
q decreases. In limiting cases, when α = π (h = l = r), q0 is
less than q by 36.34% (2.8 times).

Fig. 4 shows a top view of a schematic diagram of the
proposed device

Fig. 4. Top view of the device

As an example, Fig. 3 shows two pairs of spokes (N =
2, N is the number of pairs of spokes). Here A1, A2, C1, C2
are the entry points of the spokes; B1, B2, D1, D2 - exit
points of the spokes; F [H] - the total force acting from the
side of the device on the tissue.
Let us evaluate the spokes pressure q [H / m] to the
tissue. We will consider two factors. First, an increase in
the number of N pairs of spokes. Assuming that the length
of the spoke in different pairs varies slightly, we can
assume that the force P acting on one spoke is
approximately equal to P = F / N.
An increase the number N of pairs of spokes decreases
their pressure q on the tissue (q = P / l). For uniform
pressure on the fabric, it is necessary to arrange the spokes
at different depths and distances. It is necessary that the
distance between the spokes is greater than their diameter
d [m], since they do not affect on the tissue at the distance
greater than d.

Second, deformation of the skin tissue and adjacent
soft tissues at the points of entry / exit of the spoke occurs.
In places of entry / exit to the spoke, skin and adjacent
soft tissues, P / 2 forces act (Fig. 5).

Fig. 5. The forces acting on the soft tissue during the knitting

Therefore, in the places of entry / exit of the spokes soft
tissue is crushed. The creasing of the fabric will occur due
to the tangential forces τ, which are determined by the
following expression

𝜏𝜏 =

𝐹𝐹

2

.

𝑁𝑁�𝜋𝜋𝑑𝑑 �2�

(6)

It follows from (6) that an increase in the number of
spokes reduces the trauma of the skin at the points of entry
and exit of the spokes.
Thus, the implementation of spokes in the form of
curved surgical spokes in the form of 1/2 - 5/8 of the
diameter of the circle provides a deep and wide capture of
tissues of the edges of the wound in a limited area. This
reduces the morbidity of the wound edges and improve the
adaptation of wound surfaces with deep soft tissue defects
healing by secondary intention. Fixing SPARC-III to the
skin with spokes in the form of surgical needles in 5/8 of
the circle diameter allows the device to be used to reduce
the edges of small wounds when the use of more bulky
spoke devices is traumatic. An increase in the number of
curved spokes, parallel to the branches and with the
possibility of moving in horizontal and vertical directions,
allows tissue traction at different levels determined by the
depth of the spokes simultaneously or alternately turning
on or off a pair of spokes, reduces tissue trauma to all
layers of the wound edge.

The data obtained in an animal experiment confirmed
mathematical calculations. Thus, the experimental studies
showed that the closure of the granulating wound in the
experiment (using hardware) occurred in more favorable
conditions with the possibility of using precision
technology and thin suture threads (Capron No. 2, thread
diameter 0.25 mm). In the control group of animals joining
the wound edges was possible only when using Nylon
thread No. 4 (thread diameter 0.45 mm). With this
diameter, the suture material retained its initial strength,
and during visual inspection there were no signs of
excessive threading of the tissue with the thread at the time
of wound closure. The breaking load of the used suture
material with a diameter of 0.25 mm and 0.45 mm was on
average (M ± m) 9.9 ± 1.2 N and 33.4 ± 2.3 N, respectively
(p <0.05). The use of RC completely excluded the
“sawing” action of the thread observed with the traditional
method of suturing. The experiments showed (table 1) that
when using the RC, a stress distribution in the weld area
that is safe in terms of healing is achieved.

Table 1. Comparative assessment of the thread tension force (FН), normal (σ) and tangential (τ) stresses, pressure (P) of the edges of
the wound against each other with different methods of suturing granulating wounds
FН matching the wound edges, N
FН tightening the
Suturing Method
σ·106 Pa
τ·106 Pa
Р·106 Pa
seam assembly, N
central part
edge part
Traditional
18,1±0,6
13,7±0,6
34,1±0,7
8,2±0,4
1,5±0,2
0,20±0,05
Hardware
0
0
2,0±0,1
1,6±0,1
0,10±0,02
0,01±0,003
р
<0,01
<0,01
<0,01
<0,01
<0,01
<0,01

According to electro thermometry, the average skin
temperature of healthy tissues in the wound area in the
control group was (M ± m) 29.7 ± 0.3 ° C, and in the main
group 29.8 ± 0.2 ° C (p> 0.05 ) In the stage of purulent
inflammation, the temperature of the perivular zone in the
area of the purulent wound decreased (p <0.05) to 26.2 ±
0.2 ° C and 26.1 ± 0.1 ° C, respectively, and in the
regeneration phase before suturing it reached the initial
values (29.7±0.4 and 29.4±0.3, respectively). In the
control group, when wounds were sutured in the traditional
way, when the sutures were tightened and the edges of the
wound were tensioned, the skin temperature in the area of
the suture line decreased by an average of 1.8 ± 0.4 ° C (p
<0.05), and in the experimental group compared to the
initial ones figures on average 0.6 ± 0.1 ° C (p <0.05). The
differences between the gradients of temperature reduction
in the control and experiment are statistically significant
(p <0.05).
It was found that when suture material was passed
through the tissue of a granulating wound, in 100% of
cases of both experimental and control groups of animals,
suture material was contaminated. Most often,
S.epidermidis was found in the studied material in a
monoculture or in associations with S.aureus and
E.faecium, and the average microbial number averaged in
the experimental group (3.4 ± 0.8) · 101 CFU / cm suture
and ( 3.3 ± 0.8) 101 CFU / cm - in the control. Three days
after suturing, the number of microorganisms on the suture
in the experiment did not significantly increase from the
statistic and averaged (4.1 ± 0.7) 101 CFU / cm. At the
same time, in the animals of the control group there was a

significant increase in the number of microorganisms to
(3.5 ± 0.6) 105 CFU / cm. Moreover, an increase in
bacterial contamination of suture material was
accompanied by an increase in the frequency of detection
of pathogen associations on suture material in this group
of animals. The studied state of the wound edges tissue in
the subsequent healing periods showed that wound
complications occurred more often in the control group
than in the experimental group. So, on the 3rd day after
suturing in 4 of 6 animals of the control group, purulentinflammatory complications (infiltrates, suppuration of the
wound, teething) from the side of the wound were
clinically observed. All animals in the control group
revealed partial eruption of sutures. In 2 series of the
experimental group, only in 1 case out of 12 there was
suppuration of the postoperative wound in a limited area,
requiring removal of 1 suture (rTMP <0.05). In the
remaining 11 observations, wound healing was of the type
of primary tension.
The wound tensiometry showed that at the 3rd day
after suturing the experimental group the average rupture
of the scar was (M ± m) 21.7 ± 0.6 kPa in 1 series and 22.6
± 0.5 kPa in 2- th and was respectively 1.6 and 1.7 times
higher (p <0.05) than in the control group (13.6 ± 1.0 kPa).
The differences between the first and second series in the
experimental group are statistically insignificant (p> 0.05).
The histology confirmed the results obtained by
tensiometry at the microscopic level. Zones of primary
alteration were found in the entire control group of animals
immediately after suturing of the granulating wound in a
cross section of the suture area, the tissue was teething

while reducing the wound edges and tightening the knot.
With a hardware method for wound suturing, the alteration
zone was limited only by the diameter of the thread
without additional eruption of tissue. Compared with the
control group of animals, large hotbeds of necrotic
changes were not detected. At the same time, the structure
of surrounding tissues was preserved.
Three days after suturing by the traditional suturing
method vertical and horizontal sections around the suture
threads showed signs of massive tissue destruction in the
form of large necrosis fields saturated with purulent
exudate. In this case, not only tissues bordering the
channel of the thread were exposed to necrosis, but also
distant areas located on the line of tension of the thread.
The cause of these necrosis could be both the mechanical
effect of the thread on the surrounding tissue during
contraction of the wound edges (direct necrosis), and
vascular disorders in distant areas in the form of sweets,
blood clots (indirect vascular necrosis). The
intracanalicular pathway of infection spread is obvious,
since leukocytes were found not only at the edges of the
thread channel, but also in the channel itself, as well as
between the elements of the thread.
In the granulating wound, which was sutured by
hardware, the cellular infiltration of stitched tissues was
significantly less compared to the control, which indicated
a weak severity of the inflammatory reaction.
Thus, the conducted experimental studies have
established that the convergence of the rigid edges of the
granulating wound using the suture in the traditional way
under the conditions of tensile forces, the tightening of the
sutures leads to the formation of primary hotbed of
necrosis in the sutures and edges of the wound,
intraoperative eruption of the suture, hemorrhages and
reduced vascularization of stitched tissues. This is the
reason for the decrease in local resistance of tissues to
infection, their regenerative ability, which creates
unfavorable conditions for the course of the wound
process and thereby significantly increases the risk of
purulent-inflammatory wound complications even in
conditions of low microbial contamination of the wound
surface, when the number of microbial bodies does not
exceed the critical level 105 CFU.
In contrast to the traditional suturing method the
closure of the granulating wound using the RС is carried
out without suture thread. The latter is used only to keep
the edges of the wound defect at a reduced state. This
achieves anatomically accurate reconstruction of tissues in
the wound area, minimal damaging effect on stitched
tissues, complete elimination of the “sawing” effect of the
thread and its eruption at the moment of matching the
wound edges. In addition, optimal conditions are provided
for adequate blood supply in the area of a wound defect.
This increases the resistance of local tissues to infection
and reduces the risk of wound suppurative inflammatory
complications.
When modeling the process of suturing a wound, an
important step is the selection of a soft tissue model. Some
existing models created for different purposes were
analyzed: finite element model [1], various point models
[4-6]. In [7], the advantages and disadvantages of these
representations of soft tissue for modeling were described.

Based on the analysis of numerous studies in various
industries, the authors of [2, 8] propose a generalized
formulation of the Stretched Grid Method (SGM), which
is a kind of grid methods that allows very efficient
modeling of the behavior of equilibrium continuum by
representing it as an energy-equivalent grid structure. The
generalized formulation assumes the presence of external
influences on the system in the form of superimposed
elastic nodal bonds and nodal pseudo-loads, which allows
us to simulate external constrains and continuum loads,
namely
𝑚𝑚
2
Π = ∑𝑛𝑛𝑗𝑗=1 𝐷𝐷𝑗𝑗 𝑅𝑅𝑗𝑗2 + ∑3𝑖𝑖=1(∑𝑚𝑚
𝑘𝑘=1 𝐶𝐶𝑖𝑖𝑖𝑖 (Δ𝑋𝑋𝑖𝑖𝑖𝑖 ) − ∑𝑘𝑘=1 𝑃𝑃𝑖𝑖𝑖𝑖 Δ𝑋𝑋𝑖𝑖𝑖𝑖 ), (7)
where n is the total number of mesh segments, m is the
total number of mesh nodes, Rj is the length of segment
number j, D is the stiffness of the segments (assumed to be
the same for all), ΔXik is the increment of the coordinate of
the kth node along the i axis, Cik is stiffness of the elastic
bond in the node number k along the i-axis, Pik - external
load in the node number k along the i-axis.
It is assumed that soft tissue is a continuum modeled
by an equivalent grid structure, which is a set of point
masses connected by springs. In [4-6], the following law
of motion was obtained for node number i of the nodalspring model
𝜇𝜇

𝑑𝑑 2 𝑟𝑟𝑖𝑖
𝑑𝑑𝑑𝑑 2

= −𝛾𝛾
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(8)

where μ is the mass of the point, γ is the damping
coefficient, Ki,j is the stiffness coefficient of the spring
connecting the i and j points, N (i) is the set of points
connected to this, l0i,j is the distance between the i and j
points in an unstressed state.
Minimization of functional (7) with respect to
unknown nodal changes in the coordinates of the points
allows obtaining a relationship that differs from equation
(8) only in the inertial term on the left equation side and
the first term on the right, which reflects the damping
properties of the tissue model. Thus, SGM allows the
formation of a nodel-spring model that is in good
agreement with those developed earlier. The advantage of
SGM is in solving the problem in a quasi-static setting,
which greatly simplifies the solution of the problem. This
formulation can be used in both static and dynamic
settings. Minor modifications of relation (7), related to the
inertial and damping components allows obtaining the
corresponding equations of motion of an elastic grid with
point masses, which can be solved using step-by-step
algorithms. Modeling of cuts and seams is done by
removing or creating bonds between the corresponding
point masses.
When using a grid structure with point masses for
modeling soft tissue the following problems need to be
solved
1. The bonds topology. The number and arrangement of
bonds between the masses greatly affects the behavior
of the entire system. If the number of bonds is
insufficient or there are too many of them, the model
will not reflect the actual behavior of the soft tissues.
Because of these they are usually limited to a regular
lattice structure.
2. Physic-mechanical properties of grid segments. The
problem lies in determining the bond properties

between the masses for the correct modeling of soft
tissues.
The model for studying the process of suturing a
wound using RC is a regular 3D grid with point masses in
nodes, which represents soft tissues of various properties.
Bonds between nodes between nodes have only tensilecompression rigidity and act as springs. Three main
aspects can be distinguished that affect the consistency of
the real tissue model
1. Nodes of regular grid. Different masses of nodes
model different layers of tissue that have different
density.

2.
3.

The grid topology. The hexagonal regular grid
structure is not enough. Therefore, additional diagonal
bonds were added (see Fig. 6).
Grid bond properties. Different elastic parameters for
bonds between point masses can be applied to
simulate different layers of different tissue elasticity.
In [1] data of the tissue elasticity obtained by
vibroelastometry. These data were used to set the
quantitative characteristics of model grid correctly.

Fig. 6. 3D grid model of soft tissue

To simulate the process of wound suturing it is
necessary to simulate an incision of the desired size and
shape. In our grid tissue model this can be done by
eliminating the bonds between the corresponding nodal
masses. The cut is formed automatically due to the tension
in the tissue itself.

The approach of the wound edges by RC is
schematically shown in Fig. 7. and consists of the
following steps:
1. The intrusion of special curved spokes into the tissue.
2. Straightening spokes.
3. Converging of the edges of the wound with the help
of branches on the spokes.

Fig. 7. Converging the wound edges by RC

In order to simulate the converging of the wound edges
the corresponding nodes in the regular grid are declared to
belong to spokes or branches. In this case, all connections
with these nodes are saved. Next, you need to set the
trajectory and speed of these nodes. Thus, the deformation
of tissues during the straightening of spokes can be
determined by comparing the geometry of the undeformed
and deformed grid, taking into account the physical and
mechanical properties of the grid segments.

The knowledge obtained on the basis of this
mathematical model of wound closure by various RC
options allows optimizing the constructive part of devices
for their more effective practical application.
An analysis of patient’s treatment with granulating
wounds showed that the use of RС with perpendicular
holding of spokes and needles can lead to cosmetic defects
due to the frequency of purulent-inflammatory
complications with overall good and satisfactory healing.
This was confirmed by our research in the mathematical

modeling of the process of suturing soft tissue wounds.
Significantly fewer complications were observed when
using the RC with parallel edges of the wound using
curved knitting needles (22.6% and 11.8%, respectively).
Purulent-inflammatory complications developed in 17.1%
with hardware and in 59% of cases with the traditional
method of suturing (p <0.05).
The hardware application to the treatment of
abdominal hernias reduced the number of postoperative
wound complications from 29.1 to 10.3% (p <0.001), the
number of complications from the bronchopulmonary and
cardiovascular systems from 11.4 to 4% (p <0.005), the
number of relapses from 15.8 to 1.9% (p <0.001), which
can primarily be explained by a decrease in the trauma of
stitched tissues and the reliability of closing a wound
defect.
3. Conclusion
The wound edges convergence is a preparatory
operation for suturing. However, in such a formulation it
is already possible to give not only a qualitative, but also
a quantitative assessment of the clinical efficacy of
different RC constructs. To do this, it is necessary to
develop an algorithm for assessing the damage that tissue
receives when various wound devices are applied to it.
The next step in modeling should be the wound
suturing in the state after applying the RC. The developed
mathematical model can be used for subsequent
optimization of wound suturing technology in a clinical
setting.
The developed mathematical model is applicable for
studying the process of suturing a wound using RC from
beginning to end.
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In this work, we study timestamps when registering counts of single-photon detectors in quantum communications. Post-pulse counts
are analyzed based on several approaches. Explicit statistical accounting of the noise of quantum detectors allows you to most correctly
select the mode of use of the detectors to realize the most efficient quantum communication with the highest signal to noise ratio. Direct
statistical analysis and robust diagnostics of the noise of quantum detectors can be done by ranging the time's tags of quantum keys that
are available for the online diagnostic system and analysis a significant amount of information about the quantum communication
performance (the amount of dark noise and post-pulse counts, line interference, etc.). The conclusion is made about the proportion of
dark noise and post-pulse counts in the total noise, and the limits of applicability of the theory are shown using a sequence of the ranged
amplitudes. We offer non-parametric robust diagnostic of times tags in keys to increase the security of quantum networks, and also
discuss the prospects of commercializing quantum-classical cloud-based security services.
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1. Introduction
Robust diagnostics of the working complexes of
quantum communication (QC) [1] is crucial for the
implementation of quantum networks capable of working
in both urban and trunk standard fiber-optic
communication lines. At the same time, from the point of
view of communication systems, trunk quantum networks
(TQN) with lines of more than 100 km and losses between
nodes of more than 25 dB, where the signal-to-noise ratio
cannot be considered large, are particularly difficult to
implement [2]. From the point of view of fundamental
statistics, the fundamental difficulty here lies in the fact
that despite the relatively low average percentage of errors,
the magnitude of the error span and the variance of errors
can be extremely large, which entails low reliability of
diagnosing errors when performing continuous tests of the
TQN and especially large-scale TQN with a large number
of nodes.
The necessary solution for a similar problem in
communication theory is the use of prognostic monitoring
tools and error filtering, which will increase the reliability
of security parameters for inter-city QC in continuous use.
We also note that due to large errors for the limit passport
operating modes of QC complexes, the security of the
communication complex should be determined by a
special diagnostic system that is different from the
diagnostic system for operating passport modes. This
difference in diagnosis is also due to the fact that the
reliability of error determination in the limiting mode
effectively depends on a significantly larger number of
physical factors, which are not always easy to track within
the framework of a single structurally finished product.
That is, a more powerful specialized diagnostic system
should be delivered with the QC complex as a separate
product and be able to work in the background of the TQN
to track the entire history of changes in the line
performance even with the QC complex in the node
disabled. In addition, such a system should be able to track
additional performance factors associated with the
statistics of quantum and classical noise.

In large-scale TQN, according to the theory of
reliability, control requirements should be higher than for
conventional QC due to the large number of elements and
a high level of noise that cannot be eliminated for longrange QC. A significant part of the noise in the TQN is due
to various factors arising from the registration of single
photons by highly sensitive single-photon detectors.
Therefore, explicit statistical accounting of the noise of
quantum detectors allows you to most correctly select the
mode of use of the detectors to realize the most efficient
quantum coupling with the highest signal to noise ratio.
Direct statistical analysis and robust diagnostics of the
noise of quantum detectors can be performed by
distributing the time stamps of quantum keys, which are
available for the online diagnostic system and, in our
opinion, carry a significant amount of information about
the QC operability and the level of quantum-classical
security of QC complexes as a whole.
In this work, we study timestamps when registering
counts of single-photon detectors in QC. Post-pulse counts
are analyzed based on several approaches. The conclusion
is made about the proportion of dark noise and post-pulse
counts in the total noise, and the limits of applicability of
the theory are shown using a sequence of the ranged
amplitudes. We offer non-parametric robust diagnostic of
times tags in keys to increase the security of quantum
networks, and also discuss the prospects of
commercializing quantum-classical cloud-based security
services.
2. Modern diagnostic methods
One of the modern statistical diagnostic methods is a
sequence of the ranged amplitudes (SRA), which is a
sequence of numbers obtained from the original sequence
by ordering numbers in descending (or ascending) order of
their values. SRA are often used in histogram construction
algorithms. The SRA sequences themselves are practically
not analyzed, although they are very interesting, since
when constructing them, there is no loss of information
about specific values of the source data, as, for example,
using the histogram method. It also gives the advantage of
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using much less data for statistical analysis. Analytical
analysis of SRA is the essence of the so-called SRA
method [3-5]. When using the SRA method, the
dependence of the values of the elements in the SRA
sequence on their serial number (index) in the sequence is
analyzed.
To search for an analytical expression, it is convenient
to use an approximate expression connecting the SRA with
the empirical distribution function F(x) [6,7]:
𝑁𝑁 + 1 − 𝑛𝑛(𝑥𝑥𝑛𝑛 )
(1)
𝐹𝐹(𝑥𝑥, 𝑥𝑥𝑛𝑛 ) =
,
𝑁𝑁

where N is the total number of points in the sample. In
some cases, knowing the analytical form for the
distribution function F(x), one can find an analytical
expression for the SRA of the form that can be actively
used in the SRA method to quickly find the statistical
parameters of the initial sample. Next, we consider two
versions of expressions for SRA that describe random
readings of a single-photon detector. The first one
considers samples caused only by random Poisson sources
(the probability of post-pulse counts is zero). The second
one considers counts caused by post-pulse counts.
3. Dark counts of detectors

Light sources, as well as dark noise, corresponding to
Poisson processes, correspond to the probability density
for the time intervals between samples, which is
approximately described by a decaying exponent [8,9]:
𝑑𝑑𝑑𝑑
(2)
= 𝜌𝜌(𝑥𝑥𝑛𝑛 ) = 𝜆𝜆𝑒𝑒 −𝜆𝜆𝑥𝑥𝑛𝑛 ,
𝑑𝑑𝑑𝑑
where λ is the average frequency of avalanche events, and
xn are the time intervals between samples. From (1) and
(2) can be obtained in form [6,9]:
1
𝑁𝑁
(3)
𝑥𝑥𝑛𝑛 = 𝐿𝐿𝐿𝐿
.
𝜆𝜆
𝑛𝑛 − 1

In gallium arsenide avalanche photodiodes used in QC
quantum detectors, the exponential model for dark counts
is violated due to post-pulse counts. The effect of postpulse counts is the process of re-emission of charges
captured by the avalanche diode traps during the previous
avalanche event. The traps inside the diode are not due to
the ideality of the detector and its manufacturing
technology.
The first models describing post-pulse counts were
constructed on the basis of a simple exponential
dependence of the probability density on the inter-pulse
interval [10,11]. This expression depends on the amplitude
of the probability and the decay time. However, this
expression describes well the processes in the "free-run"
mode and does not accurately describe the readings of
devices operating in the "gating" mode. In [10], it was
shown that in this mode, post-pulse counts are well
described by a power function of the form
𝑃𝑃 = 𝐶𝐶𝑡𝑡 𝛼𝛼 ,
(4)
where C and α are positive parameters, t is time in counts.
In this paper, it is assumed that a possible reason for this
dependence is the wide distribution of trap energy in the
used semiconductor avalanche diode. Moreover, the
values of the parameters C and α depend on the shape of
the density function of the energy distribution of the traps.

The characteristic value of the parameter α for InGaAs/InP
detectors is 1.2 ± 0.2 [10].
Expression (4) describes with high accuracy the
statistics of post-pulse readings. The reasons for this are
that the charge traps in the avalanche photodiode have a
wide energy distribution. This circumstance does not
allow us to describe the statistics of readings by a single
decaying exponent, which determines a single Arrhenia
relaxation process. Of course, it is possible to improve the
degree of fitting by choosing as the fitting function the sum
of exponentials with different decay times, however, the
number of exponents is not a fixed parameter and the
physical meaning of the parameters obtained is not clear.
It is important to note that each value of the probability
distribution function in (2) and (4) is obtained by
calculating a statistically suitable number of experimental
points in a small time interval. Thus, to obtain the
dependence of the probability distribution function that is
suitable for analysis on the inter-pulse intervals, a large
number of experimental values are required (of the order
of 106 values [11]).
For the data obtained in the experiment, we test
statistical hypotheses of the form (2), (4) with an
additional factor introduced for testing flexibility. In
addition, we are testing a new hypothesis for a probability
of the form P=A/(1-e-Bt), which is a solution of a nonlinear
equation of the form dP/dt=aP+bP2, potentially
corresponding to possible strong nonlinear effects on
microscopic level of description of quantum detectors. The
results of quantitative parametrization of dark samples
with a small number of post-pulse counts for a working
QC system are shown in Fig. 1.
We see that for the new hypothesis and Poisson theory
[7], the results of estimating noise in the region of small
times t<3 us are more accurate than for Itzler's theory [10].
However, the asymptotic behavior of the curves on a
logarithmic scale indicates the need for a more competent
account of the distribution tails in the region of large times
t>3 us, which is not so simple to do in the framework of
one consistent physical theory [10]. Here we see the
imperfection of theoretical models, which is difficult to
overcome within the framework of theoretical models of
noise analysis with a small finite number of parameters,
but it is easy to overcome within the framework of
nonparametric statistical criteria for noise analysis, such as
SRA.

Fig. 1. Noise parametrization according to Itzler's theory (4)
(red line), Poisson (green line) and the new theory (blue line).
Here, the comparison is at the level of the empirical probability
density of dark counts for the working QC system

4. SRA analysis of dark noise
Expression (4) we will base the model of post-pulse
counts based on SRA. In the case when the samples
dominated by the counts due to the effect of post-pulses,
we can substitute (4) in (1) and get:
(5)
xn= xmin (N/(n-1))1/(α-1),
where xmin is the minimum time value equal to the dead
time Tho, N is the number of points in the sample. Eq. (5)
has only one adjustable parameter α.
Note that Eq. (3) and (5) contain each experimental
value. Thus, in this case, to obtain a dependence suitable
for analysis, a much smaller number of experimental
values (of the order of 103–104 are required in comparison
with the probability distribution functions obtained from
the histograms. In Fig. 2 shows the parametrization of dark
noise with a sufficient proportion of post-pulse samples
based on formula (5) with an additional factor for testing
flexibility, which corresponds to Itzler's theory [10].

Fig. 2. Robust parametrization of dark photocounts using SRA
xn. For t>24us, Itzler's theory does not work well. Axes are
given on a logarithmic scale

In Fig. 2 on a logarithmic scale, we clearly see that
starting from t> 24 us, Itzler's theory ceases to work. Thus,
in addition to fast parametrization of noise by theoretical
models, we can also quantify the applicability limits of
models using non-parametric analysis of the tails of the
distribution of SRA.
5. Relative SRA for different operating modes
of QC
Explicit statistical accounting of the noise of quantum
detectors allows you to most correctly select the mode of
use of the detectors to realize the most efficient quantum
communication with the highest signal to noise ratio.
Direct statistical analysis and robust diagnostics of the
noise of quantum detectors can be done by distributing the
times tags of quantum keys that are available for the online
diagnostic system and a significant amount of information
about the QC performance (the amount of dark noise and
post-pulse counts, line interference, etc.). Moreover, a
joint statistical analysis of the dynamics of bit errors in
keys and key times tags can become the new standard of
quantum-classical security of quantum communication
complexes as a whole due to the high predictive power of
nonparametric statistical criteria [3-7].
In Fig. 3 shows the dependence of SRA[Constructive]SRA[Dark] on SRA[Dark] for precise distinguishing
between constructive and destructive interference using

times tags within in key for continuous diagnosis of
changes in statistics.

Fig. 3. Dependence of SRA[Constructive]-SRA[Dark] on
SRA[Dark] for precise distinguishing constructive and
destructive interference using times tags in keys for continuous
diagnostics of changes in statistics

Unlike parametric criteria with 2-3 evaluation
parameters, the criterion described here is the entire
resulting dependence, that is, 1000 fitting parameters. In
this sense, the power of many advanced nonparametric
criteria is almost incomparable with conventional
parametrization methods. Therefore, despite the difficulty
in comparing nonparametric criteria with real physical
factors, they are hypersensitive even with small changes in
the systems under study and are able to work in the
absence of a priori information. Accordingly, such robust
nonparametric methods as SRA can be used as the basis
for quantum-classical diagnostics of QC.
6. Conclusion
Precise error diagnostics in QC depends on a large
number of physical factors that are difficult to track within
the framework of only one structurally finished product. In
our opinion, needed an expanded robust diagnostic
system, which should be supplied with the QC complex
and be able to conduct a joint statistical analysis of such
seemingly different parameters as the time stamps of keys
and the distribution of errors within the key. Such a
quantum-classical diagnostic subnet in the TQN, capable
of diagnosing even small noises in the network in the
absence of a priori information about the type of
interference, also opens up prospects for the
commercialization of quantum-classical cloud services for
robust information protection.
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Investigation of algorithms for generating surfaces of 3D models based
on an unstructured point cloud
E.S.Glumova, A.D.Filinskikh
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Methods of 3D object model creation on the basis of unstructured (sparse) cloud of points are considered in the paper. The issues
of combining point cloud compaction methods and subsequent surface generation are described. The comparative analysis of generation
surfaces algorithms for the purpose of revealing of more effective method using as input data the depth maps received from the sparse
cloud of points is carried out. The comparison is made by qualitative, quantitative and temporal criteria. The optimal method of 3D
object model creation on the basis of unstructured (sparse) cloud of points and depth map data is chosen. The mathematical description
of the point cloud compaction method on the basis of stereo-matching with application of two-phase algorithm of species search and
depth map extraction from Multi-View Stereo for Community Photo Collections source image set is provided. The implementation of the
method in open-source software Regard3D is realized in practice.
Key words: 3D model photogrammetry, surface generation, point cloud, depth maps.

1. Introduction
Today, the development of computing and surface
restoration technologies allows to recreate 3D models of
objects with high accuracy and high quality. One of such
technologies is laser scanning. With the help of laser
scanners, it is possible to get the geometry of high
accuracy, but unfortunately the devices that allow to
achieve accuracy in hundredths of millimeters cost tens
and hundreds of millions of rubles. One of the types of
non-contact scanning of objects is photogrammetry. The
cost of equipment for obtaining geometric data about an
object is hundreds of times lower than the equipment that
uses laser technology, and the main load for obtaining
high-quality models falls on the software.
3D objects models are widely used in the field of
parametric architecture [1], the industry of computer video
games and animation [2], in the development of scenes for
VR applications, as well as in mobile development [3].
The quality of the model plays an important role in any of
these areas. It is important to distribute computational
resources of software correctly.
There are quite a lot of various software on the market
for processing images and obtaining 3D models by series
of images. There are both paid software, costing about one
hundred thousand rubles, and free open source software.
In both cases, different algorithms are used at all stages
from photo processing to obtaining a 3D model.
2. SfM Principles
One of the photogrammetry methods is the one of
building a 3D structure by a set of images - Structure from
Motion. The method feature is automatic determination of
camera internal parameters [4]. This method restores such
camera parameters as the extrinsic calibration (the
orientation and position of the camera) and the intrinsic
calibration (focal length, radial distortion of the lens).
The first step of SfM realization is to detect and match
point features in the input images. Special points (term
vary in different sources) - to put it informally - "well
detectable" fragments of an image. These are points
(pixels) with a characteristic (special) neighborhood - i.e.
different from all neighboring points. Local features
examples can be corner tops, isolated point features,

contours, etc. The keypoints are described by descriptors vectors of features computed on the basis of
intensity/gradients or other characteristics of the
neighborhood points.
The most popular feature descriptors used in modern
image processing systems are given in [5]. A-KAZE
(nonlinear diffusion filtering for detecting and describing
2D objects) is used to solve the problem of keypoint
detection.
Then the camera position is assessed and a cloud of
low density points or sparse points is selected. Keypoints
in multiple images are matched using approximate nearest
neighbor and ‘tracks’, linking specific keypoints in a set of
pictures. Tracks comprising a minimum of two keypoints
and three images are used for point-cloud reconstruction,
with those which fail to meet these criteria being
automatically discarded [6]. After that triangulation is
used to estimate points three-dimensional positions and
gradual reconstruction scene geometry fixed into a relative
coordinate system.
An enhanced density point-cloud can be derived by
implementing the Multi-View Stereo (MVS) algorithm
[7], based on depth maps, the Clustering Views for MultiView Stereo (CMVS) [8], the Patch-based MVS algorithm
(PMVS2) [9], the Shadow-Aware Multi-View Stereo
Algorithm (SMVS) [10], that combines stereo and shapefrom-shading energies into a single optimization scheme.
The camera positions obtained from a sparse point cloud
are used here as input data. The result of this additional
processing is a significant increase in point density.
The color and texture information is then transferred to
a point cloud, after which the final 3D model is rendered.
Simplified process of obtaining 3D-model based on the
images is shown in Fig. 1.
A stage of reception of surface generation on the basis
of the received unstructured cloud of points by a 3Dreconstruction method MVS (Multi-View Stereo) are
considered separately [7].
MVS is based on reconstructing a depth map for each
view (image). Despite the large redundancy of the output
data, the method has proven to be well suited for restoring
the detailed geometry of sufficiently large scenes. Another
advantage of depth maps as an intermediate representation
is that the geometry is parameterized in its natural domain,
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and per-view data (such as color) is directly available from
the images. The excessive redundancy in the depth maps
can cause problems; not so significant in terms of storage,
but in terms of computational power [11].
MVS includes 3 stages:

˗
˗
˗

SfM, which reconstructs the parameters of the
cameras;
MVS for establishing dense;
surface generation (meshing), which merges the MVS
geometry into a globally consistent, colored mesh.

Fig. 1. Simplified process of obtaining a 3D model based on a set of images

3. Point Cloud Compression
In accordance with Fig. 1, once the camera parameters
are known, dense geometry reconstruction is performed by
Multi-View Stereo for Community Photo Collections
(MVSCPC) [12], that reconstructs depth maps for each
image. The depth map represents the two-dimensional
one-channel image containing the information about
distance from a sensor plane to scene objects [13].
The method is based on the idea of selecting images
from the collection so that they match both per-view and
per-pixel level. Appropriate choice of views ensures
reliable matches even with strong differences in images.
The stereo matching algorithm takes as input sparse 3D
points reconstructed from SfM and iteratively grows
surfaces from these points. Optimizing for surface norms
with a photoconsistency measure significantly improves
the matching results. The depth map quality is also
assessed.
Stereo matching is performed at each pixel by
optimizing for both depth and normal, starting from an
initial estimate provided by a sparse point cloud. During
stereo optimization, poorly matching views can be
discarded and new ones added according to the local view
selection criteria. The detour Pixels can be revised and
their depth updated if a more accurate match is found [11].
MVSCPC provides depth map assessment for each
input image - each image serves as a reference view only
once, after which a two-level view selection algorithm is
implemented. At the image level, global view selection
determines for each reference view a set of good neighbor
images to use for stereo matching.

Global view. For each reference view R, global view
selection seeks a set N of neighboring views that are good
candidates for stereo matching in terms of scene content,
appearance, and scale. In addition, the neighboring views
should provide sufficient parallax (a change in the
apparent position of an object relative to a distant
background, depending on the position of the observer)
with respect to R and each other in order to enable a stable
match. Here we describe a scoring function designed to
measure the quality of each candidate neighboring view
based on these desiderata.
Since matches and sparse point cloud extracted in the
SfM phase are not sufficient indicators for accurate surface
reconstruction (as they are extracted based on the
similarity of only the scene content), another assessment
of image matches reliability was proposed.
A global score 𝑔𝑔𝑅𝑅 for each view 𝑉𝑉 within a candidate
neighborhood 𝑁𝑁 (which includes 𝑅𝑅) as a weighted sum
over features shared with 𝑅𝑅 is computed as:
𝑔𝑔𝑅𝑅 (𝑉𝑉) =

� 𝑤𝑤𝑁𝑁 (𝑓𝑓) ∙ 𝑤𝑤𝑠𝑠 (𝑓𝑓)

𝑓𝑓∈𝐹𝐹𝑉𝑉 ∩𝐹𝐹𝑅𝑅

(1)

where 𝐹𝐹𝑥𝑥 is the set of feature points observed in view 𝑋𝑋,
and the weight functions are described below.
To encourage a good range of parallax within a
neighborhood, the weight function 𝑤𝑤𝑁𝑁 (𝑓𝑓) is defined as a
product over all pairs of views in 𝑁𝑁:
𝑤𝑤𝑁𝑁 (𝑓𝑓) =

� 𝑤𝑤𝛼𝛼 (𝑓𝑓, 𝑉𝑉𝑖𝑖 , 𝑉𝑉𝑗𝑗 )

𝑉𝑉𝑖𝑖 ,𝑉𝑉𝑗𝑗 ∈𝑁𝑁

𝑖𝑖 ≠ 𝑗𝑗, 𝑓𝑓 ∈ 𝐹𝐹𝑉𝑉𝑖𝑖 ∩ 𝐹𝐹𝑉𝑉𝑗𝑗

(2)

2
where 𝑤𝑤𝛼𝛼 �𝑓𝑓, 𝑉𝑉𝑖𝑖 , 𝑉𝑉𝑗𝑗 � = min(�𝛼𝛼�𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 � , 1) and 𝛼𝛼 is the
angle between the lines of sight from 𝑉𝑉𝑖𝑖 and 𝑉𝑉𝑗𝑗 to 𝑓𝑓.

The function 𝑤𝑤𝛼𝛼 �𝑓𝑓, 𝑉𝑉𝑖𝑖 , 𝑉𝑉𝑗𝑗 � downweights triangulation
angles below 𝛼𝛼𝑚𝑚𝑚𝑚𝑚𝑚 , which is usuall set to 10 degrees. The
quadratic weight function serves to counteract the trend of
greater numbers of features in common with decreasing
angle.
The weighting function 𝑤𝑤𝑠𝑠 (𝑓𝑓) measures similarity in
resolution of images 𝑅𝑅 and 𝑉𝑉 at feature 𝑓𝑓. The diameter
𝑠𝑠𝑉𝑉 (𝑓𝑓) of a sphere centered at 𝑓𝑓 whose projected diameter
in 𝑉𝑉 equals the pixel spacing in 𝑉𝑉 is computed to estimate
the 3D sampling rate of 𝑉𝑉 in the vicinity of the feature 𝑓𝑓.
Similarly, 𝑠𝑠𝑅𝑅 (𝑓𝑓) is calculated for 𝑅𝑅 and the scale
𝑠𝑠 (𝑓𝑓)
weight 𝑤𝑤𝑠𝑠 is defined based on the ratio 𝑟𝑟 = 𝑅𝑅 �𝑠𝑠 (𝑓𝑓)
𝑉𝑉
using
2� , 2 ≤ 𝑟𝑟
𝑟𝑟
𝑤𝑤𝑠𝑠 (𝑓𝑓) = �1,1 ≤ 𝑟𝑟 < 2
𝑟𝑟, 𝑟𝑟 < 1

(3)

This weight function prefers views with equal or
higher resolution than a reference view. Having defined a
global estimate of species 𝑉𝑉 and neighbors 𝑁𝑁, one can find
the best 𝑁𝑁 of a given size (usually |𝑁𝑁| = 10) by the sum
of species estimates ∑𝑉𝑉∈𝑁𝑁 𝑔𝑔𝑅𝑅 (𝑣𝑣). For efficiency, a "greedy
algorithm" [14] is used and grow the neighborhood
incrementally by iterative adding to 𝑁𝑁 the highest scoring
view, taking into account the current 𝑁𝑁 (which initially
contains only 𝑅𝑅).
Rescaling Views. Although global view selection
algorithm tries to select neighboring views with
compatible scale, some inconsistencies in scale are
unavoidable due to differences in resolution within the
collection of photos, which may negatively affect stereo
matching. There are methods to adapt the scale of all views
by filtering to a common, narrow range or global, pixelbased view. The first method is used in this research to
avoid resizing of the matching window in different areas
of the depth map. This approach finds a view with the
lowest-resolution 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 ∈ 𝑁𝑁 relative to 𝑅𝑅, resamples 𝑅𝑅 to
approximately match that lower resolution, and then
resamples higher resolution to match 𝑅𝑅.
In particular, the assessment the resolution scale of a
view 𝑉𝑉 relative 𝑅𝑅 is based on their common features
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑅𝑅 (𝑉𝑉) =

1
|𝐹𝐹𝑉𝑉 ∩ 𝐹𝐹𝑅𝑅 |

�

𝑓𝑓∈𝐹𝐹𝑉𝑉 ∩𝐹𝐹𝑅𝑅

𝑠𝑠𝑅𝑅 (𝑓𝑓)
𝑠𝑠𝑉𝑉 (𝑓𝑓)

(4)

Then 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 simply equals 𝑎𝑎𝑎𝑎𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎 𝑚𝑚𝑚𝑚𝑚𝑚 𝑉𝑉∈𝑁𝑁 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑅𝑅 (𝑉𝑉).
If 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑅𝑅 (𝑉𝑉) is less than the threshold value 𝑡𝑡 (𝑡𝑡 = 1,
which is close to the 5x5 of the reference window on a 3x3
window in the neighboring view with the lowest relative
scale), the reference view is rescaled so that, after rescaling
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑅𝑅 (𝑉𝑉) = 𝑡𝑡. Then all neighboring views with
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑅𝑅 (𝑉𝑉) > 2 to match the scale of the reference view
(which itself may have been changed in the previous step).
It is important that all modified versions of the images are
discarded when moving to the depth map computation for
the next reference view.
Local View. Global view selection determines a set of
𝑁𝑁 well suited candidates for a reference view and matches
their scale. Instead of using all of these views for stereo
matching at a specific location in the reference view, the
smallest set 𝐴𝐴 ⊂ 𝑁𝑁 of active views is selected (usually
|𝐴𝐴| = 4). Using this subset naturally speeds up the
computation of the depth map.

During stereo matching, 𝐴𝐴 is iteratively updated using
a set of local view selection criteria designed to select
views that, given a current depth and normal pixel
estimates, are photometrically consistent and provide a
sufficiently wide range of observation directions. To
measure the photometric consistency, the mean-removed
normalized cross correlation (NCC) between pixels within
a window about the given pixel in 𝑅𝑅 and the corresponding
window in V is used. If the NCC score is above a fixed
threshold, then 𝑉𝑉 is a candidate for addition to 𝐴𝐴.
You can measure the angular distribution by looking at
gaps of directions from which the given scene point (based
on the current depth estimation for the reference pixel) is
observed. In practice, the angular spread of the epipolar
line [15] is considered instead, obtained by projecting each
viewing ray passing through the reference point to the
reference view. When deciding whether to add view 𝑉𝑉 to
the active set 𝐴𝐴, the local score is calculated as
𝑙𝑙𝑅𝑅 (𝑉𝑉) = 𝑔𝑔𝑅𝑅 (𝑉𝑉) ⋅ � 𝑤𝑤𝑒𝑒 (𝑉𝑉, 𝑉𝑉′)
𝑉𝑉 ′ ∈𝐴𝐴

(5)

𝛾𝛾
where 𝑤𝑤𝑒𝑒 (𝑉𝑉, 𝑉𝑉 ′ ) = min ( �𝛾𝛾𝑚𝑚𝑚𝑚𝑚𝑚 , 1) and 𝛾𝛾 is the acute
angle between the pair of epipolar lines in the reference
view as described above. Accept 𝛾𝛾𝑚𝑚𝑚𝑚𝑚𝑚 =10 degrees.
Then the local view selection algorithm is performed
in the following way. Taking the initial depth of the pixel,
the view 𝑉𝑉 with the highest 𝑙𝑙𝑅𝑅 (𝑉𝑉) value is found. If this
view has a sufficiently high NCC score (threshold 5 is
used), it is added to 𝐴𝐴; otherwise, the view is rejected. The
process is repeated until either set 𝐴𝐴 reaches the desired
size or the view remains undecided. During stereo
matching, the depth (and normal) are optimized, and a
view may be removed (and marked as rejected). Then a
replaced view is added. The algorithm completes as the
deflected views are never revised.
4. Surface Generation
After computing arrays containing the best matching
candidates for each image, you can move towards the step
of surface generation. Merging the individual depth maps
into a single polygonal surface is a labor intensive task.
The depth maps inherit information about the multi-scale
properties of the original images, which leads to vastly
different sampling rates of the research surfaces.
Many approaches for depth maps fusion have been
proposed [16-20]. Among them FSSR (Floating Scale
Surface Reconstruction) [18] and SPSR (Screened Poisson
Surface Reconstruction) [19] were considered as methods
of surface generation, as they provide high detail of the
reconstructed 3D model.
FSSR is widely used as outdoor scene reconstruction,
when data is too sparse for a reliable reconstruction. In this
case the method does not hallucinate geometry in
incomplete regions, requiring manual intervention, but
leaves in these areas holes (i.e. these areas have gaps).
The approach draws upon a simple yet efficient
mathematical formulation to construct an implicit function
as the sum of compactly supported basis functions. The
implicit function has spatially continuous “floating” scale
and can be readily evaluated without any preprocessing.
The final surface is extracted as the zero-level set of the
implicit function. One of the key properties of the

approach is that it is virtually parameter-free even for
complex, mixed-scale datasets [18].
The FSSR method combines all depth maps in one
large point cloud. At this stage, the scale value is attached
to each point, indicating the factual size of the surface area
in which the point was measured. This value is derived
from the size of the regions identified in the MVS phase.
Then FSSR tools calculate a multi-scale 3D surface.
SPSR is an improvement of the approach that
considers surface reconstruction as a spatial Poisson
problem [20]. The approach explicitly incorporates the
point as interpolation constraints. Unlike other methods of
image processing and geometry processing, the term
screening is defined for a sparse set of points rather than
for the whole area. These rare constraints, however, can be
effectively integrated. Since the modified linear system

retains the same finite-element discretization, the sparse
structure is unchanged and the system can still be resolved
using a multi-mesh approach.
In addition, Poisson's surface reconstruction presents
several algorithmic improvements that together reduce the
time complexity of the solution to linear in the number of
points, thus enabling faster and better surface
reconstruction [19].
5. Algorithm Comparison
Consider a combination of MVS-FSSR and MVSSPSR approaches here in more detail.
Implementation is studied on the example of 21 photos
of the statuette (Fig. 2) and freely distributed software
Regard3D and MeshLab.

Fig. 2. Set of original photos

In Fig. 3. shows the detection of keypoints by
Regard3D. This image contains 14,486 keypoints.
These key points are then matched to establish sparse
matches between images (Fig. 4). The image features

require the invariance to the image scaling, rotation, noise
and changes in illumination.

Fig. 3. Object keypoints

Fig. 4. The result of key point comparison for a pair of original images

The results of the pairing are then combined and
unfolded into multiple views, creating functional tracks.
The next step in SfM implementation is incremental
triangulation algorithm. It assesses the relative position of
a well-matched original pair of the image, and then all
tracks visible in both images are triangulated. The
matching next images are incrementally added to the

reconstruction until all the reconstructed views become
part of the scene. Parameters of lens distortion are
evaluated during the reconstruction. The performance of
the following algorithms is significantly improved by
removing distortions from the original images.
In Regard3D's "ideology", this method is called New
Incremental. The result is a sparse point cloud (Fig. 5).

Fig. 5. The result of triangulated point cloud computing using the New Incremental method

21 cameras (according to the number of uploaded
images) have been calibrated by the program, i.e. 3D
positions and parameters of all images have been found.
13 583 points has received that match not only the model,
but also some part of the environment. The calculation
time of a point cloud has made slightly less than 30 s.
Further we will proceed to compression of the sparse
point cloud by MVS method. The result of point

compaction using the MVS method is shown in the figure.
6. The computation time was 40.42 minutes; 4 756 185
points were created. As you can see, the point cloud has
holes on the side of the figure (Fig. 6).
The corresponding depth map was obtained using the
MeshLab program (Fig.7).

Fig. 6. Dense point cloud using MVS method

Fig. 7. Depth map

Surface generation by FSSR and SPSR. In Fig. 8. the
results of calculations in the Regard3D command line are
presented, illustrating the iterative algorithm of finding the
best candidates for comparison described above.

Fig. 8. Regard3D command line. FSSR implementation

In general, 21 reports were produced - according to the
number of uploaded images. You can find the views
recommended for comparison view, as well as the number
of optimized points, i.e. points that have updated the depth
map data and normal in accordance with the described
algorithm.

Fig. 9 shows the result of FSSR method surface
construction. The calculation time was 17.02 min. The
final surface contains 1,369,758 points. The model also
contains small noises and has gaps.
In the right picture, you can see that the model has a
big hole. This is due to the fact that a shadow falls on this
area in the original images. The lighting change is
interpreted by the program as a lack of data for point
reconstruction, because the shaded area is found in only 23 species out of 21, which was a rejection of its revision
and surface reconstruction.
Fig. 10 shows the result of surface reconstruction using
the SPSR method. The calculation time was 1.22 min. The
final surface contains 301,497 points. The model also
contains little noise and has gaps.
In the right picture, you can see that the model has an
even greater gap than the previous method.
We will compare the obtained models by several
indicators (Table 1).

Fig. 9. MVS model - Floating Scale Surface Reconstruction

Fig. 10. MVS model - Screened Poisson Surface Reconstruction
Table 1. Comparison of final models.

Visual assessment of details
Calculation time
Number of points
Model size.obj

FSSR
Denser mesh with lower gap area
17,02 min
1 369 758
401 Mb

SPSR
Less dense grid with larger gap area
1,22 min
301 497
85,1 Mb

6. Conclusion
Two surface generation algorithms were considered
during the research: Screened Poisson Surface
Reconstruction point approach and Floating Scale Surface
Reconstruction approach. In connection with the method
of point compression, the considered algorithms showed
different temporal and quantitative results. The result of
comparison of final 3D-models generated by these
methods is shown, reduction of time expenses in SPSR
method does not give qualitative result. Model MVS Screened Poisson Surface Reconstruction is a much less
dense mesh than model MVS - Floating Scale Surface
Reconstruction. On the basis of the received data it is
possible to draw a conclusion that for reception of
qualitative 3D-models on the basis of not structured point
cloud it is necessary to use the algorithm of generation of
the surface based on changing scale of images. The surface
generation algorithm based on a point approach can be
used for small collections of photos that do not contain
multiscale images. Reduction of computational power in
model preparation, as well as their small volume can be
used, for example, for low-polygonal modeling in the
mobile applications.
In the future, it is planned to conduct a comparative
analysis of existing algorithms based on depth map data,
as well as approaches that take into account changes in
illumination in photographs.
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video based on cubemap projection
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The paper dealt with the task of increasing the efficiency of high-quality visualization of virtual environment (VE), based on video
with a 360-degree view, created using cubemap projection. Such a visualization needs VE images on cube faces to be of high
resolution, which prevents a smooth change of frames. To solve this task, an effective technology to extract and visualize visible faces
of the cube is proposed, which allows the amount of data sent to graphics card to be significantly reduced without any loss of visual
quality. The paper proposes algorithms for extracting visible faces that take into account all possible cases of hitting / missing cube
edges in the camera field of view. Based on the obtained technology and algorithms, a program complex was implemented, and it was
tested on 360-video of a virtual experiment to observe the Earth from space. Testing confirmed the effectiveness of the developed
technology and algorithms in solving the task. The results can be applied in various fields of scientific visualization, in the
construction of virtual environment systems, video simulators, virtual laboratories, in educational applications, etc.
Keywords: scientific visualization, cubemap projection, 360 degree video, virtual environment.

1. Introduction
An important part of many up-to-date researches is
the visualization of scientific data and experiments using
a 3D virtual environment (VE) that simulates the object
of study [1]. This is especially demanded in the fields
where research is associated with high risk and work in
hard-to-reach environments: medicine [2], space [3], oil
and gas industry [4], etc. One of the effective forms to
share such visualization between researchers is video
with a 360-degree view, while watching which one is
able to rotate the camera in an arbitrary direction and feel
the effect of immersion in VE. So, for instance, using
360-video, anyone can explore the virtual model of the
center of the galaxy [5].
To create a 360-video, various methods are used to
unwrap a spherical panorama onto a plane [6]: by means
of equidistant cylindrical projection, cubemap projection,
a projection on the faces of the viewer’s frustum [7], etc.
One of the widely distributed is cubemap projection in
which the panorama is mapped to 6 faces of the cube,
where each face covers a viewing angle of 90 degrees.
When playing such a video, the viewer is inside the cube
and looks at its faces with images of the virtual
environment. In order to feel immersion effect, it is
important that the images on the faces have a sufficiently
high resolution, i.e. the viewer should not see their
discrete (pixel) structure. Increasing of the resolution
leads to the formation of a large stream of graphic data,

which impedes the visualization process. In this regard,
the task to reduce the amount of streaming data without
noticeable loss of visualization quality is arisen.
In this paper, an effective technology for solving this
task is proposed, which is based on the extraction and
visualization of cube faces been visible towards the
viewer. The technology is implemented in C ++ using the
OpenGL graphics library.
2. The pipeline of 360-video visualization
Consider the task of visualization of 360-video with
frames comprising images of cube faces (face textures) as
shown in Fig. 1. The faces are named as they are seen by
the viewer inside the cube. To visualize 360-video, a
virtual 3D scene is created containing unit cube model
centered at the origin of the World Coordinate System
(WCS). Viewer’s virtual camera CV is placed in cube
center and is initially directed to the front face (Fig. 2),
where v and u are "view" and "up" vectors of camera CV
(in WCS), and r= v × u is "right" vector. The pipeline of
360-video visualization includes reading a frame from
video file with a frequency specified in video; extracting
face textures from the frame and applying them to cube
model; synthesizing the image of textured cube model
from camera CV. When watching a 360-video, we allow
camera rotation around the X and Y axes of its local
coordinate system, which corresponds to tilting the head
up/down and left/right.

Fig. 1. The location of cube faces in the frame of 360-video
Copyright © 2020 for this paper by its authors. Use permitted under Creative Commons License Attribution 4.0 International (CC BY
4.0)

Fig. 2. Viewer’s camera CV and visualization cube

The bottleneck of the pipeline described is transferring
of face textures from RAM to video memory (VRAM).
Therefore, transferring of all 6 face textures (the entire
frame of 360-video) to VRAM will be extremely
inefficient and impede the smoothness of visualization.
To solve this problem, we propose a technology based on
the extraction and visualization of only those cube faces
that are seen in the camera CV.
3. The technology to extract and visualize
visible cube faces
To identify visible cube faces, we introduce the term
"face pair" - two cube faces with a common edge. We
enumerate cube vertices, as shown in Fig. 2, and specify
through them the edges: {0, 1}, {1, 5}, {5, 4}, {4, 0}, {6,
4}, {7, 5}, {3, 1}, {2, 0}, {2, 3}, {3, 7}, {7, 6}, {6, 2}.
These edges are corresponded by the following face
pairs: {0, 1}, {0, 3}, {0, 2}, {4, 0}, {2, 4}, {2, 3}, {3, 1},
{1, 4}, {1, 5}, {3, 5}, {5, 2}, {4, 5}, where 0…5 are face
numbers from Fig. 1. Depending on orientation and
projection parameters of camera CV, cube edges may hit
the frustum of the camera, or miss it. Every edge hitting the
frustum determines face pair needed to render. No edges
hitting the frustum means that camera CV captures some
single cube face.
The proposed technology includes five stages. At the
first stage, camera CV's frustum parameters are
determined. At the second stage, boolean table H of cube
vertices visibility is created. At the third stage, visible
face pairs are extracted using table H. At the fourth
stage, single visible face is extracted (if necessary). At
the fifth stage, extracted cube faces are visualized. Let’s
consider these stages in detail.
Frustum parameters

dn and df - distances to the near and far clipping planes.
The angle γ hor ∈ [δ , π − δ ] is user-defined, where δ is a
small constant ( δ = 1° in our work), and the angle γ vert is
determined by the ratio
tg(γ vert / 2) = tg (γ hor / 2) / aspect ,
(1)
where aspect ≥ 1 is the aspect ratio of camera CV (the
ratio of frame’s width to its height). The distance to the
far plane should not be less than half of the longest cube
df
3 2 + ε , where ε is machine
diagonal, so we take=
error of real numbers representation. The near clipping
plane should be located so that the near base of the
frustum does not contact cube faces from the inside. Fig.
3 shows that such contact point is the intersection of the
side line of camera CV's FOV with the center of cube
face.

Fig. 3. Determining the distance to the near clipping plane

Then, for the distance dn the equation can be written:

2
=
(d n + ε ) 2 0.5
=
− (a 2 + b 2 )

(2)
To determine visible cube faces, we=
need the
0.52 − (d n + ε ) 2 ( tg 2 (γ hor / 2) + tg 2 (γ vert / 2)).
following parameters of camera CV's frustum: γ hor and
Substitute Eq. (1) into Eq. (2) and find the distance dn:
γ vert - horizontal and vertical FOV (field of view) angles;

dn

1
2 1 + tg (γ hor 2)(1 + 1 / aspect )
2

2

−ε .

(3)

The stage described is performed when starting 360video, as well as each time the user changes γ hor or
aspect.
Table H of cube vertices visibility
To simplify checking cube edges visibility, we create
a table H that stores boolean flags of being each cube
vertex in "+" half-space (where frustum is located) of each
clipping plane of camera CV, except the far plane. Relative
to this plane all cube vertices lie obviously in "+" halfspace (see dn determination in Section 3.1). Table H
consists of 8 rows (the row index is the cube vertex
number), and each row stores 6 flags b0,…,b5:
- in the subgroup b0,…,b4, raised bith flag means that
the vertex lies in the "+" half-space or coincides with
the ith clipping plane (0 - near, 1 - left, 2 - right, 3 bottom, 4 - top);
- flag b5 is raised if all flags b0,…,b4 are raised, i.e. the
cube vertex is in the frustum of camera CV.
Consider some cube vertex P. Denote by PWCS its
coordinates in WCS, and by p, the vector OWCSPWCS. The
calculation of flags b0,…,b5 for the vertex P is done by
the following
Algorithm A1 to fill a row of the table H
1. Find the projection pv = (p, v) of the vector p on the
"view" vector v of camera CV.
2. Find the projection pr of the vector p on the "right"
vector r similarly to pv.
3. Find the projection pup of the vector p on the "up"
vector u similarly to pv.
4. Calculate the size dhor of horizontal FOV of camera
CV on the line of the vertex P (see. Fig. 4):
d hor = 2 pv tg(γ hor 2) .
5. Calculate the size dvert of vertical FOV of camera CV
on the line of the vertex P similarly to dhor.
b1 = (pr ≥ -dhor/2),
b2 =
6. b0 = (pv ≥ dn),
(pr ≤ dhor/2),
b3 = (pup ≥ -dvert/2), b4 = (pup ≤ dvert/2).
7. b5 = (b0 && b1 && b2 && b3 && b4).
Having executed algorithm A1 for each cube vertex in
order, we obtain table H.

Visible face pairs extraction
Every face pair which common edge intersects the
frustum of camera CV will be extracted for visualization.
This is possible in two cases:
(a) if at least one of edge vertices falls into the frustum.
This case can be easily detected by checking flags b5 of
edge vertices in the table H (at least one vertex having true
b5 is enough);
(b) if both vertices lie outside the frustum, but the
edge intersects at least one clipping plane of camera CV,
and their intersection point falls into the frustum. Divide
this case into 3 steps: 1) determining the fact of the
intersection of the ith clipping plane by the edge; 2)
finding coordinates PI of their intersection point; 3)
checking falling the point PI into the frustum.
Step 1. The fact of "edge - ith clipping plane"
intersection can be easily established using the table H.
For this, edge vertices should have opposite flags bi.
Note, if the edge lies in the ith clipping plane, and edge
vertices are outside the frustum, then intersection fact
with this plane will not be established (both flags bi will
be true), but it will be surely done with other clipping
plane, so the case (b) will be correctly detected. Another
important thing is that any cube edge isn't able to cross
the near or far base of the frustum (see Section 3.1), so
there is no need to check these planes.
Step 2. After establishing the fact that cube edge
intersects the ith clipping plane, for instance, the right
plane (for the remaining planes the derivation will be
similar), we need to calculate coordinates PI of their
intersection point. For this, we introduce the following
denotations: PA, PB - the coordinates of edge vertices in
WCS; e - unit vector PAPB; pA - the vector OWCSPA; pI - the
vector OWCSPI; pI,r - the projection of the vector pI on the
vector r of camera CV; pI,v - the projection of the vector pI
on the vector v of camera CV. In this example, the point PI
lies in the right clipping plane, therefore its projection pI,r
is equal to half the size of the horizontal FOV on the line
of the point PI (similarly to size dhor in Fig. 4):
γ
γ
pI,r = pI,v tg hor or ( pI , r ) = ( pI , v )tg hor .
(4)
2

2

Using the distributive property of the dot product of
vectors rewrite the Eq. (4) as
γ
(5)
( pI , χ right ) = 0 , where χ right = r − tg( hor )v .
2

Write another expression for the vector pI using the
vector parametric equation of the line PAPB:
p=
pA + tI e ,
(6)
I
where tI is the parameter determining the position of the
point PI on the line PAPB. Substitute Eq. (6) into Eq. (5)
and find tI:
(7)
t I = −( p A , χ right ) / (e, χ right ) .
Similarly to Eq. (6) write for coordinates PI the
expression PI = PA + t I e . Substitute tI from Eq. (7) in it
and find required coordinates PI:
P=
PA −
I
Fig. 4. Checking vertex P visibility

( p A , χ right )
(e, χ right )

e.

(8)

As one can notice, the coordinates of intersection
points of the edge PAPB with the left, top and bottom

clipping planes will differ from Eq. (8) only by similar
terms χ left , χ top and χ btm . The expressions of these terms
are derived in a similar way:
γ hor
χ left = r +tg(

2

)v ,

χ top = u − tg(

χ btm = u + tg (

γ vert
2

γ vert
2

)v ,

(9)

)v.

Step 3. Having the coordinates PI of intersection point,
we check falling the point PI into the frustum of camera
CV. To do this, we calculate the flag b5 for the point PI
using algorithm A1, and check its value (true means visible
edge). Note, when calculating flag b5, the calculation of the
flag bi can be omitted, as the point PI lies in the ith plane,
and bi will obviously be true.
Based on the cases (a) and (b) considered, we define
the algorithm to check the visibility of the edge {m, n},
where m, n are the numbers of edge vertices, introduced at
the beginning of the Section 3. Denote by bedge the flag of
edge {m, n} visibility. The calculation of bedge is done by
the following
Algorithm A2 to determine the edge {m, n} visibility
1. Check the visibility of edge vertices (using the table
H):
If (Hm,5 || Hn,5) is true, then:
bedge = true, exit the algorithm.
2. Check, whether the edge lies in the "-" half-space of
any clipping plane:
Loop by i from 0 to 4, where i is plane number
If (!Hm,i && !Hn,i) is true, then:
bedge = false, exit the algorithm.
End Loop.
3. Check the presence of at least one visible point PI of
the intersection of the edge with any clipping plane
Loop by i from 1 to 4
If (Hm,i ^ Hn,i) is true, then:
Calculate coordinates PI by Eq. (8) and
(9).
Calculate the flag b5 by algorithm A1.
If b5 is true, then:
bedge = true, exit the algorithm.
End If.
End Loop.
4. bedge = false.
Next, using algorithm A2, visible face pairs are
extracted. Denote by Bfaces the boolean array of 6 flags of
cube faces visibility (true/false - the face is visible/not
visible), by D and E - the arrays of face pairs and cube
edges, introduced at the beginning of the Section 3, and
by bpair - the flag of at least one visible face pair. Execute
the following
Algorithm A3 to extract visible face pairs
1. Clear array Bfaces with value false, bpair = false.
2. Loop by j from 0 to 11, where j is the edge index
Calculate flag bedge of the edge E[j] by algorithm
A2.
If bedge is true, then:
Bfaces[D[j][0]] = true.
Bfaces[D[j][1]] = true.
bpair = true.
End If.
End Loop.

If algorithm A3 results in true flag bpair, then we
proceed to the stage of visualization of the faces marked in
Bfaces (see the Section 3.5). If bpair is false (no visible face
pairs were found), this means that camera CV captures
some single cube face and we need to extract it for
visualization (see the Section 3.4).
Extraction of single visible face
As one can see, the visible one will be cube face with
the smallest angle between the external normal and the
vector v of camera CV. To determine the number of such
a face, we calculate the cosines of the angles between the
normals to the faces and the vector v, and extract the face
with the largest cosine. Denote by K the array of cosines
for faces 0-5, and by n2, n3 and n5 the normals to the
back, right, and top cube faces. Write the sequence of
normals for the faces 0-5: {-n5, -n2, n2, n3, -n3, n5}. Since
the normals n2, n3, n5 coincide with the axes OZWCS,
OXWCS, OYWCS, the calculation of the array K reduces to
writing the sequence of the vector v coordinates with
signs from the normals’ sequence. Execute the following
Algorithm A4 to extract single visible kth face
1. K = {-vobs,y, -vobs,z, vobs,z, vobs,x, -vobs,x, vobs,y}.
2. k = 0. // by default 0th face is supposed visible.
3. Loop by i from 1 to 5, where i is face number (see Fig.
1).
If K[i] > K[k], then k = i.
End Loop.
4. Bfaces[k] = true.
After executing the algorithm A4, array Bfaces will
contain one true flag marking single visible cube face.
Visualization of the faces marked in Bfaces is performed at
the next stage.
Visualization of extracted faces
To each element of the array Bfaces the face texture of
d x d pixels is corresponded, and all 6 face textures, as
noted in the Section 2, are merged into 360-frame of 3d x
2d pixels. At this stage, face textures marked in Bfaces will
be extracted from 360-frame and applied to cube model.
Face textures will be extracted to an array T of 6 texture
objects (one object per cube face). Each element of the
array T is a continuous area of VRAM, allocated for
storing one face texture. It is important to note here that
in 360-frame each face texture is stored not in one
continuous line, but in a number of d substrings of d
pixels in length (see Fig. 5). Since transferring a large
number of small data pieces into VRAM reduces the
GPU's performance, we tune video driver (using operator
glPixelStorei of the OpenGL library) so that the
substrings of face texture are automatically merged and
transferred to VRAM as one continuous piece. This is
done in the following
Algorithm A5 to visualize 360-frame
1. Clear frame buffer, set the viewport, as well as
projection and modelview matrices according to
camera CV’s params.
2. Loop by i from 0 to 5, where i is face number.
If Bfaces[i] is true, then:

Set row length nRL of 360-frame, the number
nSR of skipped rows and the number nSP of
skipped pixels in a row (see Fig. 5):
glPixelStorei (…_ROW_LENGTH, 3d),
glPixelStorei (…_SKIP_ROWS, i 3 d ),
glPixelStorei
(…_SKIP_PIXELS,
(i % 3)d),
where
"…"
is
shortening
of
GL_UNPACK.
Load ith face texture to T[i]th texture object by
means of the operator glTexSubImage2D.
Render T[i]th texture object on the ith face.
End If.
End Loop.
Note, if 360-frame isn't changed during the
visualization process (for example, the video is paused),
then in step 2 of the algorithm A5, the same face textures
are not repeatedly loaded into VRAM, but the previously
loaded ones are used.

Fig. 6. Testing the solution developed: (a) a frame of source
360-video; (b) VE visualized from the frame

5. Conclusions

Fig. 5. Reading face texture from 360-frame

4. Results
The proposed technology and algorithms were
implemented in a software complex (360-player) written
in C++ language using the OpenGL graphics library. The
player performs high-quality visualization of a virtual
environment from a 360-video based on cubemap
projection. During the visualization, the viewer can rotate
the camera corresponding to tilting the head up/down and
left/right, as well as change camera FOV (viewing angle
and aspect).
The developed solution was tested on 360-video with
a resolution of 3000x2000 pixels, created in the
visualization system for virtual experiments to observe
the Earth from the International Space Station (ISS) [3].
By means of the player developed, an experiment was
reproduced where the researcher, rotating the observation
tool, searches and analyzes a number of Earth objects
along the ISS daily track. Fig. 6a shows an example of
360-video frame, and Fig. 6b shows visualization of this
frame in 360-player.

The paper considers the task of increasing the
efficiency of VE visualization using 360-degree video
based on cubemap projection. High-quality visualization
(providing the effect of immersion into VE) requires
snapshots of high-resolution VE cubemap, which causes
overloading graphics card and impedes smooth changing
the frames. To solve this task, an effective technology is
proposed, based on the extraction and visualization of
visible cube faces, which can significantly reduce the
amount of data sent to graphics card without any loss of
visual quality. The paper proposes algorithms to extract
visible cube faces both in the case of falling cube edges
into FOV, and in the case of the absence of visible edges
(the case of single visible face). The resulting technology
and algorithms were implemented in a software and tested
on 360-video containing the visualization of virtual
experiment on observing the Earth from space. The testing
of the software confirmed the correctness of the solution
obtained, as well as its applicability for virtual
environment systems and scientific visualization, video
simulators, virtual laboratories, etc. In the future, we plan
to expand the results to increase the efficiency of
visualization of VE projected onto the dodecahedron.
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A Monte-Carlo ray tracing is nowadays standard approach for lighting simulation and generation of realistic images. A widely
used method for noise reduction in Monte-Carlo ray tracing is combing different means of sampling, known as Multiple Importance
Sampling (MIS). For bi-directional Monte-Carlo ray tracing with photon maps (BDPM) the join paths are obtained by merging
camera and light sub-paths. Since several light paths are checked against the same camera path and vice versa, the join paths
obtained are not statistically independent. Thus the noise in this method does not obey the laws which are correct in simple classic
Monte-Carlo with independent samples. And, correspondingly, the MIS weights that minimize that noise must also be calculated
differently. In this paper we calculate these weights for a simple model scene directly minimizing the noise of calculation. This is a
pure direct numerical minimization that does not involve any doubtful hypothesis or approximations. We show that the weights
obtained are qualitatively different from those calculated from classic “balance heuristic” for Monte-Carlo with independent samples.
They depend on the scene distance, but not only on scattering properties of the surfaces and the distribution of light source emission.
Keywords: Monte-Carlo ray tracing, bi-directional ray tracing, photon maps, reduction of noise, multiple importance sampling,
weights.

1. Introduction
A powerful method of solution of the rendering
equations is Monte Carlo ray tracing (MCRT). It is
widely used in calculation of the global illumination [1,
2]. Its main problem is noise, and it strongly depends on
the method of generation of random points. Therefore
there were and are a lot of papers devoted to the optimal
choice of the probability distribution of ray scattering
[3–9]. One of the powerful approaches here is the socalled Multiple Importance Sampling (MIS). Its idea is
that we generate several random samples (rays)
according to different “strategies” i.e. probability
distributions and then sum with weights their
contributions to image luminance.
The mathematics behind that was produced in the
famous thesis by E Veach [3] where the theorem was
proved about several simple schemes of weight
calculation. It was proved there that the resulting noise
is close to its minimal value. This theorem applies to the
classic MCRT method when successive random points
are absolutely independent.
Lighting simulation meanwhile frequently uses not
that simple MCRT but more advanced methods like bidirectional Monte-Carlo path tracing (BDPT), bidirectional Monte-Carlo ray tracing with photon maps
(BDPM) [2], their combination termed sometimes
BDCM [8, 9] etc. Here the successive trajectories are
not quite independent, for example, in the BDPM the
same forward path is “merged” with all the backward
paths. Therefore the resulting joined full trajectories
have common ”tail” and thus are not independent.
As a result, the noise in these methods follows other
rules than in the simple or classic MCRT [6]. Therefore
the weights that minimize this noise are likely different
from those which minimize the noise functional in the
classic MCRT. We shall prove it for the example of a
very simple model scene. In this scene the noise level is
dictated by geometric factors, but not by object optical
properties in form of bi-directional distribution function
(BDF), while the Veach formulae [3, 4] relate weights
to the BDFs along the ray path.

In this paper we calculate the optimal weights
directly, i.e. find the minimum of the sample variance of
the pixel value. This is performed for a simple model
scene. We demonstrate that these weights depend on the
geometry of the scene and on the number of light and
camera rays per iteration, while the known MIS
formulae from [3, 4] include only the BDFs and
distribution of light source emission.
2. BDPM and weights in it
The basic idea of BDPM is that we trace several
camera and several light rays. Then for each pair of
light + camera paths, we try to merge them in a join
trajectory that connects light and camera. If they do join
we increment the accumulated luminance. Then the next
pair is processed. After all light rays had been checked
against all camera rays they all are discarded and new
sets of rays are generated etc. Generation of the sets of
rays and then cycling over all pairs constitute one
iteration of the process. The luminance calculated in
different iterations is statistically independent.
So, an iteration which uses 𝑁𝑁𝐵𝐵 camera rays (through
given pixel!!) and 𝑁𝑁𝐹𝐹 light rays (for all pixels!)
increases accumulated luminance of a pixel by
𝑁𝑁𝐹𝐹
𝑁𝑁𝐵𝐵
(1)
1
1
𝛥𝛥𝛥𝛥 =
�
� 𝐶𝐶𝑖𝑖,𝑗𝑗
𝑁𝑁𝐹𝐹
𝑁𝑁𝐵𝐵
𝑖𝑖=1

𝑗𝑗=1

where 𝐶𝐶𝑖𝑖,𝑗𝑗 is the contribution from the pair of 𝑖𝑖-th light
and 𝑗𝑗-th camera rays. Similarly to it can be written as
(𝑐𝑐)
(𝑙𝑙)
(𝑐𝑐)
(2)
𝐶𝐶 = � � 𝑤𝑤
𝐸𝐸 (𝑐𝑐) (𝑥𝑥⃗ )𝐸𝐸 (𝑙𝑙) (𝑥𝑥⃗ )𝐾𝐾(𝑥𝑥⃗
𝑚𝑚

𝑛𝑛

𝑚𝑚+𝑛𝑛,𝑚𝑚

(𝑙𝑙)

𝑚𝑚

(𝑐𝑐)

𝑛𝑛

𝑚𝑚

− 𝑥𝑥⃗𝑚𝑚 )𝑓𝑓(⋯ ; 𝑥𝑥⃗𝑚𝑚 )
where 𝑚𝑚 cycles over all camera path vertices and 𝑛𝑛
cycles over all light path vertices, 𝐾𝐾 is the integration
(𝑐𝑐)
kernel and 𝑓𝑓is BDF in luminance units at the point 𝑥𝑥⃗𝑚𝑚 .
Like in [3, 4], 𝑤𝑤𝑘𝑘,𝑚𝑚 is the weight for junction at the 𝑚𝑚th camera vertex when the join path of 𝑘𝑘 vertices (i.e.
the light half of the join path has 𝑘𝑘 − 𝑚𝑚 vertices). It
must be a function of that full path such that
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3. Direct calculation of optimal weights

It follows from (1) and (2) that the increment of the
pixel luminance from one algorithm iteration is also
linear in weights: it is a sum of weights times some
random functions:
∞

𝑘𝑘

1
� � � 𝑤𝑤𝑘𝑘,𝑚𝑚 (𝜁𝜁⃗𝑖𝑖,𝑗𝑗 )𝐶𝐶𝑘𝑘,𝑚𝑚 (𝜁𝜁⃗𝑖𝑖,𝑗𝑗 )
𝛥𝛥𝛥𝛥 =
𝑁𝑁𝐹𝐹 𝑁𝑁𝐵𝐵
𝑘𝑘=1 𝑚𝑚=0 𝑖𝑖,𝑗𝑗

where 𝑖𝑖 enumerates light rays in one iteration, 𝑗𝑗
enumerates camera rays (through this pixel) in one
iteration and 𝜁𝜁⃗ is the join path from them. 𝐶𝐶𝑘𝑘,𝑚𝑚 (𝜁𝜁⃗𝑖𝑖,𝑗𝑗 ) is
the contribution from the this pair (𝑖𝑖, 𝑗𝑗) constrained to
conditions
1. The paths merge into join path
2. They merge at the 𝑚𝑚-th camera vertex
3. The join path has 𝑘𝑘 vertices
If these conditions are not satisfied 𝐶𝐶𝑘𝑘,𝑚𝑚 vanish. This
resolves ambiguity how to define the join path if the
camera and light halves did not merge.
The sets of join paths from different iterations are
independent. So for this linear form the average over
iterations (= the limiting luminance) is also linear in
weights. The mean square of luminance value
calculated in one iteration is a quadratic form in
weights whose “coefficients” are averages that can be
calculated in ray tracing.
Therefore we can find those weights that minimize
the variance of the pixel luminance, i.e. the noise. These
are the optimal weights. Its direct calculation that does
not include an approximations and hypothesis is
regrettably very expensive numerically. So we shall
perform it for a simple model scene, but even this
example will give us some important conclusions.
4. Simple model scene and calculations for it
Scene layout
To simplify our calculations we use a model scene
where all join paths have the same (and small) length. It
consists of 3 parallel planes with diffuse transparency;
planes 1 and 3 have the Lambert BDF. BDF of the
middle plane 2 is arbitrary and can be made very sharp
(when direction of a transmitted ray is close to that of
the incident ray). The planes are orthogonal to Oz and
are positioned at 𝑧𝑧 = 0, 𝑧𝑧 = 𝐿𝐿2 and 𝑧𝑧 = 𝐿𝐿2 + 𝐿𝐿3
respectively. Camera looks at plane 1 at normal
direction. We consider a single pixel such that the
camera ray hits plane 1 at (0, 0, 0) point. The rightmost
plane 3 is illuminated by light source from right side,
see Fig. 1.

plane 3

Notice that in principle we have different sets of
weights for joint paths of different total length 𝑘𝑘 (this is
obvious because they are functions of 𝑘𝑘 arguments).

plane 2

� 𝑤𝑤𝑘𝑘,𝑚𝑚 = 1

𝑚𝑚=0

plane 1

𝑘𝑘−1

L2

L3

Fig. 1: The model scene

The spatial distribution of illumination of plane 3 is
𝐼𝐼(𝑥𝑥, 𝑦𝑦). Since transmittance is the Lambert the angular
distribution of incident light is irrelevant.
Join paths and weights

This scene has no reflection and all paths connecting
the camera and light source are qualitatively the same
camera → 𝑥𝑥⃗1 → 𝑥𝑥⃗2 → 𝑥𝑥⃗3 → light

�⃗ is fixed and the segment between lights
where 𝑥𝑥⃗1 = 0
source and plane 3 is ignored because does not affect
the path contribution. Therefore the full path is
completely described by its two variable vertices, 𝑥𝑥⃗2
and 𝑥𝑥⃗3 .
The camera and light rays can meet at planes 1, 2
and 3 whose contributions are taken with weights
𝑤𝑤0 (𝑥𝑥⃗2 , 𝑥𝑥⃗3 ), 𝑤𝑤1 (𝑥𝑥⃗2 , 𝑥𝑥⃗3 ) and 𝑤𝑤2 (𝑥𝑥⃗2 , 𝑥𝑥⃗3 ). Because of
normalization 𝑤𝑤0 + 𝑤𝑤1 + 𝑤𝑤2 it suffices to calculate 𝑤𝑤0
and 𝑤𝑤1 .
If camera and light ray meet at plane 𝑚𝑚, it is
ambiguous whether 𝑥𝑥⃗𝑚𝑚 is camera or light hit (they can
differ by integration kernel radius). We choose camera
hit then.
Calculation of contribution
(𝑐𝑐)

(𝑐𝑐)

(𝑐𝑐)

Camera path is (𝑥𝑥⃗1 , 𝑥𝑥⃗2 , 𝑥𝑥⃗3 ) and light path is
(𝑙𝑙) (𝑙𝑙) (𝑙𝑙)
(𝑐𝑐)
(𝑥𝑥⃗3 , 𝑥𝑥⃗2 , 𝑥𝑥⃗1 ) where 𝑥𝑥⃗𝑚𝑚 is the hit point of camera ray
(𝑙𝑙)
at the 𝑚𝑚-th plane, 𝑥𝑥⃗𝑚𝑚 is the hit point of light ray at the
𝑚𝑚-th plane (light ray goes from plane 3 to plane 2 then
(𝑐𝑐)
�⃗ is fixed. As said above we do
to plane 1), and 𝑥𝑥⃗1 = 0
not consider the light ray before it hits the plane 3; just
(𝑙𝑙)
we start the ray by choosing the point 𝑥𝑥⃗3 at random.
The contribution of these two sub-paths is
(𝑙𝑙) (𝑙𝑙)
(𝑐𝑐)
(𝑙𝑙)
(𝑐𝑐)
𝐶𝐶 = 𝑤𝑤0 (𝑥𝑥⃗2 , 𝑥𝑥⃗3 )𝐸𝐸 (𝑐𝑐) (𝑥𝑥⃗1 )𝐸𝐸 (𝑙𝑙) (𝑥𝑥⃗1 )𝐾𝐾(𝑥𝑥⃗1
(𝑙𝑙)
− 𝑥𝑥⃗1 )𝑓𝑓1 (⋯ )
(𝑐𝑐) (𝑙𝑙)
(𝑐𝑐)
(𝑙𝑙)
(𝑐𝑐)
(𝑙𝑙)
+𝑤𝑤1 (𝑥𝑥⃗2 , 𝑥𝑥⃗3 )𝐸𝐸 (𝑐𝑐) (𝑥𝑥⃗2 )𝐸𝐸 (𝑙𝑙) (𝑥𝑥⃗2 )𝐾𝐾(𝑥𝑥⃗2 − 𝑥𝑥⃗2 )𝑓𝑓2 (⋯ )
(𝑐𝑐) (𝑐𝑐)
(𝑐𝑐)
(𝑙𝑙)
(𝑐𝑐)
+ 𝑤𝑤2 (𝑥𝑥⃗2 , 𝑥𝑥⃗3 )𝐸𝐸 (𝑐𝑐) (𝑥𝑥⃗3 )𝐸𝐸 (𝑙𝑙) (𝑥𝑥⃗3 )𝐾𝐾(𝑥𝑥⃗3
(𝑙𝑙)
− 𝑥𝑥⃗3 )𝑓𝑓3 (⋯ )
where 𝑓𝑓1 = 𝑓𝑓2 = 𝜋𝜋 −1 while
𝜗𝜗2
1
− 2 1
2𝛽𝛽
𝑓𝑓2 =
𝑒𝑒
cos𝛾𝛾
2𝜋𝜋𝛽𝛽 2
where 𝜗𝜗 is the angle between the incident and scattered
rays, 𝛾𝛾 is the angle between the scattered ray and the
normal and 𝛽𝛽 is the width. As to the integration kernel,
we use the simplest one:
1 1, |𝑥𝑥⃗| ≤ 𝑅𝑅
�
𝐾𝐾(𝑥𝑥⃗) =
𝜋𝜋𝑅𝑅2 0, |𝑥𝑥⃗| > 𝑅𝑅

where 𝑅𝑅 is integration radius. It is small.
(𝑐𝑐) (𝑐𝑐) (𝑐𝑐)
Denoting the camera path as 𝜉𝜉⃗ ≡ (𝑥𝑥⃗1 , 𝑥𝑥⃗2 , 𝑥𝑥⃗3 )
(𝑙𝑙) (𝑙𝑙) (𝑙𝑙)
and light path as 𝜂𝜂⃗ ≡ (𝑥𝑥⃗3 , 𝑥𝑥⃗2 , 𝑥𝑥⃗1 ) we can write
2

𝐶𝐶(𝜉𝜉⃗, 𝜂𝜂⃗) = � 𝑤𝑤𝑚𝑚 (𝑥𝑥⃗2 (𝜉𝜉⃗, 𝜂𝜂⃗), 𝑥𝑥⃗3 (𝜉𝜉⃗, 𝜂𝜂⃗))𝐶𝐶𝑚𝑚 (𝜉𝜉⃗, 𝜂𝜂⃗)
𝑚𝑚=0

where
(𝑐𝑐)
(𝑙𝑙)
(𝑐𝑐)
(𝑙𝑙)
𝐶𝐶𝑚𝑚 ≡ 𝐸𝐸 (𝑐𝑐) (𝑥𝑥⃗𝑚𝑚 )𝐸𝐸 (𝑙𝑙) (𝑥𝑥⃗𝑚𝑚 )𝐾𝐾(𝑥𝑥⃗𝑚𝑚 − 𝑥𝑥⃗𝑚𝑚 )𝑓𝑓𝑚𝑚+1 (⋯ )
are independent from weights. Notice that usually in
MCRT the ray energies can be calculated
deterministically from the path. But even if they are
random this does not affect our derivation, just
𝐶𝐶𝑚𝑚 becomes “more random”.
Pixel luminance calculated during 𝑀𝑀 iterations, each
of which uses 𝑁𝑁𝐹𝐹 light rays and 𝑁𝑁𝐵𝐵 camera rays, is
𝐿𝐿 =

𝑀𝑀

1
� 𝓒𝓒𝑠𝑠
𝑀𝑀
𝑠𝑠=1

𝑁𝑁𝐹𝐹 𝑁𝑁𝐵𝐵

1 1
𝓒𝓒𝑠𝑠 ≡
� � 𝐶𝐶(𝜉𝜉⃗𝑠𝑠,𝑗𝑗 , 𝜂𝜂⃗𝑠𝑠,𝑖𝑖 )
𝑁𝑁𝐵𝐵 𝑁𝑁𝐹𝐹

(3)

𝑖𝑖=1 𝑗𝑗=1

The contribution from each iteration (3) is random
variable and contributions from different iteration.
Therefore the variance of calculated luminance is
1
𝑉𝑉𝑉𝑉𝑉𝑉(𝐿𝐿) = 𝑉𝑉𝑉𝑉𝑉𝑉(𝓒𝓒)
𝑀𝑀
𝑉𝑉𝑉𝑉𝑉𝑉(𝓒𝓒) = ⟨𝓒𝓒2 ⟩ − ⟨𝓒𝓒⟩2
The averages are over the ray ensembles. They can
be approximately estimated from the sum over
iterations (the usual practice called sample mean and
sample variance).
Tabulated weights
For numerical calculations let us subdivide the
whole admissible area in (𝑥𝑥⃗2 , 𝑥𝑥⃗3 ) space in cells. The
weight is constant 𝑤𝑤𝑚𝑚,𝛼𝛼 within cell. Since formally 𝑥𝑥⃗2
and 𝑥𝑥⃗3 can be infinite we take some finite area and
subdivide it in a usual way, unbounded space outside it
constituting “the last cell”. Let 𝜒𝜒𝛼𝛼 (𝑥𝑥⃗2 , 𝑥𝑥⃗3 ) be 1 inside
the 𝛼𝛼-th cell and 0 outside it. Then the contribution
from the 𝑠𝑠-th iteration (3) becomes
(𝑚𝑚)
(𝑚𝑚)
(2)
𝐴𝐴𝛼𝛼,𝑠𝑠 ≡ 𝓒𝓒𝛼𝛼,𝑠𝑠 − 𝓒𝓒𝛼𝛼,𝑠𝑠
(2)

𝐵𝐵𝑠𝑠 ≡ � 𝓒𝓒𝛼𝛼,𝑠𝑠

(𝑚𝑚)
𝓒𝓒𝛼𝛼,𝑠𝑠

𝛼𝛼

𝑁𝑁𝐹𝐹 𝑁𝑁𝐵𝐵

1 1
≡
� � 𝜒𝜒𝛼𝛼 (𝜉𝜉⃗𝑠𝑠,𝑗𝑗 , 𝜂𝜂⃗𝑠𝑠,𝑖𝑖 )𝐶𝐶𝑚𝑚 (𝜉𝜉⃗𝑠𝑠,𝑗𝑗 , 𝜂𝜂⃗𝑠𝑠,𝑖𝑖 )
𝑁𝑁𝐵𝐵 𝑁𝑁𝐹𝐹
𝑖𝑖=1 𝑗𝑗=1

Combining the tables that relate to the weights 𝑤𝑤0
and 𝑤𝑤1 into single array:
𝑤𝑤0
𝑊𝑊 ≡ �𝑤𝑤 �
1
(0)
𝐹𝐹𝑠𝑠
𝐹𝐹𝑠𝑠 ≡ � (1) �
𝐹𝐹𝑠𝑠
(0)
𝐴𝐴𝑠𝑠
𝐴𝐴𝑠𝑠 ≡ � (1)
�
𝐴𝐴𝑠𝑠
we can write
𝓒𝓒𝑠𝑠 = ⟨𝐴𝐴𝑠𝑠 || 𝑊𝑊⟩ + 𝐵𝐵𝑠𝑠
Then, since the values for different 𝑠𝑠 are
independent the average value and the mean square are

𝓒𝓒 = �𝐴𝐴�|𝑊𝑊⟩ + 𝐵𝐵
𝓒𝓒2 = ⟨𝑊𝑊|𝐷𝐷|𝑊𝑊⟩ + 2�𝐹𝐹�|𝑊𝑊⟩ + 𝐵𝐵2
where the overbar denotes the average, and
𝐷𝐷 ≡ |𝐴𝐴⟩⟨𝐴𝐴|

⟨𝐹𝐹| ≡ 𝐵𝐵⟨𝐴𝐴|
The mathematical expectation of pixel luminance is
the same for all weights, thus the limiting average
�𝐴𝐴� = 0. But for a finite number of iterations, when
convergence is incomplete, the sample average can be
slightly depending on weights. Thus the sample average
�𝐴𝐴� ≠ 0 and while calculating the sample variance over
a finite number of iterations we must account for this
dependence. This sample variance over 𝑀𝑀 iterations is
thus
1
𝑉𝑉𝑉𝑉𝑉𝑉(𝐿𝐿) = �⟨𝑊𝑊|𝐷𝐷|𝑊𝑊⟩ + 2�𝐹𝐹�|𝑊𝑊⟩ + 𝐵𝐵2
𝑀𝑀
2
− ��𝐴𝐴�|𝑊𝑊⟩ + 𝐵𝐵� �
so the weights which minimize it satisfy
�𝐷𝐷 − �𝐴𝐴��𝐴𝐴��|𝑊𝑊⟩ = −|𝐹𝐹⟩ + ⟨𝐵𝐵⟩�𝐴𝐴�
which is just a system of simultaneous linear equations.
However numerical experiments shown that the
solution can be rather ragged. To improve the situation a
regularization term can be added to the minimization
equation which is a penalty for high gradients.
5. Results
We performed the calculations for the case when
plane positions 𝐿𝐿2 = 1, 𝐿𝐿3 = 3,
BDF of plane 2 has width 𝛽𝛽 = 3∘
illumination density 𝐼𝐼 is
1 𝑟𝑟𝐿𝐿𝐿𝐿 2
� � = 3333
𝑟𝑟3 ≤ 𝑎𝑎
𝐼𝐼(𝑟𝑟3 ) = �300 𝑎𝑎
1
𝑎𝑎 < 𝑟𝑟3 < 𝑟𝑟𝐿𝐿𝐿𝐿
0
𝑟𝑟3 ≥ 𝑟𝑟𝐿𝐿𝐿𝐿
where 𝑟𝑟𝐿𝐿𝐿𝐿 = 20 is the radius of illuminated area and
𝑎𝑎 = 0.02 is the “aperture” (radius) of its bright central
part
• integration radius 𝑅𝑅 = 0.003
• the number of rays 𝑁𝑁𝐵𝐵 = 100, 𝑁𝑁𝐹𝐹 = 107
The scene is axisymmetrical. Therefore all functions
of (𝑥𝑥⃗2 , 𝑥𝑥⃗3 ) actually depend on 3, not 4 variables:
(𝑟𝑟2 , 𝑟𝑟3 , 𝜑𝜑) where 𝜑𝜑 is the angle between vectors 𝑥𝑥⃗2 and
𝑥𝑥⃗3 (notice that 𝜑𝜑 and 2𝜋𝜋 − 𝜑𝜑 give the same result!).
BTW one can prove that the optimal weights are
independent from 𝜑𝜑.
As said above rays fill the area with 𝑟𝑟2 and 𝑟𝑟3 up to
infinity. So we chose a finite area for each, now 0 ≤
1
𝑟𝑟2 ≤ , 0 ≤ 𝑟𝑟3 ≤ 0.05, subdivided it into equal cells and
2
then added the last cell which completes to the whole
1
infinite domain, e.g. < 𝑟𝑟2 < ∞.
2
Trial calculations were done for several numbers of
cells. It happened that although the calculated weights
differ, the noise level is nearly the same (as it is
common for optimization). Since the weights are not
needed per se, but only the noise reduction by them, we
can use as small cells as enough to saturate the noise
level.

•
•
•

It happened that it was enough 1 cell in 𝜑𝜑 (i.e.
weights actually do not depend on it!), 2 cells in 𝑟𝑟2 (0 ≤
1
1
𝑟𝑟2 ≤ and < 𝑟𝑟2 < ∞) and 26 cells in 𝑟𝑟3 (the first 25 of
2
2
size 0.002 and the last 0.05 < 𝑟𝑟3 < ∞).
The noise was calculated for the following cases.
The calculation results are shown in Table 1:
1. rays meet at plane 1 only
2. rays meet at plane 2 only
3. rays meet at plane 3 only
4. rays meet at plane 3 only
5. optimal weights are used
case
1
2
3

𝒘𝒘𝟎𝟎
1
0
0

4

0

5

0

Table 1. The calculation results
𝒘𝒘𝟏𝟏
𝒘𝒘𝟐𝟐
𝑳𝑳×105 RMS,%
0
0
26.484 208%
1
0
26.352 254%
0
1
25.997 146%
1, 𝑟𝑟3 ≤ 𝑎𝑎 0, 𝑟𝑟3 ≤ 𝑎𝑎
�
�
26.352
61%
0, 𝑟𝑟3 > 𝑎𝑎 1, 𝑟𝑟3 > 𝑎𝑎
optimal
25.961
54%

Optimal weights were calculated from statistic
accumulated in 10000 iterations (Fig. 2). Optimization
was constrained to 𝑤𝑤0 = 0.

Fig. 2: The optimal weight 𝑤𝑤1 as a function of 𝑟𝑟2 ;
𝑤𝑤2 = 1 − 𝑤𝑤1 ; 𝑤𝑤0 was constrained to 0

6. Conclusions

We see that even in case of a direct optimization
(which gives the best result without false minima,
approximations etc.) the gain is moderate; it is about
3fold as compared to the best “fixed BDD” strategy.
This is not bad because 3fold in noise is equivalent to a
9fold increase of speed.
At qualitative level we see that the optimal weights
are not local i.e. we cannot calculate the weight (which
is as we remember a function of the vertices of join
path) from that path only. Indeed, in the above
calculation illumination of the rightmost plane was
3333 times lower for 𝑟𝑟3 > 𝑎𝑎. Let us compare it with the
case of uniform illumination. In this case the optimal
weight is very close to 𝑤𝑤2 = 1 (for all paths), so for a
join path with |𝒙𝒙3 | ≤ 𝑎𝑎 the optimal weight is different
for the uniform and not uniform illumination. In other
words, the weight for this path depends on illumination
outside it.
Surely the optimal weight is still a function of the
join path but this function depends on the global scene

characteristics.
Meanwhile in the “balance heuristic” or “power
heuristic” [3, 4] this function is known in advance. Very
roughly, it calculates the weight from the ratio of BDF
at junction point to the sum of BDFs at all the vertices
of the join path. We therefore conclude that the
balance/power heuristic, derived for the usual MCRT, is
not truly optimal for BDPM because there the
“samples” (join paths) are correlated because use the
same light and/or camera path several times.
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The paper is devoted to comparison of a posteriori methods (based on the precomputed solutions) for approximation error
estimation. Rigorous a posteriori error estimation for computational Fluid Dynamics at present is practically impossible due to
nonlinearity and the discontinuities that may occur and migrate along the flow field. In this situation, several nonstrict (weak) forms of
a posteriori estimation of the approximation error may be considered. They either do not provide the error norm estimation in the
form of inequalities or provide values of the effectivity index to be less than unit. The best quality of estimates are provided by the
Richardson extrapolation, unfortunately for the cost of extremely high computational burden. We pay the special attention to the
nonstrict methods that either cannot be presented in a form of inequalities, or demonstrate the effectivity index of an estimator to be
below unit. Several new, computationally inexpensive methods for both the point-wise error and the error norm estimation are
considered. They are nonintrusive, realized by postprocessing and provide a successful compromise of the reliability and
computational efforts. Methods based on the use of an ensemble of independent solutions can be implemented by constructing a
generalized computational experiment, which sharply increases the speed and efficiency of the assessment.
Keywords: approximation error, partial differential equations, a posteriori error estimation, Richardson extrapolation, Runge
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(source term of differential approximation [3]) that may
be formally expressed as

1. Introduction
The approximation error is omnipresent at the
numerical solutions of Partial Differential Equations
(PDE) due to the discretization at numerical statements.
The error estimation is of the high current interest in view
of the need for the verification of software and numerical
solutions. For example, the corresponding issues are
stated in Computational Fluid Dynamics (CFD) in the
form of standards [1,2]. Let's discuss main approaches to
the estimation of the approximation error. We consider a
PDE system in the operator form
Au~ = f (1)
and corresponding discrete operator

Ah uh = f h (2)

that approximates the system on some grid.
In further presentation we consider the numerical
solution uh to be a grid function (vector uh∈RM, M is the

u~h ∈ R M to be the projection of
~ = u − u~ to be the true
true solution onto the grid, ∆u

number of grid points),

h

h

h

approximation error, ∆uh to be some estimate of this
error. L2 - based norm is used for a comparison of these
vectors. We may also use the set of numerical solutions

u h(i ) ∈ R M

obtained

by

independent

numerical

∞

δu = ∑ C m h m
m=n

for PDE systems of the first order. This expression
contains the infinite number of terms so, the first (minor
order) term is commonly used. It may be computed by
many ways including the special postprocessor [4].
A priori error estimates have an universal form.
Unfortunately, the unknown constant prevents it from to
be used in applications.
A posteriori error estimator usually has the form

∆u ≤ E (uh ) (5)

and is determined by some computable error indicator
E(uh). This estimator depends on the previously
computed numerical solution uh and, thus, has a minor
generality. Fortunately, it may be applied to practical
computations since has no unknown constants.
The highly efficient technique is developed for a
posteriori error estimation in the domain of the finiteelement analysis [5,7,8]. In accordance with [5], the
quality of a posteriori error estimation may be expressed
via the effectivity index of estimator that is equal to the
relation of the estimated error norm to the true error
norm:

algorithms (i=1…K) is the number of used algorithm).

u h(i ) − u~h

L2

I

= ri is the distance between true and

approximate solutions.
Two main options to the estimation of the
approximation error exist.
A priori error estimation
n

∆u ≤ Ch (3)

is commonly used at the design and the theoretical
analysis for the determination of the convergence order.
Herein h is the step of discretization, n is the order of
approximation, C is an unknown constant. This
estimation is usually related to the truncation error

∂ m +1u~
(4)
∂x m +1

( j)
eff

∆uh(i )
= ~ (i )
∆u
h

L2

(6)

L2

One may treat the norms of the true error and
estimation error as the radii of hyperspheres

rexact = ∆u~h(i )

L2

and

rest = ∆uh(i )

L2

. Thus, the numerical

u h(i ) are located at surfaces of concentric
~ and radii ri
hyperspheres with the centre at u

solutions

h

(unknown). The relation

I

(i )
eff

≥ 1 means that the

hypersphere, containing the true error, belongs to the
hypersphere defined by the estimator. So, in order to

Copyright © 2020 for this paper by its authors. Use permitted under Creative Commons License Attribution 4.0 International (CC BY
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provide the reliable estimation, the effectivity index
should be greater the unit. On the other hand, the
estimation should be not too pessimistic, so the value of
the effectivity index should be not too great. For the
finite element methods, used in the domain of elliptic
equations (usually engendering highly regular solutions),
the acceptable range, according [5], is

1 ≤ I eff(i ) ≤ 3 .

However, the boundaries of this inequality seem to be
dependent on the problem at hand. Numerical tests for
CFD domain demonstrate the efficiency index to belong
the range (0.3,5). For the nonlinear problems containing
discontinuities (that is common case for CFD) the
progress of a posteriori error estimation in the rigorous
form of inequality (5) is limited.
As an alternative, some less rigourous methods are
employed. These methods provide the estimation of ∆uh
without any strict inequality. Significant number of
estimators do not met the condition

I eff(i ) ≥ 1 .

We note such error estimators as nonstrict (weak)
ones.
The first domain of these approaches forms the defect
correction methods [9-11]. Some part of these methods
[9,10] apply some approximation of the truncation error
δuh in order to disturb the main system. The additional
equation for the error transformation occurs
Ah (u h )∆u h = δ h . (7)

These methods are rather laborious since imply
coding, debugging and solving of an additional problem.
A bit less laborious version of defect correction
methods [11] have the appearance

Ah (u h )u hrefined = f h + δ h , (8)

that imply the disturbing of the main problem by the
source term, which approximates the truncation error.
Another branch of nonstrict a posteriori error
estimation methods has a non-intrusive form of certain
postprocessor that significantly reduces efforts for coding
and debugging. It may be based on the Runge rule [5],
Richardson extrapolation (RE) [13,14], Inverse Problem
based approach (IP) [15] or ensemble based methods
(EM) [16-19].
The heuristic rule by C. Runge [5] is the basis of
commonly used stopping criterion by merging of
solutions at the mesh refinement.
The standards for verification and validation [1,2]
recommend the Richardson extrapolation (RE) as the
main tool for the verification. Richardson extrapolation
provides the pointwise approximation of the error field,
unfortunately, at the cost of the high computational
burden [13,14]. RE provides some generalization of the
Runge's rule.
The Inverse Problem based approach (IP) [15]
enables the pointwise information on the error.
The computationally cheap approach to a posteriori
error estimation that is based on the ensemble of
numerical solutions obtained by independent methods is
offered by [16-19]. However, these approaches do not
provide the pointwise information on the approximation
error.

Thus, the computationally inexpensive nonstrict a
posteriori estimation of approximation error is of the
major interest in CFD from the viewpoint of verification
of codes and solutions. The simultaneous use of several
nonstrict methods may have some prospects from the
viewpoint of reliability increasing.
2. Runge rule
From the historic viewpoint the first a posteriori error
indicator is based on the heuristic rule by C. Runge [5]. If
the difference between two approximate solutions
computed on a coarse mesh uh and the refined mesh uh,ref
is small, then both are assumed to be close to the exact
solution. The Runge’s rule can be considered as the first
a posteriori error indicator |ε(uh)- ε(uh,ref)|=ERunge(uhuh,ref) if one uses certain functional of the flow variables.
It is the basis for the stopping criterion by merging of
some functional at the mesh refinement. However, such
relations do not guarantee convergence of the total
solution or other valuable functionals. From a practical
needs perspective one should desire the quantitative
estimate of the form

uh − u~ ≤ δ with computable δ .

The Runge's rule can be easily expanded to the
Richardson extrapolation.
The approximation error order that is observed in
CFD applications assumes the discrete form

∆u = u h − u~h = C1h j1 + C 2 h j2 + C3 h j3 + .... (9)

where j1, j2, j3, … are positive (sometimes noninteger)
numbers ordered in accordance with the magnitude (for
example, [12]).
The accuracy for the error estimation by Runge's rule
has the lowest order

O(h j1 ) and remains unresolved.

3. Richardson extrapolation
Richardson extrapolation is based on the first term of
expansion (9)

u ( q ) = u~ + Chqn and operates if the

asymptotic range is achieved for several grids hq (Ck, n
are assumed to be constant that should be verified
numerically by expanding the set of grids) [13,14]. For
CFD problems containing shock waves and contact lines
[12] the error order is not constant over the flowfield and
depends on the type of flow structure. So, one should to
extend RE for estimation of the local order of
convergence.
The pointwise (m is the grid point number) results of
numerical computation for three meshes of different steps
hq may be presented as:

um(1) = u~m + Ck h1n m
u ( 2 ) = u~ + C h n m (10)
m

u

m

( 3)
m

k

2

= u~m + Ck h3n m .

This system is defined for the most rough grid and
may be resolved regarding

u~m , C m , nm by several

methods described in [13, 14]. The relations (10) are
valid, if Cm is independent on h and higher order terms
may be neglected, that is, the solution is in the asymptotic
range. This statement implies at least four consequently

refined grids. If the asymptotic range is not confirmed on
these grids, the additional refinement is necessary.
So, the Richardson extrapolation provides the
pointwise approximation for the error field at the cost of
the high computational burden.
The accuracy of RE for the error estimation has the
j

appearance
O(h 2 ) and remains unresolved
quantitatively that excludes estimates by inequalities of
the type (5).
4. Approximation error
Inverse Problems

estimation

using

The nonstrict (weak) form of the approximation error
estimation by the Richardson extrapolation uses the set of
numerical solutions obtained by the same algorithm for
consequently refined grids. On other hand, one may
consider an ensemble of numerical solutions

um(i ) = u~h , m + ∆um(i ) , obtained by K independent

algorithms (of different structure, for example, of
different approximation order) on the same grid. The
projection of an exact (unknown) solution on the grid
~ , the approximation error (also
point m is denoted as u
h, m
unknown) for i-th solution is denoted as

(i )
m

∆u .

The differences of solutions are equal to the
differences of the approximation errors and, hence,
contain some information regarding the unknown errors

∆um(i ) :

We treat this information in accordance with the
approach described by [15] in order to determine the

∆um(i ) .

error

One

may

obtain

N = n ⋅ (n − 1) / 2 relations on the set of n numerical
solutions:

Aij ∆um( j ) = f i , m . (12)

The summation over the repeating indexes is used
elsewhere from this point. For the minimum set of data
(three solution) equation (12) assumes the form

 1 − 1 0  ∆u


 1 0 − 1 ∆u
 0 1 − 1 ∆u



(1)
m
( 2)
m
( 3)
m

  f1, m   u − u
 
 
 =  f 2, m  =  u − u
  f  u − u
  3, m  
(1)
m
(1)
m
( 2)
m

( 2)
m
( 3)
m
( 3)
m



 . (13)



The solution of these equations is invariant relatively

the transformation

∆u

( j)
m

n

∑
j

n

(∆u ( j ) ) 2 / 2 = ∑ (∆u~ ( j ) + b) 2 / 2 (15)
j

and ensures the boundedness of b. The minimum of (15)
occurs at

b=−

1 n
∆u~m( j ) = −∆um (16)
∑
n j

So, the minimum attainable error of ∆u(j) is restricted
by the mean value:

∆u m =

= ∆u~m( j ) + b since it uses the

difference of solutions. By this reason, the problem at
hands is underdetermined and, consequently, ill-posed
[20,21]. We pose the Inverse Problem (IP) with
regularization in order to find a stable and bounded
solution. The variational statement [21] with the zero
order Tikhonov regularization term is used:
ε = ( Aij ∆um( j ) − f i ,m )( Aik ∆um( k ) − f i ,m ) + α (∆um( j ) E jk ∆um( k ) ) . (14)
The first term is a discrepancy of the predictions and
observations, the second term poses the zero order
Tikhonov regularization, α is the regularization

1 n
∑ ∆u~m( j ) . (17)
n j

5. Distance between solutions as the measure
of the error
As we mentioned before, the difference between
solutions contains some information on errors. Herein,
we consider the global (in sense of L2 norm for the grid
functions) estimates of errors.
If the relation

u~h − u h(1)

L2

≥ 2 ⋅ u~h − u h( 2 )

L2

(18)

holds for numerical solutions u(1) and u(2), the following
contention may be stated.
The norm of approximate solution u(2) error is less
than the norm of difference between solutions

u~ − u ( 2 )

d ij , m = um(i ) − um( j ) = ∆um(i ) − ∆um( j ) (11)

approximation

parameter, Ejk is the unite matrix. The regularization term
has the form

≤ du1, 2

L2

L2

. (19)

This expression may be easily proved using the
triangle inequality [16].
Unfortunately, the information on the errors ordering
is not available as a rule.
Fortunately, the additional analysis of distances
between solutions may be useful in this situation. For this
purpose we should expand the set of analyzed solutions
above two. Let u(1) be the maximally inaccurate solution
in the ensemble of K numerical solutions. We compare
subsets of distances

u~h − u h(1)

L2

du1, j

>> u~h − u h(i )

and

L2
L2

dui , j

L2

(i ≠ 1) . If

(the selected solution is

especially inaccurate), the total set of distances between
solutions splits into a subset specified by great values of

du1, j

L2

(distances

from

accurate

solutions

to

inaccurate one) and a subset of distances between more
accurate solutions

dui , j

L2

(i ≠ 1) . This situation may

be found visually, if the distances between solutions are
distributed along a line in accordance with their
magnitude. In this situation u(1) may be easily found by
the outliers.
The maximum of the distance from zero to maximal
value in the cluster

dui , j

L2

is assumed to be the upper

bound of the cluster δ1 containing distances between
“accurate” solutions. The minimum of

du1, j

L2

is

assumed to be a down border of the cluster δ2 containing
the distances between “accurate” solutions and most
inaccurate one (u(1)).
The separation of distances between solutions into
clusters may be considered as evidence of the existence
of solutions with significantly different error norms, that
may be stated as the following rule:
If the distance between the clusters is greater than the
size of the cluster of accurate solutions
δ 2 − δ1 > δ1 , (20)
then

u~ − u (i )

L2

≤ du1,i

L2

. (21)

We may use the differences between numerical
solutions in different ways since the errors may be of the
close magnitudes and the above analysis does not
operate. Let's assume these errors ∆u(1), ∆u(2) to belong
hyperspheres with the center at zero point. If the errors
are orthogonal, the distance between numerical solutions
(hypotenuse) is greater any leg

d1, 2 = ∆u (1) − ∆u ( 2 ) ≥ ∆u ( k ) = u ( k ) − u~h (22)

This relation resembles the famous "hypercircle
method" [6], unfortunately in certain imprecise form.
The error estimate (22) may be naturally extended on
the ensemble of K solutions as follows:

d k , max ≥ ∆u ( k )

d k ,max = max u
i

(k )

−u

L2

(i )

(23)

, (i = 1, K )

The strict orthogonality of approximation errors is not
observed in numerical tests [19]. However, the
approximation errors are not collinear also. Numerical
tests demonstrate the angles between the approximation
(1)
( 2)
errors α = arccos (∆u , ∆u ) to be in the range
∆u (1) ⋅ ∆u ( 2 )
30°÷44°. The angles between the truncation errors β are
observed in the range 58°÷64°. Practically all tests
demonstrates α<β and the low boundary may be
described as α(β)= β/3. We calculate the angle β using
truncation errors δu(j) computed by postprocessor [4] and
assume α(β)= β/3 that engenders the estimate:

1.1 ⋅

u (1) − u ( 2 )
sin(α / 2)

> ∆u (i ) , (i = 1,2) (24)
2

6. The comparison of the error estimators
The above considered error estimators are
nonintrusive and are based on a postprocessor. We list
and discuss the efficiency index (obtained for numerical
solution of the compressible Euler equations [14-19],
containing shock waves and contact discontinuities), the
order of the unresolved error and computational expense
for this estimators.
Runges' rule
Numerical tests demonstrate the efficiency index
Ieff~0.1÷10.

The norm of the unremovable part of the error for this
approach has the asymptotics

e = O(h j1 ) .

This approach uses several consequent grids
(minimum two) and, so it is of the medium computational
expense.
Richardson extrapolation
Numerical tests [14] demonstrate the Richardson
extrapolation to enable the efficiency index Ieff≈1.
The unremovable error is determined by the upper
order
terms
neglected
at
asymptotic
range

e = O(h j2 ) .

This approach requires four (or greater number)
consequent grids and is of the extremely high
computational expense.
Inverse Problem
The efficiency index for IP based error estimation is
in the range Ieff≈0.25÷4 for K from K=2 and K=13.
The unremovable part of the error e is

∆u m = e =

1 n
∆u~m( j )
∑
n j

The norm of the unremovable part of the error for this
approach has the asymptotics

e = O(h jmin ) , where

jmin is the minimal approximation error over the set of

solutions.
This approach requires three (or greater number)
independent numerical solutions, obtained on the same
grid, and demonstrates the low computational expense.
Distances between solutions
The distance between solutions may be used in
several manners that applies the maximum distance
between solution (diameter of ensemble), the angle
between truncation errors, the analysis of the distances
between solutions (the detection of the most imprecise
solution).
Diameter of ensemble.
Numerical tests [18] for the openFOAM package
demonstrate that the distances between solutions may be
used as the error estimators. For the ensemble of five
solutions the results of [18] shows Ieff≈0.6÷4. Tests by
[19] demonstrates the efficiency index to be in the range
Ieff~0.04÷1.5 (K=2) and Ieff~1.1÷1.5, for K=13.
Angle between truncation errors.
The account of the angle between the truncation
errors (24) enables the estimation that provides the
effectivity index in the range Ieff~0.9÷4.52 [19].
The norm of the unremovable part of the error for this
approach has the asymptotics

e = O(h j1 ) .

This approach requires two independent numerical
solutions on the same grid and is of the low
computational expense.
Analysis of the distances between solutions.

Numerical tests [16] demonstrate the efficiency index
for the triangle inequality based estimation (Eqs. (19),
(21)) is in the range Ieff≈0.75÷2.3.
The norm of the unremovable part of the error for this
approach has the asymptotics

e = O(h j1 ) .

This approach requires three (or greater number)
independent numerical solutions on the same grid and is
of the low computational expense. Unfortunately, it
operates only for algorithms having significantly
different magnitudes of approximation error. This
approach fails for certain sets of solutions ([18]).
7. Conclusions
Rigorous a posteriori error estimation for
computational Fluid Dynamics at present is practically
impossible due to nonlinearity and the discontinuities that
may occur and migrate along the flow field. In this
situation, several nonstrict (weak) forms of a posteriori
estimation of the approximation error may be considered.
They either do not provide the error norm estimation in
the form of inequalities or provide values of the
effectivity index to be less than unit. The best quality of
estimates are provided by the Richardson extrapolation,
unfortunately for the cost of extremely high
computational burden.
However, several new nonstrict forms of a posteriori
estimation of the approximation error (based on the
ensemble of methods) provide inexpensive estimation of
the error norm. The Inverse Problem based error
estimation provides the inexpensive estimation of the
point-wise error. These approaches hold the greatest
promise for the approximation error estimation. These
estimators provides the effectivity index

(i )
0.3 ≤ I eff
≤5

that may be considered as the acceptable range of the for
CFD applications.
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This work is devoted to the application of a generalized computational experiment for a comparative assessment of numerical
methods accuracy. The construction of a generalized computational experiment is based on the simultaneous solution using parallel
computations in a multitasking mode of a basic problem with different input parameters, obtaining results in the form of multidimensional
data volumes and their visual analysis. This approach can be effective in problems of verification of numerical methods. A comparative
assessment of the accuracy for solvers of the open software package OpenFOAM is carried out. The classic inviscid problem of oblique
shock wave is used as a basic task. Variations of the key parameters of the problem — the Mach number and angle of attack — are
considered. An example of constructing error surfaces is given when the solvers of the OpenFOAM software package are compared.
The concept of an error index is introduced as an integral characteristic of deviations from the exact solution for each solver in the class
of problems under consideration. The surfaces of deviations from the exact solution in the L2 norm, constructed for each solver, together
with the calculated error indices, make it possible to obtain a complete picture of the accuracy of the solvers under consideration for
the class of problems defined by the ranges of variation of the Mach number and angle of attack.
Keywords: generalized computational experiment, numerical methods, verification problems, error index

1. Introduction
The tasks of numerical methods verification have
always been of paramount importance throughout the
history of the development of computational mathematics.
Today, verification problems are of particular importance
in the problems of computational gas dynamics. In
mathematical modeling of practical problems in
aerodynamics, the researcher must be sure of the accuracy
of the numerical method used.
A comparative assessment of numerical methods
accuracy is of particular importance at present. This is due
to the wide distribution of software packages, both open
and commercial, allowing to solve a wide range of
problems. As a rule, a large number of numerical methods
implemented in various solvers are integrated into such
packages. When solving practical problems, it is not easy
for the user to choose the most suitable solver for the
studied class of problems.
The relevance of verification tasks is confirmed by the
introduction in 2018 of the Federal Standard for the
numerical simulation of supersonic inviscid gas flows and
software verification [1]. Similar foreign standards have
been around for quite some time [2,3]. Such standards will
determine the direction of research in this area over the
next decade. However, all these methodological
documents are focused on verification in relation to a
specific task with fixed values of key parameters.
At the present stage, researchers need more
comprehensive estimates of the accuracy of numerical
methods. For example, in assessing accuracy, not for a
single task, but for a class of tasks. By a class of tasks is
meant a basic task considered in the ranges of change in
the set of key parameters. Such parameters in
computational aerodynamics can serve characteristic
numbers that determine flow velocity, viscosity,
thermophysical properties of the medium, geometric
parameters, etc. An opportunity of getting solution for a
class of problems is provided by the construction of a
generalized computational experiment.

The concept, basic methods and approaches of a
generalized computational experiment, as well as a
number of software tools for its implementation were
developed in Keldysh Institute of Applied Mathematics
RAS. The main aspects of constructing a generalized
computational experiment and examples of its
implementation are described in detail in [4–11].
This work is devoted to the application of a generalized
computational experiment for a comparative assessment of
numerical methods accuracy.
2. Generalized computational experiment
The emergence of the concept of a generalized
computing experiment is associated with the development
of high-performance computing clusters and parallel
technologies. In problems of computational aerodynamics,
parallel technologies usually provide the ability to quickly
calculate on detailed grids. However, parallel technologies
provide us with another important opportunity. This is the
ability to simultaneously calculate on different nodes the
same task with different input data. As a rule, such a
calculation is performed in multitasking mode.
This opens up the possibility of implementing a
generalized computational experiment. The key
parameters of the problem under consideration are divided
in certain ranges with a certain step, forming a grid
partition of a multidimensional box in a multidimensional
space of key parameters. The basic problem is solved
using parallel technologies at each point of the grid
partition. The obtained results represent multidimensional
data volumes. Processing, analysis and visual presentation
of this data is carried out using methods of visual analytics
and scientific visualization. This computing technology is
the most general description of a generalized computing
experiment.
Obviously, such a concept can be applied to a wide
range of tasks. This range includes parametric studies,
optimization problems. A generalized computational
experiment is an effective tool for solving inverse
problems.
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A large number of different applications of a
generalized computational experiment are described in
detail in [4-14]. The concept of a generalized
computational experiment was applied to a wide range of
both model and practical problems.
These tasks include the analysis of the interaction of a
viscous supersonic flow with a jet barrier, the flows in the
wake of the body, the problems of the interaction of jets,
the problem of flowing around a cone at an angle of attack,
the problem of oblique shock waves, and many others. The
approach to constructing a generalized computational
experiment was applied to the problem of finding the
optimal three-dimensional shape of the blades assembly
for a power plant in terms of power loads.
Also, this approach was applied to the problems of
verification of numerical methods. A comprehensive
comparative analysis of a number of solvers of the
OpenFOAM open software package [15] was carried out
in [12–14, 20, 21]. As basic tasks, we used problems that
have a reference solution (exact solution or experimental
data). These tasks include the problem of a supersonic
inviscid flow around a cone at an angle of attack and the
problem of an oblique shock wave formation. In both
cases, a class of problems was considered, formed by key
parameters variations of the problem in question.
3. The problems of numerical methods
verification
As already mentioned above, verification problems
have been an important section throughout the history of
the development of computational mathematics and
mathematical modeling. As a rule, a comparison of the
numerical results was carried out with some reference
solution, in the role of which the exact solution was used
if available or the available experimental data.
If there is a reference solution, the accuracy of the
numerical method can be estimated for the solution
element or for the entire calculation domain. For example,
for problems containing discontinuities (shock waves),
previously, the width of the “smearing” of the solution at
discontinuity was traditionally considered as a
characteristic of the numerical method accuracy. In this
case, a comparison with the reference solution over the
entire flow field was also applied. For an objective
assessment of numerical method accuracy, it seems
appropriate and reliable to apply both approaches. In the
presence of a reference solution, the construction of a
generalized computational experiment allows us to
compare not only for one problem with fixed key
parameters, but also for problems in the entire field of
variation of key parameters.
If the class of problems is determined by two key
parameters, then for each numerical method involved in
the comparison, the dependence of the error on these
parameters is constructed in the form of an error surface.
In the case of three key parameters, scientific visualization
methods are used to analyze a three-dimensional figure
representing the dependence of the error on key
parameters. In the case when the number of key
parameters is more than three, then methods of visual
analytics should be used to analyze the results. In some

cases, approaches to lowering the dimension of the
multidimensional space of key parameters under
consideration are useful.
A separate problem is the estimation of the accuracy of
numerical methods in the absence of a reference solution.
Here, to assess the accuracy, foreign standards recommend
to apply Richardson method [2,3]. However, for practical
problems of computational aerodynamics this is very
difficult due to the enormous computational costs. The
computational costs are due to the fact that the
implementation of Richardson method requires multiple
calculations with a decrease in the step of the spatial grid
decomposition. One of the alternatives in this case is the
estimation of accuracy on the ensemble of solutions. The
ensemble of solutions obtained by various numerical
methods on the same grid allows us to estimate the
location of the exact solution and to divide the obtained
numerical solutions into clusters of different levels of
accuracy. This direction is being actively developed at
present and is presented in [16-19]. A natural drawback of
this approach is the need for researcher to have at his
disposal a certain number of solvers that implement
numerical methods with different computational
properties.
4. The example of verification problem
This section provides an example of constructing a
generalized computational experiment for a comparative
assessment of numerical methods accuracy. As an
example, we use the numerical results described in detail
in the authors' works [20,21]. In these papers, a class of
computational gas dynamics problems is considered that
describe the incidence of an inviscid supersonic gas flow
onto a flat plate at an angle of attack.
With such an incidence, an oblique shock wave is
formed. The Mach number and angle of attack are used as
key parameters. These values vary in certain ranges. This
problem has an exact solution. With the exact solution, a
comparison is made at each point of the calculation
domain, and for each combination of key parameters, an
error is evaluated in the norm of L1 and L2. The results
obtained make it possible to construct an error surface as
an error function of two key parameters of the problem.
Carrying out similar calculations for several numerical
methods implemented in the solvers of the open software
package OpenFOAM, makes it possible to build several
such surfaces on one drawing. This opens up the
possibility of a deep and clear comparative analysis of the
accuracy of the studied numerical methods. The
construction of such a generalized computational
experiment involves the creation of computational
technology from solving a direct problem up to visual
analysis of the results. One of the most expressive and
visual forms of visualization is the construction of stereo
animations of the results of numerical studies. A similar
construction of stereo images for this task was carried out
and described in [22].
Fig. 1 presents the results of constructing error surfaces
for four OpenFOAM solvers with variations in the Mach
number from 2 to 4 and variations in the angle of attack
from 6 to 20 degrees [21]. It should be noted that error

surfaces for the class of problems for the comparative
analysis of the accuracy of numerical methods were
constructed in [21] for the first time. Four error surfaces
for OpenFOAM solvers are presented - rhoCentralFoam
(rCF), pisoCentralFoam (pCF), sonicFoam (sF) and
QGDFoam (QGDF).
These surfaces allow a thorough visual comparison of
deviations from the exact solution in the class of problems
under consideration. It can be seen that all 4 surfaces
behave in a very similar way. The deviation from the exact
solution increases with the growth of key parameters - the
angle of attack and the Mach number. Fig. 1 also shows

that the best accuracy in the class of problems is provided
by the rCF and pCF solvers, for which the error surfaces
almost coincide.
Thus, the construction of a generalized computational
experiment allows us to conduct a full-fledged
comparative accuracy assessment for four solvers of the
OpenFOAM software package in the class of problems.
The class of tasks in this particular case is determined by
the basic task (oblique shock wave) and the ranges of
variation of the key parameters of the problem - the Mach
number and angle of attack.

Fig. 1. Image of the surface deviation from the exact solution for 4 OpenFOAM solvers with variation of the Mach number and angle
of attack for the oblique shock wave [21]

The image of error surfaces presented in Figure 1 gives
a fairly clear idea of the comparative accuracy of
OpenFOAM solvers in the class of problems. However,
for a more complete assessment, an integral characteristic
for each surface can be introduced.
We call this characteristic the Error Index (EI).
The error index is defined as follows. Let i = 1, M and
j = 1, N be the grid partitions of key parameters, and Aij the deviation from the exact solution at each point of the
grid partition. Then the error index is defined as:
𝐸𝐸𝐸𝐸 = � 𝐴𝐴𝑖𝑖𝑖𝑖 �(𝑀𝑀 ∗ 𝑁𝑁).
𝑖𝑖𝑖𝑖

Then the error index values for the surfaces shown in
Fig. 1 can be calculated and written in the form of table 1.
Table 1. Error Index Values for 4 OpenFOAM Solvers
Solver
rCF
pCF
QGDFOAM
sF
Error Index 0.037734 0.038751
0.0453406
0.058216

Table 1 shows that the values of the error index EI
completely correspond to the relative positions of the
surfaces in Figure 1. Therefore, the calculated error index
can serve as a characteristic of the accuracy of numerical
methods in the selected class of problems.
5. Conclusion
The application of a generalized computational
experiment to the problems of comparative estimation of

the accuracy of numerical methods is considered. An
example of constructing a generalized computational
experiment for a class of problems is described. The class
of tasks is formed on the basis of the basic problem (the
oblique shock wave) and variations of the determining
parameters of the problem - the Mach number and angle
of attack. An example of constructing error surfaces is
given. The concept of a numerical method error index for
a class of problems is introduced.
The construction of a generalized computational
experiment can serve as an effective tool for verification
problems.
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Since the creation of computers, there has been a lingering problem of data storing and creation for various tasks. In terms of
computer graphics and video games, there has been a constant need in assets. Although nowadays the issue of space is not one of the
developers' prime concerns, the need in being able to automate asset creation is still relevant. The graphical fidelity, that the modern
audiences and applications demand requires a lot of work on the artists' and designers' front, which costs a lot. The automatic
generation of 3D scenes is of critical importance in the tasks of Artificial Intelligent (AI) robotics training, where the amount of
generated data during training cannot even be viewed by a single person due to the large amount of data needed for machine learning
algorithms. A completely separate, but nevertheless necessary task for an integrated solution, is furniture generation and placement,
material and lighting randomisation. In this paper we propose interior generator for computer graphics and robotics learning
applications. The suggested framework is able to generate and render interiors with furniture at photo-realistic quality. We combined
the existing algorithms for generating plans and arranging interiors and then finally add material and lighting randomization. Our
solution contains semantic database of 3D models and materials, which allows generator to get realistic scenes with randomization
and per-pixel mask for training detection and segmentation algorithms.
Keywords: procedural generation, machine learning, AI training, light-processing, tesselation, modeling

1. Introduction
Since the creation of computers, there has been a
lingering problem of data storing and creation for various
tasks. In terms of computer graphics and video games,
there has been a constant need in assets. Although
nowadays the issue of space is not one of the developers'
prime concerns, the need in being able to automate asset
creation is still relevant. The graphical fidelity, that the
modern audiences and applications demand requires a lot
of work on the artists' and designers' front, which costs a
lot. The automatic generation of 3D scenes is of critical
importance in the tasks of Artificial Intelligent (AI)
robotics training, where the amount of generated data
during training cannot even be viewed by a single person
due to the large amount of data needed for machine
learning algorithms. A completely separate, but
nevertheless necessary task for an integrated solution, is
furniture generation and placement, material and lighting
randomisation.
A number of industries use virtual reproductions of
indoor scenes: interior design, architecture, gaming and
virtual reality are a few. A computer model that
understood the structure of such scenes well enough to
generate new ones could support such industries by
enabling fully or semi-automatic population of indoor
environments.
Since development of neural networks algorithms,
there is a big problem with creating training data sets.
Computer vision and robotics researchers have begun
turning to virtual environments to train data-hungry
models for scene understanding and autonomous
navigation. So indoor scene synthesis could also be used
to automatically synthesize large-scale virtual training
data for various vision and robotics tasks.
2. Related work (plan generation)
Interior layout generation can be divided into three
main subtasks: plan, layout generation and 3D content
generation. By "plan" we are going to implicate a general

representation of a storey, that describes the types of
rooms, their dimensions and possible neighboring
chambers that is stored in a separate datafile. The
"Layout" is the final blueprint showing all rooms being
accurately placed and connected.
Plan generation can be done either by the means of
machine learning [1], or by creating a general list of room
placement that will be used to randomly assemble the
result [2]. Depending on the type of layout constructor
the rules can be either strict or be more of a loose
guideline.
Layout assembly is the most complicated task of the
three. The idea is to take a predetermined area (except for
some cases) and separate it into subareas based on the
previously generated plan. There has been developed a
lot of different ways to solve this problem over the years,
some of which are listed below.
Tiling
"Tiling" approach works similar to a toy constructors.
It represents abstracts the whole area with small equalsized chunks [3]. These pieces are usually placed in a
grid and the process of layout generation comes down to
placing the tiles in an appropriate manner. The blocks do
not contain any information about rooms and are merely
used for determining the overall shape.
Most grid based modern computer games [4, 5]
nowadays use tiles for constructing environments to
provide immense replay-ability and moderate challenge
to the players. The method is also popular among
independent developers since it allows to easily create
level geometry and graphics on a tight budget. The
advantage of tiling approach is simplicity and
universality: tile primitives can be used in other methods
for basic building blocks. The drawbacks are clearly
visible structure of resulting model and difficulties with
smaller then tile size objects.
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Dense packing
"Dense packing" method makes of use of rooms with
predetermined shapes and sizes and attempts to place
them within a confined space with preset dimensions in
an optimal manner [6]. It is based on a class of
optimization problems with the same name. Rooms can
be represented with tiles for ease of modeling. The
advantage of ths method is that it based on a well-known
mathematical problem and a lot of different solution have
been developed for it. It also useful when particular size
of rooms is required. The main disadvantage is that
algorithm may require to regenerate room if placing them
in the area is impossible and thus final solution may take
a lot of time not even taking into account optimization
problem complexity.
Growth
"Growth" algorithm is done in three phases [7]. In
preparation the area is divided into small sections like
tiles, each given an initial numeric value. Then the
"seeds" of each section/room are subsequently planted in
positions with highest values, each changing the numbers
on the grid based on probabilities of other room types
being adjacent. The rooms are later iteratively grown
around their origin in a rectangular manner. All unused
space is latter consumed by existing chambers. An
advantage is straightforward implementation and
possibility to work with non-rectangular shapes of target
space. The main disadvantage of the algorithm is the
inability to control the size of the rooms.
Inside-out
"Inside-out" approach (known as "growth" in some
sources) is based on placing rooms in an optimal manner,
succeeded with creating the outer wall of the house based
on resulting shape [8]. The act placing rooms can be
implemented in different ways. For example, the
algorithm can choose the first primary chamber and place
other rooms around it. This algorithms does not restrict
the resulting area size and shape and adjacent rooms can
be calculated and placed more accurately. However,
chambers can be placed in an unoptimized manner
resulting in visible gaps and the outer shape can turn out
to be unrealistic.
Treemap
Other set of methods is performed by representing the
floor plan as a graph and then recursively dividing the
rectangle area into subsections until all rooms are placed
[9]. One of the implementations requires building a
treemap (hence the name) of the graph from a rectangle
area. This approach works reliably on office building.
Disadvantage of algorithms is that it can generate rooms
with weird proportions, which however can be rectified
by using a squarified treemap.
Machine learning approaches
"Machine learning" way is centered around building a
Generative Adversarial Network (GAN) that generates
floor based on a set of predefined layouts [1]. It consists

of two networks: one generates layouts based on random
noise, while the other compares the result to existing
layout to determine whether it is appropriate. The most
significant advantage of machine learning approach is
that it unlike other methods takes social aspects into
account by default. The disadvantage of such approach is
that training data-sets are required which is fundamental
problem.
3. Related work (furniture placement)
Early works in this field uses simple statistical
relationships between objects [10]. The next step was a
data-driven scene synthesis: learning priors over object
occurrence and arrangement from examples. The first
such method learned separate priors for occurrence and
arrangement [11] but is limited to small scale scenes due
to the limited availability of training data and the learning
methods available at the time. Various related methods
have been proposed, modeling object occurrence directed
graphical models combined with Gaussian mixture
arrangement patterns [12], and activity-based object
relation graphs [13].
With the availability of large dataset of indoor virtual
scenes such as SUNCG [14], new data-driven methods
have been proposed. [15] uses a directed graphical model
for object selection but relies on heuristics for object
layout. [16] uses a probabilistic grammar to model
scenes, but also requires data about human activity in
scenes (not readily available in all datasets) as well as
manual annotation of important object groups.
The most relevant papers at the moment use deep
convolutional networks to learn priors over which objects
should be in a scene and how they should be arranged
[17] uses deep CNN that operate on top-down image
representations of scene and synthesises scenes by
sequential placing objects. [18] this paper utilise the same
idea but reduces amount of inference steps.
Training synthetic data from virtual indoor scenes
quickly becoming an essential source of learning data for
computer vision and robotics systems. Several recent
works have shown that indoor scene understanding
models can be improved by training on large amounts of
synthetically-generated images from virtual indoor
scenes. At the intersection of vision and robotics,
researchers working on visual navigation often rely on
virtual indoor environments. Our model can complement
these simulators by automatically generating new
environments in which to train such intelligent visual
reasoning agents.
Recently there was published a novel dataset for
training and bench-marking semantic SLAM methods
[19] based on SUNCG dataset rendered with ambient
occlusion and photon mapping. Authors of [19] mainly
focus on sampling trajectories that simulate motions of a
simple home robot.
4. Suggested approach
The main difference of our work is that our system
works not only with separate rooms, but is also capable
of creating the layout of buildings itself and then fill
rooms with necessary filling, which can be useful both in

the field of architecture and in generating a large amount
of synthetic data for training. It also supports different
lighting and material models, which makes the result
photo-realistic.
Floor (plan) generation
The first route we have taken was a mix of "dense
packing" [6] and "inside-out" [8] methods. A floor plan
was generated based on input rules and room sizes in
JSON format, then approximate dimensions for the first
floor were calculated. Based on them the packing
algorithm tried to fill the area with rooms, ending by
drawing the outer wall around the layout and proceeding
to the next floor. Instead of tiles it used a rectangle room
of arbitrary size as a primitive.
1) Plan generation algorithm
This solution is based on some real-world knowledge
and can be further developed to be more realistic. All the
random distributions, used throughout the algorithm,
have been assembled into a database manually.
1. The algorithm start with random number of floors
and rooms of different types.
2. It checks whether there are enough rooms of each
required type (for example bathrooms). Otherwise it
goes to step 1.
3. Rooms are randomly distributed across floors,
assigning specific dimensions to them. It also
ensures that each floor has at least one bathroom. In
addition, it adds a ladder in each floor, except for the
last one.
4. The algorithm goes to step 3.
o If some floors are empty
o If the floor above is larger than the floor below
o If some floors do not contain rooms except for
bathrooms.
5. If the generation takes too long it goes back to step 1.
6. It goes through room floor-by-floor and randomly
links them together.
An example of the resulting file:
"floor 1": {
"bathroom 1": {
"X": 8,
"Y": 6
},
"link 1": "bedroom-living room",
"living room 1": {
"X": 92,
"Y": 61
}
2) Layout assembly algorithm
The implementation is based upon Blender and uses
its API to generate final 3D layout and uses simple autogenerated shapes to approximate objects.
1. The algorithm goes through the plan we generated
previously floor by floor.
2. It searches for linked rooms and assembles them into
clusters. Each cluster gets its overall space calculated
and the chambers then placed based on a simplified
dense-packing algorithm.

Clusters, single rooms and a ladder are then packed
within floor space similarly to step 2.
4. The outer wall is drawn around the structure,
generated above.
5. The algorithm moves to the next floor. This time, the
floor space is reduced by the space of the ladder
from the previous floor and a hole is placed above it.
Thus, our implementation has further advantages:
First it gain highly variable and realistic results, but it is
more flexible than the Machine Learning approaches
since it does not require gathering real data to get realistic
layouts. Next, we can generate multi-store building with
connecting ladders and finally, we support for nonrectangle room and floor shapes. However, our
implementation has several restrictions:
1. Adding new rules (feeding as input) for plan
generation can be rather challenging due to them
being coupled together
2. The walls colliding with each other resulted in a
visual glitch, that was hard to deal with.
3. In comparison to tile based methods our algorithm
has difficulties with adding detailed geometry details
to architectural elements: while tile based methods
efficiently uses baked/precomputed geometry for
windows, doors and e.t.c, our approach requires such
geometry to be generated in the fly automatically for
target layouts which is not trivial task generally
speaking.
3.

Furniture layout
For the first approximation of the creation of a virtual
interior scene, a rather simple algorithm was selected for
the layout of office furniture in the room.
1) Rotation layout algorithm. The idea is simple:
traverse the edges of the office’s perimeter. If the edge is
shorter than the width of a desk, ignore it - a constraint
relaxed in some of our other algorithms. If it is
sufficiently long to place a desk, start from one end of the
edge and lay down as many desks as possible along that
edge. This algorithm is run three times with the only
difference being the order in which the edges are
traversed:
1.1) Clockwise: start from the edge left of the main
door and run clockwise along the perimeter.
1.2) Counterclockwise: start from the edge right of
the main door and run counter-clockwise along the
perimeter.
1.3) Sort by length: sort the edges by length and
process them from longest to shortest.
2) Left-right layout algorithm
The left right layout algorithm is very similar to the
rotation algorithm. However, there are two key
differences. First, it traverses all the sufficiently long
edges to the left of the door edge first and then the edges
to the right of the door; left and right are determined by
taking a line perpendicular to the door edge, running
through its center. Second, when laying down desks, it
always works from the bottom up so that the resulting
layout tends to be more symmetrical and closer to how
our architects tend to lay out desks.

The left right layout algorithm is run twice. The first
time we enforce that desks must be completely touching
the wall and cannot hang off a short wall such as a
mullion. That is, we ignore all walls that are less than
desk width long (as described above). However, many
offices have indentations, columns, and other edge
conditions resulting in walls less than desk width length.
Consequently, we run the algorithm again but this time
we attempt to lay down desks on all edges, irrespective of
their length, and we allow a desk to overhang an edge.
After all the algorithms have been run, the code
determines the highest capacity found.
3) Brute force layout algorithm

The brute force layout algorithm is roughly two
orders of magnitude more computationally expensive and
so is only run when the above perimeter-based algorithms
do not sufficiently fill the space.
This algorithm assumes that for each edge, desks are
either placed in a line facing the wall (FW) or they exist
as a set of back-to-back bank of desks extending into the
space.
The question is which edges should be set as back-toback? As there are no obvious heuristics, we take a brute
force approach, trying all possible combinations with
one, two, or three edges designated as back-to-back and
the remaining edges wall-facing. The examples of our
algorithm can be found at fig. 1.

Fig. 1. Examples of generated basic 3d models of interior layout (left) and our results of our furniture placement algorithm (right)

We also try a variant where, for each edge that is
longer than desk width, we consider three options: no
desks, face wall, and back to back. The “no desks” option
can be useful to allow a bank of desks on other walls to
grow.
Unfortunately, having three options per wall leads to
a combinatorial explosion in which the number of
combinations to try grows very quickly with the number
of walls. Thus, we only use this option if the number of
walls longer than desk width is 4 or less because 34=81,
which is manageable, and 35=243 which is too many for
current computational resources.
Materials, lighting and rendering
This was actually one of the most time consuming
problems we have to solve. The serious difficulties are
concentrated around the fact that modern rendering
systems use exclusively their own lighting and material
models which is inconsistent with others. The realistic
looking computer graphics content is created for the
target rendering system and cannot be used directly in
others. So, there is no such thing as open data bases of
realistic 3d models due to importing/exporting 3D
content from one rendering system to another is not
trivial task. Taking in to account the fact of required
randomization we had to build our own content creation
pipeline to adopt existing 3D models. For this purpose,
we used GPU accelerated open source Hydra Renderer
[20]. We chose this solution because it is one of the few

open rendering systems that has a full-fledged industrial
level pipeline for creating content (with material
conversion scripts from other popular rendering systems:
VRay, Mental, Corona), while the rendering engine itself
has high performance and works completely on GPU as
well in Windows and Linux which is essential for
training data sets generation due to large amount of
required images and available Linux servers with GPUs.
For the purpose of material and lighting
randomization we have adjusted the work of the artist for
randomized content creation via custom 3ds max plugins
that help artist to setup randomized materials and assign
them to object parts (fig. 2). The artist determines the
logic
of
randomization by
setting special material parameters (fig. 2) which will
later be exported to SQL-based database. This allows us
to limit randomization and make it realistic in
average. For example, “Target” parameter (fig. 3, down
and left) acquiring some definite value allows to use this
material only on a specific part of a certain class of
models. We didn’t choose any modern AI based or
automatic methods for 3D content generator purpose
because our main requirement is high degree of control
over the generated result and this is a problem for neural
network based methods. Finally, we have created export
tool that automatically adds all created 3d Models in our
SQL-based database and then created 3D model
randomizer based on this database (see fig. 4).

Fig. 2. Our randomization material plugin GUI and check for artist in 3ds max. This is essential for randomized results to
be realistic in the target application due to artist could check whether customized distribution works in expected way or
not

Fig. 3. Examples of randomized furniture objects from our database

Fig. 4. Early version of our furniture placement algorithm that was prototyped in Unity

Generating datasets
We used python scripts to run a specific generation
scenario on the Linux server with 8 K100 GPUs. In fact,
this process was not automatic because CV engineers ask

very different scenarios for their experiments each time.
Scripts run different parts of our generator (floor plan,
furniture layout or picking 3D models from database) and
connect everything together via files. Our solution is able
to generate approximately 10 images per hour on a single

GPU and thus ~2 days is usually needed to generate full
training dataset.
5. Conclusion and future work
In this paper we have presented procedural house
interior generator that is able to produce interior images
with high quality and speed. The example of generated
interiors can be found at fig.5-7. However, we were not
able to build complete industrial-level solution. Our
system is highly fragmented connecting everything
together with scripts and files, and the biggest problem is
that these scripts actually have to be changed (sometimes
mostly created from scratch) for each dataset generation

scenario due to CV engineer’s requests are very different
in practice. Despite the fact that we can generate full
dataset in 2 days, it takes us about 2 weeks to create new
scripting scenario and debug it with the full pipeline. So
we believe that using real-time rendering engines for
training AI in practice is almost useless for today: the
bottleneck is always in human-beings. Nevertheless,
going all the way towards realistic 3D generator and
rendering for AI training we would like to share our
experience and state a set of problems which are, in
general, not solved for today since this area of research is
quite new and thus during our work we got more
questions than answers.

Fig. 5. Example of render (top left), generated layout (top right), objects masks (bottom left) and object masks from in layout view
(bottom right)

Fig. 6. Another examples of rendered interior layouts and object masks

Fig. 7. Examples of different randomization result for single furniture layout and object masks

Tightly integrated framework
In our case at least 3 different people participate in
dataset generation process, they are: (1) artist, who
should create and check input 3D content, (2) a scripting
person who creates scenarios for generator and (3) CV
engineer who control the result. These people need very
different skills/knowledge and we don’t think that the
number of participants can be reduced. However, their
work could be organized better by putting them into a
unit ecosystem with interface convenient for each
participant. Our 3ds max plugins is the first step towards
this direction, but in general this is an open problem even
for a restricted area of AI training.
We used python scripts to run a specific generation
scenario on the Linux server with 8 K100 GPUs. In fact,
this process was not automatic because CV engineers ask
very different scenarios for their experiments each time.
Scripts run different parts of our generator (floor plan,
furniture layout or picking 3D models from database) and
connect everything together via files. Our solution is able
to generate approximately 10 images per hour on a single
GPU and thus ~2 days is usually needed to generate full
training dataset.
Unoptimized data path, memory and disk
bottleneck
In our case different algorithms (for example floor
plan generation and further 3D model construction, or
renderer output and further Natron post process) is
communicated via files. Linux cache and fast SSD on
server amortize this problem, but only a little. According

to our estimates any object like mesh or image is copied
from 4 to 6 times on average due to loading, storing in
memory, putting to GPU or saving back to disk in
different formats. This format conversion madness makes
useless any attempts to speed up rendering in practice.
However, we were able to optimize this process for some
cases when we have formed scene library and put it to
GPU once (i. e. we don’t load new 3D models or images
to GPU for several subsequent frames). This gives
essential benefit even for our prototype with off-line
rendering, but it is of critical importance for systems
that’s is going to use real-time rendering. We believe that
generation scenario should take care of that problem in
combination with some caching system and feeding the
generated images directly to the neural network on the
same GPU without storing it to disk (except small part of
them for debug cases). We also suppose that modern
denoising algorithms [21] could significantly accelerate
generation process.
Absence of rendering standards and open 3D
content
Available base of 3D models (like well-known
ShapeNet) is not ready even for rendering: their quality is
low and segmentation of parts by materials is rough. In
the case of randomizing materials, we need to manually
process them anyway and assign relation to our data base.
Recent story with SUNCG [19] (which is far from
photorealistic quality anyway) confirms the need of the
open content libraries.

Procedural approaches
Unfortunately, in this work we did not manage to use
procedural approaches [22] for textures, which could
additionally increase the variability of the generated
content.
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Photorealistic rendering systems have recently found new applications in artificial intelligence, specifically in computer vision for
the purpose of generation of image and video sequence datasets. The problem associated with this application is producing large
number of photorealistic images with high variability of 3d models and their appearance. In this work, we propose an approach based
on combining existing procedural texture generation techniques and domain randomization to generate large number of highly
variative digital assets during the rendering process. This eliminates the need for a large pre-existing database of digital assets (only a
small set of 3d models is required), and generates objects with unique appearance during rendering stage, reducing the needed postprocessing of images and storage requirements. Our approach uses procedural texturing and material substitution to rapidly produce
large number of variations of digital assets. The proposed solution can be used to produce training datasets for artificial intelligence
applications and can be combined with most of state-of-the-art methods of scene generation.
Keywords: photorealistic rendering, procedural generation, synthetic datasets, computer vision.

1. Introduction
There are two main challenges in the training of
artificial intelligence models is data quantity and data
quality. Data quantity concerns availability of sufficient
amounts of training and testing data. Training modern
computer vision algorithms requires image datasets of a
significant volume - tens and hundreds of thousands of
images for training on static images and an order of
magnitude more for animation [1, 2] Also, by data
quantity we mean how balanced is the data – are all the
different classes, which the model must recognize,
represented enough. This can be a significant problem
because certain classes can be very rare in the data
obtained from real world [3]. Data quality can mean
many different characteristics, but one that is especially
important for images is accurate markup. For example,
if model needs to detect certain objects in an image,
then in the training data these objects must be
accurately annotated. This is usually done manually or
semi-automatically with the help of segmentation tools
[4, 5]. Annotating a large image dataset manually is
extremely expensive, and often manual marking does
not have the necessary accuracy (automated markup
options also suffer from insufficient accuracy and have
disadvantages).
Using synthetic data (in this case, photorealistic
images produced by rendering 3d scenes) can easily
solve these problems. The solution to data quantity
problem can be achieved by using the algorithms for
procedurally setting the optical properties of materials
and surfaces (displacement maps), this way it’s possible
to quickly generate almost unlimited number of training
examples with any distribution of objects (and therefore
classes) present in generated images. In addition, one
can create training examples which are scarce or almost
non-existent in “real-life” datasets. For example,
emergency situations on the road or in production,
military operations, objects that only exist as design
projects or prototypes. And second, it is possible to
produce pixel-perfect image annotation together with
rendered image.

But there are also several drawbacks with synthetic
data generation. The main problem is producing 3d
scene setups suitable for rendering adequate image
dataset. The first part of this problem is to generate a 3d
scene layout meaningful placement of objects (3d
models and light sources) and choosing 3d models to
include in the generated scene. And the second part is
setting the optical properties of material models for
objects in scene, so that they will mimic real-life
objects. Similar problem arises in digital content
creation in visual effects and video games industries,
where several variations of the same digital asset (such
as 3d models, material models, texture, etc.) are created
by 3d artists using software tools. However, for large
datasets generation it’s not feasible to manual produce
variations of 3d assets.
There is also drawback associated with time and
computational resources required to render dataset with
the size of thousands of images.
In this work, we propose an approach aimed at
alleviating the latter problem by using procedural
texturing and material substitution to produce large
number of variations from small set of base digital
assets.
2. Related Work
The drawback associated with computational
resources can be solved by using fast and simple
rasterization-based rendering solutions (usually
OpenGL-based) [6], possibly in tandem with global
illumination approximation such as ambient occlusion
[7].
Of course, rendering of thousands of images or
sequences requires significant computational resources.
But while in simulators developed for training people in
many cases a schematic image of a three-dimensional
scene is enough for a person (although it is necessary to
provide real visualization time), modern AI systems
based on deep neural networks are trained according to
different principles. It is important for AI systems to
accurately model the data on which training is supposed
to be carried out (but there is no real-time requirement).
For synthetic data to closely approximate real-life
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datasets, it should simulate reality (i.e. the image should
be photorealistic). Otherwise, there is no guarantee that
AI will “work” on similar examples in reality, since it is
currently practically impossible to understand the
causes of a failure in a multilayer neural network [8-10].
So, photorealistic rendering, which is usually based on
path tracing algorithm or its many variants needs to be
used. Works [11-13] demonstrate advantages of using
photorealistic rendering for synthetic datasets
generation. Because the computational cost of
physically correct rendering is still quite high and
rendering speed and scaling of the training dataset
generation system as a whole is important, solutions,
relying on photorealistic rendering have disadvantage in
this regard. It is, however, alleviated by the recent
advent of publicly available hardware accelerated raytracing, which can provide significant speedups for
photorealistic rendering [14] as well as denoisers [15].
Several approaches exist to automate the process of
creating 3d scenes for photorealistic image datasets
creation. In [16-19] authors use Augmented Reality
(AR) based techniques to insert synthetic objects in
photos. This approach requires a way to choose the
position of inserted objects – random with some
distribution, using existing image annotation or
additional reconstruction tools.
In [8] the 3d scene is generated by a set of rules
which make use of randomized parameters to select
some of 3d models from a database and to procedurally
generate others. A similar approach, called Domain
Randomization (DR) is used in [20-21]. Domain
randomization implies making selection of parameters
(aspects of domain) which are randomized for each
generated sample. Such parameters may include camera
position and field of view, number of objects, number
of lights, textures used for objects, etc.
In [22] physical simulation is used to achieve
realistic placement of 3d models on a surface.

There are also works that use variety of approaches
to scene description and generation, such as domain
specific languages [23], scene graphs [24], stochastic
grammars [25] for scenes description and generation.
Finally, there are solutions that can generate a
whole synthetic dataset similar to specified real-world
dataset [26]
These works mainly focus on composing realistic
3d scenes from existing digital assets – 3d models,
textures, materials, etc. While in some cases [8] the
digital assets itself are randomized, this is done in a
very limited manner, -usually only the base material
color is changed. And because of it, these approaches
require large databases of digital assets to produce
images with high variability of objects in them.
One of the methods to further increase variety and
realism of synthesized images and to match them more
closely to real-life datasets is domain adaptation [2728]. However, such techniques require additional image
processing stage which requires significant time and
computational power, especially for images with
relatively high resolution.
In this work, we propose an approach based on
combining existing procedural texture generation
techniques and domain randomization to generate large
number of highly variative digital assets during the
rendering process. The proposed solution can be
combined with most of the reviewed methods of scene
generation.
3. Proposed solution
The motivation behind our solution is to produce
many variants of the same digital asset (in particular, 3d
model with assigned materials and textures) to
minimize the amount of manual and expensive work
done by 3d artists. To achieve this, we propose the
following generation pipeline (fig. 1).

Fig. 1. Architecture of the proposed image generation pipeline

Input scenario specifies settings for the whole
pipeline: what kind of scenes are to be generated –
classes of objects to be included, lighting type (indoor
or outdoor, day or night, etc.), which AOVs (arbitrary
output values) should be output by rendering system
(instance segmentation masks, binary object masks,
normals, depth, etc.), image post-processing (if any) to

be done after rendering and randomization domain –
which parameters should be randomized and what is
randomization distribution - material model parameters,
procedural textures and effects, object classes
distributions, object placement and so on.
Cloud storage or database contains base digital
assets:

1.

3d models with material markup - i.e. what parts of
the model have or can have different material types.
2. Materials – base material types, representing
common BRDF blends, such as purely diffuse
materials (such as brushed wood or rubber),
reflective materials (such as polished metals),
diffuse + reflective materials (such as plastics or
brushed metals), reflective + refractive materials
(such as glass), diffuse with two reflective layer
(such as car paint with coating) and so on.
3. Textures – collection of image textures and normal
maps to be used in materials.
4. Environment maps – HDR spherical panorama
images for use for image-based lighting,
representing variety of lighting conditions.
5. Content metadata – information that is used by
domain randomization tools to select fitting digital
assets from the storage according to input scenario.
This includes:
˗
correspondence of classes to 3d models (for
example, which 3d models are models of cars,
chairs or humans),
˗
correspondence of material classes to materials
in the storage (for example, that stained glass
and clear non-refractive glass are both of type
“glass” and therefore can be assigned to a 3d
model part marked as “glass” type),
˗
correspondence of textures to material
parameters (which textures can be used for
which material parameters),
˗
information of HDR images (what lighting
conditions this particular image has) and so on.
Domain randomization tools produce scene
descriptions from input scenario. This stage can query
digital assets storage and using content metadata
randomly or deterministically (depending on input
scenario) select appropriate digital assets and generate
requested number of scene descriptions. The generated
scene description is intended to be used by rendering
system directly.
As photorealistic rendering system in our work we
used open-source system Hydra Renderer [29] which
uses.xml scene description. Scene description also
includes what procedural effects should be used and
what are their input parameters (if any). Hydra Renderer
supports user extensions for procedural textures [30]
and the usage of this functionality is one of the key
elements of our solution.
There are several properties of procedural textures
that make them a vital element in our generation
pipeline:
1. Procedural textures can be parametrized with
arbitrary values and therefore it is possible to
generate a large number of variations of the same
texture.
2. It’s possible to apply texture to geometry without
uv-unwrapping if the texture is parametrized by, for
example, world space or object space position. This
allows to relax requirements for 3d models and
eliminate predominantly manual work of doing uvmapping for them.

3.

Finally, procedural textures don’t have fixed
resolution (resulting texture is infinite and has no
seams) and because of this it is possible to produce
detailed high-quality materials suitable for
application to variety of 3d models of different
scale.
As a part of this work we developed several
procedural textures which allowed us to greatly increase
variation of 3d objects and also increase realism of their
appearance.
Image post-processing tools goal is to adjust
images, output by the rendering system or produce
additional data about these images. The tasks performed
by this stage can involve:
1) measuring 2d bounding boxes for objects/instances;
2) applying variety of image-space effects to further
increase variety of output images or better match
them to real-life datasets, for example:
˗
chromatic aberrations,
˗
barrel simulation,
˗
blur,
˗
transformations and warping the image,
including resampling for the purpose of antialiasing,
˗
noise
˗
and others.
3) cutting objects out of rendered image,
4) composing rendered objects with other images (as
Augmented Reality based solutions mentioned
earlier do)
5) format conversions,
6) and others.
It is worth noting that all listed tasks can be
performed using simple python scripts or open-source
compositing software like Natron [31,32] and don’t
need complex and computation-intensive processing
with neural networks.
In the described image generation pipeline
architecture, the domain randomization tools stage can
be replaced by any other of the reviewed approaches to
scene generation – scene graph produced by neural
network processing of existing datasets, stochastic
grammars, markup data from existing dataset for
employing augmentation reality techniques. Or any
custom scene generation solution, for example placing
objects inside existing scene with respect to its depth
buffer.
4. Object appearance variation techniques
Procedural textures
As we mentioned before, one of the key parts of our
work is the use of procedural textures. In this section we
describe procedural textures developed for use in our
generation pipeline.
The first problem we were trying to solve with
procedural textures is to provide additional details to
rendered 3d models to produce more realistic images in
contrast to crisp and clear look of rendered objects. For
this purpose we implemented several procedural
textures, simulating effects such as dirt, rust and
scratches on materials textures (fig. 2-5).

as to dynamically control how far effect spreads on 3d
model, which is impossible with ordinary textures.
Developed procedural textures can affect not only
colors or blending masks between different materials,
but also normal maps (fig. 6) or can be used for
displacement maps to slightly deform the object (fig. 7).
Changing geometry in this way also produces changes
in its silhouette and therefore in segmentation masks.

Fig. 2. Rust procedural texture variations on different models

Fig. 3. Dirt procedural texture variation on different models

Fig. 6. Procedural displacement. Top - without displacement,
bottom - with mild displacement, warped regions are
highlighted

Fig. 4. Scratches procedural texture variations. Also affects
normal map

Fig. 5. Rust and dirt procedural textures applied to road signs
models normal map

All these textures were parametrized in a way, that
allowed domain randomization tools significantly vary
the appearance of the texture by passing different (and
possibly random) values as these parameters. Since the
implementation of these procedural effects is
predominantly based on noise functions most of these
parameters correspond to noise parameters such as
amplitude, frequency and persistence. Among other
common parameters used is the relative height (or other
dimension) of an object, the effect reaches. This allows

Fig. 7. Material substitution example

Material substitution
In addition to procedural textures, another technique
to increase variability of 3d models implemented in
proposed solution is material substitution. In the
proposed data generation pipeline, digital content
storage contains materials, while 3d models are marked
up with material types. This allows to specify a
collection of materials – manually created, pregenerated or imported from one of the existing open
libraries. These materials can then be classified into

several categories such as “wood”, “metal”, “car paint”,
“plastic” and so on. And during scene generation phase,
domain randomization tools can allow 3d models to use
random materials within classes, specified as possible
for this model. For example, chairs can have materials
from “wood” or “metal” classes, while “glass” type
materials are unlikely to be assigned to chair model.
In the reviewed existing solutions this technique is
mostly used in a very rudimentary form – only color is
changed, not the material (i.e. BRDF or BRDF blend)
itself.
5. Results and conclusion
Proposed image datasets generation pipeline
architecture can create many variations of the same 3d
model using procedural textures and material
substitution techniques. Other 3d scene parameters,
which are commonly varied in existing solutions, such
as lighting (HDR spherical maps for image-based
lighting point and area lights) can also be utilized in the
proposed pipeline. This allows to use much smaller preexisting digital assets collection while producing output
images of high variability.
Let’s consider the case of a simple scene with only
one 3d model in it. In existing solutions appearance of a
single 3d model is most commonly varied by a single
parameter – base color. Proposed solution allows also to
specify several procedural textures, each with at least 3
parameters (related to noise functions), which
significantly alter the appearance of objects (fig. 2-5).
So, for single 3d model with single material each
procedural texture introduces another 3 dimensions of
appearance variability compared to only single “color”
dimension in existing solutions. This allows our
solution to produce exponentially more variations of a
single 3d model with single material. And with material
substitution we can also alter the material types suitable
for this particular 3d model.
Existing works on synthetic image datasets
generation are mostly concerned with scene generation
and rely on having large collections of digital assets to
construct these scenes from. While there exist large 3d
models collections such as ShapeNet [33], they usually
have content of poor quality compared to assets, created
by experienced 3d artists. And with proposed approach
of using procedural textures and material substitution, it
is possible to produce many variations out of small set
of high-quality models that portray real-life objects
more accurate.
However, proposed solution doesn’t exclude lower
quality models and is able to deal with 3d models
without texture coordinates because of used procedural
texturing techniques.
Finally, proposed image generation pipeline can be
integrated with any of the reviewed solutions for scene
generation.
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The paper presents the results of a study of the possibility of implementing an effective and physically correct stochastic ray
tracing in gradient media based on the Runge-Kutta method. For implementation in the photorealistic rendering system, the specifics
of the ray tracing method in complex three-dimensional scenes were considered. One of the main features of ray tracing in
geometrically complex scenes is the large volume of geometric primitives that need to be tested for the intersection of the ray segment
with the primitives. A method of ray propagation in voxel space of the scene is proposed. The method allows significant speeding up
the process of searching for ray intersections with geometry primitives. To implement these ray tracing features the special program
interface for gradient media was proposed, which can become the basic interface for a media of all types. Methods for calculating the
luminance of all lighting components in gradient media were considered. The results of modeling the propagation of rays and image
synthesis in a fiber with a refractive index gradient are presented.
Keywords: ray tracing, gradient medium, Runge-Kutta method, rendering, photon maps.

1. Introduction
The solution to the problem of realistic visualization
of optically complex scenes and virtual prototyping of
optical devices in a real environment is based on the
construction of models of physically correct propagation
of light radiation in an optically complex environment.
Within the framework of constructing models for the
interaction of light radiation with scene objects and
optical devices included in this scene, two main models
are distinguished: - firstly, the conversion of light
radiation at the boundaries of objects and, secondly, the
propagation of light radiation in the space between the
boundaries of scene objects.
Models of the conversion of light radiation at the
boundaries of objects, for example, reflection and
refraction of light at the boundary of dielectrics,
scattering of light on the surface, described by a
bidirectional scattering function, a change in polarization
at the boundary of dielectrics, birefringence, etc., have
gained a lot of attention in computer graphics and
computational optics. Models of light propagation in a
medium, as a rule, are limited by attenuation of light
radiation and, in some cases, by modeling such effects as
volume scattering and fluorescence. However, all these
models are based on the assumption that the propagation
of light is rectilinear or straightforward. Even modeling
of such effects as volume scattering and fluorescence are
also based on the assumption that the propagation of light
is straightforward. The specificity of these models is that
the straightness of light radiation is limited by extinction
events that occur when a beam “hits” a scattering
particle. In this case, the particles are not defined
explicitly but are reduced to such parameters as the
extinction cross-section, which determines the probability
of the beam “being captured” by the scattering particle,
and the phase function, which determines the character of
the light scattering by the particle and plays the role of a
bidirectional scattering function of the surface. As a
result, the ray path in a scattering or fluorescent medium
is a broken line, consisting of rectilinear segments.

If the optical properties of the medium (refractive
index) change continuously, then, following the Fermat
principle, the ray path takes the form of a curved line
having a minimum optical path from the start to
endpoints of the path. The ray path is determined by the
eikonal equation [1], for which, in general, there are
numerical solutions [2, 3]. In computing optics, solutions
are used to calculate the ray path in a gradient lens
environment. However, the solutions used in
computational optics are used for simple geometric
shapes that bound the gradient lens and, in most cases,
the laws of change in the refractive index are analytical
functions that have simple solutions.
The ray tracing methods used in computer graphics
are fundamentally different from the methods of
computational optics. The main difference is the number
of geometric objects in the scene. If in computing optics
the number of geometric primitives that limit the gradient
medium is generally measured by units, then in computer
graphics systems this number can reach tens of millions.
Besides, in computer graphics systems, the gradient of
the refractive index may not be an analytical function, but
rather be an analog of a three-dimensional texture that
varies the refractive index of the medium. These
differences lead to significant changes in software
interfaces and ray tracing algorithms. Also, computer
graphics systems are not limited to ray tracing. Their task
is to calculate the apparent luminance of the scene, and
gradient media make it impossible to use standard
algorithms for calculating the luminance components of
direct, secondary and caustic illumination.
In this paper, we consider methods of ray tracing in
gradient media inside a complex geometric environment,
methods for calculating the luminance components of
direct, secondary, and caustic illumination and solutions
for the unification of ray tracing methods in gradient
media for computer graphics systems and computational
optics.
2. Materials and method
In the approximation of geometric optics the law of
light propagation in a gradient medium is derived from
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the Maxwell equations:
�

𝑟𝑟

𝐸𝐸(𝑟𝑟⃗, 𝑡𝑡) = 𝐸𝐸(𝑟𝑟⃗)𝑒𝑒 −𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐸𝐸0 (𝑟𝑟⃗)𝑒𝑒

𝐻𝐻(𝑟𝑟⃗, 𝑡𝑡) = 𝐻𝐻(𝑟𝑟⃗)𝑒𝑒 −𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐻𝐻0 (𝑟𝑟⃗)𝑒𝑒

where 𝜓𝜓(𝑟𝑟⃗) = ∫𝑟𝑟 𝑘𝑘(𝑟𝑟⃗′) ∙ 𝑑𝑑𝑟𝑟⃗ ′ represents the optical path
0

or eikonal.
Passing to the geometric approximation, the eikonal
equation in vector form can be expressed as the
following:
𝑑𝑑
𝑑𝑑𝑟𝑟⃗
�𝑛𝑛(𝑟𝑟⃗) � = ∇𝑛𝑛(𝑟𝑟⃗)
(2)
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
where 𝑛𝑛(𝑟𝑟⃗) is the refraction index of the medium at the
𝑑𝑑𝑟𝑟⃗

point 𝑟𝑟⃗, and 𝑠𝑠⃗(𝑟𝑟⃗) = is the direction (unit vector) of the
𝑑𝑑𝑑𝑑
propagation of light energy. Fig. 1 shows the curved
trajectory of the light ray and the vector of its direction at
the point 𝑟𝑟⃗.
Obviously, in a homogeneous medium, the refraction
index of the medium 𝑛𝑛(𝑟𝑟⃗) does not depend on the space
𝑑𝑑 2 𝑟𝑟⃗

coordinate 𝑟𝑟⃗ and thus 2 = 0. As a result, the ray path
𝑑𝑑𝑠𝑠
turns into a straight line.

Fig. 1. A path of ray in a gradient medium

To implement ray tracing in a medium with a gradient
of the refractive index, you can use the simplest solution,
namely, imagine a gradient medium in the form of a set
of layers with constant refractive indices inside each
layer. In this case, the beam path will be a set of straight
sections and a change in the direction of the beam path
will occur at the boundaries of the layers. Fig. 2 (a)
illustrates this approach. The main advantage of this
approach is the simplicity of ray tracing. However, this
approach has several drawbacks, firstly, with a rough
splitting, an error in the formation of the ray path is
possible, and with frequent splitting, it may slow down
the tracing process, since the number of the ray path
segments increases. Secondly, the process of constructing
the boundaries of the medium for a given refractive index
is not an easy task and can be quite easily solved only for
“simple” media in which there are some symmetry and
an analytical law of variation of the refractive index, for
example, for gradient media with axial symmetry.
Therefore, in most cases, another approach is used to
form the ray path.
To solve the differential equation (2), an approach
based on the Runge-Kutta method is used. We introduce
the following notation:
𝑑𝑑𝑑𝑑
⎧
𝑡𝑡 =
𝑛𝑛
⎪
𝑑𝑑𝑟𝑟⃗
𝑑𝑑𝑟𝑟⃗
(3)
�⃗(𝑟𝑟⃗) =
= 𝑛𝑛(𝑟𝑟⃗)𝑠𝑠⃗(𝑟𝑟⃗) = 𝑛𝑛(𝑟𝑟⃗)
⎨𝑇𝑇
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
⎪
�⃗(𝑟𝑟⃗) = 𝑛𝑛(𝑟𝑟⃗)∇𝑛𝑛(𝑟𝑟⃗)
⎩
𝐷𝐷

𝑟𝑟
0
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= 𝐸𝐸0 (𝑟𝑟⃗)𝑒𝑒 𝑖𝑖𝑖𝑖(𝑟𝑟⃗)

= 𝐻𝐻0 (𝑟𝑟⃗)𝑒𝑒 𝑖𝑖𝑖𝑖(𝑟𝑟⃗)

(1)

�⃗(𝑟𝑟⃗) is
where 𝑡𝑡 is the reduced parameter of the ray path, 𝑇𝑇
�⃗(𝑟𝑟⃗) is the parameter of variation
the optical ray vector, 𝐷𝐷
of the refractive index.
As a result, after substituting expressions (3) into
equation (2), the eikonal equation is transformed to a
first-order differential equation, which can be solved
numerically by the Runge-Kutta method.
𝑑𝑑𝑑𝑑(𝑟𝑟⃗)
(4)
= 𝐷𝐷(𝑟𝑟⃗)
𝑑𝑑𝑑𝑑
To solve this equation, discretization is performed
along with the curved segments 𝑡𝑡𝑖𝑖 of the ray path, where i
varies from 0 to N.
The initial parameters of the ray are known:
(𝑟𝑟⃗0 , 𝑠𝑠⃗0 (𝑟𝑟⃗0 ), 𝜓𝜓(𝑟𝑟⃗0 )) and as a result of successive iterations,
the parameters of the ray at the endpoint N can be
calculated: (𝑟𝑟⃗𝑁𝑁 , 𝑠𝑠⃗𝑁𝑁 (𝑟𝑟⃗𝑁𝑁 ), 𝜓𝜓(𝑟𝑟⃗𝑁𝑁 )).
An algorithm for constructing a ray path can be
represented as follows:
(1) We specify a certain increment Δ𝑡𝑡 of the ray path,
which can be selected based on considerations of
variation of the refraction index in the region of the
point 𝑟𝑟⃗0 or proximity to the boundaries of the
medium.
(2) Following the Runge-Kutta method, the following
parameters are calculated recursively, starting from
point 𝑖𝑖 = 0:
�⃗(𝑟𝑟⃗𝑖𝑖 )
𝐴𝐴⃗ = Δ𝑡𝑡𝐷𝐷
⎧
Δ𝑡𝑡
Δ𝑡𝑡
⎪ 𝐵𝐵
�⃗ �𝑟𝑟⃗𝑖𝑖 + 𝑇𝑇
�⃗(𝑟𝑟⃗𝑖𝑖 ) + 𝐴𝐴⃗�
⎪ �⃗ = Δ𝑡𝑡𝐷𝐷
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(5)
Δ𝑡𝑡
�⃗ �𝑟𝑟⃗𝑖𝑖 + Δ𝑡𝑡𝑇𝑇
�⃗(𝑟𝑟⃗𝑖𝑖 ) + 𝐵𝐵
�⃗�
⎨ 𝐶𝐶⃗ = Δ𝑡𝑡𝐷𝐷
2
⎪
1
⎪ �⃗
⃗
�⃗ ⃗
(𝑟𝑟 ) �⃗(𝑟𝑟 )
⎩ 𝑇𝑇 ⃗𝑖𝑖+1 = 𝑇𝑇 ⃗𝑖𝑖 + 6 �𝐴𝐴 + 4𝐵𝐵 + 𝐶𝐶 �
(3) Following the calculated parameters, the ray is
transferred to the point i + 1 and at this point, its
parameters are calculated: coordinates, energy
propagation direction and eikonal:
1
�⃗(𝑟𝑟⃗𝑖𝑖 ) + �𝐴𝐴⃗ + 2𝐵𝐵
�⃗��
𝑟𝑟⃗𝑖𝑖+1 = 𝑟𝑟⃗𝑖𝑖 + Δ𝑡𝑡 �𝑇𝑇
⎧
6
⎪
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⎪
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(6)
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2
⎪
⎪
𝑘𝑘0 Δ𝑥𝑥 2
⎪
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�⃗(𝑟𝑟⃗𝑖𝑖 )�
�𝐷𝐷
6
⎩
(4) The process is repeated until the ray reaches a given
point.
This algorithm provides high accuracy of ray transfer
in a gradient medium, ensuring the continuity of its
trajectory. Fig. 2 (b) illustrates the specifics of the ray
tracing algorithm in a gradient medium.

Fig. 2. Ray tracing methods in a gradient environment. (a) piecewise linear trajectory, (b) continuous trajectory

3. Ray tracing algorithms
The above approaches allow ray tracing in media with
a refractive index gradient. However, these methods are
suitable for unlimited environments. In reality, all media
are limited and it is necessary to take into account the
shape of the geometric objects that bound this medium.
Two main types of constraints of the gradient medium
can be distinguished. Firstly, these are simple optical
elements, for example, gradient lenses [4-7]. The
peculiarity of these objects is a small number of
geometric shapes that limit this environment. As a rule,
these are simple analytical objects, such as planes,
cylinders, and spheres. Secondly, these are complex
three-dimensional scenes that can form the limitation of a
gradient medium consisting of millions of independent
triangles. Naturally, the search algorithms for the
intersection of the curved path of the beam with the
boundary of the gradient medium will be specific for
these two cases.
In the first case, it is enough to implement an
additional method for a geometric object, which will
inform you on which side of the surface there is a point
offset from the current position by a distance Δ𝑡𝑡. If the
point remains in the gradient medium, then the ray
tracing process (formulas (5) and (6)) continues. If the
point leaves the gradient medium, then the iterative
process of refinement of the search for the point of
intersection of the ray with the boundary surface begins.
Наиболее The simplest process is to search for the
intersection of the straight segment of the ray formed
either by the chord (𝑟𝑟⃗𝑖𝑖+1 − 𝑟𝑟⃗𝑖𝑖 ), or tangent to the ray path
(𝑠𝑠⃗𝑖𝑖 ). The obtained distance is converted into the
parameter Δ𝑡𝑡 and the calculation of the new position of
the point i+1 starts from point i. This process is repeated
until the point i+1 approaches the surface so close that
the last approximation can be replaced by a simple
rectilinear segment of the ray path. As a rule, two or three
iterations are enough to find the point of intersection of
the beam with optical accuracy.
In the second case, when ray tracing in a threedimensional scene containing millions of triangles, the
situation is completely different. The main reason is the
spatial partitioning of the scene. The ray is not traced
directly from the surface to the surface. The beam
propagates in a voxel space, which divides the medium
into some volumes, usually in the form of a
parallelepiped. These volumes may or may not contain
elements of the boundary of the scattering medium.
Before reaching the boundary of the medium, the ray
must sequentially cross and process all the voxels located
on its path. Therefore, in addition to the algorithm for

searching for the intersection of a ray with geometry
(which does not fundamentally differ from the algorithm
considered in the first case), it is necessary to implement
an algorithm for ray tracing in voxel space. Fig. 3
illustrates the problem of ray tracing in a spatially
partitioned gradient media. Geometric objects in the
scene are tied to spatial voxels and, to accelerate the ray
tracing process, the search for the point where the ray
meets these objects is carried out only when the ray
enters the corresponding voxel. The algorithm proposed
for finding the point of intersection of the ray with the
surface is not applicable for searching for the entry point
to the voxel, since the voxel found after transferring the
ray to the point 𝑟𝑟⃗𝑖𝑖+1 may not be the next one. It may
ultimately lead to the omission of a geometric object. The
use of a chord or tangent segment of a ray can also lead
to the problem of skipping a geometric object. Fig. 3
illustrates this possibility. Therefore, to search for the
next voxel and its entry point, it is necessary to find the
point of intersection of the ray with the boundary of the
current voxel. Since the voxel, as a rule, has the shape of
a parallelepiped with planes parallel to the coordinate
planes, the algorithm for finding the intersection point
with its boundaries is greatly simplified:
(1) We specify the starting point (𝑟𝑟⃗0 , 𝑠𝑠⃗0 (𝑟𝑟⃗0 )) and (based
on the parameters of the gradient medium) the ray
transfer parameter Δ𝑡𝑡.
�⃗, 𝐶𝐶⃗ , 𝑇𝑇
�⃗(𝑟𝑟⃗𝑖𝑖+1 ) are calculated by the
(2) Parameters 𝐴𝐴⃗, 𝐵𝐵
formula (5), and then 𝑟𝑟⃗𝑖𝑖+1 by formula (6).
(3) If the point 𝑟𝑟⃗𝑖𝑖+1 lies inside the voxel, then the ray
transfer parameter Δ𝑡𝑡 is taken as the initial parameter
to search for the point where the beam meets the
geometric objects inside the voxel.
(4) If the point 𝑟𝑟⃗𝑖𝑖+1 is outside the voxel boundary, then
an iterative approaching is made to the voxel
boundary, the task of which is to find a point on the
boundary and determine the beam transfer parameter
to this point Δ𝑡𝑡. In this case, the point 𝑟𝑟⃗𝑖𝑖+1 and the
transfer parameter Δ𝑡𝑡 are chosen in such a way that
the point turned out to be a small distance beyond
the voxel border. However, if no intersection with
the geometry inside the voxel was found, then to
search for a new border inside the next voxel, the
point and the transfer parameter return to a short
distance inside the current voxel.
(5) If an intersection with a geometric object inside the
voxel was found, then the beam is converted at the
boundary of the geometric object. And, if the beam
remains in the gradient medium, the procedure for
searching for the intersection of the beam with the
boundary of the current voxel is repeated.

To implement the ray tracing method in threedimensional scenes containing gradient media, a gradient
media program interface was implemented, which

provided the basic functionality necessary for ray tracing.
The main methods of the environment interface should:

Fig. 3. Ray tracing methods in a spatially split stage gradient medium

(1) Determine the optimal beam transfer parameter from
the point 𝑟𝑟⃗𝑖𝑖 in the direction 𝑠𝑠⃗𝑖𝑖 (𝑟𝑟⃗𝑖𝑖 ). If the medium
does not have gradient properties, then the transport
parameter is set to infinity and a direct ray tracing is
realized. The beam transfer parameter can take into
account the spatial partitioning properties of the
scene and, if necessary, be calculated up to the
border of the nearest voxel.
(2) For the set 𝜆𝜆0 , 𝜆𝜆1 , 𝜆𝜆2 , … 𝜆𝜆𝑀𝑀 of wavelengths determine
the subset of wavelengths for which ray tracing
along one path is possible, i.e. no dispersion.
(3) Calculate the refraction index of the medium at the
point 𝑟𝑟⃗𝑖𝑖 .
(4) Calculate the gradient of the refraction index of the
medium at the point 𝑟𝑟⃗𝑖𝑖 .
(5) Осуществлять перенос луча из точки 𝑟𝑟⃗𝑖𝑖 в току
𝑟𝑟⃗𝑖𝑖+1 и вычислять новое направление в конце
трассы луча 𝑠𝑠⃗𝑖𝑖+1 (𝑟𝑟⃗𝑖𝑖+1 ).
(6) Calculate the optical path and geometric path of the
ray from the point 𝑟𝑟⃗𝑖𝑖 to the point 𝑟𝑟⃗𝑖𝑖+1 .

(7) Calculate the absorption of the ray when it is
transferred from the point 𝑟𝑟⃗𝑖𝑖 to the point 𝑟𝑟⃗𝑖𝑖+1 .

These interfaces are enough to implement ray tracing
in gradient media of optical devices and threedimensional scenes. Besides, the implementation of these
programming interfaces at a basic level will allow the
implementation of ray tracing methods that will not
depend on the properties of the environment in which
they are distributed. This solution will greatly simplify
the implementation of image synthesis methods and, in
some cases, will avoid the need to impose additional
conditions on the scene parameters in the rendering
process.
4. Luminance calculation algorithms

The methods for calculating the luminance of the
scene's scattering surfaces located in gradient media have
their specifics. The visible luminance of the scene object
is determined by the well-known formula [8]:
𝐿𝐿0 (𝜆𝜆, 𝑟𝑟⃗, 𝑣𝑣⃗) +
𝑛𝑛(𝜆𝜆, 𝑟𝑟⃗)
4𝜋𝜋
�1
�
𝐿𝐿(𝜆𝜆, 𝑟𝑟⃗, 𝑣𝑣⃗) = 𝜏𝜏(𝜆𝜆, 𝑡𝑡)
(7)
�⃗ ∙ 𝑣𝑣⃗′�𝑑𝑑𝑑𝑑
𝑛𝑛′(𝜆𝜆, 𝑟𝑟⃗) � 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝜆𝜆, 𝑟𝑟⃗, 𝑣𝑣⃗, 𝑣𝑣⃗′)𝐿𝐿(𝜆𝜆, 𝑟𝑟⃗, 𝑣𝑣⃗′)�𝑁𝑁
𝜋𝜋

where: 𝐿𝐿0 (𝜆𝜆, 𝑟𝑟⃗, 𝑣𝑣⃗) is the own luminance of the observed
object at a wavelength 𝜆𝜆, at a point 𝑟𝑟⃗ and in the direction
𝑣𝑣⃗, 𝜏𝜏(𝜆𝜆, 𝑡𝑡) – medium transmission at wavelength 𝜆𝜆 and on
the path t from the luminance source to the observer,
𝑛𝑛(𝜆𝜆, 𝑟𝑟⃗) – index of refraction at the observer point,
𝑛𝑛′(𝜆𝜆, 𝑟𝑟⃗) – index of refraction at the point of formation of
luminance, 𝐿𝐿(𝜆𝜆, 𝑟𝑟⃗, 𝑣𝑣⃗′) - the luminance of the light source
illuminating the surface at a wavelength 𝜆𝜆, at a point 𝑟𝑟⃗ in
�⃗ – the direction of the local normal to
the direction 𝑣𝑣⃗′, 𝑁𝑁
the surface at the point of illumination 𝑟𝑟⃗,
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝜆𝜆, 𝑟𝑟⃗, 𝑣𝑣⃗, 𝑣𝑣⃗′) - The bidirectional scattering
distribution function of the surface (that is how many
times the brightness of a surface under given lighting and
observation conditions differs from the brightness of an
ideal diffuser) at wavelength 𝜆𝜆, at a point 𝑟𝑟⃗, in direction
of illumination 𝑣𝑣⃗′ and in the direction of observation 𝑣𝑣⃗.
The integration of luminance is carried out over the entire
hemisphere of the illumination of the observation surface.
For the computing method, the luminance can be
represented as the sum of the four components visually
presented in Fig. 4:

(1) The luminance of direct vision is the intrinsic
luminance of the surface that the observer sees
directly or through a series of "mirror" surfaces. For
surfaces in gradient media, this luminance
component can be calculated directly, for example,
by the ray tracing method.
(2) The luminance of caustic illumination is the
brightness of the surface that the observer sees
directly or through a series of “mirror” surfaces
illuminated through the “mirror” surfaces. To
calculate this luminance component, the most
suitable method would be a method based on the use
of photon maps [9]. Caustic lighting maps are
created by stochastic rays emitted from light sources,
stored, and then “read” in accordance with equation
(7) as the intrinsic luminance of the observed object.
This approach is technically applicable for surfaces
in gradient media, and requires only additional
analysis of the ray hit the caustic map.

Fig. 4. Four components of visible luminance

(3) The luminance of direct illumination is the
luminance of the surface that the observer sees
directly or through a series of “mirror” surfaces
directly illuminated by light sources. To calculate
this brightness component, as a rule, the method of
multiple importance sampling is used, weighting the
brightness learned from the choice of points on the
light source (light sampling - which allows you to
calculate the luminance of direct illumination using
radiometric ratios) and the choice of direction in the
bidirectional scattering function (BDF sampling allowing the method of calculating shadow rays to
find the brightness of visible light sources) [10]. In
most cases, the main contribution is made by the
method of choosing points on the light source,
however, this method cannot be applied to the case
of surface illumination through gradient media
(radiometric ratios do not allow calculating
luminance efficiently and correctly). The method of
choosing directions for the bidirectional scattering
function has several serious limitations, for example,
it cannot be applied to scenes containing small-sized
light sources. Therefore, to calculate the brightness
when illuminating a surface through a gradient
medium, it is necessary to use the photon map
method, which is technically implemented as a
method for calculating the luminance of caustic
illumination. If there are extended light sources of
large size, weigh it with the method of selecting
directions according to the bidirectional scattering
function.
(4) The luminance of the secondary illumination is the
brightness of the surface that the observer sees
directly or through a series of “mirror” surfaces
illuminated by light scattered on the diffuse surfaces
of the scene. To calculate this luminance component,
forward ray tracing method, backward ray tracing
methods, path tracing methods [11], or various
options based on bi-directional ray tracing methods
[12] are used. If the scene contains gradient media,
then the use of ray tracing methods and methods of
path tracing in most cases becomes ineffective. The
main reason is the low probability that the rays hit
the observer’s receiver (in forward ray tracing
methods) or the light source (in backward ray tracing

methods). The classical methods of bi-directional ray
tracing can also be inefficient since they allow the
possibility of connecting the paths of forward and
backward rays through gradient media, which cannot
be effectively implemented in the physically correct
approximation of ray tracing. Therefore, the most
suitable solution to the problem of calculating the
brightness of secondary illumination is the method of
bi-directional ray tracing using photon maps. From a
practical point of view, this method is implemented
similarly to the method for calculating the brightness
of caustic illumination. The only difference is that
photonic maps are formed at the second and further
distant diffuse scattering events.
The above solutions allow you to implement
physically correct rendering of scenes containing gradient
media.
5. Results
The ray tracing method and photorealistic rendering,
based on the forward stochastic ray tracing method in
scenes containing gradient media, was implemented as
part of the Lumicept computer-based photorealistic
image synthesis system [13]. Besides, a method for
visualizing ray paths propagating in a medium with a
refractive index gradient was implemented.
As an example, a scene was constructed consisting of
a cylindrical fiber with a refractive index varying from
axis to edge (as shown in Fig. 5), a small-sized LED
source illuminating the end of the fiber, and a radiation
receiver which detects the component of caustic
illumination on the opposite end of the fiber. As an
alternative, a scene was built consisting of a series of
cylinders in optical contact. The radius of the cylinder
was determined from the condition that the refraction
index changes by 0.005. Modeling was carried out at
various parameters of the beam displacement. The
number of steps varied from 20 to 100. The ray path
remained practically unchanged and the synthesized
image remained unchanged. The simulation results
showed a match with the simulation results for the
alternative scene. Images of several ray paths and the
distribution of illumination behind the end of the fiber are
shown in Fig. 5.

Fig. 5. Variation of the refractive index from the center to the edge of the fiber, the beam path inside the fiber and the distribution
of illumination behind the end of the fiber (from left to right)

The coincidence of the simulation results obtained in
various ways indirectly confirms the correctness of the
chosen implementation of the ray tracing method.
6. Conclusion
In the framework of this study, an effective and
physically correct method of ray tracing in gradient
media was proposed. For implementation in the
photorealistic rendering system, a gradient software
interface was proposed, which can become the basic
interface for all types of media. Methods were proposed
for calculating the luminance of all lighting components
in gradient media.
The main tasks that are planned as part of the
expansion of the proposed approach are, firstly, to
determine the optimal parameter for beam movement in
free space, which should provide a given accuracy of the
position of the new point in space and the new direction
of beam propagation, and, secondly, to develop an
effective method for determining the parameter of ray
tracing to the boundary of the spatial cell of the scene
(voxel).
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In the context of this article, a method for detecting threats based on their forecasting and development in complex distributed
systems is proposed. Initially, the relevance of the research topic is substantiated from the point of view of the prospective use of various
methods in the framework of threat management and their forecasting in complex distributed systems. Based on the analysis of these
methods, a proprietary forecasting method based on the second generation recurrent neural network (RNN) was proposed. The
mathematical formulation of the problem is presented, as well as the structure of this neural network and its mathematical model of selflearning, which allows achieving more accurate (with less error) results in the framework of threat prediction (in this case, the level of
water rise at gauging stations) in complex distributed systems. An analysis was also made of the effectiveness of the existing and proposed
forecasting methods, which showed the stability of the neural network in relation to other forecasting methods: the error of the neural
network is 3-20% of actual (real) water levels; the least squares method reaches up to 34.5%, the numerical method in a generalized
form - up to 36%; linear regression model – up to 47.5%. Thus, the neural network allows a fairly stable forecast of the flood situation
over several days, which allows special services to carry out flood control measures.
Keywords: water level forecasting, flood situation, neural networks, neural network for forecasting.

1. Introduction

2. Existing solutions

Currently, complex distributed systems include
various components in the form of physical, biological and
digital systems [1]. In the framework of this article,
complex distributed systems are understood to mean
technical objects, for example, potentially dangerous
objects, oil pipelines, since technical objects located in a
certain area, as defined in the literature (Reimers N.F.
Nature Management, 1990; Mikhailov N.I. Physicalgeographical zoning, 1985, etc.) - belong to the class of
complex unique geotechnical objects and have all the
features of complex systems. For such systems, as a rule,
there is a danger in the form of external threats that
contribute to causing substantial material damage. For
example, in the Republic of Bashkortostan, such a threat
is spring flood, which threatens complex distributed
systems due to possible flooding and flooding. To counter
such threats, it is proposed to proactively predict the level
of water rise in order to plan further activities by
specialized services to prevent the negative impact of the
flood on complex distributed systems falling into its
distribution zone.
Many scientists (both domestic and foreign) are
involved in this problem in a wide variety of scientific
fields. To solve this problem, many approaches and
methods are used, such as numerical methods, regression
models, etc. [2, 4-23]. But due to the lack of works
containing a description of the method of early detection
of threats based on their early forecasting, it becomes
relevant to use neural network approaches and
technologies to solve this problem.
Thus, it seems important and necessary, using a
recurrent neural network, to develop a method for early
detection of threats on the basis of predicting the level of
water rise in the flood period to counter them in complex
distributed systems. This will give the necessary
specialized services some time to carry out flood control
measures.

Currently, the literature describes many methods for
predicting flood situations (including water levels), the
most used of which, with the exception of hydrological
ones, are as follows:
− least squares method;
− numerical methods;
− general regression models.
The main objective of these approaches is to use
mathematical methods and models capable of producing
fairly accurate short-term forecasting of water levels.
Least square method
It is a way to solve various mathematical problems and
is based on minimizing the sum of the squared deviations
between the original and calculated values. The main
working formula for forecasting:
(1)
𝑌𝑌𝑡𝑡+1 = (𝑥𝑥 + 𝑏𝑏) ⋅ 𝑎𝑎,
where 𝑌𝑌𝑡𝑡+1 is the predicted indicator, t+1 is the period for
which the forecast is made, a and b are the coefficients of
forecast indicators and period, x is the symbol of time.
Calculation of coefficient a:
𝑎𝑎 =

𝑛𝑛
𝑛𝑛
(∑𝑛𝑛
𝑖𝑖=1((𝑌𝑌𝑡𝑡 ⋅𝑥𝑥)⋅𝑛𝑛1 ))−(∑𝑖𝑖=1 𝑥𝑥⋅ ∑𝑖𝑖=1 𝑌𝑌𝑡𝑡 )

,

𝑛𝑛
2
2
∑𝑛𝑛
𝑖𝑖=1 𝑥𝑥 −(∑𝑖𝑖=1 𝑥𝑥)

(2)

where 𝑌𝑌𝑡𝑡 is the actual value of the time series, n1 is the
number of levels in the time series. The coefficient b is
calculated by the following formula:
𝑏𝑏 =

∑𝑛𝑛
𝑖𝑖=1 𝑌𝑌𝑡𝑡
𝑛𝑛1

−

𝑎𝑎⋅∑𝑛𝑛
𝑖𝑖=1 𝑥𝑥
𝑛𝑛1

.

(3)

And for smoothing the time series by the least squares
method, in order to obtain and reflect the patterns of the
forecast, it is necessary to correctly determine the type of
curve and the time analytical dependence:
2
∑𝑛𝑛
𝑖𝑖=1 ∑(𝑌𝑌𝑡𝑡 −𝑌𝑌𝑝𝑝 )

𝑀𝑀 = �

(𝑛𝑛1 −𝑝𝑝−1)⋅𝑎𝑎

,

(4)

where 𝑌𝑌𝑝𝑝 are the calculated values of the time series, p is
the number of parameters of the described trend.
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Numerical methods
They represent a way to solve a mathematical problem
in numerical form. In the case of forecasting, information
on previously obtained data is used. Accordingly, for this,
the formulas (in generalized form) of the forecast (5) and
correction (6) are used:
′
′
𝑦𝑦𝑖𝑖+1 = 𝑦𝑦𝑖𝑖−3 + (ℎ1 ⋅ (2𝑦𝑦𝑖𝑖′ ⋅ 𝑦𝑦𝑖𝑖−1
+ 2𝑦𝑦𝑖𝑖−2
) + 𝑂𝑂(ℎ1 5 )), (5)
5
where O(h1 ) the calculated error in the forecast, h1 is the
iteration step, i + 1 is the forecast period.
′
′
𝑦𝑦𝑖𝑖+1 = 𝑦𝑦𝑖𝑖−1 + (ℎ1 ⋅ (𝑦𝑦𝑖𝑖+1
+ 4𝑦𝑦𝑖𝑖′ + 𝑦𝑦𝑖𝑖−1
) + 𝑂𝑂(ℎ1 5 )). (6)
General regression models

These models are used in many problems of data
analysis and forecasting. One of the most common
regression models is multivariate. A general view of this
model is presented in the following formula:
(7)
𝑌𝑌𝑝𝑝 = 𝑓𝑓 2 ⋅ ∑𝑥𝑥𝑛𝑛 𝑥𝑥( 𝑥𝑥1 , 𝑥𝑥2 , 𝑥𝑥3 . . . 𝑥𝑥𝑛𝑛 ) = 𝑓𝑓(𝑥𝑥),
where Yp is the predicted indicator, x1 , x2 , x3 ...xn are the

case, the Republic of Bashkortostan) for all previous years.
The proposed forecasting method is based on the
construction of a recurrent neural network, the structure
and algorithm of work (with training stages) of which are
presented in fig. 1 and fig. 2: Initially, data (gauging
stations codes, dates, water levels) enter the input layer of
the neural network for further processing in the
intermediate link (layers) of the RNN for the purpose of
training. Teaching without a teacher is based on the
integration of the methods of back propagation of error and
Rosenblatt for a more accurate forecast of water level at
hydrological posts. At the output of the neural network, we
obtain the predicted values of the water levels for a given
period of days.

S1

S2

N4

M2

R

Mn

N24
N14
N2n
N1n

Fig. 1. Structure of the developed RNN
Input data

(12)

Data reading

In practice, the linear (8) function of the multivariate
regression model is often used because of the simplicity of
constructing the multiple regression equation.
The results of predicting water levels at gauging
stations and a comparison of these methods with the
proposed solution of the authors are presented in section 4.

One of the main parameters of the possible impact of
the flood situation in a certain territory (for example, the
Republic of Bashkortostan) is H – the level of water rise
in water bodies, measured daily at n-posts by employees
of the regional department of hydrometeorology and
environmental monitoring. We introduce the following
notation: 𝐻𝐻𝑗𝑗𝑗𝑗𝑘𝑘 is the water level value measured at the k-th
������⃗
post on the i-th the date of the j-th year. Here 𝑖𝑖 = 1,
𝑛𝑛,
where n is the number of measuring posts involved in the
calculations, j is the number of the year, i is the specific
measurement date.
The task of forecasting is to calculate the water level
value for the next i+1 day on a specific current i-th day of
𝑘𝑘
, or after 2 days on i+2 day, i.e.
measurement, i.e. 𝐻𝐻𝑗𝑗𝑗𝑗+1
𝑘𝑘
𝑘𝑘
for any k.
𝐻𝐻𝑗𝑗𝑗𝑗+2 or after l days - on the i+l-th day, i.e. 𝐻𝐻𝑗𝑗𝑗𝑗+𝑙𝑙
To solve this problem, it is proposed to use the results
of previous measurements of the water level 𝐻𝐻𝑗𝑗𝑗𝑗𝑘𝑘 at all
control posts located in the considered territory (in our

N13

Nn

(11)

3. Development of a method for predicting water
levels based on a second generation
recurrent neural network

Result

...

Sn

N23
...

.
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M1
N22
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S3

...

𝑞𝑞+𝑏𝑏1 𝑥𝑥1 +𝑏𝑏2 𝑥𝑥2 +𝑏𝑏3 𝑥𝑥3 +...+𝑏𝑏𝑛𝑛𝑥𝑥𝑛𝑛

N21

N2

...

𝑌𝑌𝑝𝑝 =

N1

N12

𝑌𝑌𝑝𝑝 = 𝑎𝑎0 ⋅ (𝑏𝑏1 𝑥𝑥1 ) + 𝑎𝑎1 ⋅ (𝑏𝑏2 𝑥𝑥2 ) + 𝑎𝑎2 ⋅ (𝑏𝑏3 𝑥𝑥3 ) + ⋯
+𝑎𝑎𝑛𝑛 ⋅ (𝑏𝑏𝑛𝑛 𝑥𝑥𝑛𝑛 ). (10)
1

Output
layer

N11

factors affecting the forecast of water levels. In this case,
the initial information is provided in the form of time
series, and the following functions can be used to calculate
the forecast: linear (8), power (9), exponential (10),
exponential (11), hyperbolic (12). In formulas 8-12: a and
b are the coefficients of forecast indicators.
𝑌𝑌𝑝𝑝 = 𝑎𝑎 + 𝑏𝑏𝑏𝑏 + 𝑏𝑏1 𝑥𝑥1 + 𝑏𝑏2 𝑥𝑥2 + 𝑏𝑏3 𝑥𝑥3 + 𝑏𝑏4 𝑥𝑥4 +. . . +𝑏𝑏𝑛𝑛 𝑥𝑥𝑛𝑛 . (8)
𝑌𝑌𝑝𝑝 = 𝑎𝑎𝑥𝑥1 𝑏𝑏 1 + 𝑥𝑥2 𝑏𝑏2 + 𝑥𝑥3 𝑏𝑏3 + 𝑥𝑥4 𝑏𝑏4 +. . . +𝑥𝑥𝑛𝑛 𝑏𝑏𝑛𝑛 .
(9)
𝑌𝑌𝑝𝑝 = 𝑎𝑎0 + 𝑏𝑏|𝑥𝑥| + 𝑏𝑏1 𝑥𝑥1 + 𝑏𝑏2 𝑥𝑥2 +. . . +𝑏𝑏𝑛𝑛 𝑥𝑥𝑛𝑛 .
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Fig. 2. Neural network algorithm with training stages for
predicting water levels

From a mathematical point of view, this network is
characterized by the combination of signals in the input
layer (node, vector) C(i1), and the relationship between the
intermediate and output layers is expressed as follows:
𝐶𝐶(𝑖𝑖1 + 1) = 𝑓𝑓((𝑥𝑥(𝑖𝑖)) ⋅ 𝑥𝑥((𝑖𝑖1 − 1)) ⋅ 𝐶𝐶(𝑖𝑖1 − (𝑁𝑁 − 1)) ⋅
, (13)
⋅ 𝐶𝐶1 (𝑖𝑖1 − 1) ⋅ 𝐶𝐶1 (𝑖𝑖1 − 𝑃𝑃))

where 𝑁𝑁 − 1 is the delay of the input signal (quantity), P
is the delay of the output signal (quantity), i1 is the number
of neurons in the intermediate layers. Thus, in this case, a
recurrent neural network can be characterized by the set of
numbers {N, P, I1}. Therefore, the vector C(i1) supplied to
the input of the network has the following form:

𝐶𝐶(𝑖𝑖1 ) = [1 ⋅ (𝐶𝐶 ⋅ (𝑖𝑖1 )) ⋅ (𝐶𝐶 ⋅ (𝑖𝑖1 − 1)) ⋅. . .⋅ (𝐶𝐶 ⋅ (𝑖𝑖1 − (𝑁𝑁 − 1))),
((𝐶𝐶1 ⋅ (𝑖𝑖1 − 𝑃𝑃)) ⋅ (𝐶𝐶1 ⋅ (𝑖𝑖1 − 𝑃𝑃 + 1)) ⋅. . .⋅ (𝐶𝐶1 ⋅ (𝑖𝑖1 − 1)))]𝑇𝑇 .

(14)

The neuron itself has a sigmoidal activation function
with a range of values (0, 1), described by the equation:
1
𝜓𝜓 =
.
(15)
1+𝑒𝑒 −𝑄𝑄
We denote 𝑈𝑈𝑖𝑖 as the sum of the signals of each i-th
neuron of all j-th intermediate layers, and g is the sum of
the signals of each i-th neuron in the output layer, then
(16)
𝑈𝑈𝑖𝑖 = ∑𝑁𝑁+𝑃𝑃
𝑗𝑗=0 𝑤𝑤𝑖𝑖𝑖𝑖 ⋅ 𝐶𝐶𝑗𝑗 ,
where 𝑤𝑤𝑖𝑖𝑖𝑖 = 𝑓𝑓(𝑈𝑈𝑖𝑖 ). Respectively,
𝑖𝑖1
(17)
𝑔𝑔 = ∑𝑖𝑖=0
𝑤𝑤𝑖𝑖 ⋅ 𝐶𝐶(𝑖𝑖1 ),
where С(𝑖𝑖1 ) = 𝑓𝑓(𝑔𝑔). Thus, the output is the result in the
form of an output data signal (I1). A mathematical model
of training a neural network for predicting water levels is
presented in subsection 3.1.

The main idea of the training method with the back
propagation of the error is to spread the error signals from
the outputs of the RNN to its inputs. Partially, this method
of training a recurrent neural network was used in
predicting and countering cyber threats [3]. The initial task
is to minimize the error function:
1 𝑝𝑝
𝐸𝐸 = ∑𝑗𝑗=1(𝑦𝑦𝑗𝑗 − 𝑑𝑑𝑗𝑗 )2 ,
(18)
2
where 𝑦𝑦𝑗𝑗 is the obtained value of the j-th output of the
RNN, а 𝑑𝑑𝑗𝑗 is the reference value of the j-th output of the
neural network. Accordingly, the minimization of E is
determined by the gradient descent method. At the first
stage, there is an automatic adjustment of the weight
coefficients of the synapses:
𝑑𝑑𝑑𝑑
Δ𝑤𝑤𝑖𝑖𝑖𝑖 = −𝑚𝑚 ⋅
,
(19)
𝑑𝑑𝑤𝑤𝑖𝑖𝑖𝑖

where 𝑤𝑤𝑖𝑖𝑖𝑖 is the synapse weight, -m(0<m<1) is the neural
network learning rate, expressed by a coefficient. Next, it
is necessary to disclose (8) for more accurate training of
the neural network. In this way,
𝑑𝑑𝑑𝑑

=

𝑑𝑑𝑑𝑑

𝑑𝑑𝑦𝑦𝑗𝑗

⋅

𝑑𝑑𝑦𝑦𝑗𝑗
𝑑𝑑𝑠𝑠𝑗𝑗

⋅

𝑑𝑑𝑠𝑠𝑗𝑗

𝑑𝑑𝑤𝑤𝑖𝑖𝑖𝑖

,

(20)

where sj is the sum of the input signals of each neuron
RNN, and yj is the output of the j-th neuron. Respectively,
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 𝑑𝑑𝑦𝑦𝑘𝑘 𝑑𝑑𝑠𝑠𝑘𝑘
𝑑𝑑𝑑𝑑 𝑑𝑑𝑦𝑦𝑘𝑘
[𝑛𝑛+1]
= ∑𝑘𝑘
⋅
⋅
= ∑𝑘𝑘
⋅
⋅ 𝑤𝑤𝑗𝑗𝑗𝑗 ,
(21)
𝑑𝑑𝑠𝑠
𝑑𝑑𝑦𝑦
𝑑𝑑𝑠𝑠
𝑑𝑑𝑦𝑦
𝑑𝑑𝑦𝑦
𝑑𝑑𝑦𝑦
𝑗𝑗

𝑘𝑘

𝑘𝑘

𝑗𝑗

𝑘𝑘

𝑘𝑘

where k is the number of neurons in the n+1 layer. Also
for disclosure (19) we introduce a new variable:
[𝑛𝑛+1]

𝛿𝛿𝑗𝑗

=

𝑑𝑑𝑑𝑑

𝑑𝑑𝑦𝑦𝑗𝑗

⋅

𝑑𝑑𝑦𝑦𝑗𝑗
𝑑𝑑𝑠𝑠𝑗𝑗

.

(22)

After entering the variable, we obtain recursive
formulas for the output (23) and input (24) layers of the
RNN:
𝑑𝑑𝑦𝑦
[𝑛𝑛]
[𝑛𝑛]
𝛿𝛿𝑖𝑖 = 𝑖𝑖 ⋅ (y𝑖𝑖 − 𝑑𝑑𝑖𝑖 ),
(23)
[𝑛𝑛]
𝛿𝛿𝑗𝑗

=

𝑑𝑑𝑦𝑦𝑗𝑗
𝑑𝑑𝑠𝑠𝑗𝑗

𝑑𝑑𝑠𝑠𝑖𝑖

[𝑛𝑛+1]

⋅ ∑𝑘𝑘 𝛿𝛿𝑘𝑘

[𝑛𝑛+1]

⋅ 𝑤𝑤𝑗𝑗𝑗𝑗

.

𝑘𝑘
𝐻𝐻𝑗𝑗𝑗𝑗+1
=

1
2

𝑝𝑝

𝑘𝑘
�𝑞𝑞𝑖𝑖𝑖𝑖(𝑡𝑡+1) ⋅� ∑𝑗𝑗=1(𝑦𝑦𝑗𝑗 −𝑑𝑑𝑗𝑗 )2 ��⋅𝐻𝐻𝑗𝑗𝑗𝑗

𝛥𝛥𝑤𝑤𝑖𝑖𝑖𝑖

(27)

Thus, based on the Rosenblatt methods and the back
propagation of the error, formula (27) was obtained, which
allows one to increase the accuracy of forecasting water
levels at hydrological posts (the results are presented in
Section 4).
4. Analysis of the effectiveness of the proposed
method for predicting water levels

Neural network training for predicting water
levels

𝑑𝑑𝑤𝑤𝑖𝑖𝑖𝑖

of a single-layer perceptron. Thus, the rule for training a
recurrent neural network is as follows:
(26)
𝑞𝑞𝑖𝑖𝑖𝑖 (𝑡𝑡 + 1) = 𝑞𝑞𝑖𝑖𝑖𝑖 (𝑡𝑡) + 𝑎𝑎1 ⋅ 𝑥𝑥𝑖𝑖 ⋅ 𝑑𝑑𝑗𝑗
Next, it is necessary to integrate the training rules (26),
the error minimization functions (18) and the weight
adjustment of the synapse coefficients (25) in order to
increase the accuracy of training and, as a result, the
predicted values:

(24)

Thus, the disclosed formula (25) for automatically
adjusting the weight coefficients of the synapses is as
follows:
[𝑛𝑛]
[𝑛𝑛−1]
Δ𝑤𝑤𝑖𝑖𝑖𝑖 = −𝑚𝑚 ⋅ 𝛿𝛿𝑗𝑗 ⋅ 𝑦𝑦𝑖𝑖
.
(25)
In the case of the Rosenblatt method, everything is
different, since it was originally intended for the training

To analyze the effectiveness of the proposed method
for predicting water levels, we used long-term data on
measuring water levels at gauging stations provided by the
Bashkir Administration for Hydrometeorology and
Environmental Monitoring (Bashhydromet) from
01.01.2000 to 15.05.2019 years in the form of: code of a
hydrological post, date and water level at the gauging
station.
During the experiment, many iterations were carried
out to calculate the predicted levels of water rise for the
entire period of long-term observations – from 01.01.2001
to 31.12.2019. The total array of data used in the
experiment is 13 800 (hydrological station code, date and
water level), of which 66%, these are data from long-term
observations from 01.01.2000 to 31.12.2013, fed to the
input neural networks, and the remaining 34% (01.01.2014
– 31.03.2019) – for training. From 34% of the data, the last
10 days are taken to predict water levels for the next 5
days, and the rest of the information is used to analyze and
improve the accuracy of the forecast as part of the training.
As an example, the article presents the results of an
experiment predicting the levels of water rise at three
hydrological posts in Ufa, Shaksha district of Ufa and the
village of Okhlebinino, Iglinsky district of the Republic of
Bashkortostan during the spring flood of 2019. The
experiment was carried out in two stages. The first stage
was a comparison of real and predicted levels of water rise
at hydrological posts at different periods of the flood –
when there is a rise in water levels, a peak period and a
decline. The results are shown in tables 1-3, where the
actual water level is actually the measured value at the
hydrological station, and the predicted water level is the
water level value obtained using the neural network.
The predicted values of water levels by the neural
network at gauging stations at the beginning of the flood
period (increase (rise) in water level) are presented in table
1.
Table 1. Predicted values for five days of water levels at
gauging stations at the beginning of the flood period (increase)
Hydropost
Real water Predicted water
The date
number
level, cm.
level, cm.
01.04.19
-11.00
0.00
76289
02.04.19
8.00
20.00

The date
03.04.19
04.04.19
05.04.19
01.04.19
02.04.19
03.04.19
04.04.19
05.04.19
01.04.19
02.04.19
03.04.19
04.04.19
05.04.19

Hydropost
number
(Ufa, Belaya
River)

Real water Predicted water
level, cm.
level, cm.
39.00
34.00
63.00
50.00
74.00
86.00
124.00
150.00
131.00
147.00
3000014
134.00
160.00
(microdistrict
Shaksha, Ufa)
134.00
161.00
160.00
180.00
291.00
300.00
76288
270.00
290.00
(Iglinsky
district, the
281.00
305.00
village of
296.00
312.00
Okhlebinino)
323.00
330.00

The predicted values of the water levels by the neural
network at gauging stations during the flood peak are
presented in table 2.
Table 2. Predicted values for five days of water levels at
gauging stations during the flood peak
The
Hydropost
Real water Predicted water
date
number
level, cm.
level, cm.
15.04.19
350.00
395.00
16.04.19
368.00
424.00
76289
17.04.19 (Ufa, Belaya
366.00
430.00
River)
18.04.19
346.00
400.00
19.04.19
315.00
390.00
15.04.19
323.00
380.00
16.04.19
338.00
390.00
3000014
17.04.19 (microdistrict
323.00
370.00
18.04.19 Shaksha, Ufa)
327.00
360.00
19.04.19
338.00
360.00
15.04.19
621.00
670.00
76288 (Iglinsky
16.04.19
622.00
673.00
district, the
17.04.19
597.00
630.00
village of
18.04.19
528.00
570.00
Okhlebinino)
19.04.19
515.00
550.00

The predicted values of the water levels by the neural
network at gauging stations during the flood period are
presented in table 3.

Table 3. Predicted values for five days of water levels at
gauging stations during the flood period
Hydropost
Real water Predicted water
The date
number
level, cm.
level, cm.
29.04.19
151.00
190.00
30.04.19
140.00
180.00
76289
(Ufa, Belaya
01.05.19
166.00
199.00
River)
02.05.19
188.00
205.00
03.05.19
182.00
200.00
29.04.19
200.00
220.00
30.04.19
204.00
200.00
3000014
01.05.19 (microdistrict
275.00
260.00
02.05.19 Shaksha, Ufa)
313.00
300.00
03.05.19
303.00
295.00
29.04.19
365.00
390.00
76288 (Iglinsky
30.04.19
387.00
400.00
district, the
01.05.19
405.00
420.00
village of
02.05.19
364.00
380.00
Okhlebinino)
03.05.19
329.00
350.00

Thus, the error between the predicted and actual values
of the water levels, according to the results of the
experiment, is 3-20% (tables 1-3).
The second stage of the experiment consisted in a
comparative analysis of the data of the levels of water rise
obtained using the described forecasting method based on
the recurrent neural network and the known, most
described in the literature sources, forecasting methods
(least squares method, numerical methods and regression
models).
As an example, the article presents the results of
comparing the actual levels of water rise at the Ufa
gauging station during the flood peak according to
Bashhydromet and the forecast levels of water rise
obtained on the basis of calculations by known methods
(table 4).
An important difference of the proposed method for
predicting water levels using a recurrent neural network in
comparison with other known methods is the speed of
obtaining the forecast and its correctness (more accurate)
when forecasting ahead of time (for 5 days). The
remaining methods considered in the experiment are more
accurate only with short-term forecasting (1-2 days), the
analysis results are shown in fig. 3.

Fig. 3. An example of the results of forecasting water levels at hydrological posts

According to the data in Table 4 and Fig. 3, it can be
seen that in the first two days the forecast of water rise
levels by known methods is quite accurate: the difference
between the predicted values from the real ones varies
from 1 to 3%. However, in the following days, the gap
between the predicted and real values increases: for
example, when calculating by the least squares method,
the error reaches 34.5%, by numerical method – 36%, and

for a linear regression model this indicator is 47.5%. It is
worth noting that the implemented recurrent neural
network does not give an accurate result in the first two
days (in contrast to the known forecasting methods
considered), but in the following days shows a more stable
result.

Table 4. Comparison results of real and forecast levels of water rise at the gauging station in Ufa during the flood peak, obtained on
the basis of calculations by known methods
Hydropost
Real water
Predicted values (least Predicted values (numerical Predicted values (general
The date
number
level, cm.
squares method), cm.
method), cm.
regression model), cm.
15.04.19
350.00
390.00
360.00
353.00
16.04.19
368.00
410.00
370.00
378.00
76289
17.04.19 (Ufa, Belaya
366.00
470.00
420.00
460.00
River)
18.04.19
346.00
490.00
540.00
540.00
19.04.19
315.00
480.00
280.00
600.00

5. Conclusions
A method is proposed for early detection of threats
(for example, the Republic of Bashkortostan) for
parrying them in complex distributed systems. The
proposed forecasting method is based on the construction
of a recurrent neural network, the structure and operation
algorithm of which is described in the article. The results
of the analysis of the effectiveness of the proposed
method for predicting water levels showed an error of
predicted values from 3 to 20%. A comparative analysis
of the data of the levels of water rise obtained using the
described forecasting method based on the recurrent
neural network and the well-known, most described in
the literature sources, forecasting methods (least squares
method, numerical methods and regression models),
which revealed errors in other forecasting methods up to
47.5%. Thus, the use of artificial neural network
technology has shown more stable results in forecasting
threats, using the example of spring flood, which will
allow the special services to give the necessary time for
flood control measures to prepare for the protection of
complex distributed (including technical objects)
systems.
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Assessment of the characteristics of the municipal solid waste
management system based on the apparatus of the theory of reliability
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Currently, the problem of organizing a municipal solid waste management system (MSW) has become more acute in Russian regions
and all over the world. Various environmental and economic problems, as well as problems related to public health negatively affect
many aspects of the development of modern society. Therefore, the careful organization of the management of the MSW management
system is of great social importance and needs constant improvement.
In this paper, we look at the MSW management system from the point of various scientific approaches, namely, structural analysis
methods, geoinformation technology methods, reliability theory for complex technical systems, evergetics, graph theory and fuzzy logic
methods, including the apparatus of linguistic variables. The purpose of the work is to show the possibility of application and systematic
combination of the above scientific methods that have proven themselves well in their fields to a new area of the MSW management
systems. However, just application of these approaches is impossible without their further adaptation and systematization from the point
of view of existing approaches to the management of similar systems.
As part of this study, elements of the MSW management system were identified and a topological model of the system was developed.
Structural-logical models of reliability at various levels of abstraction were also built.
Key words: waste recycling, municipal solid waste, geographic information systems, evergetics, reliability theory, linguistic
variables.

1. Introduction
These days, one of the most pressing issues, both for
Russia and its entities, are problems in the field of
environmental protection. Despite the fact that in recent
years various environmental organizations have positively
influenced the current situation, there have been no
qualitative changes in improving the environmental
situation. One of the most pernicious and most dangerous
in terms of environmental impact problems is the irrational
and unstructured waste management.
Currently, the problem of collection, removal, storage
and disposal of municipal solid waste (MSW) has become
more acute in most regions of Russia. On average, about
400 kg of waste generated per year falls on one resident of
a metropolis [1]. Despite the huge numbers, the MSW
management system has not undergone significant
changes. The main methods of waste treatment are still
landfill, incineration at specialized sites and partial
processing.
The imperfect organization of the MSW management
system can create a number of issues, both for different
sectors of the national economy, the environment, and for
the population. In particular, the accompanying problems
of a poorly organized system of MSW management are the
emergence of natural dumps, overflow of existing landfills
for MSW storage and fatal effects on the ecosystem caused
by harmful emissions into the atmosphere. All this directly
affects the occurrence of serious health problems in the
population due to the deterioration of the environmental
situation, sanitary and hygienic living conditions of the
population and the emergence of factors contributing to
the formation of an unfavorable psychosocial environment
for the people.
The events of recent days (the COVID-19 pandemic)
have vividly indicated that when assessing alternative
options for building sociotechnical systems from the
standpoint of functional safety, it is necessary to assess the
possible consequences of negative events, not only those

that previously took place, but also those that can only
happen.
The works of many researchers have been devoted to
the development of methodological and theoretical
foundations for the management of functional safety of
subject-centric systems [2-5]. Nevertheless, theoretical
foundations are required to be further developed, allowing
scientifically based adaptation of developments that have
proven to be effective in managing the functional safety of
subject-centric systems of a different nature (health care,
aviation, military operations, etc.) to be implemented to
functional safety management of MSW handling systems.
It seems that, as a conceptual basis for ensuring the
functional safety of the MSW management system, it is
advisable to choose an approach rendered in literature as
“barrier thinking” [6]. Its foundation is the defense-indepth philosophy, developed as part of research related to
improving the functional safety of the nuclear industry.
The focus of philosophy is the development of multi-layer
defense systems. Meanwhile, it is assumed that a separate
barrier cannot completely prevent and eliminate the
negative consequences of hazardous effects. However, the
construction of a system of barriers qualitatively improves
the protective properties of the system due to the system
effect.
This work looks at one of the approaches to the study
of the MSW management system, which can be considered
as an element in the system of constructing barriers (the
issue of building barriers is considered more fully, for
example, in [7]). The scientific idea of the proposed
approach, which is based on the theory of evergetics as the
philosophical basis [8], consists in adapting the methods
for analyzing the reliability of technical systems under
fuzzy estimates of the reliability characteristics of
elements as applied to the MSW systems [9].
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2. The features of the management of MSW
systems
The management of MSW in the region should begin
with the organization of a unified system of production
accounting for waste, which is the primary information
flow [10]. The primary production waste accounting
system includes internal current information and consists
of a quantitative assessment of waste generation for each
technological operation, both by actual indicators of MSW
generation, and by material balance methods, as well as by
calculation methods. An environmental assessment of the
product’s life cycle takes into account the impact on the
environment and human health of not only the material
itself, but also by the processes that accompany it
throughout the life cycle: from the extraction of raw
materials for its production to its destruction, disposal, or
reuse for new construction products.
The MSW management system is a subject-centric
complex technical system. The main elements of a MSW
management system are waste sorting stations, waste
recycling stations, and landfills located in a specific area.
At the same time, a critical factor in the effectiveness of
the MSW management system is the attitude of various
target groups of subjects: the population; representatives
of authorities; business representatives; scientists; public
figures. This necessitates the consideration of the
subjective component in the study of the MSW
management systems. And finally, when studying the
MSW management system, it is necessary to take into
account that it is a geotechnical object, i.e. a
geographically distributed system with a unique
combination of natural and technogenic components
throughout the territory [11-12], etc.
Hence, firstly, there are reasons to adapt approaches
that are well established in other applied fields of research
of complex subject-centric technical systems into the field
of MSW management [13-14]. Secondly, the limited
portability of the results obtained to other geotechnical
systems should be considered [15-16].
The most famous metaphor representing the essence of
“barrier thinking” is proposed in 1990 by the British
scientist J. Reason. This model has found application in
solving various problems of managing complex subjectcentric systems of different classes and is widely used in
areas such as risk management for aviation, engineering,
and medicine [17-18]. This metaphor suggests analyzing
alternative options for constructing false systems in the
early stages of their life cycle in order to reduce the
number of systemic errors. In the framework of the
approach defined in this paper, this suggests the adaptation
of structural methods for analyzing the reliability of
technical systems, taking into account the territorial
features of various components of the MSW management
system.

3. Transformation of the MSW management
system to a type that allows the application
of reliability analysis methods based on
structural logical schemes
The results presented below were obtained in relation
to the MSW management system utilized in the Republic
of Bashkortostan.
The territorial waste management system is made up of
waste producers such as municipal districts (MO); waste
processing structures like waste sorting stations (МСС);
waste recycling stations (МПС), waste landfills (П); waste
collection and transportation services.
To highlight the elements of the MSW management
system, the following basic principles of the analysis of
territorial systems are used. These principles are the
principle of logical completeness in a functional sense and
the principle of transport accessibility [19].
Following the principle of logical completeness, the
purpose of the MSW management system is to directly
organize the collection, transportation and further
processing (disposal) of waste. Consequently, the
elements of the system will be waste producers, in this case
of municipal districts, waste processing enterprises, here
they are waste sorting stations (МСС), waste recycling
stations (МПС) and waste landfills (П). These elements
ensure the implementation of the goal of the MSW
management system [20-21].
The nature of the relations of the elements with each
other should be clarified: at the level of municipal districts,
the regional operator collects the waste generated by
households and enterprises, and thereby solves the
logically completed task: to collect all MSW from the
territory. The collected waste is sent to waste sorting
stations for the separation of MSW by hazard types and
classes for their further disposal at specialized waste
processing enterprises or directly at landfills. There may
be cases of transportation of waste for temporary storage
at landfills in cases of temporary inability of the МСС and
the МПС to accept MSW due to the overflow or in the case
of technical or other equipment failures. Therefore, a
separate functional task is the transportation of MSW,
which makes it possible to distinguish the transport
network as the element of the system.
Consider the MSW collection and transportation
system: we will designate all waste producers of a specific
municipal entity as МО, waste sorting stations as MCC,
waste recycling stations as МПС, and landfills as П. Also,
we will consider the main links of the waste transportation
chain: from the municipality to the landfill (МО → П);
from the landfill to the waste sorting station (П → МСС);
from the waste sorting station to the waste recycling
station (МСС → МПС).
As an example, we will consider municipalities of the
Yanaul, Krasnokamsky, Kaltasinsky, Buraevsky,
Tatyshlinsky and Baltachevsky municipal districts of the
Republic of Bashkortostan (Fig. 1).
Let's define the conventions for the following
municipalities: Yanaul (МО1), Neftekamsk (МО2),
Agidel (МО3), Krasnokholmsky (МО4), Verhnie
Tatyshly (МО5), Staroboltachevo (МО6), Buraevo
(МО7). The proposed routes for transporting MSW from

municipalities (МО) to waste sorting stations (МСС) are
presented in Figure 2.
To highlight elements of the MSW management
system, we use a functional approach.
From the point of view of functional completeness and
indivisibility, the following groups of elements of the
waste management system can be distinguished:
〈{МО}, {R}, {МСС}, {МПП}, {П}〉.
The objects of the system are: {МО} is a set of
municipalities (nodes of the graph); {R} is a set of
transportation routes connecting objects (edges of the

graph); {МСС} is a set of waste sorting stations (nodes of
the graph); {МПП} is a set of waste recycling stations
(nodes of the graph); {П} is a set of polygons (nodes of the
graph).
We will transform the topological model of the MSW
collection and transportation system to the form of a graph
that reflects the various communication routes (roads)
between the МО, П, and МСС (Fig. 3).
The results obtained form the basis for further use of
formal methods of structural reliability analysis.

Fig. 1. Map of the location of elements of the MSW management system in the Republic of Bashkortostan

Fig. 2. A fragment of a topological model of the considered MSW collection and transportation system

4. Structural-logical schemes of different levels
of abstraction of the MSW management
system
The works on the theory of reliability for technical
systems emphasize that the formulation of the concept of
“failure” is the basis for building models of reliability for
technical systems.

Due to the complexity of the MSW management
system, as well as its multi-level structure, the definition
of the element failure concept will be different for each
level of the MSW management system, namely the level
of the municipality, the level of the regional operator and
the level of the region. Therefore, for each formulation of
the concept of failure, there will be its own model of
system reliability.
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Fig. 3. Model of the network structure of the MSW collection
and transportation system

Structural logical model of reliability at the level
of container sites
At the level of container sites, the refusal will mean the
following: 1) inability of the regional MSW management
operator to organize the collection of MSW from the
container sites (special sites for bulky waste, the territory
adjacent to the place of garbage loading) due to reasons
such as the absence of a container on the site , lack of
access to the container on the site, overflow of containers
installed on the site in at least for one household; 2)
inability of the regional MSW management operator to
collect MSW from container sites due to the absence or
improper state of roads at least for one household.
At this level of abstraction, the functional elements of
the system will be {МО, R}, where МО refers to a
container site for collecting MSW for a municipality, and
{R} means transport routes between container sites for
collecting MSW and waste sorting stations or landfills.
Based on the defined definitions, the container site may
be associated with structural-logical model (Fig. 4).
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Fig. 5. Structural logical model of system reliability at the level
of the municipality
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Fig. 4. Structural logical model of system reliability at the
container site level

Structural logical model of reliability at the level
of the municipality
In the case of many sites and several roads from
container sites to waste sorting stations or landfills with
the same wording of the concept of failure, the structural
logical model accepts the one presented in Figure 5. This
model considers the fact that before the container site i
(МОi) can be reached in different ways {Ri, j}.

5. Qualitative assessment of reliability
indicators of the components of the MSW
management system
The basis for obtaining quantitative estimates of
reliability indicators based on structural logical schemes is
the use of failure probabilities (fail-free operation) of the
elements that make up the scheme. When analyzing the
reliability of technical systems, reliability indicators are
either presented in the passport data for the elements or can
be obtained through specially organized tests. When
analyzing MSW management systems, it is not possible to
obtain reliability indicators through the above approaches.
For that reason, it is proposed to use the approach
described in [22] to obtain qualitative estimates of
reliability. The paper describes the procedure for
estimating paths in a graph for the case of the edges of the
graph are weighted as values of a pre-formed linearly
ordered linguistic scale (an example of a linguistic scale in
relation to reliability problems can be, for example,
{unbelievable, unlikely, probably}). Following this
procedure, if a consistent connection of elements takes
place in the structural logical scheme, the reliability
estimate will be the smallest of the linguistic evaluations
that are assigned to each element. In the case of a parallel
connection, the estimate will be the largest of the
estimates. Figures 6-7 show examples corresponding to
serial and parallel connection of structural logic elements.
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unlikely

likely
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/

Fig. 6. Series connection of elements weighted by linguistic
evaluations
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/
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Fig. 7. Parallel connection of elements weighted by linguistic
estimates

For the example in Figure 6, the final estimate would
be min {unlikely, likely, impossible} =impossible. For the
example in Figure 7, the final score would be max
{unlikely, likely, impossible} =likely. The use of linearly
ordered linguistic variables makes it possible to obtain
qualitative estimates of the reliability characteristics for
models of container sites and municipalities.

6. Conclusions
The proposed approach, based on a systematic
combination of the geographic information technologies,
the apparatus of the theory of reliability, and the apparatus
of linguistic scales allows to obtain qualitative estimates
of reliability of the waste management system
components. This makes it possible to formalize the
procedure for comparing alternative options for the
location of elements of the MSW management system at
the early stages of designing geotechnical systems. The
proposed approach is one of the practical methods for
implementing barrier thinking in a as socially significant
area as waste management.
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Geometric support of algorithms for solving Problems of higher
mathematics
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The need to improve the level of mathematical in particular geometric training of students of technical universities is due to modern
technologies of computer-aided design. They are based on mathematical models of designed products, technological processes, etc.,
taking into account a large variety of source data. Therefore, from the first years of technical universities, when studying the cycle of
mathematical disciplines, it is advisable to interpret a number of issues in terms and concepts of multidimensional geometry. At the same
time, the combination of constructive (graphical) algorithms for solving problems in descriptive geometry with analytical algorithms in
linear algebra and matanalysis allows us to summarize their advantages: the constructive approach provides the imagery inherent in
engineering thinking, and the analytical approach provides the final result. The article shows the effectiveness of combining constructive
and analytical algorithms for solving problems involving linear and nonlinear forms of many variables using specific examples.
Keywords: descriptive geometry, linear algebra, multidimensional forms - linear and nonlinear, constructive and analytical
solutions, geometric model

1. Introduction
In the first years study of technical universities two
approaches are considered when studying mathematical
cycle disciplines:
− constructive (graphic) in the teaching of descriptive
geometry;
− analytical with emphasis on the study of numerical
algorithms (linear algebra, calculus).
Only in the course of analytical geometry are algebra
and geometry considered together. At the same time, none
of these courses even talk about multidimensional spaces,
although they consider systems of linear equations from
several unknowns, study methods for differentiating and
integrating functions of many variables ets. Each of these
approaches has its own advantages. If the constructive
approach provides the imagery inherent in engineering
thinking, then the analytical approach provides the final
result. Therefore, their rational combination should
contribute to the successful development of the course
being studied. In this regard, this publication is devoted to
the justification of making some additions to the course of
descriptive geometry, which, in our opinion, will
contribute to the geometric support of algorithms for
solving a number of problems of higher mathematics.

the study of linear and nonlinear forms of threedimensional space.
This gap can be most easily and clearly eliminated by
expanding the subject of descriptive geometry with the
forms of four-dimensional space and generalizing the
twocard drawing of Monge with the drawing of
Radishchev (Fig. 1).

2. Geometric representation of the solution of
systems of linear equations
Let's start with linear algebra. In high school, students
are taught to solve systems of two linear equations with
two unknowns and three linear equations with three
unknowns. Students understand the geometric meaning of
the systems being solved. In the first case, they calculate
the coordinates of the intersection point of two straight
lines, and in the second – the coordinates of the common
point of three planes. At the University, they study the
solution of systems of four or more linear equations with
the corresponding number of unknowns, using the Gauss
algorithm. Unfortunately, now them do not explain the
geometric meaning of a linear equation from many
unknown ones, because the programs of existing courses
in descriptive and analytical geometry are focused only on

Fig. 1. Setting point A of a four-dimensional space in the
Radishchev drawing

At the same time, it is logical and simple enough to
graphical definition lines and planes of three-dimensional
space ([1]: 2.1, 2.2) and generalize it to define linear forms
of multidimensional space ([1]: 2.2.3). This fully applies
to their analytical task ([1]: 2.3). If linear algebra courses
do not provide a geometric interpretation of a rectangular
matrix and its rank , this is now available ([1]: 2.3.2):
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−

a rectangular matrix consisting of n-p rows and n + 1
columns defines a p-plane defined by a system of n-p
linear equations from n unknowns;
− rank R = n-p, where p is the dimension of the p-plane
through which all the hyperplanes of this n dimensional space pass.
Thus, the extension of the subject of descriptive
geometry by multidimensional (at the first stage − fourdimensional ) linear forms and their analytical assignment
in the form of linear equations or systems of equations
allows us to visually (geometrically figuratively) represent
them as p - planes, their intersections and unions
(enclosing spaces). As a result, the existence of a
relationship between their methods and the rationalization
of algorithms for solving certain problems is revealed.
To confirm this thesis, section 6.2.1 [1] provides two
examples. In the first example, we discuss an algorithm for
constructing the intersection point of three planes α, β, and
γ. As a rule, in descriptive geometry, this problem is solved
in this sequence:
- the line up of intersection of l planes α and β is
constructed;
- the desired point K of the intersection of the line l and
the plane γ is constructed.
In the language of linear algebra this problem is
reduced to solving a system of three linear equations with
three unknowns: by elementary transformations, the
square matrix of coefficients is reduced to a trapezoidal
one , which in descriptive geometry corresponds to the
transformation of one plane into a projecting one.
Therefore, a simpler calculation of the determinant of the
transformed (trapezoidal) matrix corresponds to a simpler

graphical way of constructing a common point of three
planes, one of which is the projecting one.
The second example shows a graphical
implementation of the Gauss method for sequentially
reducing the dimension of the problem to be solved ([1],
p. 6.2.1). On the example of a graphical solution to the
problem of constructing a point K of the intersection of a
line l with a hyperplane Σ 3 (ABSD), the drawing clearly
shows a sequential decrease in the dimension 4→3→2→1.
Thus, the questions discussed above convincingly
show the unity of the subject of linear algebra and
multidimensional descriptive geometry, the usefulness of
parallel solutions of geometric problems using graphical
and analytical methods.
3. Kinematic method for forming
multidimensional surfaces
Let's consider examples of geometric support for
solving problems involving nonlinear forms. Therefore,
we will first show the kinematic method of their formation,
which is characterized by clarity and implements the
principle of separation, which is widely used in
computational mathematics.
In the Oxy coordinate plane, point A, moving according
to some law, forms a curve 𝑎𝑎1 (y = f(x)) (fig. 2). In turn, the
curve 𝑎𝑎1 , moving in the space Oxyz by its law, forms
("sweeps") a two- dimensional surface 𝛼𝛼 2(z = γ (x, y)). The
surface 𝛼𝛼 2, moving in the four- dimensional space Oxyzt
in the direction of the axis Ot, forms a 3-surface 𝛼𝛼 3 (t =
φ(x, y, z)), which, in turn, "sweeps" the 4-surface 𝛼𝛼 4 (in
fig.2 not shown). This process continues until the (n – 2) surface 𝛼𝛼 𝑛𝑛−2 "sweeps" the hypersurface 𝛼𝛼 𝑛𝑛−1 .

Fig. 2. Kinematic method for forming multidimensional surface

Thus, the hypersurface 𝛼𝛼 𝑛𝑛−1 is a one - parameter ∞1
set of (n − 2) - surfaces (stratified into a bundle of (n − 2)
- surfaces). In turn, the (n − 2) - surface is stratified into a
bundle of (n − 3) - surfaces, etc. As a consequence, the
membership problem is solved by constructing an (n − 1)
- dimensional nonlinear flag (see [1], p. 2. 2. 3).

The question arises, how to construct a tangent plane
to the hypersurface being constructed?
In the course of mathematical analysis, the tangent t to
the curve m at its point Μ is called the limit position 𝑀𝑀𝑀𝑀 𝑖𝑖
of the secant ΜΝ, which it occupies when the point N
along the curve t tends to the point Μ. In other words, a
tangent t is such a secant (chord) that intersects the curve

m at two coinciding points 𝑀𝑀 = 𝑁𝑁 𝑖𝑖 . This definition also
applies to the touch of curved lines, flat and spatial. Since
two curves can intersect at several points, two, three, or
more points can coincide in the limit. Therefore, they talk
about two-point, three-point, etc. touches. For example,
two second-order curves can have two-point, three-point,
and four-point touches. In the language of mathematical
analysis, this means that in the case of a two-point touch,
the coordinates of the coinciding points satisfy the
equations of both curves, and the first derivatives taken
from the equations of these curves are equal at this point.
In the case of a three-point touch, the second derivatives
are additionally equal, and in the case of a four-point
touch, the third derivatives are also equal. In engineering
practice, it is customary to call two-point, three-point, etc.
touches, respectively, touches of the first, second, and n-th
order of smoothness. Curves made up of arcs that touch
curves are called outlines.
These concepts are applied in the appropriate
interpretation to the touch of surfaces. As noted above, the
construction of curves and surfaces is of great practical
importance. In theory, they are generalized to touch in
multidimensional spaces. In computational terms, this is
reduced to operating with partial derivatives of functions
of many variables.
Let's start by considering the theoretical provisions for
constructing a tangent plane to a surface in threedimensional space.
In differential geometry, it is shown that the set of
tangents 𝑡𝑡 𝑖𝑖 drawn to a surface Φ at some point A belongs
to the plane τ, if the point A is its regular (ordinary) point.
If the point A is a special point of the surface Φ, then the
set of tangents 𝑡𝑡 𝑖𝑖 forms a conic surface τ with a vertex at
this point [9].
Since the tangent plane τ is uniquely defined by two
straight lines, the algorithm for constructing it consists of
the following steps:
- through this point A of the surface Φ, any two of its
lines a, b are drawn;
- at point A, tangents 𝑡𝑡 1 , 𝑡𝑡 2 are constructed to the
selected lines a, b; intersecting lines 𝑡𝑡 1 , 𝑡𝑡 2 define the plane
τ, touching the surface Φ at point A.
This algorithm is the basis of an analytical method for
constructing a tangent plane τ of a surface Φ at its point A.
If the equation Φ (x, y, z) = 0 of the surface is substituted
with the values 𝑥𝑥 = 𝑥𝑥𝐴𝐴 , 𝑦𝑦 = 𝑦𝑦𝐴𝐴 , 𝑧𝑧 = 𝑧𝑧𝐴𝐴 , then we get the
equations of the sections a, b, with the surface Φ by planes
passing through the point A and parallel to the coordinate
planes Oyz, Oxz, Oxy, respectively. Partial derivatives
𝜕𝜕Φ(𝑥𝑥,𝑦𝑦,𝑧𝑧) 𝜕𝜕Φ(𝑥𝑥,𝑦𝑦,𝑧𝑧) 𝜕𝜕Φ(𝑥𝑥,𝑦𝑦,𝑧𝑧)
,
,
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

Let's consider an example of constructing a tangent
plane 𝜏𝜏 2 to a surface Φ2 in three-dimensional space. In
textbooks on descriptive geometry, the construction of
tangent planes to the simplest surfaces (sphere, cone, etc.)
is given. On the surface at this point A we draw two
graphically simple lines a and b.
The tangents 𝑡𝑡𝑎𝑎 and 𝑡𝑡𝑏𝑏 define the desired tangent plane
τ∋ A. Since engineering surfaces are complex, the curves
a and b take the surface sections as planes parallel to the
coordinate planes of the projections. In our example, the
tangent plane 𝜏𝜏 2 is structurally defined by two tangents 𝑡𝑡𝑥𝑥1 ,
𝑡𝑡𝑦𝑦1 , drawn to the sections 𝑔𝑔𝑥𝑥1 , 𝑔𝑔𝑦𝑦1 of the given surface Φ2
(Fig. 3).
Structurally, the method of stratification is used to
solve such problems. The application of the bundle idea in
solving problems involving nonlinear forms is shown in
[8], in particular, by the example of calculating partial
derivatives (p. 6. 2. 2). For example, in engineering
practice, they are used when constructing the tangent plane
τ of the surface Φ at its point A.

Fig. 3. Construction of the tangent plane 𝝉𝝉𝟐𝟐 to the surface 𝚽𝚽 𝟐𝟐

We generalize the solution of this problem to the
construction of a tangent of the 3 - plane 𝜏𝜏 3 to the 3-surface
Φ3 in four-dimensional space.
In the fig. 4 shows an example of generalization of the
considered algorithm to the construction of a tangent of the
3 - plane 𝜏𝜏 3 to the 3-surface Φ3 in four-dimensional space.

𝜕𝜕𝜕𝜕

at point A(𝑥𝑥𝐴𝐴 , 𝑦𝑦𝐴𝐴 , 𝑧𝑧𝐴𝐴 ) are the angular coefficients of the
tangents 𝑡𝑡1 , 𝑡𝑡2 , 𝑡𝑡3 , held at point A for curves a, b, c.
The equation of the tangent plane τ has the form:
𝜕𝜕Φ
𝜕𝜕Φ
𝜕𝜕Φ
(𝑥𝑥 − 𝑥𝑥𝐴𝐴 ) +
(𝑦𝑦 − 𝑦𝑦𝐴𝐴 ) +
(𝑧𝑧 − 𝑧𝑧𝐴𝐴 ) = 0
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
Thus, analytically, the construction of a tangent plane
in three-dimensional space is reduced to the calculation of
partial derivatives of functions Φ (x, y, z) = 0 from three
variables.

Fig. 4. Scheme for constructing a tangent of the 3-plane τ^3 to
the 3-surface F3 in four-dimensional space

Let 3-the surface of Φ3 be given explicitly by the
equation:
u = f (x, y, z).
Using the three known coordinates 𝑥𝑥𝐴𝐴 , 𝑦𝑦𝐴𝐴 , 𝑧𝑧𝐴𝐴 of a
certain point A, we calculate its fourth coordinate 𝑢𝑢𝐴𝐴 from
this equation. Structurally, this is done by drawing three
projecting 3-planes Г3𝑥𝑥 (x = 𝑥𝑥𝐴𝐴 ), Г3𝑦𝑦 (y = 𝑦𝑦𝐴𝐴 ), Г3𝑧𝑧 (z = 𝑧𝑧𝐴𝐴 ).
Each of them intersects this 3-surface Φ3 , respectively, on
2-surfaces (3 + 3 – 4 = 2): 𝑔𝑔𝑥𝑥2 = Γ𝑥𝑥3 ∩ Φ3 , 𝑔𝑔𝑦𝑦2 = Γ𝑦𝑦3 ∩ Φ3
𝑔𝑔𝑧𝑧2 = Γ𝑧𝑧3 ∩ Φ3 (they are not shown in fig. 4).
These three 2-surfaces belonging to the 3-surface of
Φ3 intersect in pairs along three flat curves (2 + 2 – 3 = 1),
belonging to 2-planes parallel to the corresponding
coordinate planes:
𝑔𝑔𝑥𝑥1 = 𝑔𝑔𝑦𝑦2 ∩ 𝑔𝑔𝑧𝑧2 �𝑢𝑢 = 𝑓𝑓1 (𝑥𝑥)�,
𝑔𝑔𝑦𝑦1 = 𝑔𝑔𝑥𝑥2 ∩ 𝑔𝑔𝑧𝑧2 � 𝑢𝑢 = 𝑓𝑓2 (𝑦𝑦)�,
𝑔𝑔𝑧𝑧1 = 𝑔𝑔𝑥𝑥2 ∩ 𝑔𝑔𝑦𝑦2 (𝑢𝑢 = 𝑓𝑓3 (𝑧𝑧)).
It follows that 𝑔𝑔𝑥𝑥1 ∥ 𝑂𝑂𝑂𝑂𝑂𝑂, 𝑔𝑔𝑦𝑦1 || 𝑂𝑂𝑂𝑂𝑂𝑂, 𝑔𝑔𝑧𝑧1 || 𝑂𝑂𝑂𝑂𝑂𝑂. These
three curves intersect at A ∈ Ф3. The angular coefficients
of the tangent 𝑡𝑡𝑥𝑥1 , 𝑡𝑡𝑦𝑦1 , 𝑡𝑡𝑧𝑧1 , carried out at the point to these
curves, the essence of partial derivatives

𝜕𝜕𝑢𝑢 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕

,

,

𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕

. Three

tangents
passing through point A and located in
perpendicular planes define the desired 3-plane 𝜏𝜏 3 , tangent
to this 3-surface Φ3 at its point A. Subsequent
generalizations of the algorithm are fairly obvious. Such
generalizations of the above to higher-dimensional spaces
explain the geometric meaning of partial derivatives of
functions of n-variables.
𝑡𝑡𝑥𝑥1 , 𝑡𝑡𝑦𝑦1 , 𝑡𝑡𝑧𝑧1

4. Conclusions
The application of the bundle idea in solving problems
involving nonlinear forms is shown in [1] using examples
of calculating partial derivatives and definite integrals.
Geometric interpretation of computational algorithms for
solving these and a number of other problems involving
nonlinear forms, in our opinion, should improve the
quality and level of mathematical, in particular, geometric
training of students of technical universities. This
requirement is relevant in modern conditions, because the
optimization of parameters of designed products,
technological processes, etc. is based on their
mathematical models, taking into account a large variety
of source data.
Knowledge of the algorithm for solving the problem
would allow the student to establish a close connection
with other special disciplines at the stage of design,
calculations and visualization of data in CAD systems.
The real implementation of departments engineering
graphics of the concept of geometric support of algorithms
for solving problems of higher mathematics is possible in
the educational process only in the presence of highly
qualified teachers who possess constructive (graphical)
and analytical methods for solving geometric problems.
Unfortunately, several generations of teachers of the
Department of engineering graphics have considered and
continue to consider descriptive geometry as a purely
graphical discipline and analytical methods for solving
problems do not apply. Therefore, the actual task of the

scientific and methodological Council is to organize an
effective system of professional development of teachers.
References
[1] Ivanov G. S. Engineering geometry - theoretical basis
for building geometric models. [Text] / G. S. Ivanov,
V. I. Seregin-Collection of articles of the international
scientific and practical conference "Innovative
development of modern science", part 3, p. 339-346,
Ufa, RITS Bashgu, 2014.
[2] Ivanov G. S. Prehistory and prerequisites for the
transformation of descriptive geometry into
engineering [Text] //. "Geometry and graphics",
Moscow, 2016. Vol. 4 issue 2, p. 29-36. DOI:
10.12737 / 19830
[3] Dmitrieva I. M. Motivational component of
improving geometric literacy of students of technical
universities [Text] /I. M. Dmitrieva, G. S. Ivanov. Materials of the VIII International scientific and
practical Internet conference "Problems of the quality
of graphic training of students in technical
universities: traditions and innovations". Perm, 2019.
Pp. 236-240.
[4] Borovikov I. F. Geometric modeling of technical
surfaces with variable cross-sections based on
birational transformations [Text] / / I. F. Borovikov,
G. S. Ivanov, D. V. Beskrovny "scientific review",
2018, No. 1-2, pp. 34-38.
[5] Moskalenko V. O. How to provide General geometric
training of students of technical universities [Text]//
V. O. Moskalenko, G. S. Ivanov, K. A. Muravev //
"Science and education", 2012, No. 8. http:
technomag.edu.ru/doc/445140.html
[6] Ivanov G. S. Competence approach to the content of
the course of descriptive geometry [Text] G. S. Ivanov
// "Geometry and graphics", Moscow, 2013, vol. 1,
issue 2, p. 3-5.
[7] Borovikov I. F. New approaches to teaching
descriptive geometry in the conditions of using
information educational technologies [Text] I. F.
Borovikov, G. S. Ivanov, V. I. Seregin, N. G. Surkov
// "Engineering Bulletin", no.12, December 2014.
[8] Ivanov G. S. Descriptive geometry [Text] / G. S.
Ivanov -M.: FGBOU VPO MGUL, 2012. - 340 p.
[9] Mishchenko A.S., Fomenko A.T. Course of
differential geometry and topology [Textbook] / A. S.
Mishchenko, A.T.Fomenko. -M.: Editorial URSS,
2020, 504 p.
About the authors
Dmitrieva Ilzina M., Ph. D. in Pedagogy, Associate
Professor, Mytischi Branch of Bauman Moscow State Technical
University. E-mail: ilzina@yandex.ru
Ivanov Gennady S., Doctor of Engineering, Professor,
Bauman Moscow State Technical University. E-mail:
ivanov_gs@rambler.ru
Mineev Alexey B., Senior Lecturer, Bauman Moscow State
Technical University. E-mail: mineev30@yandex.ru

Hydrocarbon field development forecast based on an integrated
approach
D.A. Zavyalov1, 2
zda@tpu.ru
1
Tomsk Polytechnic University, Tomsk, Russia
2
Keldysh Institute of Applied Mathematics RAS, Moscow, Russia
A hydrocarbon field is a large and complex system, which functioning is possible only in accordance with a project document that
defines the main characteristics for the entire period of field development. Therefore, the quality of the project document largely
determines the efficiency of the field system functioning. The last stage in creating a project document for the development of a field is
an economic assessment. According to the experience of designing the development of hydrocarbon fields, up to 50% of capital
investments are the costs of drilling new wells of various types. Thus, the economic efficiency of field development is largely determined
by the volume of drilling new wells. The article presents an integrated approach to modeling the development of hydrocarbon deposits
in making a production forecast. Such an integrated approach involves performing a rapid economic assessment using Economics
software which allows you to calculate the main economic indicators of field development. Thus, it reduces the total number of iterations
for setting the forecast for field development strategy by an average of 25% as well as improves the economic characteristics of the
whole project.
Keywords: oil and gas field, oil field managing, integrated approach, economic estimation.

1. Introduction
The complexity of the structure of such a system as
hydrocarbon deposits, as well as the complexity of the
management processes of such a system, determine the
importance of strategic planning. The development of
hydrocarbon deposits is carried out in accordance with the
project document, which is a long-term field development
strategy and states the number of drilling of new wells,
volumes of hydrocarbon production, the need and volume
of construction of new infrastructure facilities (such as
pipelines, living and working spaces, power plants and
others) and new research (seismic, exploration drilling,
borehole surveys and more) volumes.
Therefore, the quality of the field development forecast
is the determining function of efficiency of the functioning
of such a complex system. The forecast is drawn up for the
entire period of field development and must take into
account the influence and interaction of all components of
the hydrocarbon field system, as well as adjacent systems.
However, the existing approaches to managing field
development have a number of significant drawbacks:
disunity of specialists, multivariance and iterativeness of
designing stages, dependence of the result of each stage on
the quality of previous ones.
So, to increase the efficiency of hydrocarbon field
development management, an integrated approach to the
process of formation of a development strategy is required.
2. Integrated approach to modeling
development of hydrocarbon deposits

• hydrodynamic modeling (construction of a
hydrodynamic model of the field based on geological
model);
• development forecast (calculation of several forecast
variants for field development strategy based on a
hydrodynamic model);
• economic assessment of the forecast (calculation of
economic indicators of forecast variants for field
development strategy).

the

In general, the process of project management of
hydrocarbon field development is a sequence of stages
presented on Fig. 1. This process involves the sequential
execution of the following stages:
• processing of initial data (including data verification
and formatting);
• geological modeling of the field (construction of a
geological static model for assessing the structure of
the field and calculating the volume of hydrocarbon
reserves);

Fig. 1. Stages of the project management process for
hydrocarbon field development

The result of presented sequence of stages is a project
document for the development of the field.
The main types of projects are the calculation of
hydrocarbon reserves (assumes the implementation of
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stages S1-S2) and the forecast of field development
(assumes the implementation of the entire chain of stages
S1-S6).
Stages S2, S4, S5 are variable (require a lot of variants
for decision making) and iterative (each variant is
calculated many times till the satisfactory result is
obtained), and unsatisfactory results of stages S3, S5 may
require returning to the previous stages (arrows (1) and (2)
on Figure 1) in order to correct some options or completely
change the approach to development design.
The most time-consuming is stage S4 - development
forecast, the result of which becomes a long-term strategy
for the functioning of the field. When performing this
stage, iterative modeling of a number of field development
forecast variants (the number of variants depends on the
complexity of the structure of the field and can be several
dozen) is used [1, 2].
For example, at one of the fields in the Tomsk Region
there are 4 reservoirs by different in properties, for each of
which 3 variants are first calculated to select the system
for placing project wells, and then for the selected
placement system for each reservoir 4 more variants are
calculated to select the optimal operating modes for
project wells. Thus, the total number of variants is 28,
while the average number of tuning iterations of one
variant is 10. The time of one iteration includes the time of
calculating the model and setting its parameters and varies
from several hours to a week depending on the complexity
and dimension of the model, the number of phases and
other parameters. All this determines the laboriousness of
obtaining a field development forecast.
As experience in the implementation of hydrocarbon
field development projects shows, economic profitability
is largely determined by the volume of well drilling, since
up to 50% of the capital investment is in drilling the
production and injection wells.
Figs. 2 and 3 show the example structure of capital
investments in the development of one of the real deposits
in the Tomsk region [3]. In this example, the project costs
for drilling new wells in 2021-2025 (during this period, the
main part of the forecast wells was drilled) ranged from
30% to 80% of the amount of capital investments (Figure
2), while the total costs for the entire period reached 44%
(Figure 3) of the total amount of capital investments to
field development.

If we talk about economic factors which the most
strongly influence on the development of the field,
external macroeconomic indicators should also be
distinguished, however, they are difficult to predict and
cannot be changed. Such indicators must be incorporated
into the project to reduce uncertainties [4, 5].

Fig. 3. An example of the structure of total capital investments
in the development of an oil field

The cost of extracting one ton of raw material is
characterized by such an indicator as a ton of unit fuel. The
value of this indicator at the end of the development period
as production levels fall, increases (see Figure 4). Thus,
the maintenance of a low-rate well becomes unprofitable.
However, an incorrect determination of the location of the
well drilling may lead to the fact that the low oil
production rate obtained in it will not allow to recoup the
cost of its drilling. Therefore, it is necessary to exclude
obviously ineffective (from an economic point of view)
wells from the forecast variants for the development of the
field in order to increase the overall cost-effectiveness of
the development variant.

Fig. 4. An example of a graph of average costs per ton of unit
fuel

Fig. 2. An example of the structure of capital investments in the
development of an oil field by years

To reduce the interactiveness of predictive modeling,
it is necessary to consider economic parameters at the
stage of formation of development variants:
• accounting of capital investments: drilling wells
(calculation of penetration depth depending on the
type of well), tacking (number of bushes and

machines used simultaneously), arrangement of
infrastructure (necessary and available capacities);
• operating costs: development time, production and
injection levels.
Accounting of capital investments in the development
project along with unit hydrocarbon production at the well
placement stage allows us to evaluate the feasibility of
drilling exact wells.
The main criteria for choosing a forecast well
placement system can be divided into several groups. The
selection criteria for the well placement system (in-line,
three-point, five-point, nine-point, selective) are usually
determined by the existing experience in developing this
type of reservoir and the proven placement system is used.
Different well placement systems are characterized by a
different ratio of production and injection wells (which is
important for maintaining reservoir pressure), some of the
systems have the possibility of transformability (one
system can be transformed into another by changing the
type of some of the wells or by drilling extra ones). To
select the optimal distance between the wells in the
system, several variants are calculated [6].
The main criteria for selecting locations for new
production wells include:
• distance from the oil-water contact (conditional
surface separating oil and water in the oil reservoir
and determining the ratio of water and oil in the
fluid produced by wells at the field);
• effective oil-saturated thickness (reservoir power
determines the volume of hydrocarbons in the
reservoir and as a consequence well production
rate).
It should be considered that the grid of wells should be
regular and correspond to one of the existing systems of
well arrangements. However, in some cases it is necessary
to use selective well placement systems (high density of
existing wells, non-standard form of the reservoir or its
small area).
The choice of the type of well (directional, horizontal
or sidetrack) is based on the geological and geophysical
conditions of the formation. For example, with high
ruggedness it is not practical to drill horizontal wells, but
the coverage of such wells is higher than directional wells
which makes it possible to obtain a higher oil production
rate during well operation and, therefore, to reduce the cost
of extracting each ton of liquid, also horizontal wells
increase the density of the well grid.
To form an effective development management
strategy for predictive modeling, development options are
configured in accordance with the criteria, some of which
are regulated (mandatory) on the state level [6, 7], the
others are set by the subsoil user or dictated by the
operating conditions of the field, as well as its parameters.
For example, it must be considered that many fields are
characterized by severe climatic conditions, which
imposes a number of restrictions on the intensity of drilling
of new wells due to the seasonality of work. The variant
recommended for approval must meet the requirements of
regulatory documents (established by the government):
achieving an approved oil recovery factor (the proportion
of hydrocarbon reserves that are technically possible to
extract), water cut of 98% (the percentage of water content

in the produced fluid to shutdown both individual
production wells and the entire field), minimum well
production, production compensation, etc. This variant
may not have economic profitability, which is
disadvantageous for the subsoil user. Also, restrictions are
imposed by the models themselves or the simulators used.
It is proposed to supplement the algorithm for
predictive modeling of field development with a new unit
for performing a rapid economic assessment S'5 of the
results of calculation iteration (see Fig. 5). Thus, advanced
production forecast stage S'4 can be represented as:
(1)
S'4 = S4 ∪ S'5,
where

S'5 ⸦ S5.

(2)

Fig. 5. Advanced algorithm for predictive modeling of field
development

At the same time, adding an additional block to the
algorithm does not significantly affect the iteration
execution time, but it allows significantly reduce the total
number of iterations when setting up the S'4 development
forecast by introducing additional restrictions on the
placement of forecast production wells: setting boundary
conditions by involving the economic component of the
project.
The proposed algorithm uses GDM-Tool software
(certificate of state registration of a computer program №
2011616248 «GDM-Tool») for well placement S41
(depending on the location of the oil-water contact contour
and the distribution of oil-saturated thicknesses), setting
drilling and operating schedules, as well as operating
modes S42 of project wells.

The first iteration of product forecast calculation
allows you to get estimated indicators of production levels
(starting production and cumulative production of each
well) and calculate estimated economic indicators. Based
on the obtained data, the forecasted fund of production
wells is optimized by eliminating inefficient or obviously
unprofitable ones, thereby reducing the number of
iterations when setting up a development variant further.
Software Economics (certificate of state registration of
a computer program № 2019611730 «Economic rapid
assessment of the results of predictive modeling of the
development of oil and gas fields (Economics)») is used to
perform rapid economic assessment S'5. It allows you to
calculate the main economic indicators of development, as
well as to calculate the minimum cost-effective production
rate of forecast wells and the minimum cost-effective
effective oil-saturated thickness for placing wells for a
given field. Thus, it becomes possible to perform
adjustment of the prediction well arrangement to reduce
the interactiveness of the predictive modeling process.
3. Results
To assess the effectiveness of the proposed integrated
approach, data on 9 field development projects in the

Tomsk region, completed in different years, was used. The
deposits are distinguished by the complexity of their
geological structure, different depths of occurrence of
productive strata, properties of fluids, degree of
exploration and development. Each dataset includes both
the complete initial datasets for building models and
forecasting development, as well as geological and
simulation models and forecasts that have passed
government expertise and have been approved as field
development strategies.
The forecast variants for hydrocarbon field
development were tuned until acceptable indicators were
achieved according to the existing algorithm and
according to the improved algorithm with the new block
of rapid economic assessment. Evaluation of the
effectiveness of the proposed approach was carried out by
counting the number of iterations of the calculation of one
forecast variant for development strategy of hydrocarbon
field.
The results are shown in Table 1. For various sets of
test data (field development projects), the average number
of iterations for setting up production forecast variants for
field development was reduced by 15.8% to 35.6%.

Table 1. Average number of iterations for setting the forecast for field development

Data set
1
2
3
4
5
6
7
8
9

The average number of iterations, pcs.
Existing project
Advanced project management
management algorithm
algorithm
7,1
4,8
7,8
6,0
6,3
4,8
5,7
4,8
10,2
7,2
9,5
7,2
5,8
4,8
9,3
7,2
14,9
9,6

Due to the use of the advanced algorithm with rapid
economic assessment, the average number of iterations to
configurate one forecast variant was reduced by 25% (see
Fig. 6), which allows us to quickly and with less labor to
obtain a design solution for developing a field.

Fig. 6. The number of iterations to configure one forecast
variant

The effect, %
32,4
23,1
23,8
15,8
29,4
24,2
17,2
22,6
35,6

4. Conclusion
Thus, the use of the rapid economic assessment of
hydrocarbon field development forecast variants based on
an integrated approach made it possible to advance the
existing forecast modeling algorithm and reduce the
number of iterations for adjusting the development
forecast variant by an average of 25%.
In addition, taking into account the large number of
field development forecast variants (which, as in the above
example, can reach several tens) considered in the
designing process in absolute terms, the reduction in
decision-making time in field management is significant.
Moreover, the application of this approach has made it
possible to significantly reduce the total volume of capital
investments (most of which are precisely the costs of
drilling new wells of different types) in field development
projects by optimizing the design well stock and thus to
improve the economic characteristics of the whole
hydrocarbon field development project.
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The concept of improving the efficiency of IT projects management is proposed, based on an integrated system approach to IT
projects management and implementing a rational choice of parameters of the IT projects management system. The described approach
provides integrated information processing and support for management decision-making at all stages of the IT project implementation.
The integrated system approach to improving the efficiency of IT projects management involves the development of new algorithms for
forming structure and composition of project teams and distribution of project team participants to project tasks using evolutionary
modeling. The advantage of the proposed approach is the ability to quickly respond to changes in the parameters of internal processes
of an IT project and an external environment. The proposed approach was tested when creating the corporate information system of
“SMIT-Yartsevo” LLC. The application of the proposed approach at “SMIT-Yartsevo” LLC ensured the reduction in the labor intensity
and timing of the implementation of the main stages of the project to create the corporate information system by increasing the efficiency
of managing the formation of project teams and the distribution of tasks among project team participants.
Keywords: IT projects management, evolutionary modeling, project team, project tasks.

1. Introduction
The IT projects management system is an active
system [1, 2], the conceptual model of which can be
described by the following parameters: personal qualities,
knowledge, skills of project team participants, structure
and composition of project teams, structure and
composition of project tasks, project management
methods and technologies.
Approaches to improving the efficiency of IT projects
management can affect any of the listed parameters of the
IT project model.
IT project management, in accordance with the Agile
methodology [3], has the following specific features:
− significant influence of personal and psychological
qualities of project team participants on the
effectiveness of project tasks solution;
− the need to constantly change the composition and
structure of project tasks depending on changes in
customer requirements;
− the constant change in customer requirements
necessitates the use of flexible development
methodologies that allow dynamic redistribution of
tasks between performers in the project
implementation process.
Prihozhy A. A., Zhdanouski A. M. proposed to
increase the efficiency of IT projects management by
optimizing development teams by evaluating their
professional competencies taking into account the
requirements for a specific project [4].
For optimal distribution of applicant programmers in
the team in order to improve the quality of IT projects
implementation, Ostroukh E.N. offers an approach based
on a combination of the classical model of resource
allocation, the Bee Colony algorithm, the Belbin R.M.
Team Roles Theory and the accounting of professional
qualities [5].
Artemov O. V. approaches the formation of teams
from the position of socionics: the presence of leadership
relationships, role composition [6]. The professional

competencies of project participants are not taken into
account.
The above approaches ensure the improvement of
project management efficiency by managing the
composition of project team participants.
Budyl'skiy A.V. explores the problem of distribution
of resources among project tasks and replacing them [7].
Antonova A. S. and Burkova I. V. develop new
approaches to planning business processes and project
work. Project management efficiency is improved by
creating new planning methods [8, 9].
An analysis of existing approaches to improving the
efficiency of IT projects management showed that
efficiency is achieved by optimizing certain aspects of the
IT projects management task and there are no integrated
system approaches that implement a rational choice of
parameters of the IT projects management system,
providing integrated information processing and support
for management decision-making at all stages of the
project implementation.
The developed concept implies a transition from
improving the efficiency of IT projects management by
improving the efficiency of solving individual tasks to an
integrated increase in the efficiency of IT projects
management based on a set of interconnected methods.
The main advantage of the proposed concept is its
flexibility: the ability to quickly and efficiently respond to
both external (changing customer requirements) and
internal (project team composition) changes.
The proposed concept provides solving the scientific
problem of increasing efficiency of IT projects
management using SADT methodology, cluster analysis,
COCOMO II method [10] (modified on the basis of
T. Saati’s paired comparison method), the method of
expert estimates [11], evolutionary modeling algorithms
[12, 13], and multilevel quality control of project tasks
solving.
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2. Theoretical foundations of IT projects
management concept based on evolutionary
modeling
The concept of improving the efficiency of IT projects
management is based on further development of the Agile
software development management methodology [3],
further development of methods for building project teams
that comprehensively take into account behavioral and
professional competencies [14, 15], of methods for
allocating resources to project tasks with the purpose to
improve the efficiency of IT projects management with the
adaptation of evolutionary modeling algorithms to solve
these problems, and the methodology of structural
analysis, labor cost estimation.
The proposed concept is based on the following
principles:
1. an integrated approach to the synthesis of the structure
and composition of project teams, combining the
accounting of behavioral [14, 15] and professional
competencies of candidates for participation in the
implementation of the project using evolutionary
modeling algorithms in combination with COCOMO
II method and T. Saati’s paired comparison method
with the adjustment of algorithms parameters when
changing system and external environment parameters;
2. synthesis of the composition and structure of the
project tasks taking into account the integrated
processing of information on the distribution of project
team participants for tasks by adapting evolutionary
modeling algorithms in combination with COCOMO
II method and the T. Saati’s paired comparison method
to solve this task;
3. an integrated support for decision-making at each step
of the IT project implementation when changing
system (composition and structure of participants) and
external (composition and structure of tasks) factors by

dynamically configuring the parameters of
evolutionary modeling algorithms.
Improvement of IT projects management efficiency, in
accordance with the proposed concept, is carried out by
means of an integrated system approach to IT projects
management that includes the formation of project teams
and the distribution of IT project participants for tasks
using evolutionary modeling algorithms and multilevel
quality control of solving project tasks.
The distinctive features of the presented concept of
improving the efficiency of IT projects management are:
1. an integrated system approach to improving the
efficiency of IT projects management using modified
evolutionary modeling algorithms to support decisionmaking in the process of:
− synthesizing the composition and structure of project
teams, taking into account the behavioral and
professional competencies of candidates for
participation in projects;
− synthesizing the structure and composition of project
tasks and allocating project team participants to tasks
taking into account professional competencies. The
degree of competencies ownership is determined based
on the results of a multilevel assessment of the quality
of solving project tasks;
2. integrated processing of information on the personal
and psychological qualities of project participants,
labor intensity and complexity of solving project tasks
to reduce the number of iterations using adaptive
evolutionary modeling algorithms that allows ensuring
the fastest and most efficient formation of project
teams and the distribution of participants in IT project
teams to tasks.
A structural diagram of the concept of improving the
efficiency of IT projects management based on adaptive
evolutionary modeling algorithms is presented in Fig. 1.

IT projects management system
IT projects
participants

Integrated processing of
information about the results
of the personal-psychological
qualities analysis and the
results of each project
participant's work

Integrated processing
List of tasks requiring
Results of
of information
improvement
the project
on the results of solving
participants'
project tasks
work
Results of an integrated analysis
Rational composition and
Synthesis of the
of the personal-psychological
structure of project tasks
composition and structure
qualities and the results of each
of project tasks
participant's work
Integrated support for
Synthesis of the
Estimated labor intensity and
decision-making on the
composition and structure
time to solve project tasks
distribution of project
of project teams
participants to tasks
Rational composition,
structure and parameters
of project teams

List of
tasks
for IT
projects

Improving the
effectiveness of project
teams formation
management

Rational allocation of project
team participants to tasks

Improving the efficiency of
managing the distribution of
IT project participants to
tasks
IT projects

List of tasks
to be
monitored

Improving the
effectiveness of multilevel
quality control for solving
project tasks

Results
of project
tasks
solution

Fig. 1. A structural diagram of the concept of improving the efficiency of IT projects management based on adaptive evolutionary
modeling algorithms

Management of IT-project as socio-economic system
involves dynamic change of parameters of control
processes when parameters of internal processes of ITproject and parameters of external environment change. In
accordance with the proposed concept, improving the
efficiency of IT projects management is provided by
configuring the parameters of evolutionary modeling
algorithms in the process of implementing IT projects,
depending on changes in the internal parameters of the IT
project processes and external environment parameters.
Improving efficiency by applying new approaches to
solving IT projects management tasks is carried out at the
following stages of project implementation: the formation
of project teams, the distribution of project team
participants to tasks, multilevel quality control of tasks
solving.
To solve the problems of forming project teams and
distributing project team participants to tasks in the
management of IT projects, algorithms have been
developed to improve the efficiency of management based
on evolutionary modeling, providing the possibility of
implementing the main principles and features of the
proposed concept. The developed algorithms are
implemented in a software complex for multilevel IT
projects management [16].
3. Formalization of the posing of the task of
improving the IT projects management
efficiency
In accordance with the proposed concept, the IT
project is characterized by the following set:
ITproject = 〈Tasks, Participants〉,
(1)
where 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 – the set of project tasks, 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
– the set of project teams participants.
Each project task is characterized by the following set:
Task = 〈Priority, TechTask , ComplexityTask , PUFD 〉, (2)
where 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the priority of the task, 𝑇𝑇𝑇𝑇𝑇𝑇ℎ 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 is
technologies and tools used, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 is the
complexity of the task, 𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈 is the probability of detecting
errors by the user.
The participants of project teams are characterized by
the following set:
(3)
Participant = 〈LevelTech , Experience〉,
where 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑇𝑇𝑇𝑇𝑇𝑇ℎ is the level of knowledge of
technologies and tools, 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 is experience with
technologies and tools.
Quality function for solving project tasks:
UserFindDefect
PUserDefect =
→ min,
(4)
AllFindDefects
where 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 is the number of errors in
the program detected by users; 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 is the
total number of errors in the program detected during the
program operation.
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The objective function of the task of improving the IT
projects management efficiency
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇, 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) → 𝑚𝑚𝑚𝑚𝑚𝑚, (5)
where 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the IT project labor intensity.
The use of evolutionary modeling makes it possible to
select the values of IT projects parameters that reduce
labor intensity.
4. Improving the efficiency of managing the
formation of the structure and composition
of IT projects teams
The process of forming a project team is the task of
selecting project team participants taking into account
their personal and psychological qualities, qualifications
and specialization.
The scheme of the project team formation management
process is shown in fig. 2.
The team composition is considered rational if it
provides the greatest efficiency in terms of project
implementation in the opinion of the project manager, as a
decision-maker. In the process of evolutionary modeling,
several variants of the composition of project teams are
formed. When deciding on the composition of the project
team, the project manager can take into account a number
of factors that cannot be taken into account in the process
of evolutionary modeling.
The features of the proposed scheme of the process of
controlling the formation of the structure and composition
of project teams are listed below.
1. Integrated processing of information about project
teams participants based on the analysis of personal
and psychological qualities using methods of cluster
analysis, of knowledge, skills and abilities of project
teams participants by applying methods of processing
the results of solving project tasks. Pre-processing of
information accelerates the work of evolutionary
modeling algorithms.
2. Synthesis of the rational composition and structure of
project teams based on evolutionary modeling with the
formation of a system of restrictions due to the
specifics of IT projects, in the process of configuring
the parameters of evolutionary modeling algorithms in
combination with the use of COCOMO II method and
T. Saati’s paired comparison method by for estimation
of project labor intensity.
The proposed scheme of the process of controlling the
formation of the structure and composition of IT project
teams provides integrated processing of information about
candidates for participation in projects and increases the
effectiveness of management decisions when forming
project teams by the decision-maker.

[Введите текст]

[Введите текст]

Results of psychological
tests of project
participants
Integrated processing of
information about the personalpsychological qualities of
projects participants based on
the results of psychological tests

Preliminary integrated processing of
information on project teams
participants based on cluster analysis
to accelerate the work of evolutionary
modeling algorithms

Evaluation of project labor
intensity based on the
COCOMO II method

Synthesis of the composition and
structure of project teams based on
evolutionary modeling algorithms

Ranking projects
by priority based on the
T. Saati method

Evaluation of teams composition and
structure by the decision-maker

Saving the solution

Integrated processing of
information on the results
of solving tasks by each
project participant

Results of multilevel
control of solving IT
projects tasks

Composition and structure
of project tasks

No

Is the team
composition rational?

Yes

Composition and
structure of project teams

Fig. 2. Scheme of the process of managing the formation of the structure and composition of IT projects teams

5. Improving the efficiency of managing the
distribution of IT projects teams participants
to tasks
The process of managing the distribution of IT projects
teams participants to tasks involves determining the
composition and structure of project tasks, taking into
account the rational distribution of project team participants
to tasks.
The scheme for solving the problem is shown in Fig. 3.
The features of the proposed scheme of the process of
managing the distribution of projects teams participants to
tasks are listed below.
1. Integrated information processing in the synthesis
process the composition and structure of project
tasks using SADT methodology for decomposing the
task into subtasks, COCOMO II method for estimation
of the project labor intensity in combination with T.
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Saati’s paired comparison method to evaluate the
complexity of tasks. The proposed information
processing procedure provides a comprehensive
assessment of the feasibility of decomposing project
tasks into subtasks in terms of the labor intensity of IT
projects as a whole. The results obtained are the initial
data for evolutionary modeling algorithms used in the
distribution of participants in IT projects teams to tasks.
2. Distribution of projects teams participants to tasks using
evolutionary modeling algorithms with the formation of
a system of restrictions due to the specifics of IT
projects, in the process of configuring the parameters of
evolutionary modeling algorithms. The proposed
scheme of the process for managing the allocating of IT
projects teams participants to tasks provides integrated
information processing and improves the efficiency of
management decisions when forming the composition
and structure of project tasks, assigning of IT projects
teams participants to tasks.
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Fig. 3. Scheme of the process for managing the allocating of IT projects teams participants to tasks

6. Approbation of the proposed approach while
improving the efficiency of projects
management for the creation of corporate
information systems
The proposed approach to improving the efficiency of
IT projects management was implemented when creating
the corporate information system (CIS) of “SMITYartsevo” LLC. The purpose of the IT project was to
improve the efficiency of management processes through
automation. In the process of automation, a preliminary
assessment of the effectiveness of algorithms for planning
processes in the CIS and a rational choice of algorithms’
parameters were carried out [17].
To implement the project to create the CIS in
accordance with the proposed integrated system approach,
the project manager formed a team of developers. When
forming the team, in addition to professional
competencies, the personal and psychological qualities of
the developers were taken into account.
The composition and structure of the project tasks
corresponded to the classic functionality of the ERP
system. In the CIS of “SMIT-Yartsevo” LLC were
implemented product specification processes in a
specialized pricing module, sales and production planning,
demand management, material requirements planning,
material supply planning. Each task of the development of
CIS has been decomposed into subtasks. The composition
and structure of the tasks was optimized in terms of
minimizing the labor intensity and time of the project
implementation. COCOMO II method was used to assess
the labor intensity of tasks solving.
Traditional approaches to the implementation of CIS
are aimed at changing the business processes of the
enterprise to adapt to one of the standard CIS
configurations. A distinctive feature of the IT project for

the creation of the CIS of “SMIT-Yartsevo” LLC was the
automation of management processes adapted to the
business processes of the enterprise. During the
development of the system, the algorithms of management
processes implemented in the CIS were optimized from
the point of view of production and economic indicators of
the enterprise.
Multilevel testing of CIS modules was performed by
employees and heads of structural divisions of “SMITYartsevo” LLC. Based on the results of the assessment of
the quality of work, the project manager was made
decisions to change the composition of the project team
participants.
The development of the CIS of “SMIT-Yartsevo” LLC
made it possible to ensure an annual increase in sales of
products by 20%, reduce the number of products not
completed by the time they were launched into production
by 50%, and reduce the number of orders that were not
completed on time by 80%.
The estimated economic effect obtained by applying
the proposed integrated system approach to improving the
efficiency of IT project management in combination with
integrated production automation amounted to about 4
million Russian rubles (the estimated economic effect
confirmed by the act of implementation).
7. Conclusion
The new concept of improving the efficiency of IT
project management is proposed, based on the integrated
system approach to IT project management, including the
formation of the structure and composition of project
teams and the distribution of project team participants to
project tasks using evolutionary modeling algorithms.
As a result of applying the proposed concept of
improving management efficiency in the implementation
of educational IT projects [19], in addition to reducing the

labor intensity of project implementation, significant
improvement of quality indicators of training of ITspecialists was noted [19].
The use of the proposed integrated system approach in
the creation of the CIS of “SMIT-Yartsevo” LLC made it
possible to ensure an increase in the efficiency of
managing the formation of project teams and the
distribution of tasks among the participants in the project
teams. The implementation of the project on the creation
of the CIS of “SMIT-Yartsevo” LLC ensured the increase
in sales volumes, the reduction in the number of products
not completed by the time of launch into production and
the reduction in the number of orders not completed on
time [17]. The annual economic effect of the introduction
of the CIS of “SMIT-Yartsevo” LLC using the proposed
approach amounted to about 4 million Russian rubles.
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Fractographic analysis of fractures of graphitized cast iron using optical
microscopy
K.V. Makarenko, A.A. Nikitin, A.S. Parenko
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BSTU, Bryansk, Russian Federation
Fractography - methods for studying material fractures, the science of the structure of fracture surfaces. Fractography is widely
used to determine the causes of destruction of materials and structures. In materials sciences, fractography is used to study crack
propagation, microstructure studies, and quality control. When investigating the failure of structures, determining the type of crack
(material fatigue, hydrogen embrittlement, stress corrosion cracking, exceeding the permissible load, etc.) makes it possible to determine
the cause of the failure. Fractographic studies include the study of a fracture with the naked eye, using an optical and electron
microscope. Other methods are also often used, such as measuring hardness or studying the distribution of chemical elements using Xray spectral microanalysis. Fractographic (or fracture) analysis is the first and obligatory stage of research that must be performed by
an expert of the metallurgical examination laboratory when determining the causes of material destruction. Visual examination of the
fracture (fracture) surface makes it possible to establish the location of the beginning of fracture, the nature of its further course, to
make a judgment about the degree of plasticity of the material and about possible structural defects that led to the initiation and
development of cracks. The use of fractographic analysis methods for reconstructing the fracture surface of graphitized cast iron is
proposed. The influence of various inclusions in the structure of cast iron is considered. A study of the fracture surface of graphitized
cast irons was carried out, and the causes affecting the fracture process were identified.
Keywords: cast iron, graphite, fracture, fractographic analysis.

1. Introduction
Fractography as a method for learning fracture’s is
widely used in examinations to identify the causes of the
destruction of various parts of machines and objects.
Traditionally, scanning electron microscopy is used for
these purposes [1-3]. A distinctive feature of the imaging
of which is the use of secondary electrons. These
secondary electrons generated by the material make it
possible to obtain an image of objects with complex
geometry like a fractures of surfaces.
A traditional optical microscope, unlike a scanning
electron microscope, does not have a sufficiently extended
focus depth. This does not allow the traditional microscope
to obtain focused images simultaneously for the peaks and
troughs of broken surfaces [4].
Depth of field (DOF) of the microscope objective - is
its ability to maintain the desired image (spatial frequency
at a given contrast) quality without refocusing if the
subject is closer and farther from the best focus [5]. DOF
is also applied to objects with complex geometry or
features of varying heights. DOF (T) can be expressed as
follows:
250 250𝜀𝜀 𝑛𝑛𝑛𝑛
+ 2,
𝑇𝑇 = 2 +
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2𝐴𝐴
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where ε≈2 – minimum angular resolution of the eye; N –
useful increase; А – lens aperture; n – refractive index; λ –
light wavelength. DOF becomes smaller as the numerical
aperture and microscope increase (for example, for white
light Т=54 μm at А=0,17, N=90 and Т=0,6 μm at А=1,25,
N=1080). These numbers characterize the height of those
structural details that can be examined with a single
microscope setup.
Modern digital microscopes based on the use of
traditional optical systems using specialized software make
it possible to solve the problems of fractographic analysis
without the use of expensive electron microscopes [6-8].
The aim of the article is to demonstrate the capabilities
of digital optical microscopy in conjunction with the
developed image processing algorithms for obtaining
fractographic images of fractures of the surfaces of
graphitized cast irons.
2. Research methodology
Test specimens were made from graphitized cast iron
smelted in induction furnaces. The melt was modified by
magnesium in an autoclave to obtain spherical graphite in
it. Gray cast iron modification was carried out in a ladle by
ferrosilicon. The chemical composition of graphitized cast
irons is presented in table 1.

Table 1. The chemical composition of the cast irons
Content elements %
Mn
S
P
Cr
Ni
1,0
0,02
0,04
0,4
1,3
1,3
0,06
0,4
0,3
0,4

After modification, cast irons were poured into dry
sand-clay molds to obtain solid sleeve castings ∅ 130 mm.
From castings of high-strength and gray cast iron on a
lathe, blanks of rings with a section of 6×3,5 mm and 6×5
mm were cut. The castle was cut in the rings. In order to
reduce the influence of segregation phenomena, the rings
were subjected to heat treatment. Heat treatment for rings of

Mo
0,7
-

Cu
0,35
-

Mg
0,05
-

ductile and gray cast iron: austenitization temperature
850оС, holding time 60 min; air cooling to room
temperatures; tempering 410оС for 60 min.
After heat treatment, microstructural research and tests of
mechanical properties were carried out (table 2). Bending test
of heat-treated rings was carried out in accordance with the
scheme shown in the fig. 1.
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Cast iron class
High-strength

Size
ШГд4

Gray

ПГд45-ПГд90

Table 2. The research results of cast iron rings
GOST 3443-87 structure
Graphite
Metal matrix
Form
Distribution
Amount
ШГф3
ШГр3
ШГ4
Tempered troostite
Tempered troostite;
ПГф1
ПГр1
ПГ6
phosphide eutectic

Fig. 1. Loading scheme

For 3-dimensional reconstruction of fracture surfaces,
a layer-by-layer microscopy method was used. The
method allows to obtain topographic reliefs of volumetric
objects based on information from partially sharp images.
To do this, using a digital microscope, we recorded images
of the microstructure of the fracture surface with a certain
depth step. The study and registration of the microstructure
was carried out on an analytical computerized complex,
which was created on the basis of an inverted Leica DM
IRM metallographic microscope. A number of such
images are presented in Fig. 2.

Mechanical properties
hardness

σ,MPa

280

130,6

270

60,5

Fig. 3. The fracture surface of ductile iron obtained using the
optical reconstruction program OptiRec3D

To obtain a fracture image of the surface of graphitized
gray and ductile iron, a set of photographs of
microstructures was used. Image spacing 8 μm for Highstrength cast iron and 12 μm for gray iron. The pixel size
in the images was determined by the increase in the lens,
in both cases it was 0.637 μm. The fracture surface of
High-strength cast iron with a surface image (Fig. 4) is
shown in Fig. 5.

Fig. 4. The microstructure of the fracture surface of a sample of
High-strength cast iron with spherical graphite, obtained by
summing up areas with high definition from various images of a
number of data (etching with 4% alcohol solution of nitric
acid), × 200
Fig. 2. The initial series of images of fracture of a sample of
high-strength cast iron with spherical graphite with a depth step
of 8 μm, ×200

Optical Reconstruction 3D (OptiRec3D – developer
Ph.D. Chmykhov D.V. (FSBEI BO BSTU)) software was
used to reconstruct the surface of cast iron fracture from
the initial series of previously obtained images. The
program performs volumetric reconstruction of the surface
by a set of photographs of one object photographed with a
given depth step. OptiRec3D has a good source data
processing speed and high accuracy of reconstructed
models. An example of the volume surface of a fracture of
a sample of High-strength cast iron with nodular graphite
is presented in Fig. 3.

Fig. 5. The fracture surface of a sample of high-strength cast
iron with spherical graphite with an overlaid image of its
microstructure

The fracture structure of gray cast iron with lamellar
graphite after various stages of the surface reconstruction
operation is shown in Fig. 6.

Fig. 6. The fracture surface of gray cast iron with lamellar
graphite: a - surface microstructure × 200; b - volumetric
reconstruction of the surface with the applied microstructure; c model of fracture surface obtained using OptiRec3D software

The fracture surface of gray cast iron (Figure 6, b) is
characterized by a rougher structure and a pronounced
relationship with the location of the graphite phase than
that of a sample of high-strength cast iron. An analysis of
the image of the fracture surface shows that cracks in the
fracture process mainly formed along the planes of
graphite inclusions (Figure 6, a). The observed picture
indicates that the destruction passed through the centers of
the eutectic colonies, where the graphite inclusions have
the largest transverse dimensions. In these areas of cast
iron, the metal matrix is strongly fragmented by the
graphite phase.
3. The discussion of the results
Analysis of the fracture surface shows that nonmetalic
inclusions also contributed to the destruction of gray cast
iron. Greater pollution of cast iron by sulfur and additional
doping with phosphorus lead to the appearance of sulfide
inclusions and regions with phosphide eutectics in the
structure, which, like graphite, are stress concentrates.
Phosphide eutectic and sulfide inclusions in the
structure of cast iron are usually concentrated on the
periphery of eutectic colonies. In these areas on the surface
model (Figure 6, b) peaks and troughs are observed,
indicating that the destruction occurred precisely on these
structural elements. The negative effect of phosphide
eutectic is explained by the fact that it, hardening at the last
stage of crystallization, isolates individual eutectic cells,
thereby creating interfaces in the structure. The interface,
as well as graphite plates, violate the continuity and
uniformity of the metal matrix. Cementite inclusions
present in phosphide eutectic increase its hardness and
contribute to brittle fracture. Thus, a crack in gray cast iron
can pass either through eutectic cells along the graphite
planes, or bypassing them and collapsing along sulfide
inclusions or regions of phosphide eutectic.
Despite the fact that graphite inclusions in high-strength
cast iron have the shape of spheroids, and this, according to
numerous authors, significantly weakens their negative
impact on mechanical properties, the features of their
distribution, as shown above, affect the mechanism of cast
iron fracture. When studying the microstructure of the

fracture surface of high-strength cast iron (Figure 4), it is
noteworthy that the fracture surface passes along the chains
of graphite inclusions. Analysis of the fracture surface shows
that it is precisely along the cluster chains of eutectic cells that
cast iron is destroyed.
The destruction of High-strength cast iron rings takes
place in several stages. At the initial stage, the nucleation
of cracks begins at the boundary “graphite - metal matrix”,
because, despite their compact form, graphite inclusions
separate the metal matrix of cast iron. Then, the process of
separation of the structure is localized by plastic
deformation of the metal matrix. At this stage, the
development of microcracks follows the paths of least
resistance along those sections of the metal matrix that are
between two adjacent graphite inclusions. The weakening
of the metal matrix occurs as a result of the occurrence in
the structure of isthmuses between adjacent graphite
inclusions combined into cluster chains. Figure 4 shows that
the graphite inclusions emerging on the fracture surface are
interconnected and form “strings” along which the crack
propagates during fracture. Moreover, in the process of
fracture, graphite inclusions often remain intact, which
indicates the existence of a gap between graphite and a
metal matrix. At the final stage, the fusion of microcracks
begins and the destruction of cast iron occurs.
In high-strength cast iron, nonmetalic inclusions are
much smaller than in gray cast iron, so their effect on the
destruction processes is reduced. When studying the
surface structure of fracture of ductile iron (Figure 5),
there are practically no peaks and depressions, which, as
previously shown, for gray iron are parts of the structure
where nonmetallic inclusions are located. The reason of
this is that the contained in the ligature magnesium used to
modify cast iron is partially spent on desulfurization,
binding sulfur to a compound removed with slag
Research of fracture surfaces of graphitized cast irons
prove that the destruction processes are influenced not
only by the shape, but also by the distribution of the
graphite phase.
4. Conclusion
The results of using a modern digital optical
microscope in combination with specialized software
presented in the article made it possible to obtain highquality fractograms of fractures of graphitized cast irons.
The results demonstrated a high degree of adequacy and
allowed us to assess the relationship between the structure
of the material and the processes of destruction The
potential inherent in this method will expand the
capabilities of traditional optical microscopy and is an
excellent alternative to expensive scanning electron
microscopy.
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Patterns detection in diffraction images of transmission electron
microscopy
S.G. Nebaba, A.Ya. Pak
stepan-lfx@mail.ru|ayapak@tpu.ru
Tomsk Polytechnic University, Tomsk, Russia
Specialized software that supports existing approaches to processing images of the crystal structure of materials for analyzing
transmission electron microscopy images have a lot of different digital image processing methods, but major part of it are weakly
automated. In some tasks automated algorithms of image processing have been developed, e.g. in task of estimation of the width of a
layer of material from a raster image. The paper considers the problem of automated processing of diffraction images obtained by
transmission electron microscopy. A number of modifications, such as Watershed algorithm, binarization and Fast Fourier Transform,
are proposed for existing image processing algorithms. These modifications can help automate the processing of the diffraction pattern
of a material sample from an image of transmission electron microscopy. The given examples of image processing of particular cases
of diffraction patterns have shown the prospects for the development of algorithm based on combination of the proposed modifications
of considered algorithms. Adaptive binarization with Watershed segmentation would be useful in automated distance estimation in
transmission electron microscopy images.
Keywords: computer vision, image processing, image analysis, transmission electron microscopy, crystalline diffraction pattern.

1. Introduction
Methods and algorithms of computer vision associated
with the processing and analysis of raster images are
widely used in various fields of science [1-5], including in
the field of processing images obtained using electron
microscopes [6]. One of the fundamental problems in these
areas is the automation of assessing the composition and
structure of materials from their images. An effective
solution of these problems simplifies the tasks of nondestructive quality control of materials and products, their
identification and determination of their properties and
appearance [6].
Transmission electron microscopy (TEM) involves the
study of thin images using a beam of electrons passing
through them and interacting with them. The electrons that
pass through the sample are focused on the imaging
device: a fluorescent screen, a photographic plate or a
camera sensor. Using TEM, it is possible to study objects
even at the atomic level. At relatively low magnifications,
the contrast on the TEM arises due to the absorption of
electrons by the material of the test sample. At high
magnifications, the complex interaction of waves forms an
image that requires a more complex interpretation.
Modern TEMs have operating modes that allow one to
study the elemental composition of samples, crystal
orientation, phase shift of electrons, etc.
The TEM method is used to assess the structure of the
material, both in the volume of the sample and in its
surface region. TEM is one of the most highly informative
research methods used in materials science, solid state
physics, biology, and other sciences.
The ability to observe the electron diffraction pattern
(or, in other words, to observe cross sections of the
reciprocal lattice of the sample) simultaneously with the
image of the microstructure of the sample makes it
possible to obtain valuable information on the symmetry
of the crystal lattice and structural defects of the material
under study. Comparison of microphotography with
electron diffraction patterns makes it possible to correlate
the microstructure elements with a particular crystalline or
amorphous phase identified on the electron diffraction

pattern. The TEM method can be applied to solve
problems such as:
• characterization of the structure of the sample in
volume and on the surface;
• determination of the qualitative phase composition of
the sample;
• determination of orientational relations between the
elements of the structure of the sample.
The development of information technology and
computing devices contributes to progress in solving such
problems. However, nowadays, existing methods for
identifying and evaluating microobjects from a raster
image do not have sufficient universality that would make
it easy to automate them. In addition, these methods and
algorithms are often part of proprietary software that is
closely associated with electronic microscopy equipment
and is protected by the copyright of the manufacturers of
this equipment [7]. The cost of such equipment can be
high, which is unacceptable for a fairly significant part of
researchers and scientific organizations.
At the same time, systems for analyzing such images
can be widely demanded by many scientific organizations
as well as enterprises in the manufacturing sector, making
it possible to carry out operational control and analysis of
the composition and structure of materials and products.
Cheap analogues of existing software for critical areas of
enterprise activity can stimulate the development of
technologies for the synthesis, analysis and production of
micro- and nanomaterials. Ultimately, improving the
characteristics of materials for various purposes and
products based on them can both have a positive impact on
the level of safety in many areas of human activity, and
contribute to the development of new technologies.
In [6] and many others papers, the practical use of
specialized software for processing images obtained using
an electron microscope, can be seen. That indicates the
development of this field of knowledge in the modern
world.
Thus, the interdisciplinary topic under consideration
seems relevant and promising. There is a need to
systematize existing methods and algorithms for the
automated evaluation and processing of images and to
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develop software for the evaluation and analysis of images
of electron microscopy based on them. In the future, this
could contribute to the development of software systems
for analyzing images of electron microscopes with the
possibility of mass application and implementation.
2. Automation of the algorithm for estimating
the width of a layer of material from a raster
image
Earlier in [8], an automated algorithm was proposed
for estimating the width of material layers from a raster
image. The key idea of it is to select, normalize, and
evaluate an area with a regular layered structure of a raster
image obtained using an electron microscope. Also, affine
transformations were used in the algorithm in order to
build a regular structure strictly perpendicular to the
abscissa axis and simplify further calculations [9],
binarization [4] and the calculation of derivatives of the
obtained one-dimensional sequences.
With the known relation between the image points and
the actual physical quantities, it is possible to obtain the
layer width estimated by the physical quantity.
The proposed algorithm is quite simple from the point
of view of implementation, and does not require large
computational resources.
The described algorithm was tested on several images
shoot in direct resolution mode; crystalline planes in the
composition of the crystalline material are visible in such
images (figure 1).

Figure 1. Examples of images shoot in direct resolution mode

The results were compared with the results of
calculations of specialized software (Gatan Microscopy
Suite v.1.8) [7]. An example of image processing using
this software is presented in figure 2.

Figure 2. Example of image processing result in Gatan
Microscopy Suite v.1.8

As a result of comparing the values obtained in the
framework of the developed algorithm with the values
obtained by specialized software and used as reference,
insignificant discrepancies of the order of 0.005 nm were
obtained, which indicates the successful development of
an analogue to existing algorithms.
3. Determination of parameters of the crystal
lattice of materials
Within the framework of increasing the level of
automation of TEM algorithms, determining of the crystal
lattice parameters of material samples was chosen as the
next task.
The phase composition and orientation of the crystals
can be determined from the diffraction patterns of the
samples.
Diffraction contrast is formed as a result of elastic
scattering of transmitted electrons by regularly located
atoms in the crystal lattice.
Contrast is used to determine the crystallinity of the
film and the lattice parameter (figure 3).

Figure 3. Example of a diffraction pattern of a silicon lattice

Specialized software processes these images in a semiautomatic mode, requiring the selection of starting points
for calculations. An example of such processing is
presented in Figure 4 [6].

Figure 4. An example of processing a diffraction pattern by
specialized software

As can be seen from figure 4, the software function
consists of determination of brightness in a circular radius
from the center of the diffraction pattern, as well as
calculation of the number of points on concentric circles
and the distance between these circles, which characterize
the material sample. The problem with this approach is in
the necessity of accurate manual selection of the center of
the image and the distance to one of the concentric circles,
consisting of bright points.
In addition, not all images of the diffraction pattern
have the same high quality, which allows to determine
important characteristics. Images with excessive
brightness of the central area can be the most frequent
example of low quality images (Figure 5). The situation
with reflection of points is also often can be found (Figure
6). These specific cases make difficulties in developing a
universal automatic algorithm that would be able to parse
all particular cases with the same efficiency.

4. Evaluation of the effectiveness of image
processing algorithms in the task of
automating the determination of crystal
lattice parameters
There are a number of algorithms that can be useful in
automating the processing of diffraction patterns. A
number of well-known image processing algorithms and
the possibilities of its applying to this task were
considered.
For images with a sufficiently high contrast, the
determination of distances can be carried out by
transferring the entire image to the frequency domain, for
example, using a variation of the Fourier transform (DFT).
However, in case of irregular brightness or if the image
does not fit the conditions for such a conversion, it will be
impossible to determine anything from it.
The Watershed method of automatic image
segmentation [10,11], available in the OpenCV library of
computer vision algorithms, was considered as one of the
possible directions in the automation of determining the
number and location of bright points in the image of the
diffraction pattern. An example of his work for such
images is presented in Figure 7.

Figure 7. An example of image segmentation using the
Watershed algorithm

Figure 5. An example of a diffraction pattern with highbrightness area in the center of an image

Figure 6. An example of a diffraction pattern with reflection of
points

The advantages of using this algorithm are in
automatic selection of all areas with large differences in
the brightness of the image and in determination of their
size and position. The disadvantage of this algorithm is
that it is very sensitive to the choice of the brightness
threshold and to its irregular distribution in the processed
image. Figure 7 shows that, despite the successful
selection of points remote from the center, the entire area
in the center almost merges into one continuous segment.
Given the specifics of the images of the diffraction
pattern of materials, it can be assumed that a modification
of this algorithm that dynamically changes the sensitivity
threshold from the center of the image to its borders can
become quite effective for the task of evaluating these
images.
Another, simpler automation option may be the
calculation of a binary image according to a similar
principle, with a dynamic sensitivity threshold, taking into
account the decrease in brightness of images from the
center to the borders (Figure 8).

Figure 8. Example of a binary image of a diffraction pattern

Thus, it can be assumed that for the task of determining
the characteristics of the diffraction pattern, the most
effective direction will be a complex algorithm combining
binarization and segmentation to automate the search for
the image center and bright points distant from it with the
algorithm for calculating the brightness of concentric
circles traditional for specialized software with previously
known positions of the center and distance to these circles.
Further work in automation of the processing of
images of diffraction patterns will be carried out in the
direction of developing specific modifications of the
considered algorithms.
5. Results
The review of the existing approach to processing
images of the crystal structure of materials using
specialized software for analyzing TEM data is carried out.
The analysis of the problem of estimating the
parameters of the crystal structure from the image of the
diffraction pattern of a material sample is carried out;
image processing methods suitable for automating this
task are identified. A number of possible modifications of
existing algorithms are proposed, which allow to process
such images in a partially automatic mode.
The development of these modifications will make it
able to solve the problem of estimating the parameters of
the crystal structure without involving specialized
software.
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For a long period, our country has been in the process of radical transformations of the state economic system, associated with the
final transition to a market system of management, the development of local self-government and the independence of economic entities.
In the new conditions of the emerging market, the issues of ensuring the sustainable development of territorial economic systems and
sectors of the economy, which are the source and guarantor of social stability, employment, a high level and quality of life of the
population of the regions, come to the fore. The paper deals with an intelligent system for recognizing the dynamics of changes in forest
areas based on automatic pattern recognition methods. The existing methods of processing graphical information, classification and
clustering methods that are of value within the framework of the problems being solved are considered, and several original algorithms
are proposed. LTP and FFT algorithms were selected as feature extractors of which the simplest and most productive option is LTP.
Histogram equalization algorithms, median and Gaussian filters to eliminate noise and remove small image details are chosen to preprocess the image. Euclidean and Mahalanobis distances were used as separability measures. Naive Bayes classifier is proposed to use
for classification.
Key words: intelligent systems, pattern recognition, geographically distributed, economic systems

1. Introduction
Modern software market is able to offer a system for
automation or solving almost any task. Problems of forest
protection and forest management were also not ignored:
there is a wide range of software that automates accounting
activities, is integrated with GIS systems and provides
forest planning capabilities, access to tax and cadastral
maps, as well as acquisition and processing capabilities of
remote sensing data.
There are not many systems focused on automatic
processing of satellite images, and their functionality is
unique compared to their analogues. For example,
"ScanEx Image Processor" system is quite versatile and
allows processing both the supplied database of images
and images from its own sources, but the system is closed,
provides a trial version only by agreement with the
manufacturer, and does not allow modification of the
algorithms used. "Forestry and land use" is focused only
on processing the vendor's own database of images.
"KEDR" system is available only to state structures of
Amur and Primorye territories and does not even have
open documents. Such introductory conditions complicate
the search for the turnkey system.

The scale and size of the window can only be set
experimentally, which will be done in the corresponding
part of the work. Reducing the amount of information
means applying filters to the image that suppress noise and
unnecessary details. Color equalization involves
equalizing the intensities in the channels used – the socalled equalization of the image histogram.
3. Image Filtering
Most of the image transformation methods used in this
paper are based on convolution. Correlation and
convolution are two closely related concepts. Correlation
is the process of moving the filter mask over an image and
calculating the sum of the products of the mask element
values and the pixel values that the corresponding mask
elements fall on. Сonvolution mechanisms are the same,
except the filter mask is pre-rotated 180° [3,9].
Analytically, convolution is expressed as follows.
The filter, or convolution kernel, is a square or
rectangular matrix with an odd number of rows and
columns. The odd number is due to the fact that the
convolution result is assigned to the pixel, the response
center of the kernel (Fig. 1).

2. Materials and methods
When image recognition is based on bitmap graphics,
arrays of image pixels play the role of data arrays. Raw
data sets have extra information, which in addition to
increasing computational complexity can lead to the socalled retraining of classifiers. Also, feature extraction and
classification algorithms are sensitive to the
transformation of the data used to different extend.
So, to create a stable algorithm for recognizing the
forest texture, it is necessary to set:
− image zoom in m/pixel (m/px);
− optimal image segment size suitable for classification;
− algorithm for reducing the amount of information in
the image;
− algorithm for equalizing the color of photos.

Fig. 1. Application of Sobel filter (edge detection)

Convolution cannot be used for extreme pixels. This
problem is solved by creating an intermediate image with
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the completed extreme rows and columns. Pixels can be
either zero-intensive or copy the extreme ones. The second
method is used in this work.
Filtering methods are distinguished in the spatial and
frequency domains. Processing methods in the spatial
domain contain approaches based on direct manipulation
of image pixels. Spatial processing is characterized by the
equation [4]:
𝑔𝑔(𝑥𝑥, 𝑦𝑦) = 𝑇𝑇[𝑓𝑓(𝑥𝑥, 𝑦𝑦)],
(1)
where: 𝑓𝑓(𝑥𝑥, 𝑦𝑦) is an input image; 𝑔𝑔(𝑥𝑥, 𝑦𝑦) is an output
image; T is an operator on 𝑓𝑓 in a certain point (𝑥𝑥, 𝑦𝑦).
The main approach to defining a neighborhood is to
select a rectangular area around the original pixel ( ,𝑦𝑦). To
find 𝑔𝑔 value at a certain point (𝑥𝑥,), 𝑓𝑓- function value is used
inside a certain neighborhood of the point. This approach
is based on the use of masks – two-dimensional arrays of
function values. The most well-known methods in this
category are linear and median filtering.
An averaging filter is used as a linear filter; its output
value is the average value in its mask neighborhood. The
same filter is used for removing image graininess caused
by impulse noise.
Fig. 2 shows an example of processing a noisy image
with median and linear filters [4,10].
Based on experiments [4], it is concluded that a median
filter is more suitable for impulse noise, which preserves
good element boundaries and has a high speed.
Filtering in the frequency domain is based on Fourier
transformation. Transformation means that any function
that periodically reproduces its values can be represented
as the sum of sine/cosine of different frequencies
multiplied by some coefficients. This sum is called Fourier
series.
One of the most important properties of Fourier
transformation is that its result can be restored to its
original form without loss of information.

Fig. 2. Sample of median and linear filtering

As it is shown in [9], the use of images in their original
form is ineffective within the classification task. The
largest amount of data about the surface type in a photo is
provided by patterns in its structure. To obtain these
patterns special algorithms are used that is feature
extractors [5]. The best-known feature extractors include
artificial neural networks, algorithms based on Fourier
transformations and so-called descriptors of key points.
Fourier transformation described above also has a
discrete form that is suitable for digital image processing:

where:
−
𝑋𝑋𝑘𝑘 is the transformation result;

,

𝑥𝑥𝑥𝑥 is 𝑛𝑛-value of value vector;
𝑖𝑖 is unit imaginary number;
𝑘𝑘 is a complex sinusoid frequency.
The original data for the algorithm is a vector of
function values with a specified step. The result of the
algorithm is a vector of complex numbers, for which the
index is the frequency value, and the real and imaginary
parts are the coordinates of the radius vector point.
The frequency and amplitude components of the signal
are vector arguments and the complex number module
respectively. The module is defined as the length of the
radius vector:
(4)
,
where 𝑎𝑎 is the real part, 𝑎𝑎 is the argument of the imaginary
part.
The argument is defined as the angle between the
radius vector and the plane:
(5)
The image cannot be represented as a one-dimensional
vector of numbers without losing important information.
To obtain the spectrum of a two-dimensional vector of
numbers, FFT is first applied to the columns, and then to
the rows of the matrix formed (Fig. 3).

Fig. 3. Feature extracting by means of FFT

4. Feature extractors

,

−
−
−

(2)
(3)

FFT use gives well-separable vectors of class features,
but the described algorithm has a number of
disadvantages. First, FFT calculating is quite resourceintensive, especially against LTP background. The second
feature is the peculiarity of the obtained vector for an
image segment – for example, it is sufficient to calculate
LTP once for the entire image.
The result of applying LBP operator to the pixel matrix
is a response matrix of values that characterize the
brightness distribution in the neighborhood of the central
pixel – the so-called bins. Based on the bin matrix, you can
build an image histogram, which, unlike the brightness
histogram, does not characterize the color distribution, but
the image structure (Fig. 4).

Fig. 4. Getting image histogram

Based on this, the task of searching for a forest on an
image of the earth's surface can be done by calculating
LBP histogram in the window mode and comparing it with
the standard.
Another way to reduce the impact of noise, as well as
to eliminate some of the texture details, is to introduce a
threshold value 𝑇𝑇 in the indicator condition. In this case,
you can set three different values when building the code,
taking into account the sign of the difference between the
central pixel and neighboring ones. This method was
presented under the name "local ternary pattern" (LTP).
In order to avoid an increase in the space of features,
LTP is divided into two parts – the positive and negative
patterns (Fig.5).

Fig. 7. Clustering algorithm, where lbpr is LBP histogram with
the size w×h; ws is window size; tr is threshold
Fig. 5. Local ternary pattern

The dimension of basic LBP result can be reduced in
two specific ways – using only so-called uniform patterns
or patterns that are not sensitive to rotation of the pixel
neighborhood.
Some binary codes have more information than others.
Thus, a local binary pattern is called uniform if it contains
no more than three series of "0" and "1" [7,11]. Uniform
LBPs define only important local features of the image,
such as line ends, faces, corners, and spots (Fig. 6), and
also provide significant memory savings, i.e. the set of
pattern s is reduced from 2𝑝𝑝 to (𝑃𝑃(𝑃𝑃 − 1) + 2.

Fig. 6. Example of local features detected by LBP

5. Selection of algorithm characteristics
The maximum window scale was selected as 1m/px,
which corresponds to the capabilities of most types of
modern satellite cameras [2] and makes it easier to link to
the metric area.
The simplest way to determine the separability of
forest texture classes is to cluster text images and then
evaluate the result (Fig. 7).

To preserve the possibility of comparing classification
results with similar ones based on BPF coefficients, it was
decided to process squares with a side length equal to
number "2", which follows from the requirements of
BDPF algorithm. According to the requirements, the
window size range 16×16 – 32×32 was selected. If the
window size is more than 32×32, the number of arithmetic
operations per pixel becomes critical. Since the area of the
common pine crown, on the basis of which some of the
main comparisons are made, is 8-10 square meters, 16×16
segment completely covers from 1 to 4 adult trees, which
still allows to cover several trees in a sliding window.
The texture of the forest is heterogeneous, but the
selection of multiple clusters for a forest area is the second
condition for applying feature extractor, since one of the
tasks being solved in the current work is the selection of
forest stands of different species. The basic condition is a
clear separation of the forest from other types of terrain.
Since there is no need to allocate full-fledged clusters, so
the simplest algorithm is used – clusters are allocated by a
specified threshold, and the first pattern belonging to the
cluster is used as the cluster kernel.
For comparison of texture patterns it is necessary to
introduce a separability measure. There are many
separability measures such as Euclidean distance, city
block distance, divergence, and many others [2]. The most
common measure in machine learning problems is
Euclidean distance, i.e. the distance between two points in
n-dimensional space [2,12]. Euclidean distance does not
take into account the overlap of class distributions and is
not applicable at a low level of separability (Fig.8), but

there are modifications of this measure that eliminate its
disadvantages. One of these modifications is Mahalanobis
measure.

indistinguishable. At threshold of 14, the forest, detached
trees and buildings of the village are clearly
distinguishable, but they are indistinguishable from trees.
At the threshold of 50, only lake bridges and part of the
road could be identified.

Fig. 10. LTP allocation for various threshold values
Fig. 8. Types of class separability [2]

Application of Mahalanobis measure makes sense for
classification, but not for clustering, since the covariance
matrix is calculated based on a training set for a class that
does not yet exist.
One pixel is considered as a clustering unit. A certain
area is captured around the pixel, for which a histogram is
built and compared with standards. The cluster index is
assigned to the center pixel. 17×17 b 33×33 are chosen as
window sizes, according to the data provided above,
approximately one and four trees per window.
In the course of checking the separability of classes, it
was found that regardless of the algorithm characteristics
for extracting features, structural features for different
types of terrain can be almost indistinguishable. Fig.9
shows the result of selecting the threshold.

Fig. 9. Clustering results for window 33×33

All the algorithms managed the task to some extent.
LBP could not identify the forest, but it accurately
identified the transitions between the main types of terrain.
CSLBP and MLBP were able to separate the forest, while
failing to separate the texture of the forest from that of the
vegetable gardens. With the help of ULBP, it was possible
to identify the main contours of forest stands, but the
border lines (forest/field, forest/clearing) were excluded.
The best result was achieved using LTP method, which
accurately marked the contours of the forest and thickets
near the road, while selecting them in one cluster with the
buildings of the village.
Unlike other methods, LTP can be directly configured
without using filters, binarization, etc. Fig. 10 shows the
results of LTP allocation for various threshold values. At
the threshold of 0, the terrain types are almost

6. Classification tools
After pre-processing the image and subsequent
selection of feature vectors, it is necessary to determine
whether these vectors belong to any type of terrain, that is,
to classify them. Classifying an object means specifying
the number of the class that this object belongs to.
Previously described similarity measures Mahalanobis distance and Euclidean distances - can be
used to classify feature vectors based on standards, which
was demonstrated when describing threshold clustering.
This algorithm is easy to implement and to be scaled, but
the linear dependence of the speed on the number of
reference vectors makes it unacceptable within the
framework of the described system.
There are many classification algorithms, and choosing
a specific one is not an easy task. Determining the
suitability of the classifier for working with the data
formats used requires, at a minimum, the possibility to
implement it for the selected development tools.
Making up training and test samples if there are no
ready-made ones freely available is a long and timeconsuming process.
Taking into account mentioned above, three classifiers
with different specific features were selected based on the
studied references. The first is a naive Bayes classifier for
implementing a search based on a set of small classifiers.
The second is a decision tree for optimizing classification
based on similarity measures. The third is a multi-layer
perceptron for processing large samples of data
accumulated during the operation of the system. Since the
perceptron was not fully introduced into the system, there
is no description of it.
7. Naive Bayes classifier
Naive Bayes classifier (NBC) is a simple probability
classifier based on Bayes theorem:
(6)
where: 𝐶𝐶𝑘𝑘 – 𝑘𝑘-class; 𝑋𝑋 = (𝑥𝑥1, 𝑥𝑥2, … , 𝑥𝑥𝑛𝑛) is a size feature
vector 𝑛𝑛; 𝑝𝑝(𝐶𝐶𝑘𝑘 ∨ 𝑋𝑋) is conditional (a posteriori) probability
of belonging 𝑋𝑋 to class 𝐶𝐶𝑘𝑘; 𝑝𝑝(𝑋𝑋 ∨ 𝐶𝐶𝑘𝑘) is conditional
probability to find vector 𝑋𝑋 in class 𝐶𝐶𝑘𝑘; 𝑝𝑝(𝐶𝐶𝑘𝑘) is
unconditional (a priori) probability to meet class 𝐶𝐶𝑘𝑘; 𝑝𝑝(𝑋𝑋)
is the probability of availability of vector 𝑋𝑋 in the training
sample.
The classifier is called "naive", because for an
available set of features, it is assumed that the distribution
of their values is independent of each other. Despite this

simplification, NBC in many cases shows itself no worse
than more complex classifiers [5].
Since all vectors are represented in the sample with
probability 1, the original formula is simplified to:
𝑝𝑝(𝐶𝐶𝑘𝑘 ∨ 𝑋𝑋) = 𝑝𝑝(𝑋𝑋 ∨ 𝐶𝐶𝑘𝑘) ∙
(7)
𝑝𝑝(𝐶𝐶𝑘𝑘),
Given that the possible dependence of the probabilities
of features occurring is not taken into account, (𝑋𝑋 ∨ 𝐶𝐶𝑘𝑘) is
calculated as the product of the probabilities of all features:
(8)

To work with features-vectors of values, there is a
modification of the classifier, that is, the so-called
Gaussian naive Bayes classifier (GNBC).
Gaussian distribution is also called the normal
distribution. The normal distribution graph is a bell-shaped
curve that is symmetrical with regard to the average value
(Fig. 11).

Fig. 11. Normal distribution graph

Due to the fact that to calculate the standard deviation,
it is necessary to recalculate the mathematical expectations
of features again (the mathematical expectation can be
calculated based on the previous value, as opposed to 𝜎𝜎),
NBС cannot be further trained in the course of work.
Given the method of determining a priori probability, an
important condition for correct NBC training is the
statistical correspondence of the training sample
composition to the composition of the studied data.

on the basis of which the edit distance cannot be
calculated. However, they can also be reduced to binary
attributes by setting requirements for the values of features
– if a > n, then class A, and so on. In this case, the vector
is simplified to a binary tree and comes into compliance
with another common classification algorithm – the
decision tree.
The decision tree training consists of selecting nodes
based on a training sample, each of which is characterized
by a feature vector attribute that most affects the outcome
of the classification stage [6]. Node splitting occurs until
the threshold probability is reached when the output value
will take the required value.
In general, the condition for reaching these aims at ilevel can be represented as follows [6]:
𝐶𝐶𝐶𝐶 = (𝑄𝑄11 ∨ 𝑄𝑄12 ∨ … 𝑄𝑄1𝑘𝑘)
∧
(9)
(𝑄𝑄21 ∨ 𝑄𝑄22 ∨ … 𝑄𝑄2𝑘𝑘) ∧ …
∧ (𝑄𝑄𝑄𝑄1 ∨ 𝑄𝑄𝑄𝑄2 ∨ … 𝑄𝑄𝑄𝑄𝑄𝑄),
where: 𝑄𝑄𝑄𝑄𝑄𝑄 is logical required condition; 𝑖𝑖 is a node level;
𝑘𝑘 is the number of conditions.
Since the process is organized on the basis of reference
feature vectors, the last node may hide a set of such
vectors. At the same time, passing the tree to the end does
not guarantee that the sample belongs to the described
classes. At the final stage it is compared with the standards
using Mahalanobis distance described earlier, which is
used to make a conclusion about (not)belonging to the
class. Covariance matrix is calculated for each class
separately.
Fig. 12 shows the tree structure.

8. Decision tree
The task of monitoring the dynamics of changes in the
forest area involves processing large amounts of
information over a long period of time. This process
actively uses classification tools, and it may be necessary
to adjust the classifiers for different tasks. Training a
classifier is a rather time-consuming process, since the
main criterion for its success is the quality and volume of
the training sample, which must be collected and provided
with appropriate markers. To simplify this task, the system
saves vectors of reference features and their source images
to the database. This approach allows not only to reuse
prepared class maps, but also organize classification based
on the database without training. Classification based on
the feature vector library belongs to the group of
classification methods based on comparison with the
standard [8]. The method of comparison with the standard
involves the construction of a graph of feature vectors,
while the classification process means finding the shortest
path, which is based on the concept of edit distance – the
minimum number of changes, inserts and losses required
to change the image of A to the image of B [8]. The feature
extractors described earlier give vectors of real numbers,

Fig. 12. Structure of hybrid decision tree

The advantage of the described algorithm is its high
speed of relatively simple searching [6]. It is important to
note that using a covariance matrix makes it impossible to
update instantly during operation – features are added to
the tree, but the matrix can only be recalculated in the
background process.
9. Classification scenario
Previously, the advantage of using multiple algorithms
for distinguishing features or classifying them together has
been demonstrated. Not for all classification algorithms a
non-uniform feature vector can be created. For example,
when classifying by similarity, it is not possible to use LBP
and the average values of RGB spectrum together, because
LBP will give two hundred features, and the spectrum will
give three features, which will have negligible effect on
the result. To solve such problems, the concept of a
classification/search scenario was formed (Fig. 13).

values around the average will be S2+(S2/n), where 𝑆𝑆 is the
standard deviation.
To predict borders, outlines are initially selected – the
image pixels are bypassed in the cycle, the border pixels
are found, and the array is saved. Then the array is
bypassed and a segment is added for pixels whose distance
is greater than the threshold (Fig. 15).

Fig. 15. Separating boundaries

Fig. 13. Scheme of classification scenario

Classification scenario is a data structure that specifies
the order in which images are processed by multiple
algorithms. The resulting class maps are combined using
logical operations. The scenario can also be used to
describe one-dimensional algorithms. For example, the
following selection of trees according to the scenario
"median filter" - "spot selection (LBP)" - "center filtering".
10. Prediction of changes in the boundaries
Changes in forest boundaries can be caused by many
factors, many of which are random. Events such as fires,
deforestation, and disease outbreaks lead to rapid changes
in the structure of plantings, with no pronounced
periodicity.
Fig. 14 shows the boundary changes that need to be
taken into account when developing the algorithm.

Fig. 14. Basic scenarios of boundary changes

Predicting function values with reference to a time
interval requires the use of one-factor forecasting
functions [8], but in the absence of a large sample,
debugging such a solution is not possible. If we reduce the
complexity of requirements for the forecast, methods that
are easier to implement and debug become available, such
as step-by-step extrapolation, where the time interval is the
interval between sample events.
Under the assumption that the average level of the
series has little tendency to change, we can assume that the
predicted level is equal to the average value of the levels
in the past [8].
The confidence limits for the average with a small
number of observations are defined as follows:
(10)
where 𝑡𝑡𝑎𝑎 is the table value t of Student statistic with n-1
degree and probability level 𝑆𝑆𝑦𝑦.
The total variance associated with both the fluctuation
of the sample average and the variation of individual

After selection, the formula described is applied to the
obtained points (junctions of segments). The shortest of
the three segments is chosen as the direction of
extrapolation -two to the two nearest previous points, and
the third is the median of the resulting triangle (Fig. 16).

Fig. 16. Prediction of changes in boundaries by one step

11. Conclusions
Within the framework of this paper, a number of
algorithms for processing and classifying graphical
information were proposed to solve the tasks of studying
forest stands based on images of the earth's surface.
LTP and FFT algorithms were selected as feature
extractors, of which the simplest and most productive
option is LTP, and the most complete and at the same time
resource–intensive is FFT.
To pre-process the image, histogram equalization
algorithms, median and Gaussian filters to eliminate noise
and remove small image details were selected.
Euclidean distance was used as a measure of
separability, Mahalanobis measure - for the purpose of
classification. Czekanowski's quantitative index is also
available in the system, which gives results similar to
Euclidean distance, but with a different distribution of
output quantities.
For classification, it was proposed to use a naive Bayes
classifier, a simple but effective statistical classifier based
on Bayes theorem. As a less specialized classifier that
works without training on the basis of features stored in
the database, the decision tree algorithm was proposed, an
algorithm that significantly speeds up classification based
on comparison with the standard by organizing feature
vectors into a binary tree. A three-layer perceptron was
also proposed as a test solution for working with large
samples, but it was not possible to test it fully due to the
large amount of training sample required.
These algorithms were described and tested. On their
basis a set of libraries in C# language was developed,
which form the described system together. MongoDB was
chosen as the database, which is easy to develop and quite
high – performance database that uses BSON documents
as a storage format. A web service based on Asp.Net.Core

was developed to provide shared access to the system's
tools. Its organization features are described in the project
part.
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The article deals with the issues of developing an axiomatic basis and interpreting conflict situations in conditions of high uncertainty
based on the dynamic theory of catastrophes. Control over conflict situations is provided using applied modeling at the expense of the
supercomputer center through system integration of technologies and tools for processing large amounts of current information.
Functional components of the center for applied simulation implement dynamic visualization and development of management decisions.
The key factor in ensuring the safety of critical facilities in a complex conflict situation is the speed of assessment of the situation and
the development of adequate management decisions for the implementation of the response. Adequate management is based on
experience, as a rule, obtained experimentally in the course of physical modeling of impacts (exercises, trainings, experiments, etc.),
and accumulated in the form of a knowledge base of the information and analytical decision support system of the center for applied
simulation.
Key words: basis, axiomatics, axiomatic basis, interpretation, interpretation methods, conflict situations, urgent calculations.

1. Introduction
The purpose of experimental studies conducted in the
development of functional elements of the center for
applied simulation (CAS) is to study the features of
conflict interaction in the system of complex security of
critical objects based on Urgent computing System (UCS).
At the same time, a typical situation is when due to high
uncertainty, the characteristics of the control object (CO)
of interest are not available for direct observation and
measurement, and obtaining data from a physical
experiment can be quite difficult and expensive. In this
case, by analyzing and generalizing materials describing
conflicts of various origins, some indirect information
about the object of conflict interaction under study is
obtained. Such information is determined by the nature of
the phenomenon being studied, the peculiarities of the
process of origin, formation and development of various
forms of antagonistic conflicts. The identification and
formalization of conflict behavior entities of interacting
parties makes it possible to develop a software and tool set
for high-performance computing based on a CAS.
Diagnostics of the object of interaction is provided by
system integration of methods of planning and conducting
computational experiments in order to further solve
problems related to the formation of scientific ideas and
the development of effective management decisions in
conflict situations. The theoretical basis for the study of
conflict situations and certain methodological principles
for the study of complex systems in high-performance
environments urgent computing are formulated in [1-26].
A characteristic feature of the interpretation problems that
arise in this case is that in the course of research, it is
necessary to conclude about the properties of the CO in a
conflict situation based on their indirect manifestations,
established as a result of a series of computational
experiments.
Thus, the CAS formulates and solves complex
interdisciplinary problems associated with the creation of
an integrated computer modeling system based on a
multiprocessor computer complex, combining information
and computational resources of expert and research

activities to form scientific representations for solving
applied problems in the field of conflictology. The
development of effective management decisions is
implemented on the basis of the formalization of
antagonistic conflicts within the framework of problemoriented methods that allow us to determine the causes of
conflict situations as a result of experimental studies and
practical observations. Problems of this type are
commonly called inverse problems [2]. Causal inverse
problems of the emergence and development of conflict
situations are individual and are used in the construction
of mathematical models of interaction based on the
dynamic theory of catastrophes [3].
2. Space behavior and management in the
interpretation of conflict situations in CAS
models
The procedure for solving problems involving the
reversal of causal relationships is often associated with
overcoming complex mathematical difficulties. The
success of the solution is determined not only by the
quality and quantity of information obtained from the
experiment, but also by the way it is processed. That is
why the developed conceptual solutions based on the
dynamic theory of catastrophes provide for the use of
procedures for geometric and analytical interpretation of
the CO behavior using specially developed mathematical
models, including modified Mathieu and Duffing
differential equations [3]. At the same time, the solution of
the inverse problem in complex conflict situations is
preceded by a study of the properties of the direct problem
based on a conceptual analysis [4-8]. It is assumed that the
source data has large dimensions (a set factors and states
of CO), does not always follow the normal distribution,
and is incomplete, inaccurate, and noisy. Usually the data
is extremely difficult to establish as a result of specially
organized physical modeling and the only way to obtain
them is a computational experiment. The given
characteristic of the initial data allows us to formulate the
following basic requirements for the mathematical model
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of interaction when performing urgent calculations in a
CAS:
•
meaningful interpretability using the concept of Soft
Computing and Data Mining based on the geometric
and analytical components of the dynamic disaster
model;
•
efficient computability based on parallel information
processing algorithms in a multiprocessor
supercomputer computing environment.

These two requirements determine the construction of
an interaction model when developing algorithms for
conflict control and testing knowledge models that define
UCS procedures under various interaction conditions.
For fig.1 presents a conceptual framework of
supercomputer technologies that implements information
transformation procedures for interpreting the behavior of
objects in conflict situations based on the dynamic theory
of catastrophes.

Reference model of
conflict situations

AXIOMATIC BASIS OF SUPERCOMPUTER TECHNOLOGIES
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situations
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BASED ON THE DYNAMIC THEORY OF CATASTROPHES

Variety of Elements of the
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The set of values of the
input actions vector

Variety of processing
information algorithms

Fig. 1. Axiomatic basis of supercomputer technologies for interpreting dynamic situations based on UCSUCS

The model of conflict situation interpretation in this
figure is presented in the form of an interaction area, in
which information transformations are performed and its
geometric representations are constructed, which allow us
to understand the processes of learning and development
and identify the "subtle effects" of the studied
phenomenon.
The
cognitive
process
provides
"compression" of the code of the processed signal and
maximum possible abstraction of the description
contained in the signal to achieve a higher degree of
predictability [4].
The concept of dynamic catastrophe theory defines the
study of CO behavior within the framework of spatiotemporal interpretation. The formal model for converting
information based on UCS procedures looks like:
{R1n ( t ) × R1r ( t ) → R1 ( t ) ,..., Rmn ( t ) × Rmr ( t ) → Rm ( t )} , (1)

where {R1n(t),...,Rmn(t)} and {R1r(t),...,Rmr(t)} - spaces of
behavior and control that determine the result of the
transformation of information about the conflict on the
basis of which the reconstruction of the original formal
models of interaction; j = 1,...,m - the sequence of events
that define the evolution of the system.
The model is used as an operator for nonlinear
transformation of information about the evolution of the
CO:

f j ( • ) : R nj ( t ) × R rj ( t ) → R j ( t ) ,

(2)
where Rjn(t), Rjr(t), Rj(t) are spaces of internal and external
variables controlled by the function f(•), which can be
considered as a smooth function taking into account the
accepted assumptions.
To display the results of the functioning of the CPM
using the function fj(•), quasi-stationarity sections are
considered in the process of evolution of the interaction
system. The physical interpretation of the features of CO
behavior in these areas is carried out within the framework
of synergetic control theory [9]. When discussing this

problem in the framework of dynamic catastrophe theory,
the unified fundamental apparatus for the study of
nonlinear systems is preserved. In complex situations,
especially in non-stationary interaction, in addition to the
usual behavior and control spaces, the corresponding
functions that characterize the variety of conflict situations
under study are considered.
Thus, the CAS in the interpretation of conflict
situations is considered as a developing active dynamic
system functioning in a complex dynamic environment.
Management of CAS is to establish the procedures,
minimizing an objective function that ensure the maximum
effectiveness of management in the current situation.
Active elements are defined as CAS objects whose
functions are aimed at modeling and visualizing the
dynamics of interaction between elements of a conflict
environment within the framework of the UCS concept.
When generating alternatives and developing control
actions, a collective strategy is selected, taking into
account the strategy of the active elements of the multiagent system (MAS). The hypothesis of independent
behavior of active elements (intelligent agents-IA) is
considered within the framework of the paradigm of
information processing in a multiprocessor computing
environment [3]. The synthesis of an optimal control
function for active elements of distributed intelligence
MAS ensures maximum efficiency of information
processing procedures in UCS mode. Multiple actions to
implement IA in the Multiagent Modeling System (MMS)
is defined by a set of decision support procedures (DPS).
Planning actions in assessing the state of the CO and
predicting its development in the MMS consists in
choosing effective planning procedures based on the
criteria of optimality [4].
We formalize the problem of evaluating the
effectiveness of the developed management decisions in
the CAS models. Let x∈Rn be the vector of parameters

defining the generated solutions, and w∈Rm be the vector
of the state of the conflict interaction environment in
which the controlled CO functions. If [x, w]∈A, then the
technical solution with the parameter vector x ensures the
effective functioning of the CO in an environment
characterized by the vector w. If [x,w]∈B then the
generated solution leads to inefficient operation of the
system. These conditions define the problem of choosing
a solution:
х * X , W > 0, ∀(X, W) ∈ A ;

(

)

(

)

х * X , W < 0, ∀(X, W) ∈ В , х*∈ Х * ,
(3)
where x* is the selected class of dividing functions.
When conditions (3) are implemented, the CAS
models establish a range of possible values for controlled
CO parameters, which is limited by various factors,
including the specifics of functioning and the level of
development of intelligent technologies. Each specific
implementation of a technical solution corresponds to
certain values of parameters that meet the conditions [10]:
𝑋𝑋1min ≤ 𝑋𝑋𝑖𝑖 ≤ 𝑋𝑋𝑛𝑛max , 𝑖𝑖 = 1, … , 𝑛𝑛. (4)
Thus, in the n-dimensional parameter space for each
implementation, a parameter vector can be represented
(5)
𝑋𝑋 = (𝑥𝑥1 , … , 𝑥𝑥𝑛𝑛 )𝑇𝑇 ,
which belongs to the parameter space defined by
inequalities (4).
The parameter vector (5) uniquely defines the
characteristics of the CO, the set of which is denoted by
(Ch)j, j=1,…,m. The number of characteristics is
determined by the CO functionality and features of the
conflict situation.
We will match each set of CO characteristics with a
vector
(6)
𝐻𝐻 = ((Ch)1 , … , (Ch)𝑚𝑚 )𝑇𝑇
m-dimensional space of interaction.
In this case, technically, the CO can be considered as a
certain system that has ninputs for parameters xi and
moutputs for interaction characteristics (Ch)j. For each
vector X of the parameter space (5), such a system matches
the vector of the technical characteristics space defined by
the relation (6).
The considered CO model allows us to construct a
geometric interpretation of various variants of problems,
their analysis and optimal design of operations in the CAS
system.
3. The axiomatic basis of the system
complexity elements of the CAS
The main aspects of the system analysis of structural
components S of the CAS reflect the measure of
complexity θ(S) of the system: hierarchy, connectivity and
dynamic behavior, expressed in the following axioms [11].
Axiom 1..Hierarchy defines the occurrence of
subsystem S0 in the system S as an inequality
(7)
𝜃𝜃(𝑆𝑆0 ) ≤ 𝜃𝜃(𝑆𝑆),
in other words, a subsystem cannot be more complex than
the system as a whole.
Axiom 2. Connectivity characterizes parallel
connection
S = S1 ⊕ ... ⊕ Sk subsystems Si
(8)
𝜃𝜃(𝑆𝑆) = max𝜃𝜃(𝑆𝑆𝑖𝑖 ), 𝑖𝑖 = 1, … , 𝑘𝑘.

or serial connection S = S1 ⊗ ... ⊗ Sk subsystems Si
(9)
𝜃𝜃(𝑆𝑆) ≤ 𝜃𝜃(𝑆𝑆1 ) + ⋯ + 𝜃𝜃(𝑆𝑆𝑘𝑘 ).
Axiom 3. If the dynamic behaviorin volves a feedback
connection (Σ-1) from system S2 to system S1, then
𝜃𝜃(𝑆𝑆1 ⊕ 𝑆𝑆2 ) ≤ 𝜃𝜃(𝑆𝑆1 ) + 𝜃𝜃(𝑆𝑆2 ) + ⋯ + 𝜃𝜃(𝑆𝑆2 (𝛴𝛴 −1 )𝑆𝑆1 ).
(10)
Obviously, axiom 3 is a special case of axiom 2 if there
are no feedbacks.
If in the class of systems satisfying axioms 1-3, a
subset of systems ϕ is distinguished, then the
normalization condition is satisfied:
𝜃𝜃(𝑆𝑆) = 0 ∀𝑆𝑆 ∈ 𝜙𝜙.
(11)
Thus, the complexity of CAS elements is a multivalued concept that includes static and dynamic
components. Static complexity is determined by the
complexity of subsystems, and dynamic complexity is
determined by the generation of control signals.
Management software is supported by a level of
computational complexity. A group of operators
"interpretation - action" forms a structure of
transformations on a set of generated management
decisions in order to develop a General concept of
managing a complex system of conflict interaction.
Complexity theory is a prerequisite for understanding
learning and development processes, and a hierarchical
structure defines management under conditions of time
delays, noise and uncertainty.
Since a CAS system can be represented as
sequentially-parallel or cascaded (hierarchically)
connected subsystems, including subsystems with
feedback, the axioms of connectivity explain the structure
of such decompositions. Thus, the hierarchical system in
question is complex and organized. Complexity is defined
as the minimum number of operations required to restore
the system, and organization is defined as the ability to
"compress" information generated by a cascade of
bifurcations that lead to symmetry breaking, and after the
onset of chaos - by a cascade of iterations that increase the
resolution of the display at a given time interval.
Within the framework of the axiomatic approach, the
recognition of abnormal behavior of the CO during the
operation of the CAS based on the UCS concept is
implemented using the following procedures:
Procedure 1. Classes of abnormal behavior of objects
in a conflict situation are identified and the corresponding
reference interactions are studied using the use-case
knowledge base.
Procedure 2. An analysis of the conflict situation
under study is performed, based on which fragments of
interacting objects are formed that are close to classes of
abnormal behavior.
Procedure 3. For the selected fragments, an axiomatic
basis is formulated in the form of a sequence of axioms
corresponding to the reference trajectories.
Thus, the problem of recognizing abnormal CO
behavior based on UCS s reduced to the problem of fuzzy
search for fragments of reference interactions of abnormal
behavior in the observed system evolution.
The mathematical theory of functional space in UCS is
defined by a system of objects and relations within the
framework of an ontological basis, and the logical
structure of the interpretation of the dynamics of the

interaction system is based on fundamental provisions
(axioms) that determine the evolutionary complexity of the
CO. In this case, the analytical component of the dynamic
catastrophe theory is represented by interpretation models,
while the geometric component is represented by various
visual models in the form of cognitive images and fractal
maps. The problem of space-time is considered taking into
account a measure of complexity, taking into account the
interaction of elements of a conflict situation, as well as
the relationship of the concept of analytical synthesis with
the physical laws of interaction.
The task of predicting CO behavior in a conflict
situation is a chain of transformations:
(12)
𝑋𝑋1 (𝑇𝑇, 𝑆𝑆) ⇒ 𝑌𝑌1 (Out),..., 𝑋𝑋𝑛𝑛 (𝑇𝑇, 𝑆𝑆) ⇒ 𝑌𝑌𝑛𝑛 (Out),

where the components X1(T,S),...,Xn(T,S) define the
interpretation functions at each step of performing
information transformation operations using the control
function, a and Y1(Out),...,Yn(Out) are the results of
predicting the studied characteristics of the interaction
system.
One of the features of the CAS structure is a
hierarchical organization that defines management in
conditions of time delays, noise and uncertainty. Strategic
planning of operations and conceptual decisions in a
hierarchical organization is presented in the form of a
dynamic hierarchical network [12] (figure 2), which
reflects the fundamental result of integrating components
of a dynamic disaster model based on intelligent
technologies and high-performance computing [4].

DYNAMIC HIERARCHICAL NETWORK OF
CONCEPTUAL DECISIONS
MR(S0)

MR(S0(f,F))
MR(S1(f,F))

MR(S1)

MS(S11)

MS(S12)

MR(S11(f,F))
MR(S11)

MR(S12(f,F))
MS(S111)

MR(S112)

MR(S12)

MR(S121)

MR(S122)

Fig. 2. Structure of a dynamic hierarchical UCS network

The hierarchical model allows describing the dynamics
of a conflict situation at various levels of abstraction:
reflections of elements, properties, and characteristics that
determine the functions of managing f interpreting F the
development of the current situation. When decomposing,
the concept of connectivity is realized, assuming the
representation of the original model MR(S0) in the form of
a set of sublevel models connected by a tree relation. The
formation of hierarchy levels is carried out using the
standard basis decomposition. At any level of the
hierarchy, the CAS subsystems and relationships between
them are distinguished, while ensuring the level of
complex and not losing the levels of direct analysis.
The task of constructing an optimal hierarchical
structure is to construct a set Ω hierarchical structures
(hierarchies) with a given functional
argmin𝐺𝐺 ∈ 𝛺𝛺 𝑃𝑃(𝐺𝐺),
(13)
𝑃𝑃: 𝛺𝛺 → 𝐺𝐺 [0, +∞].
(14)
The concept of hierarchical structure implies the
asymmetry of connections and the impossibility of cyclic
subordination, i.e., the oriented graph and its acyclicity.
As a tool for describing Ci CAS tasks and the order of
their distribution on the basis of the functional space of
behavior of the dynamic theory of catastrophes, the matrix
of strategic decisions is used, which is an extension of the
functionality of the presentation [13]:
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Matrix (15) is obtained on the basis of the
transformation of the initial data (functional elements of
the CO) using the Cartesian product {m×n} of sets of
alternatives A and features X, which form a representation
of the dynamics of interaction in the current conflict
situation. The system of alternatives in the resulting matrix
of strategic decisions is reduced to a single scale using the
transformation
∗
(16)
�𝑥𝑥ji � = �𝑥𝑥ji − 𝑥𝑥min𝑗𝑗 �/�𝑥𝑥max𝑗𝑗 − 𝑥𝑥min𝑗𝑗 �
with display
(17)
𝑥𝑥ji → 𝑥𝑥 ∗ ∈ [0, 1].
Matrix (15) is used to construct matrices that display
interpretation functions in behavior spaces (Int-Beh) and
control spaces (Int-Cont) at a given implementation
interval:
{𝐴𝐴(Int − Beh)}
𝑓𝑓1 ⋯ 𝑓𝑓𝑖𝑖 ⋯ 𝑓𝑓𝑛𝑛
𝑓𝑓
⋯ 𝑓𝑓𝑖𝑖1 ⋯ 𝑓𝑓𝑛𝑛1
(18)
� 11
�
⋯
𝑓𝑓1𝑚𝑚 ⋯ 𝑓𝑓im ⋯ 𝑓𝑓nm

{𝐴𝐴(Int − Cont}
⋯ 𝐹𝐹𝑖𝑖 ⋯ 𝐹𝐹𝑛𝑛
⋯ 𝐹𝐹𝑖𝑖1 ⋯ 𝐹𝐹𝑛𝑛1
�
�
⋯
𝐹𝐹1𝑚𝑚 ⋯ 𝐹𝐹im ⋯ 𝐹𝐹nm
The initial information for constructing the matrix of
strategic decisions is the information transformation
model M (Inf), which contains the following data sets [3,
4]:
(19)
M ( Inf ) =< Cond ( D),V ( D), M (С ) >
where Cond (D) is a vector of terms that defines a set of
conditions for the existence of solutions X = {X1, Xn};
V(D) is a vector of decisions that includes the set of
solutions Y ={Y1, ...,Ym}; M(C) - matrix of compliance
specifying model relationships between conditions and
decisions.
This interpretation of data reflects the principle of
complementarity, according to which conditions are
provided in which there is a continuous change in the
behavior of objects in the conflict environment. The
formal model of information transformation opens up the
possibility of finding solutions using hierarchical
structures that are characteristic of the tasks under study.
This model does not depend on the content of the problem
and is a universal tool for analyzing and finding solutions.
This opens the possibility of "compressing" information,
since only the information that is minimally necessary for
managing a conflict situation is extracted from the source
data.
Thus, the CAS is considered as an active system
functioning in a complex dynamic environment of
interacting objects. Management of MTC is to establish
the procedures, minimizing an objective function that
ensure the maximum effectiveness of management in the
current situation. Active elements are defined as CAS
objects whose functions are aimed at modeling and
visualizing the dynamics of a conflict environment within
the framework of the UCS concept . When generating
alternatives and developing control actions, a collective
strategy is selected, taking into account the strategy of the
active elements of the system. The hypothesis of
independent behavior of active elements of the CPU is
considered within the framework of the paradigm of
information processing in a multiprocessor computing
environment. The synthesis of an optimal control function
for active elements of the CPU ensures maximum
efficiency of information processing procedures. The set
of implemented actions is determined by the set of PPR
procedures. Planning actions when assessing the state of
𝐹𝐹1
𝐹𝐹11

the CO and predicting its development consists in
choosing effective planning procedures based on optimal
criteria
The task of modeling CO dynamics is to construct
scenarios (situation models) with a dynamically changing
class of strategies and manage the scenario. To solve the
problem, a scenario SC is formed, the execution procedures
of which consist in representing SC as a combination of
strategies (alternatives) Sctj and control moments tj,
(j=1,...,N)
𝑡𝑡𝑗𝑗
(20)
𝑆𝑆𝐶𝐶 = 𝑌𝑌 𝑆𝑆𝐶𝐶 .
𝑡𝑡𝑗𝑗

Transitions between PS strategies are described by
mapping the set of effective strategies as two sets, the first
of which corresponds to the set of arcs, and the second to
the set of benefits of these strategies in the set of arcs.
The crucial rule for choosing alternatives in the multi
criteria optimization problem is represented by the
intersection of fuzzy goals Gi and constraints Cj or a
convex combination taking into account their relative
importance:
𝐷𝐷 = 𝐺𝐺1 ∩ … ∩ 𝐺𝐺𝑖𝑖 ∩ 𝐶𝐶1 ∩ … ∩ 𝐶𝐶𝑗𝑗 … ; 𝐷𝐷 =
(21)
∑𝑖𝑖 𝛼𝛼𝑖𝑖 𝐺𝐺𝑖𝑖 + ∑𝑗𝑗 𝛼𝛼𝑗𝑗 𝐺𝐺𝑗𝑗 , ∑𝑖𝑖 𝛼𝛼𝑖𝑖 + ∑𝑗𝑗 𝛼𝛼𝑗𝑗 = 1,
where α is the importance coefficient.
4. Strategies for interpreting CO behavior
based on the UCS concept

In accordance with the concept of dynamic catastrophe
theory on the basis of a supercomputer complex CAS a
strategy for interpreting the evolution of the CO is
implemented as the ability to transform a set of input
signals into a set of output signals in the form of a formal
model:
𝐺𝐺(Attr) = ⟨𝐺𝐺(Stab), 𝐺𝐺(Cap)⟩,
(22)
where G(Attr) - attractor sets, displaying a model of
interaction in a hostile environment Oh; G(Stab) - many,
forming a movement CO to the target attractor; G(Cap) set, characterizing the behavior of the CO in the loss of
stability of the environment.
The CAS computing complex implements the inputoutput operator behavior functions and provides solutions
to identification, approximation, and prediction problems
that determine the behavior of the CO in the process of
evolution. The interaction space within the framework of
dynamic catastrophe theory defines the interpretation and
control functions, which are used to carry out operational
control of the characteristics of an aggressive environment
in the course of evolution (Fig. 3).

Iterative process of information transform in the implementation of the dynamic
theory of catastrophes
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Fig. 3. Converting information based on the UCS concept

The General formal knowledge model integrating the
used classes of conflict situation interpretation
functionsbased on UCS is presented as a functional:

Φ 1 { f1 (•) µ },, Φ 5 { f (•) µ },

(23)

where Фj{f(•)| µ}, (j=1,..., 5) - functions that define classes
of interpretation models: Ф1{f(•)|µ} and Ф2{f(•)|µ} computational and diagnostic models; Ф3{f(•)|µ} - models
defining the strategy of dynamic catastrophe theory;
Ф4{f(•)|µ} - models for analyzing and predicting the
current situation; Ф5{f(•)|µ} - models of a dynamic
knowledge base.
The construction of the control function at each step of
the iterative procedure is based on the synergetic paradigm
π(S) in the form of a sequence of actions:

π (S ) = f j (•) ∆t1 ,, f n (•) ∆t n ,

(24)

where fj(•) is the control law defining the expansion and
contraction phases depending on the state interpretation
function at the j-th stage of the system evolution (j=1,...,n);
∆tj is the duration of the stages.
The implementation of interpretation and control
functions is carried out when modeling the behavior of an
CO based on the UCS concept (Fig.4). The CO behavior
model is constructed using MAC and neuro-dynamic
systems (ND-systems) oriented to parallel processing of
information in a supercomputer environment of the CAS
[3, 4].

MODELING OF BEHAVIOR IN CONFLICT SITUATIONS
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and system
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Implementation of multi-agent and
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the mechanisms of behavior of objects in the
interaction environment

Controlling the behavior of system objects
based on a learning strategy and generating
optimal implementation algorithms

Fig. 4. Modeling behavior in CO interpretation based on UCS

The theory of strategic decisions in managing CO
behavior provides for a transition from situational
management to management with modeling. Relationships
in graph-based interpretation of network models allow us
to take into account the consequences of decisions being
made and control the behavior of the CO not at the level

of actions, but at the level of chains of events. To perform
simulation procedures in the created virtual space, abstract
symbols of various classes of elements of the structure of
an aggressive environment are formed and the ability to
interpret its behavior within the framework of the theory
of synergetic control is formed.

The facts and phenomena of CO modeling are related
to various interpretations of activity in solving behavior
training tasks using simulations of the physiological and
mental functions of objects in a conflict situation. The
functions of sensory systems are implemented in the
construction of algorithms for information processing

based on the concentration of "consciousness" on the most
important aspects of the development of the interaction
process, which reflects the evolution of the conflict
environment within the framework of a dynamic model of
catastrophes (Fig.5) [3].

КОНЦЕПТУАЛЬНАЯ МОДЕЛЬ ЭВОЛЮЦИИ КОНФЛИКТНОЙ СРЕДЫ
Interpreting activity

Building and using functional analysis models

Information processes

Representation of the environment evolution
based on the dynamic model of catastrophes

Sensor systems

Functions of sensory systems in algorithms of
concentration of "consciousness"

Fig. 5. Evolution of the interaction system based on dynamic catastrophe theory

The concept of a training model as a mechanism for
coordinating the activity of interaction processes of
conflict objects and the overall balance of information
processing procedures of a supercomputer CAS ensures
the fulfillment of the main modeling. It's task is to create a
computing environment for virtual modeling of
information-physical processes that run in parallel and
ensure the organization of information exchange between
processes (synchronization), and also decision support in
a complex dynamic environment. The controlling
influence that changes the state of the CO in accordance
with a given law is described using the relations:
(25)
𝑦𝑦0 (𝛬𝛬(𝜋𝜋)0 ),..., 𝑦𝑦𝑘𝑘 (𝛬𝛬(𝜋𝜋)𝑘𝑘 ).
Here y(Λ(π)) −(π) is a vector of parameters (π0,...πk)
that define the characteristics of the environment and
perturbing influences for a given CO evolution in
accordance with the operating modes of the CPU within
the permissible "input - output" region.

5. Assessing the adequacy of conflict situation
interpretation models based on the UCS
concept
Let's consider the features of the functioning of the
CAS software complex based on the dynamic theory of
catastrophes. The conceptual model of assessing the
adequacy of mathematical models describing the system
of interaction of objects in conflict situations formalizes
the processes of constructing problems and criteria
functions for interpreting the evolution of the CO in the
implementation interval. For rice.6 presents a sequence of
information processing operations that determines the
criteria basis for evaluating the adequacy of mathematical
description of interaction processes in conflict situations.

CONCEPTUAL MODEL FOR ASSESSING THE ADEQUACY OF FUNCTIONING OF
THE INTERACTION SYSTEM OF CONFLICT ENVIRONMENTAL OBJECTS
Identification

Recovery of external disturbances of the
interaction environment

Approximation

Assessment of the characteristics of the
controlled object (interaction parameters)

Prediction

Predicting the behavior of a controlled object
(stages of evolution)

Fig. 6. Criteria basis for implementing UCS procedures in a conflict situation

Here the main stages of implementation of
computational technology for determining the parameters
of an aggressive environment, dynamics of interaction of
environmental objects, as well as the stages of evolution in
predicting the behavior of elements of the modeled system
are highlighted.
The strategy for assessing the adequacy of UCS
procedures in the functioning of the computing complex

(figure 7) defines the formalization of the conflict situation
based on the factors that characterize a priori information,
the concept of the minimum description length (M DL),
and the problem of complexity. Here the sequence of
stages of forming an adequate UCS model within the
framework of the MDL concept [14] and complexity
theory [15] is indicated.

A priori information

MDL concept

Complexity problems

Dynamic
measurement data

Formation of an
information array

Forming a set
of models

Physical simulation
results

Selection of data
structures

Selection of models
based on criteria

Results of
mathematical
modeling

Estimation of the
description error

Assessment of the
adequacy of the
model

Fig. 7. Information flow that determines the strategy for evaluating the adequacy of the interaction model when interpreting dynamic
situations based on UCSUCS

As follows from this figure, the problem of adequacy
is solved by integrating a priori information, the concept
of MDL and the problem of complexity, which determines
the choice of a solution in accordance with the conceptual
model of dynamic catastrophe theory [16], which is
adapted in relation to the problem under consideration.
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The assessment of UCS adequacy is based on a
modified scheme of O. Balchi [4] for a specific application
of the conflict situation in order to take into account the
data of physical, neuro-fuzzy and neuro-evolutionary
modeling (Fig.8).

Analysis of
results

Physics
experiment

Cycle Р – ND-model

Choosing a
solution
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adequacy

4
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1
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assumptions

Hypothesis
formulation

Cycle Р – standard model

Fig. 8. Graph-interpretations of O. Balchi's modified scheme, in which M,S,P are cycles of information transformation

At the same time, the improvements consisted in
considering UCS as an integral part of a practical
application based on it - the task of modeling conflict

situations in the functioning of the software complex of the
CAS based on the principle of competition.

The first cycle is associated with the development of
competing models (modeling- M), implemented on the
basis of the ND-system and methods of classical
mathematics. In the course of this cycle, the structural and
parametric synthesis of the neural network is implemented
in the tasks of neuro-fuzzy NF and neuro-evolutionary
modeling, and for the competing model, the assessment of
the overall structure and components within the
framework of sequential statistical analysis procedures.
The second cycle refers to the implementation of
appropriate mathematical (simulation) experiments
performed with competing models (simulation- S) for
given initial conditions and input vector elements. Here
NF and NE models of data Bank analysis are formed, on
the basis of which a computational experiment is
implemented, generation and analysis of alternatives and
assessment of adequacy. Construction and analysis of the
competing model is carried out in accordance with the
formalization of the problem in conditions of significant
uncertainty in accordance with the algorithm [3].
The third cycle is the most important. It consists of
conducting physical (physical- P) experiments, on the
basis of which models are formed that provide an
assessment of adequacy under conditions of complete
uncertainty. During ND this cycle, the components of the
NF and NE models are formed in the ND- и NE system
using physical modeling data, a computational experiment
is implemented, and the adequacy assessment is
performed.
Intelligent support for M,S,P procedures is provided by
the calculation management system and visualization of
modeling results. As estimates of the adequacy of fuzzy,
neural network and competing models, we should adhere
to the recommendations that determine the use of UCM
procedures in complex dynamic environments [4].
6. Conclusion
Thus, the development of the CAS software package
and demonstration of its functionality in various
conditions of interaction of objects in a conflict
environment is carried out on the basis of supercomputer
technologies for modeling and visualizing interaction
situations using multi-mode ADS. In order to achieve this
goal, the following main tasks are envisaged:

˗

˗

˗

formation of a scientific and technological Foundation
for the dynamics of the CAS functioning in UCS
mode on the basis of supercomputer technologies for
modeling and visualizing interaction processes using
the results of fundamental and applied research;
solving qualitatively new problems in terms of
volume and complexity of conflict situations
interpretation in order to increase the effectiveness of
management decisions to ensure the safety of critical
facilities;
ensuring the integration and effectiveness of research
and development, creation and practical application of
a modern set of applied tools for analyzing and
predicting the development of targeted organized
antagonistic conflicts in conditions of uncertainty

based on CAS and high-performance information
processing tools.
The solution to these problems will achieve the goal of
creating MTC - improving the efficiency of FFD-based
simulation and visualization of the dynamics of interaction
between the elements of the conflict environment on the
basis of supercomputer technologies. The conceptual
solutions that define the problem of connectivity,
complexity and stability based on the UCS concept are
aimed at ensuring the principle of adaptability and reflect
a single trend - an adequate description of the hierarchical
organization and the identification of significant
functionally significant elements of interaction in a
conflict situation. The above analysis is crucial in the
search for mechanisms that ensure the formation of
collective properties of interpretation of an aggressive
dynamic environment, leading to the formation of
hierarchical systems and the emergence of the possibility
of their mutual modeling. Compression of the
mathematical description of conflict situations is a
necessary prerequisite for the formation of collective
properties of interaction models in UCS through the
organization of cross-correlations between the
corresponding variables.
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The article discusses the theoretical and applied aspects of a new approach to the management of tourist and recreational systems
based on a network-centric model. The model is based on the application of a network structure of information exchanges between
tourist enterprises, consumers of tourist services and marketing organizations. In this network structure, clusters or aggregations of
objects consisting of homogeneous small and medium-sized tourist enterprises are distinguished. The principle of self-synchronization
in the network-centric construction of management in tourist and recreational systems is considered. The concept of "tourist and
recreational attractor” is introduced. The strategy of "borrowing" in the application of mechanisms for the diffusion of innovations and
advanced tourist and recreational technologies in the tourism industry of Russian regions is justified. A multi-network scheme of
innovative development of the tourist and recreational sphere, including the educational segment, is proposed. The tourist and
recreational system is considered at the municipal level. A multi-network scheme of innovative development of the tourist and
recreational sphere, including the educational segment, is proposed. Approbation of the research results was carried out within the
framework of tourist and recreational design of the Moscow and Tver regions municipalities. It is concluded that the network-centric
concept, being innovative, has a high applied value and allows solving existing problems in their interrelation, providing competitive
indicators (the volume of tourism, employment of supporting personnel, the size of investments). The results obtained in the study can
be successfully replicated at the regional level of tourism and recreation management.
Keywords: tourism and recreation system, management, network-centric model, network technologies, self-synchronization,
attractor, "borrowing" strategy, educational segment.

1. Introduction
In recent years the scientific community has been
actively discussing issues related to the development and
practical implementation of new scientific and
methodological approaches to the construction of effective
tourist and recreational systems (TRS) of various levels
and scales.
Analysis such works introduced two key features
inherent in them:
1) Insufficiently comprehensive analysis of the factor
complex based mainly on the study of the internal
environment and industry characteristics without taking
into account other spheres of society and human activity.
2) Lack of consistency in the management of TRS as
an integral unity of elements that are interconnected with
each other.
Consequently the main decisions don’t fully reflect the
changes taking place in society, belated and ineffective in
their content. At the same time cannot be ignored that over
the past two decades a qualitatively new rapidly
developing information environment has formed in the
world connecting more than one and a half billion
computers. Mobile communication networks connect
more than four billion subscribers moreover a significant
part of which are consumers of tourist and recreational
services. In this situation the effectiveness of the
functioning of any TRS objectively becomes directly
dependent on its information and technological potential.
And the "center of gravity" of management applications
actively shifts from loosely coupled local computer
systems to global information networks integrated into the
network-centric space.
In this regard it is extremely important from the
scientific and practical points of view to substantiate the

concept of management of tourist and recreational systems
based on network-centric approaches.
The theory and applied science of network-centric
control of complex systems has been actively developing
for the last years as a new effective paradigm for the
survival of modern socio-economic structures in the
context of the large-scale use of info communication
technologies and the globalization of all significant
processes of human existence [1, 2].
The network-centric paradigm is based on the network
principle of building a particular system which makes it
possible to provide maximum opportunities for obtaining
information about the parameters of its own functioning
and the state of the external environment, access to the
named information, its processing, storage, distribution
and feedback [3, 4].
For solving research problems TRS is considered by
authors as a tourist and recreational complex (TRC) of a
municipal formation, the key subsystems of which are:
tourist and recreational resources, tourist and supporting
infrastructure, tourists and recreants as consumers of
tourist products and services, economic entities
(participants in the tourist market, engaged in the
formation and sale of the aggregate tourist product) [5].
It is no accident the municipal level is of the greatest
interest. On the one hand, it is the least abundant resource
in our country due to the peculiarities of inter-budgetary
relations. On the other hand - at this level that the
conditions for the implementation of tourist and
recreational activities are formed, including the formation
of the tourist product itself. Moreover, tourist and
recreational activities at the municipal level have
network-centric character.
Practice shows that the highest efficiency in the
development of tourism today is achieved by precisely
those regions in whose territory design and management

Copyright © 2020 for this paper by its authors. Use permitted under Creative Commons License Attribution 4.0 International (CC BY
4.0)

decisions are initiated by municipal authorities and the
local community. Conditions arise for the development of
networking and cooperation, where tourism develops
“locally” and the initiative comes “from below”.
Eventually successful projects are being implemented,
positively perceived by entrepreneurs and investors. Thus,
today the municipal level of government becomes the
basis not only for the development of regional, but also for
all-Russian tourism in general.
The results of the research carried out by the authors in
Central Russia (Moscow and Tver regions) made it
possible to study and systematize the problems of
managing tourist and recreational complexes and highlight
the key ones inherent in the overwhelming number of
municipalities.
The problem of unbalancing strategic decisions.
Lack of networking between authorities
Studies show municipalities have significantly
increased their activities in the field of tourism over the
past five years. The main reason for this activity is the
search for new opportunities for diversification and
growth of the local economy as well as for solving urgent
social issues. Moreover, this is equally relevant both for
urban settlements, which form the bulk of the gross
municipal product, and for rural settlements, which today
find themselves in a rather difficult situation.
The revitalization of the Moscow region is
characterized by increased inter-municipal competition
and a low level of inter-municipal cooperation in the
development and promotion of tourism products. Usually
as a strategic goal of tourism development most heads of
the Moscow region see the concentration of consumer
activity on their territory. Taking into account the existing
budgetary system and the system of administrativeterritorial management the position of the heads of the
Moscow region (to achieve success within their
administrative boundaries and to concentrate consumer
activity in themselves) can be partly accepted. But
achieving such goal is associated with high costs and the
result is not always obvious. Moreover, it is short-term and
volatile.
This contradiction is manifested in the imbalance of
strategic design decisions in the field of tourism at the
regional and municipal levels and systemic errors in the
development of infrastructure. Unfortunately, we don’t
aware of any of the territorial planning schemes clearly
presenting the arguments regarding the integrated
development of tourism and supporting infrastructure
based on the existing tourism and recreation resources and
the possibilities of inter-municipal and interregional
interaction. There are no comprehensive and coordinated
solutions for the development of intermodal tourist routes
and the creation of “tourist hubs”. Often budget
investments aimed at the development of engineering and
road transport infrastructure turn out to be ineffective.
Business is hesitant to invest in tourism considering
alternative options for investing their capital.
In the context of the problem under consideration the
issue of interaction between regional and municipal
authorities in the field of tourist and recreational

development of territories remains unresolved. Often the
tourism development strategies and programs approved by
the local authorities of the Moscow region don’t agree with
the strategic planning documents at the regional level.
Uneven distribution of tourist and recreational
potential. The study results show that the uneven
distribution of tourist and recreational potential is a fairly
common phenomenon, characteristic of both socioeconomically developed territories, and depressive,
experiencing serious difficulties in attracting investment
and human resources [5]. As a rule, tourist resources and
infrastructure are very unevenly distributed among the
settlements of the Moscow region, gravitating towards the
regional center. An example characterizing such
unevenness in relation to the settlements of the Klinsky
district is shown in Fig. 1.

Fig. 1. Integral potential distribution of the of tourist resources
and tourist infrastructure in the settlements of the Klinsky
district of the Moscow region

The problem of strategic selection arises
First, to concentrate on the development of the most
developed settlements in terms of tourism and get a quick
but unstable effect. Second, to develop the territory
systematically by strengthening weak territorial
formations at the expense of stronger ones in terms of
tourism. In the short term the second option will not be as
effective as the first and will require significant
administrative, management efforts and financial
resources. But it provides a sustainable effect in the long
term.
The problem of finding and reconciling goals for
the development of tourism
Depending on the motivational attitudes of the heads
of the authorities the resource potential the standard of
living of the population and the conditions for conducting
economic activities, various municipalities form different
priorities in relation to tourism.
Our studies show that for industrialized or recreational
areas, as well as small historical cities, the main priority in
most cases is economic. For depressed territories mainly

with agricultural specialization priority is social.
Obviously such a division is conditional since in the long
term the results of social projects can be transformed into
economic ones.
The problem of building a tourism management
system
Studies show that the issues of building a tourism
management system at the local level are solved in
different ways. Authorized bodies, as a rule, are created on
the basis of subordinate municipal organizations or
structural divisions of the administration. Where there is
no mandate for tourism development, there are
coordination or community councils. But in most cases
these entities are bodies that do not make important
decisions. It should be noted, that regardless of its
structure, so far none of the tourism development
management systems we have considered has proven to be
effective. Three main reasons for this can be distinguished.
First of all, the priorities for tourism at the local level are
not clearly defined. The second, the issues of organizing
interdepartmental interaction between government bodies
and professional participants in the tourism market have
not been resolved. The third, such an important institution
as the tourist community has not been formed. The
organization of network interaction and the development
of industry cooperation in the formation and promotion of
tourism products today is a "problem area" for most
territories.
Therefore goal of this study is to substantiate the
network-centric concept of management of tourist and
recreational systems in general and to highlight the
features inherent in systems of the municipal level.
2. Materials and method
Network-centric technologies in the tourism
sector
A systematic and coordinated approach to the
application of network-centric technologies, principles
and methods in the tourism industry allows us to speak
about its holistic purposeful development.
This is precisely that authors said in papers [6, 7], in
which they come to the following conclusions:
• the interconnection and mutual development of
tourism processes and information technologies determine
in the tourism market a consistent change in structures,
players and tourism products in order to adapt to the
rapidly changing consumer behavior of the latter;
• the tourism sector is forced to rely on more flexible
technological infrastructures that facilitate the
development of business networks at the local level of
destinations;
• these networks can be considered as “clusters” or
aggregations of structures, consisting mainly of small and
medium-sized tourism enterprises, which using new web
technologies and modern mechanisms of market
interaction, help each other (the “B2B” principle),
providing the customer with a “complete package” of
tourist’s products and services;

• in the context of growing competition in the ecommerce market for tourism products and services in the
absence of a destination management system (DMS) that
enhances interaction between suppliers, customers and
marketing organizations, destinations will not be able to
maintain their tourist attractiveness;
• destinations need to differentiate their products and
develop public-private partnerships in the tourism market.
It follows that the network-centric management of TRS
involves the creation of a geographically distributed
network of developed information communication nodes.
The main characteristics of this network are [8]: a highly
efficient “information grid” that provides access to all
necessary information about the destination, an advanced
tourism resource management system for the destination,
an integrated “touch surface” connected to a single
network with a system of “destination agents” and a
management system her.
Thus, the TRS itself begins to act as the center of
management and coordination in the network-centric
paradigm of organizing the management of tourist and
recreational resources, sharply reducing the role of
intermediaries (tourist operators and traditional agents) to
a greater extent reflecting the interests of the operators.
Synergistic effects and attractors
In a scientific and practical sense such a structure of
the TRS organization will allow the transition to its more
efficient and operational form of management and selfsynchronization.
At the same time the indicator of management
efficiency implies two interrelated aspects:
• TRS achieves information superiority, which is
understood as a more analytical understanding of the
situation in a highly competitive field of activity;
• in technological terms such superiority presupposes
the introduction of new management systems, computer
analysis, assessment and forecasting based on modern
mathematical models.
The principle of self-synchronization in the networkcentric structure of management in TRS implies the ability
of the tourist and recreational structure to self-organize
“from below”, and not to reform in the administrative
order. The named principle is embodied in a developed
global computer environment with network-centric
control of high structural complexity [9, 10].
A lot of studies [11, 12] have been written about selforganization as the main subject of science called
“synergetic”, in which an attempt is made to generalize the
main laws of complex systems, to apply them to analyze
social development. To apply its principles in the
management of the tourism industry it is necessary to
know the laws of stochastic processes, the theory of
nonlinear systems, to operate with the concepts of phase
space, an attractor as a goal, a stable state in the process of
evolution of a particular system.
Without going into the details of the apparatus of
synergetic within the framework of its terminology we will
mean by a "tourist and recreational attractor" a steady state
of TRS in a particular country which tends to attract to
itself a set of trajectories of the system sufficient for its

effective existence and development, determined by the
possibilities and preferences of travelers, behaving like a
set of active elements of the network-centric system [13].
In [14], attractors mean some “funnels” that roll up, pull in
many trajectories, and predetermine the evolution of the
system in areas even remote from the immediate “cone” of
such a “funnel”.
Attractors have such an important feature that if an
object, being in it, leaves this state, then after some time it
will return to the attractor again, exhibiting the property
of asymptotic stability. What is the unknown property of
tourists to strive for their own, once tested and successfully
accepted attractor-destination?
Of course, the general theory of attractors as applied to
the tourist and recreational sphere should be translated into
the language of specific methods, techniques and
recommendations [15]. The idea is debut taking into
account the fact that the process of TRS development is
increasingly streamlined in the direction of their dominant
network-centric role. And the development of this idea for
the named sphere is associated with the concepts of
fluctuation, chaos, bifurcation, dissipation, diffusion of
innovations, that is, a new conceptual apparatus, including
those related to the theory of catastrophes.
It is obvious for understanding and formalizing such
systems new methods are required that make it possible to
operate with complex arbitrarily changing structures,
usually poorly structured [16]. It is the underdevelopment
of the universal mathematical apparatus and management
methods that explains the weak development and scope of
application of network-centric structures in relation to the
tourist and recreational sphere (and not only to it).
About innovative strategies in the tourism and
recreation sector
And now about how to apply the modern provisions of
synergy and modern management to the progressive
development of TRS. It has its own specifics related to any
of the economic sectors. Let us briefly analyze those
problems and contradictions, that along with those already
noted, hinder the innovative development of the country's
tourism and recreation sector.
At present the Government of the Russian Federation
is implementing a long-term state policy [17], the purpose
of which is to achieve technological leadership of the
Russian economy, ensure the sustainability of the
country's economic growth, and increase the real incomes
of citizens.
In accordance with the tourism development strategy
[18] in the Russian Federation for the period up to 2035
the strategic priorities of the industry are the complexity of
development and the availability of tourist services, which
in turn, correspond with the national development goals to
increase life expectancy, ensure sustainable growth real
incomes of citizens, reducing poverty, joining the Russian
Federation among the five largest economies in the world
and ensuring economic growth rates higher than world
ones.
For implementing the stated development directions, it
is planned to develop and implement a set of measures

aimed at training and retraining personnel and industry
specialists.
It is obvious that the enterprises of the tourist and
recreational sphere of Russia, which abounds in the world
market with very attractive tourist and recreational
resources cannot remain aloof from the mainstream
development of the country's leading industries.
The experience of industrially developed countries that
have achieved noticeable success in the development of
science-intensive technologies, increasing the volume of
production and export of innovative products and services
allows us to highlight the following possible forms of
implementation of innovation policy in the tourism and
recreation sector [19]:
• “build-up” strategy - a set of long-term measures
aimed at ensuring the gradual build-up of new competitive
offers and services based on our own high technologies;
• “borrowing” strategy - a set of measures aimed at
assimilating new technologies and services in the field of
tourism and recreation, tested in developed countries,
using the country's own innovative potential;
• “transfer” strategy - a set of organizational and
economic measures related to the development of
production of products and services of the tourism industry
of new generations, which are in demand abroad through
the purchase of licenses for highly efficient new
technologies.
For objective reasons it is quite difficult to widely use
“build-up” and “transfer” strategies of tourist and
recreational technologies in Russia, in our opinion, due to
limited resources, lack of investment in the tourism
industry, and the unsatisfactory state of its material and
technical base.
Therefore, in the short and medium terms it is
advisable to focus on the implementation of the
“borrowing” strategy, which can be successfully
implemented through the use of mechanisms for the
diffusion of innovations and advanced technologies from
economically developed countries into the tourism
industry of Russian regions [20].
3. Results
Approbation of scientific and methodological
approaches to the construction of tourist and recreational
systems based on the concept of network-centric control
was carried out in the period from 2015 to 2019 within the
framework of research work on the territory of Klinsky,
Noginsky, Ramensky, Sergiev Posad municipal districts of
the Moscow region, Zaraysk urban district, Likhoslavl and
Spirovsky districts of the Tver region.
The problems associated with the development and
functioning of municipal shopping and entertainment
complexes are investigated in the context of the networkcentric concept of management. Solutions are proposed
that allow taking into account all the possibilities and
advantages that are inherent in the network-centric
approach, namely: increasing the efficiency and
effectiveness of management based on the principle of
self-synchronization, which is the key in our concept.
Let us briefly consider the results obtained in the
course of research work on substantiating the network-

centric concept of managing the tourist and recreational
system using the example of municipalities of two types:
with a high industrial potential and an underdeveloped
tourist and recreational complex (Ramenskiy municipal
district of the Moscow region) and a pronounced agrarian
specialization, experiencing acute demographic problems
(Likhoslavl district of the Tver region).
Tourist and recreational complex of the
Ramensky municipal district
The structure of the tourist and recreational complex is
not optimal from the point of view of the completeness of
using the tourist and recreational potential and additional
opportunities associated with an increase in the tourist and
excursion flow, attracting investments in the creation of
tourist and supporting infrastructure, and creating
additional jobs [21].
On the territory of the Ramensky municipal district
(RMD) there are the most developed conditions for the
formation of human resources in the field of tourism
(58%), market conditions (56%) and the institutional
environment (55%) - Fig. 2 [21].

Fig. 2. Integral assessment of the conditions for the
development of tourism on the RMD territory

The most pressing issues remain with regard to the
choice of priorities in relation to tourism on the part of the
authorities and the local population: goals and priority
areas have not been determined, the tourism management
system at the municipal level has not been fully formed.
Tourism development initiatives are perceived by the local
population rather cautiously. Nowadays the most
interested group of stakeholders are entrepreneurs who see
tourism as a priority area and an additional opportunity for
economic growth [21].
The tourism industry of the RMD demonstrates a slight
increase in the number of arrivals, but the growth rate of
the tourist flow does not yet correspond to either the
national or regional indicators. The possibilities of RMD
in terms of cultural, educational and other types of tourism
are not fully disclosed [21].
The analysis of the tourist and recreational potential of
the study area showed that the species structure of the
tourist and recreational resources of the RMD is quite
diverse, but there are disproportions in the distribution of
tourist and recreational resources and tourist
infrastructure, the attractiveness of display objects for
tourists remains not high enough [21].

The basis of the network-centric development strategy
of the RMD tourist and recreational complex is formed by
the following priorities [21]:
˗
localization of the basis for managing the value chain
of a tourist product that goes beyond the boundaries
of the district, including such elements as transport
and logistics, system and sales market, human
resources;
˗
development of integration mechanisms (sectoral
cooperation and project management) aimed at
increasing the efficiency of tourism management at
the municipal level and leveling territorial disparities
in the distribution of tourism and recreation resources
and tourism infrastructure;
˗
concentration of efforts on support of existing
entrepreneurs and investors, providing for the
development of targeted measures to stimulate
investment activity and address issues on the principle
of “one window”;
˗
differentiation of tourism products in terms of the
range and cost of services for different target
audiences, taking into account the species diversity of
tourist and recreational resources and the
development of transport infrastructure;
˗
priority of budget expenditures in four areas:
development of tourism infrastructure, increasing
tourist attractiveness, ecology, employment.
The recommended management system of the RMD
tourist and recreational complex forms the basic
conditions for the effective implementation of
the network-centric development strategy of the RMD
tourist and recreational complex: the speed of decisions
made, the speed of response to ongoing changes, the
personification of responsibility for the result, a high level
of communication and interaction between all participants
in the tourism market. Based on the technology of project
management, which is the core of the network-centric
concept, it is necessary to strengthen its self-organization.
In 2020, several tourist enterprises, until that time
interacting only with market operators, united into a pool
and created their own tourist product: Gaya Severing’s Ski
Club, Gzhel, the Center for Technical Sports
"Myachkovo" (an autodrome, a small aviation airport),
health resort organizations in the village of Kratovo,
Ramenskiy History and Art Museum. At present
conditions are being formed on the territory of the RMD,
which need to be supported on the basis of network-centric
technologies, for the formation of six sub-clusters support territories of the tourist and recreational cluster
"Ramenye", for: cultural and educational tourism
"Ramenskoye - Kratovo - Bykovo"; health tourism
"Kratovo"; industrial tourism and folk arts and crafts
"Gzhel"; active tourism "Chulkovo - Myachkovo"; river
tourism "Ostrovetskaya Luka"; rural tourism [21].
Ethno cultural complex in the Likhoslavl region
of the Tver region
The possibilities and advantages of networking are
realized in event events that take place on its territory.
Among them: the festival of national cultures, the
international festival-competition of architects for the

creation of environmental installations expressing the
culture of the Tver Karelian ethnic group, the international
gastronomic festival "Kalitka" [22].
Such projects have several advantages and
disadvantages. The advantages include strengthening the
socio-cultural component of the development of rural
settlements (socialization of the younger generation,
motivation of local residents, the formation of a unifying
principle around the cultural and historical past of the
territory), increasing the recognition of the territories and
promoting their tourism opportunities. The disadvantages
are the discreteness of such projects (held in the high
season up to three times a year) and their low economic
efficiency in consolidating the results and their
multiplication [22].
The main reasons for the disparities between the social
and economic results of the events held include low
infrastructural provision of tourist activities in rural
settlements (road transport, info communication,
accommodation facilities, etc.); shortcomings in the
management of the tourist complex of the municipality
(lack of a strategy, design solutions for tourist and
recreational development, interdepartmental coordination,
project groups and responsibility centers; ambiguity in the
formulation of goals and objectives for the development of
tourism and the formation of a tourist product of the
territory and its promotion in the tourist market, weak
communication between local residents and authorities)
[22].
The lack of consistency in tourism management does
not allow creating a solid basis for multiplying the
economic results achieved in the process of implementing
tourism projects. Under these conditions the solution to the
identified problems is to build a network self-organizing
system, the cores of which are infrastructure support
facilities, social groups of local residents and elements of
information and communication infrastructure. Its
substantive basis is the cultural and historical heritage of
the Tver Karelians, compactly living in the region for more
than 400 years, and the supporting territories themselves
have specialization (active tourism, national cuisine, folk
art and crafts, national language and literature, Orthodoxy)
[22].
On the basis of the ethno cultural complex
"Myammino" a tourist and recreational attractor was
created, which connected the Likhoslavl town,
Myammino, Tolmachi, Kozlovo and Vydropuzhsk
villages into a single excursion route "Small Karelian
Ring". Nowadays active work is underway to include in
the project other territories that form the ethno cultural
area of life of the Tver Karelians: Maksatikhinsky,
Vyshnevolotsky,
Rameshkovsky,
Vesyegonsky,
Sonkovsky, Lesnoy districts of the Tver region. Thus, the
process of the formerly spontaneous development of
tourist and recreational complexes is increasingly
streamlined within the network-centric system [22].
4. Conclusions
1. The globalization of the world order and the current
conditions for the development of the Russian economy
require the creation of modern tourist and recreational

systems based on the network-centric approach. This
makes it possible to increase their economic efficiency and
significantly streamline the management process aimed at
achieving these complex structures of dynamic stability in
a nonlinear environment of their functioning and
multivariate management decisions. The practical rely of
such an important object as the attractor, which is a factor
in the self-organization of the destination, is a key point.
2. Nowadays, for objective reasons in model
specification of Russian TRS in the short and medium term
it is advisable to focus on the implementation of the
“borrowing” strategy, which can be successfully
implemented through the use of innovation diffusion
mechanisms and advanced information and tourismrecreational technologies.
3. The study of tourist and recreational systems at the
municipal level confirmed the hypothesis about the
expediency of using the network-centric concept of
management to increase their efficiency and
competitiveness. Using the example of various municipal
tourist and recreational complexes, managed to test
scientific and methodological approaches that allow:
• to fully implement the content of the network-centric
control concept;
• to find a solution to the problems associated with the
imbalance of strategic decisions, territorial imbalances in
the distribution of tourist and recreational potential, the
search and agreement of goals for the development of
tourism and the construction of a management system for
the tourist and recreational complex;
• to develop design solutions for achieving goals set in
the context of existing resource constraints.
Being innovative the network-centric concept has a
high applied value and allows solving existing problems in
their interconnection, providing competitive indicators
(volume of tourism, employment of supporting personnel,
size of investments). The results obtained in the course of
the study can be successfully replicated at the regional and
state levels of tourism and recreation management,
including solutions to security problems [23, 24].
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