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Preface

The more time has passed since Viktor Mykhailovych Glushkov formulated the

fundamental ideas of the evolution of cybernetics as a science (1950–1960), the

more convinced we become that he was a far-sighted scientist.

It is quite obvious that the methods of informatics, including computer technol-

ogies, made it possible to make a quantum leap in scientific and technological

development. Any branch of science cannot do without computer technologies.

They are necessary for research in economics, biology, and medicine as well as for

the exploration of space or the world ocean. The Internet demonstrates the capa-

bilities of computer technologies in the development of society. All of this was

predicted by V. M. Glushkov, and that was the reason why he emphasized the

necessity of designing high-performance computers and comprehensive software.

The best years of Glushkov’s creative work are probably the years he spent at

the Institute of Cybernetics, which now bears his name—at first on Lysogirs’ka

St. and on Nauky Ave. and then in the district of Teremki in the scientific center

built with his participation: from site selection and cornerstone laying to the

voluntary Saturday work at the institute.

Along with that he was accomplishing the main task of forming and training an

efficient team of young scientists. His skills and abilities were well known among

scientists. Academician Anatolii Dorodnitsyn who was the director of the Comput-

ing Center of the Academy of Sciences of the USSR, the first cybernetic institution

in the USSR, also knew him well and not only knew but also assisted him in gaining

his skills, constantly helped the institute and Glushkov, and actively supported all of

his ideas.

That was time of inspiration, time of deep thoughts, and time of impetuous flight

to the well-realized and clearly defined aim. As we understand today, that aim was

wonderful. The scientist predicted (or felt) the direction of scientific and techno-

logical advance and planned something incredible half a century ago. He planned to

move an enormous country, the Soviet Union, to new rails of development and

easily drive into new era where progress will be provided with computer

technologies.
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The aim was exceedingly attractive, yet infeasible. Everybody hesitated to tell

that to Viktor Glushkov. But if they had told him, he would hardly have listened

to them. He didn’t want to know that.

Every little step toward his goal was taken with huge efforts, at a heavy cost.

Glushkov had a great experience in overcoming fatigue, and the feeling of frustra-

tion and diffidence was inappropriate for him.

Regrettably, there were too little time to achieve such a goal and too many

pitfalls.

He lived and worked and was happy in Kyiv for 25 years and 5 months.

Glushkov was not only a talented scientist but also a wonderful organizer.

The rare combination of energy, gift, and courage produced brilliant consequences,

which became a marked event not only in the scientific life of Ukraine. He managed

to interest the whole society in cybernetics. Scientist bravely and unconditionally

assumed responsibility for overall projects and nobly worked for their embodiment.

Glushkov was not a lonely misunderstood genius. This character wasn’t good

for him because it wasn’t convincing enough. His ideas were compelling

and easily taken by others. N. M. Amosov, A. G. Ivakhnenko, O. I. Kukhtenko,

V. S. Mikhalevich, I. I. Lyashko, K. L. Yushchenko, and others made a track to the

future informative society side by side with him.

Today it is very important to forget neither bad nor good, especially good, in

order not to waste things gained hardly by predecessors who are an unselfish tribe of

romantics that stayed faithful to science under any circumstances. One cannot

neglect their experience.

The ninetieth year since the birth of Viktor Glushkov is passing by and the thirty-

first year since his demise. He passed away leaving behind a lot of unrealized ideas.

Everything that had been planned in the scientist’s works was being developed

in many scientific centers of the world.

We are going to talk about things happened in the development of informatics

in Ukraine, at the institutes of the Cybernetic Center and other scientific and

educational centers of the country. Despite extremely unfavorable conditions for

scientific work in the last few years, all branches of research have been saved. Their

results are known in the scientific world and illustrated in a number of publications.

Let us concentrate our attention on single achievements of Ukrainian cyber-

niticians that concern the evolution of programming theory, mathematical model-

ing of complex processes, optimization and computing mathematics theory, design

and use of computer technologies of various appropriations, design of computers,

and various engineering means.

The author of this book and his colleagues worked under the direction of

Glushkov for a long time since being students and could make sure that his ideas

are effective, and predictions about a distinguished role of computer technologies in

the life of people are longsighted. Glushkov was giving a special attention to the

necessity of developing the theory of mathematical modeling of complex processes

that occur in economics, management, biology, soldiery, and other fields of human

activity. The last decades have witnessed dramatic scientific and technological

achievements owing to computer technologies used in research of all mentioned
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fields in various countries of the world. Fundamental results were also obtained by

experts from the Cybernetic Center of the NAS of Ukraine as will be discussed

further.

In the course of development of various computer technologies (CT) and infor-

mation technologies (IT), a special role of optimization methods and systems

analysis in solving problems of different kinds (problems with continuous or

discrete variables, problems with stochastic variables, problems with a combination

of continuous, discrete, or random variables) was defined.

The development of efficient technologies of data collection and processing and

the solution of problems of transcomputational complexity were made possible

owing to the original results obtained by cyberneticians in the fields of modern

computational mathematics, probability theory, and optimization theory and owing

to the successful development of various approaches to solving data transfer and

security problems in data transmission systems and databases.

In the last decades special attention has been given to the development of

effective grid systems and telecommunication networks that makes it possible to

make efficient use of computers and supercomputers by distant users.

Under the direction of Glushkov, a number of computers, complex data

processing systems, and automated systems for controlling complex objects and

processes were developed in our country. Propositions as to the creation of a

national automated control system were formulated and justified. Many other pro-

jects were completed. Most of them were the first in the USSR and were highly

rated by experts and public bodies. Noteworthy are the following famous com-

puters: “Kyiv,” “Dnipro,” “Promin,” and MIR computers; ES-1766 computing

system; automated control systems “Lviv” and “Galvanik”; systems DISPLAN

and PROEKT; etc. Most achievements in this field were marked with state prizes

and various rewards in our country and abroad.

The Glushkov Institute of Cybernetics does much work to design and

produce computers. In the last 10 years, several supercomputers were designed

and put into operation, such as SCIT and INPARKOM of various modifications and

a number of original computer-based devices for studying complex processes in

biology, medicine, agriculture, and various control systems and for collection

and processing of data of various natures. Let us dwell on the recent works done

in this field.

The capacity of modern CT and IT is largely determined by the efficiency of

their software. Since the beginning of computer science in Ukraine, considerable

attention has been given to the development of programming theory (and algorith-

mic languages). It is this field that was of priority for cyberneticians and where the

works of Glushkov and his followers were always pioneering. The achievements of

the Ukrainian school of programming and approaches to automated design of

computers and automation systems of various classes will also be discussed below.

Specialists of the Cybernetic Center institutes have developed many effective

CT and IT. Some of them will be detailed below. In recent years, there has been a

great contribution to their development by different organizations, including

for-profit business.
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Even during his lifetime, Glushkov’s scientific school was recognized as one of

the top schools of cybernetics in the world. This gave the Ukrainian cyberneticians

an opportunity to establish close ties with foreign research centers and individual

scientists. The appearance of every new computer or important computer technol-

ogy in Kyiv quickly became known not only in the USSR but also in the world.

On the one hand, it gave a sense of importance of what has been done, but, on the

other hand, it obliged Glushkov and his followers to treat their innovations with

great responsibility. It was about the authority of the Ukrainian School of Computer

Science.

It has been three decades since we have worked without Viktor Glushkov. But

the ideas, methods, and approaches he used in computer science and largely

embodied during his life are still popular today. The scientific areas mentioned

above are independently developing in modern science, and their leaders have

actually established their own schools, the roots of which are the foundation of

Glushkov’s scientific school. This is true of the schools of V. S. Mikhalevich,

B. N. Pshenichnyi, and N. Z. Shor, who are, unfortunately, not among us, and

famous scientists who are actively working in the Cybernetic Center of the NAS of

Ukraine and in higher educational institutions of the country.

Glushkov did much for the development of not only informatics but also science

in general. In Ukraine he is well known both in the institutions of the NAS and in

universities, industrial enterprises, and state institutions. This is natural, because the

attraction to science, trust in science, and hope for science are the characteristic

features of that time. But in our case a deliberate will of the scientist convinced in

the need of communicating the research findings to people and opening promising

research fields also manifested.

Glushkov saw not only education in this activity. It was not the goal, but actually

means to “catch” all capable and talented people and to draw them into science.

Glushkov’s ideas, his way, and his multifaceted activity amazed and fascinated

young scientists, which gave a hope. He knew how great the need for specialists in

this field was, because the work to be done would take not a year or two, but, as it

turned out, even more than one life. Viktor Glushkov realized this and hurried. All

his time and all his interests went to achieve his goal. And therefore, in his forties he

became one of the youngest academicians in the country. This opened up for him

new horizons and gave greater opportunities for work in science, which he used

at most.

The author does not make an aim to reach, let alone appreciate all the achieve-

ments of the scientist. As well-known works [62, 83, 110] are devoted to the

creative activities of Glushkov, the author’s goal is simple: taking the own mono-

graph [140], supplement it with new material describing the achievements of the

Ukrainian cybernetics in recent years, in which Glushkov’s ideas were successfully

developed and implemented.

The book addresses specialists not only in computer science but also in related

fields, who use techniques of computer science. This prompted the author to avoid

where appropriate the use of complicated formulas and special terminology used by

specialists in cybernetics. Necessary clarification and details can be found in other
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publications cited by the author. This explains the rather extensive list of

references.

The author is sincerely grateful to everyone who helped with materials and

advices during the preparation of this work. The author wishes to thank V. A.

Grebnev and O. S. Nikonova for translating this book into English and G. V. Zorko

for composition of the manuscript.

The author is also grateful to Elizabeth Loew, Senior Editor, and to Dahlia Fisch,

Assistant Editor, for their helpful support and collaboration in preparing the

manuscript.

Kiev, Ukraine Ivan V. Sergienko
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Chapter 1

Theoretical and Applied Programming

Abstract The chapter presents the main results of the automatic–algebraic

approach proposed by Glushkov and his followers in theoretical and applied

programming, which laid the foundation of the Kyiv School of Cybernetics and

Informatics. Among the main results are those on automata theory, theory of

discrete transforms, algebra of algorithms, and their application to developing the

paradigms of structural, algebraic, insertion programming, etc. This approach is

shown to be efficiently applicable to the design of electronic computing machines

and systems (MIR series machines, macro-pipeline computer systems). The chapter

presents results on parallel computing and parallel programming and demonstrates

models, methods, and technologies of macro-pipeline parallel programming,

including those for multiprocessor supercomputer systems (clusters). The develop-

ment of software engineering, construction of effective operating environments and

automation tools for the design of application software systems are also considered.

Attention is paid to the role of K. L. Yushchenko and her school in the development

of programming in Ukraine.

1.1 Theoretical Programming as the Basis of Modern

Technology for Creating Complex Systems

V. M. Glushkov and his school have made a great contribution to the formation and

development of the world programming science, both theoretical and applied.

Unlike many other groups and schools that considered programming in the narrow

sense, i.e., programming languages, compilers, and methodology, the Glushkov

school considered programming issues in a much broader context. This context

included the architecture of computer systems, joint development of software and

hardware for computer systems, and intellectualization of internal and external

software.

And it all began with the automata theory. When V. M. Glushkov, an outstand-

ing algebraist known for his works on Hilbert’s fifth problem, suddenly changed the

I.V. Sergienko, Topical Directions of Informatics: In Memory of V. M. Glushkov,
Springer Optimization and Its Applications 78, DOI 10.1007/978-1-4939-0476-1_1,

© Springer Science+Business Media New York 2014
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direction of his activity and headed the laboratory of numerical mathematics and

computer technology in 1956, he started with defining the short- and long-term

goals in the development of informatics as a new science (while it was cybernetics

in a broad sense, which covered everything that was related to computer technology

and its applications). He was well aware that the development of computers,

computer programming, and applications required a new field of fundamental

knowledge, which will be based on the solid foundation of modern mathematics.

So the creation and development of automata theory became one of the immediate

objectives of his activity.

Glushkov’s major works on automata theory of are dated 1959–1960. He dealt

with two areas. One was intended for mathematicians. It considered the theory of

abstract automata as a mathematical theory that uses abstract algebraic construc-

tions. The original algorithms of the analysis and synthesis of finite automata were

invented (the synthesis algorithm was based on the concept that later became known

as the Glushkov automaton). The relationships with well-known mathematical

problems (such as restricted Burnside problem) were established, the foundations

of the theory of group and semigroup automata were developed, and so on. The other

area was intended for applied mathematicians, engineers, and computer developers.

In 1962, Glushkov’s monograph The Synthesis of Digital Automata [34]

was published. This monograph played a key role in the popularization of

formal methods among design engineers and the improvement of their mathe-

matical culture. Several generations of experts in computer technology learned

from this book. In 1964, Glushkov was awarded the Lenin Prize for his works on

automata theory.

A seminar on automata theory, which has been held since 1959 played

an important role in the development of automata theory. Yu. V. Kapitonova,

O. A. Letichevskii, V. G. Bodnarchuk, V. N. Red’ko, P. I. Andon, and Glushkov’s

other followers were the main participants of the seminar. Later, each of them

founded a separate field, developing and improving automatic–algebraic methods

in theoretical and applied areas of computer science, including programming.

Computers of MIR series. A team of young scientists led by Glushkov dealt

with not only theoretical problems but also applications of automata theory,

which was just at early stage of its development. All the major algorithms of the

design technology for electronic circuits based on the finite automata theory were

implemented on the “Kyiv” computer and formed the basis of the “Small system for

automation of synthesis of digital automata.” The next step in the application of

automata theory was supposed to be a computer MIR (machine for engineering

computations).

The project of the first machine, which laid the basis for the future series of

MIR small computers, was unique in its essence. It combined several ideas put

forward by their brilliant creator Glushkov. The first idea was to synthesize

electronic calculator considered as a digital automaton, which can not only perform

arithmetic operations but also compute integrals, solve (numerically) differential

equations, and so on. Once it became clear that computer with a sufficiently
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developed input language should be designed [46], the first idea was supplemented

with the idea of hardware interpretation of high-level programming language that

had already been tested the “Ukraine” computer project. Thus, the understanding of

a high-level language by hardware viewed as a way to enhance the internal

computer intelligence.

The source language of the first MIR computers focused on the numerical

methods for solving scientific and technical problems. Therefore, it included

standard means of imperative programming typical for Algol or Fortran, but at

the same time allowed the use of finite and infinite sums and products, as well

as expressions with integrals in arithmetic expressions. Recursive function defini-

tions were allowed as well. Since the language was interpreted by hardware, it was

possible to use numbers of arbitrary length, which could be defined in programs.

It also envisaged an interactive mode using a TV monitor, which was new to the

computer technology of the time, and convenient visualization of the results of

computations in the form of tables and graphs.

The next step was enriching the input language by the ability to work not only

with numbers but also with mathematical expressions and formulas. The

ANALITIK language [41] was one of the first languages of computer algebra.

Having the advanced means of manipulating symbolic information, it used (for the

first time) the transformation of algebraic expressions by rewriting rule systems in

semantically complex algebra, which included virtually all basic functions of

mathematical analysis including even a symbolic integration of analytical

expressions.

ANALITIK was known in the world scientific community and influenced the

further development of computer algebra. In 1968, the team of developers of MIR

computers was awarded the State Prize of the USSR.

Discrete processors. Despite the fact that automata-theoretic methods were used in

the design of the internal software of the MIR computer, Glushkov’s initial idea of

representing the project as a composition of a small number of finite automata and

applying formal methods of synthesis to them failed to be implemented. The reason

was that the methods of synthesis of finite automata are based on algorithms that

require each state and each input symbol of automaton to be considered separately.

If, however, the device has several registers, the number of states exponentially

depends on the bit number multiplied by the number of registers. Therefore, to

provide the algorithmic support for the development of such devices one had to find

another approach that would formalize the architecture and algorithmic stages of

computer design.

Glushkov proposed such an approach in 1965 in his papers “Automata theory and

issues of structure design of computers” and “Automata theory and formal trans-

formations of micro programs” [35, 36]. The first paper proposed to model a

computer as control and operation automata that interact. The operation automaton

is defined as a set of finite or infinite registers with periodically defined transforma-

tions, i.e., transformations defined by equations of the form xi
0 ¼ F xiþi1 ; xiþi2 ; . . .ð Þ,

A � ij � B, or systems of similar equations, where xi is the ith digit of register x and
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xi
0 is a new value of this digit. The local behavior of the transform and its periodicity

with respect to digits make this definition close to structures that are used in practice.

Using the newmodel allowed formulating and finding the solutions to new problems

that could not be solved with the theory of finite automata. The second paper marked

the origin of a new field in theoretical cybernetics: the theory of formal transforma-

tions of programs and microprograms based on the algebra of algorithms.

The composition of two interacting automata considered by Glushkov is a

special case of the general concept of discrete processor, which was investigated

later in the works of Glushkov and his followers. These studies have evolved in two

directions. One direction was concerned with the analysis of abstract algebraic

problems such as recognition of equivalence, optimization of run time, studying

semigroup relations, etc. The other direction was the development of applied

systems of computer design automation, languages for describing operating algo-

rithms of devices and of methods and algorithms of computer design. In the 1970s,

the PROEKT system for automatic design of computers together with their software

was developed [42]. The theoretical basis of this system was the theory of discrete

processors and algebra of algorithms.

Algebra of algorithms. In 1965, Glushkov called it microprogramming algebra, the

term system of algorithmic algebras (SAA) is also used. An algebra of algorithms is

a two-sorted algebra, consisting of the algebra of operators and algebra of condi-

tions. Operators are partial transformations of the set of data states (usually states of

program memory or the states of operation component in the Glushkov model of

computer system). The conditions are unary partial predicates defined on the set

of data states. Propositional connectives are defined in the algebra of conditions that

act as in Kleene propositional algebra (disjunction and conjunction are most weakly

defined so as to preserve monotonicity). The internal operation of the algebra of

operators is semigroup multiplication and two external operations connecting the

algebra of operators with the algebra of conditions are conditional choice and

conditional iteration. Finally, the multiplication of an operator by a condition

became a real discovery: Pα is true if α is true after the operator P (note that

temporal logic to which this operation belongs was still only in the bud). Such an

operation allowed proving the following analysis theorem: every program with goto
operators can be represented in a regular form, i.e., as an operator of an algebra of
algorithms with the same information environment and generic operators and

conditions.

K. L. Yushchenko and G. E. Tseitlin made the major contributions to the

development of the algebra of algorithms and its application to the automation

and design of software systems based on formal transformations. Their monograph

“Algebra. Languages. Programming” written together with Glushkov [47] was

reprinted many times and translated abroad.

Glushkov’s algebraic methods and ideas have actively been developed. These

ideas were successfully used in software verification and optimization, constraint

programming [89], designing computer hardware devices, etc.

4 1 Theoretical and Applied Programming



The emergence of parallel and distributed computing in the late twentieth

century necessitated the development of methods of the analysis of such computa-

tions, because the available methods of the analysis of sequential computations

could not be applied. This led to the emergence of new mathematical models: timed

and hybrid automata, simple, colored, timed, and hybrid Petri nets, transition

systems, and their variations. To study their properties, new methods of analysis

were needed such as solving linear Diophantine constraints over discrete domains

(Boolean domain {0, 1}, the set of natural numbers, the set of integers, finite fields

and rings).

The algebraic methods in theoretical and applied programming were then

developed and substantiated in abstract data types, which include queues, priority

queues, stacks, binary trees, oriented graphs, sets, maps, etc. Applying the axiom-

atic method and using the algebraic properties of abstract data make it possible to

vary the ways of their implementation by varying the interpretation. Using abstract

data types allows collecting all data processing operators of these types in one place

of the program, which greatly simplifies software debugging and verification [153].

Glushkov’s ideas on the creation of artificial intelligence became an impetus to

the further development of algebraic methods in the quite different realm of formal

logic languages. In particular, automated theorem proving search in first-order

predicate languages with equality raised the issue of expression unification in

these languages. Unification problem is a problem of solving equations in the

corresponding equational theory [89, 153], which requires developing algorithms

for solving these equations by purely algebraic methods. Studies in this area led to a

more detailed analysis and establishment of new algorithmic properties of well-

known algebras.

K. L. Yushchenko and her school. The Ukrainian school of theoretical program-

ming founded by K. L. Yushchenko developed in close collaboration with

Glushkov’s school. Kateryna Lohvynivna Yushchenko is called Ukrainian Lady

Lovelace. As Ada Lovelace, who was the first programmer for Babbage’s analytical

machine, Yushchenko was the first woman to write programs for MEOM (MESM)

computer, the first electronic computer in the European continent. Gathering and

comprehending the experience of programming on this computer led to the first

mathematical results in the theory of programming: Lyapunov’s operator

method and the address programming language developed by V. S. Korolyuk and

K. L. Yushchenko.

As early as in 1956, the developers of the address language correctly identified

the main principles of algorithmic programming languages: the use of mathematical

formulas and assignment operator. But the central idea was to explicitly distinguish

between the address and its content. Thus, the pointer technique was invented, which

was mastered and theoretically grounded in the theory and practice of programming

in theWest much later, and is widely used in practice in modern programming, as in

the popular C language. Devotion to high-rank addresses led to then original

programming methods for logic (nonarithmetic, as they said) problems. This can

be seen in examples from the textbook Elements of Programming [48]. It was one of
the first (if not the first) domestic comprehensive tutorial on programming.
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In the early 1960s, first compilers for the address language were created. But this

language was created in isolation from the international community, which already

ideated Algol and Fortran. If scientific communication were closer, the address

language could be one of the first programming languages commonly used in the

world. But, for obvious reasons, it was impossible. And we had to take Algol,

Fortran, and Lisp already off the shelf. And Yushchenko’s team, which later grew

into one of the most famous schools of programming in the Soviet Union, shifted to

developing compilers for conventional languages and to analyzing theoretical prob-

lems. Beginning with the 1970s, students and colleagues of Yuschenko established

their own schools, which were led by famous scientists such as I. V. Sergienko,

V. N. Red’ko, P. I. Andon, O. L. Perevozchikova, and A. O. Stognii.

Macroconveyor computations. In the late 1970s and early 1980s, the work on new

multiprocessor supercomputer architectures started following Glushkov’s ideas.

Originally, it was the idea of recursive computer related to the revision of von

Neumann’s conception. This idea was reported by Glushkov and his colleagues at

the IFIP World Congress in Stockholm in 1974 and was later transformed into the

more feasible idea of a macroconveyor computing system. This idea was

implemented under the guidance of V. S. Mikhalevich in the 1980s, after the death

of Glushkov. The industrial designs of macroconveyor computer ES 2701, the first

multiprocessor computer system with distributed memory and high-performance

parallelization of problem-solving processes, were created. A great many scientific,

engineering, economic, and optimization problems with record the highest (at that

time) efficiency were solved. A performance of 500 Mflops achieved by the

macroconveyor system was a record for supercomputers at the time.

The success of the project was due to the fact that a powerful team of various

experts (engineers, system mathematicians, programmers, experts in application

areas) was gathered to implement it. Many participants gained experience while

developing MIR computers. To implement the macroconveyor project, one had to

invent new methods and technologies to parallel problems for computer systems

with new architecture, which included many processors and allowed operating with

large amounts of distributed data. Fruitful cooperation of system and applied

mathematicians greatly contributed to this. For example, the study of macro-

conveyor implementation of the finite-element analysis of the stress–strain state

of an airframe, proposed by V. S. Deineka, contributed to the invention of new

schemes of computation and data exchange in distributed memory. Discovering

new computation schemes in solving discrete optimization problems had also a

great influence on the development of the theoretical foundations of macroconveyor

programming.

Creation of a software system for macroconveyor computer systems, which

include MAYAK parallel programming language [51] and the operating system

for a multiprocessor system with distributed memory, was a significant step in the

development of parallel programming technologies. Automata-algebraic methods

and models of distributed computing were the theoretical basis for the development.

They allowed creating new methods of parallelization of algorithms and programs
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and laid the foundation for a new advanced problem-solving technology. The

technique of periodically defined transformations proved to be suitable not only

for the modeling of computer systems at the hardware and firmware but also at the

level of specification of data structure transformations in multiprocessor systems.

The algebra of data structures developed for this purpose has become the primary

mean of designing efficient programs for multiprocessor computers with distributed

multilevel memory.

The application of this theory resulted in the development of a methodology for

the synthesis of classes of efficient parallel programs directly from the functional

specifications of algebraic data structures, construction of the theory of

macroconveyor computing of functions over data structures [43], as well as the

theory and the algebra of algorithms for dynamic parallelization of sequential

programs [44].

One of the next steps in the development of the theory of macroconveyor

computation is the use of the algebraic–dynamic approach [66] to the construction

of parallel programs, which considers a parallel program, on the one hand, as an

algebraic expression subject to formal transformations and, on the other hand, as

an operational semantic model in the form of a transition (dynamic) system that

reflects the full potential of the parallelism of operations for a given level of model

description. The set of algebraic dynamic models developed in [66] serves a set of

different aspects of concurrency models of multiprocessor systems, namely: algo-

rithmic, program, and coordination aspects. This approach allows either integrating

the information analysis of program operators into operational semantics of parallel

programming languages and implementing the idea of asynchronous computation

at the component level, or expressing the obtained information in the coordination

part of the model and implementing the potential asynchrony of computations at the

level of intercomponent interactions. In the first case, for a given depth of infor-

mation analysis, it is possible to generate families of dynamic models of programs

that adapt to the capabilities of implementation and thus to parallel programs with

improved computing efficiency. As a side effect, it also becomes possible to resolve

automatically certain classes of communication deadlocks. In the second case, one

can express the results of information analysis in the form of coordination means

and significantly improve the quality of synchronization mechanisms and data

exchange and can also use the developed formalism to automate the program

transformations in order to minimize the loss of efficiency in parallelization caused

by the difference in performance of different levels of memory of the multiproces-

sor system. An important consequence of the application of these methods is an

extend range of processor parameters, where the computation speedup achieved by

the parallel program linearly depends on the number of processors that perform this

program.

The studies in the 1970s–1980s in the development of automata-algebraic

models and their application to solving topical problems of software and hardware

technology resulted in the monograph Mathematical Theory of Computing System
Design by Kapitonova and Letichevskii [82]. The concept of a discrete dynamic

system, i.e., transition system with nonlabeled transitions, was taken as the basic

1.1 Theoretical Programming as the Basis of Modern Technology for Creating. . . 7



model of a computer system in this monograph. It was shown how detailing and

enriching this model can be used to get the basic concepts and results of the abstract

and structural automata theory and the theory of program schemes, models for

multiprocessor systems, and the basic structures of creating parallel applications.

It was also shown how to proceed from system specification to implementation,

how to perform equivalent transformations of computer systems, and so on.

The theory of discrete processors and program schemes. Shortly after the

appearing of the model of interacting automata (Glushkov [35]) as a basic computer

model, it became clear that it is also well suited for creating models of software.

This model was related to the theory of program schemes [45], and the approaches

to the solution of the problem of program equivalence and formal program trans-

formations were developed.

Since the problem of the equivalence of discrete processors is algorithmically

unsolvable, various abstractions of the basic model were studied. The model of a

discrete processor over semigroups and groups became the most popular. Repre-

sentatives of Glushkov’s school obtained many results on the solvability of the

equivalence problem. These results have had a significant impact on the research in

Novosibirsk, Moscow, and Armenian schools of theoretical programming.

The results obtained in the theory of discrete processors were used to develop

formal methods for program optimization such as the method of introduction and

removal of redundant computation and the method of formal specifications. These

methods were used as a basis for the development of PROEKT system of joint

design of hardware and software of computing systems.

Program analysis. In Letichevskii [107], Letichevskii proposed an approach to

computing invariants of programs, which was used later to develop methods for

verification and optimization of programs. Followers of O. A. Letichevskii contin-

ued the research on the theory of invariants.

In particular, between 1980 and 1990, algebraic foundations of the theory of

program invariants were laid, where general algebraic methods play a key role

[49]. The methods of the formation of invariants for programs over linear spaces

and groups as well as programs over polynomials were studied. Practical methods

for finding invariants were implemented on MIR-3 computer.

The use of program invariants substantially simplified the process of program

verification on the base of Hoare logic and underlay program flow analysis methods

on the basis of properties of algorithmic algebra [50].

Nowadays, this area of development still comes to the forefront because of

revival of formal methods in computing system design. Invariant-searching algo-

rithms are implemented in modern system of program verification and optimization.

Algebraic programming. MIR series computers developed in the 1960s under the

leadership of Glushkov outstripped future PCs. MIR-1 and MIR-2 were intended

primarily for scientific computing. An advantage of MIR-3 computers was that they

could not only solve problems of computational mathematics but also perform

formula manipulations. These computers were the first to implement the paradigm

8 1 Theoretical and Applied Programming



of algebraic programming, i.e., programming with rewriting rules. In the early

1990s, the APS system of algebraic programming was developed in the Institute

of Cybernetics. This system developed the approach to programming incorporated

in computers of the MIR series. The APS system is widely used in computer

algebra, program verification, and artificial intelligence.

Insertion programming and modeling. The 1990s marked important changes in the

theoretical foundations of computing. The focus shifted from functional models to

interaction models in distributed parallel systems. The algebra and calculi like

CCS, CSP, and algebra of processes created earlier revived. New models appeared,

including applications oriented to bioinformatics (mobile ambients, for example).

The model for interaction of agents and environments [193] emerged in the

mid-1990s as a response to the topical (for that time) idea of shifting paradigms

from computation to interaction. Another goal was to unify different approaches

existing in the theory of interacting concurrent processes.

The notion of insertion function and transformation of environment behavior,

performed by recursive insertion of agents to environments of different levels, is at

the heart of the model of interaction of agents and environments. The model can be

considered as a far-reaching generalization of the concept of a discrete processor.

The information environment, which was presented by an operation automaton in

the Glushkov model, interacts with not one control automaton, but several automata

agents presented by the more general notion of a labeled transition system. The

agents interact with each other and with the environment, also represented as a

transition system.

Insertion function Ins(e, u) ¼ e[u] defines the composition of environment e and
agent u, which results in a new environment e[u], ready to insert other agents: (e[u])
[v] ¼ e[u, v]. The agents and the environment are considered as objects of different

types with the behavior described by means of transition systems. The states of the

environments are considered up to bisimilarity. Environment limits the behavior of

an agent and can even transform it, hence agent’s behavior in an environment

differs essentially from its behavior defined independently of the environment. This

fact leads to new agent equivalence weaker than bisimilarity. Agents u and u0 are
called equivalent with respect to a given environment if for any state e of this

environment there holds the equality e[u] ¼ e[u0], which means bisimilarity.

The only restriction on the insertion function, necessary for the constructivity of

this approach, is the continuity of this function (in a suitable topology). Due to this

restriction, rewriting systems (algebraic programming), calculus, and recursive

definitions can be used to determine insertion functions.

One of the main examples of an environment can be a computer considered as an

environment for software agents. Inserting a program in a computer modifies its

behavior and transforms it into another environment. The first program (or a system

of programs) inserted into a computer is of course an operating system (Windows,

Unix, etc.), which expands the possibilities for the interaction with software agents

and with the external environment of the user that is a source of software agents to

be inserted into computer. A simple old-type program that receives data, performs

an algorithm, and successfully completes its work changes behavior of the
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environment slightly and only for a short time. A different matter is application

packages, always ready to receive requests (another type of agents that are inserted

into the computational environment) together with the data necessary to solve a

problem of a given class. Insertion of such packages or online applications

interacting with the external environment significantly changes the behavior of

the original environment. The Internet is another striking example of a complex

environment. Agents in this environment not only interact with each other but they

are also mobile and can move in the space created by the environment. In a

telecommunication environment that supports mobile communications, the motion

of agents (mobile phones) is physical, not virtual like on the Internet. And there can

be a hierarchy in the sets of both agents and environments.

Insertion programming [108] is the development of programs based on the

model of interaction of agents and environments. An important feature of insertion

programming is the incorporation of the nondeterministic behavior of agents and of

environments inherent in real systems that are modeled by insertion programs.

Therefore, the implementation of insertion programming systems generally

involves simulation programs (simulators) rather than interpreters and goal setting

to obtain specific results.

The APS-based insertion programming system developed under the guidance of

O. A. Letichevskii at the Institute of Cybernetics employs the action language

(AL) to represent agents. The main structures of this language are reduced to

prefixing a � P, where a is action and P is a program of nondeterministic choice

of a sequential and a parallel composition. It provides the possibility of recursive

definitions with the use of rewriting systems as well as all the capabilities of the

basis programming language (APLAN).

Insertion programming includes not only the development of software agents for

certain predetermined environment but also the development of the environment.

Further development of the model of interaction in combination with the

methods of algebraic programming resulted in insertion modeling, a new techno-

logical approach in software design. The theoretical basis of this approach is

outlined in Letichevsky [192].

The idea of modeling in computer engineering has become particularly impor-

tant in recent years. From a model to a product is the principle, which is increas-

ingly used in the software industry. Insertion modeling was used in the development

of the VRS (verification of requirement specifications) system [109] of the verifi-

cation of software systems, developed for the Motorola company with the partic-

ipation of experts from the Institute of Cybernetics.

The VRS system uses the basic protocol specification language (BPSL) to

specify systems and formalize requirements. The semantics of this language

[194] is based on a model of the interaction of agents and environments.

The main element of the language is the concept of basic protocol, which can be

expressed mathematically by the formula

8x α ! Ph iβð Þ,

10 1 Theoretical and Applied Programming



where α is a precondition, β is a postcondition, P is a process, x is a list of

parameters on which the conditions and the process may depend. The base protocol

defines the rules of transition of the environment from one state to another with

inserted agents whose states also vary. It can also be considered as a temporal logic

formula, which states that if the precondition is true, the process can start and the

postcondition will be true after its successful termination. In the simplest case (e.g.,

if the process consists of a single action), the base protocol defines the rules to

compute insertion function, namely: if u1, u2, . . . are the states of agents involved
in the protocol and process P transfers these agents into new states u1

0, u20, . . .,
respectively, then the following rule can be used to compute the insertion function:

s
�� ¼ α, s!P s0, u1 !P u1

0, u2 !P u2
0, . . .

s0
�� ¼ γ ^ β, s u1; u2; . . .½ �!P s0 u10; u20, . . .½ �

:

In this rule, s!P s0 indicates the transition of the environment from states to state
s0, sj ¼ α is the truth relation, which determines the interpretation of formulas of

some logical language on the states of the environment. The consequence of this

rule shows that the postcondition formula is true on the new state of the environ-

ment, and γ determines the remaining information about the previous state of the

system. It can be computed using the so-called predicate transformer.

Multiple protocols running concurrently complicate the matter and intermediate

states for transitions should be considered to correctly compute the insertion func-

tion. In general, the requirements or specifications of systems, especially in VRS, are

determined by the system of basic protocols and description of environment.

In the VRS there are tools for static analysis of requirement specifications that

check their consistency and completeness as well as dynamic analysis tools that

provide the generation and processing of symbolic and concrete traces using the

rules of functioning of system models. The tools of the VRS system can also

generate tests for the verification of other systems based on their specifications.

The system has been successfully applied to the verification of telecommunication

systems at different levels of management, embedded systems, and real-time

systems. Symbolic verification and simulation are supported by deductive tools

that use automatic theorem proving.

Verification of parallel programming systems and information security systems

are the promising application fields of the insertion modeling technology.

1.2 Data Processing on Modern Supercomputer Systems

Wide use of the cluster system architecture has given a powerful impetus to the

development of problem-solving techniques based on high-performance computing

(HPC). HPC research is successfully carried out at V. M. Glushkov Institute of
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Cybernetics, National Technical University “KPI,” and several other scientific and

educational institutions of the country.

Parallel programming as an HPC branch is among the leading areas of computer

science at the National Academy of Sciences of Ukraine. Parallelization of opera-

tions on multiprocessor systems is not only efficient but is often the only way to

address highly dimensional challenges in many application fields ranging from

image processing to computer genome studies. Wide access to network technolo-

gies and distribution of information and computing resources makes parallel

computing a commonly used tool available for both workstations and supercom-

puters. Ukrainian scientists contributed to this modern research direction by

development of theoretical models of parallelism and by practical implementation

of parallel programming methods.

At present, with the advent of affordable multiprocessor systems of cluster

architecture, grid technologies for distributed computing, and general purpose

graphical processor unit (GPU) accelerators, the HPC research of Ukrainians

have shifted to development of high-level design and simulation of parallel

computing (e.g., on the algebraic programming paradigm and the paradigm of

intelligent problem solvers), development and implementation of models and

methods for efficient parallel computing, and development of parallel applications

for multiprocessor multicomputer systems.

When evaluating and comparing supercomputers, one usually focuses on

computing performance expressed by a number of arithmetic operations per sec-

ond, flops. The “Top 500” ranking of the world’s fastest supercomputers measures

“real” performance achieved in solving large systems of linear equations. It is a

fairly typical problem, and the value reliably characterizes the computer perfor-

mance for many applications from cryptanalysis to the finite-element simulations of

constructions. But many HPC systems are used for uniform processing of massive

datasets. Such problems arise in nuclear physics (particularly, in processing the

experimental data of the Large Hadron Collider), in geophysics (seismic explora-

tion), in large multimedia archives (YouTube), and in economics (OLAP, data

mining, and statistical processing of large databases). The described problems are

usually easy parallelized by data decomposition with pretty good scalability.

An alternative World ranking called “Graph 500” (www.graph500.org) has been

introduced to evaluate the ability of supercomputers to process data.

Why data processing does not follow Amdahl’s law? Classical model of a

parallel program performance is described by Amdahl’s law (1967). In an ideal

parallel system a program with portion η of parallel operations (where 0 � η � 1)

is run on N processing units (cores) with the speedup

SN ¼ T1

TP
¼ 1

1� ηð Þ þ η=N
:

The dependence of a program execution time TN on the number of processing

elements N is a hyperbola quickly decreasing to T1(1 � η).
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At first glance, uniform parallel data processing provides ideal conditions for

decomposition by many processing elements (η � 1). For N equal to the number of

independent data blocks, the calculation time TN is expected to decrease down to

the time necessary to compute one such block. However, accounting the file input/

output (I/O) operations corrects these expectations.

Consider a model of one of N data-intensive parallel processes. The model

consists of alternation of calculations and data I/O operations. The I/O operations

can be delayed because of waiting for the storage device release (Fig. 1.1).

Let tni , ω
n
i , and τ

n
i (i ¼ 0, 1, . . .; n ¼ 1, . . ., N ) be times of calculations, waiting,

and I/O, respectively, at the ith step of the nth process.

Assume that I/O operations are atomic (for simplicity). This means the I/O

operations cannot be interrupted. Let us first restrict the analysis to systems with

an elementary serial I/O device (storage) that serves no more than one I/O operation

each time. Moreover, assume all the N parallel processes to be identical by

algorithm and sizes of corresponding calculation and I/O steps: tni ¼ ti and τni ¼ τi.
It is a rather rational assumption for a program which processes similar data blocks

step by step. Performance of such a system depends on the ratio of useful times of

calculations and I/O. Consider the extreme cases of full and low load of the I/O

device.

If the I/O portion of each process is about as long as its calculations, τi � ti, the
storage is permanently busy (Fig. 1.2). We call such case “full load.” Generally,

under the full load the requests for reading and writing data form a queue on the

very first step. The I/O device cannot serve the requests with performance higher

than that of some limited max value. As a result, the queue is not dissolved, and the

program work time is determined by the total time of data input and output

operations at all steps of all the processes.

In the examined model of ideal paralleling by data, adding some new processing

elements (rise of N ) does not affect the total computation time of the program,

because the redistribution of I/O steps among processes does not change their total

number and duration of each atomic operation. But real applications usually include
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Fig. 1.1 Data processing in a parallel system
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I/O operations obligatory for each process regardless of the allocated number of

steps. These operations are not paralleled. Therefore, even if we neglect the

overhead (for synchronization and communication), additional processes increase

the overall computation time TN instead of its reducing. Amdahl’s law is not valid.

With respect to Fig. 1.2, the overall parallel data processing time under full load

can be estimated as

TN ¼ t10 þ f N ¼ t0 þ NdN ¼ t0 þ Nδþ 1� δð Þd1,

where dN is the total I/O time for one of the N processes (without waiting), fN is the

total I/O time for all N processes (with waiting), δ is the serial fraction of the I/O

code, which means portion of time for I/O operations necessary for each process in

d1. For example, to ensure recovery of the computations after failures, each process

must regularly save its state and the intermediate results. Related I/O operations are

included in δ.
For long-term processes the calculations of first step t0 can be neglected. In the

case of an ideal parallelization (δ ¼ 0), the overall computation time TN is inde-

pendent from N.
If calculations are much longer than input/output there is no permanent queue

(Fig. 1.3). We call such state “low load.” Under low load the queue of I/O

operations has time to dissolve until processes finish next step calculations. By

adding new processing elements, one can reduce the number of steps per process,

and such way reduce the overall run time. Figure 1.3 shows that the data processing

time at low load can be estimated as approximately corresponding to Amdahl’s law.

Small difference is created by I/O latency at the first step, but for long-term

processing it can be neglected.

Time

Fig. 1.2 Full load of data storage in a parallel system
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The queue of I/O request rises with gradually increase of N from being empty for

a sequential program (N ¼ 1). Let us steadily increase the number of processing

elements N. Initially the system is in the low load state and complies with Amdahl’s

law. But when the number of parallel processes becomes quite large, the system

goes to full load state. And then it becomes impossible to execute all the work in a

time shorter than it takes the storage device to serve all the I/O operations. In the

intermediate state (between the low and full load states), some portion of steps are

extended because of their I/O requests waiting in the queue. The waiting extends

the overall run time. But at other steps the calculations are longer than the I/O

operations and the storage stands idle waiting for I/O requests. Thus, in the

intermediate state the system performance looks worse than in the low load state,

and worse than in the full load state. But the overall run time is always minimal in

the intermediate state (Fig. 1.4).

In the examined model the I/O device can only serve requests one by one. This,

of course, is a great simplification:

• Modern file storages contain multiple physical disks working in parallel

• Caching accelerates access to reused data

• Parallel file systems such as Lustre and parallel I/O libraries such as MPI-IO

specially address the issue of concurrent I/O performance

Does this simplified model hold in reality? To answer this question, let us

execute a detailed analysis.

Influence of data distribution on parallel data processing performance. The

effect of file operations on the overall performance of parallel programs was studied

in the late 1960s by Amdahl himself and other researchers. Although later I/O

operations had remained out of supercomputing research focus as keeping all data

Time

Fig. 1.3 The case of low load of an I/O device in a parallel system
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in memory was considered an imperative condition for HPC, this topic was still

developed in the context of network file systems.

In the mid-1990s, the appearance of computing clusters has stimulated interest to

software and hardware architectures able to support high degree of parallelism for

file operations. The main specificity of data access in parallel computers was

already known. It is random data access by small portions. To optimize storage

performance in such extreme mode, special techniques for caching have been

developed. Caching was implemented in the form of parallel file systems (PVFS,

Lustre, GoogleFS, etc.) and parallel I/O libraries (e.g., MPI-IO in the MPI 2.0).

Parallel file systems optimize the usage of storage equipment. Parallel I/O libraries

control access to data within the application program.

However, the software techniques affect mainly on I/O latency, not bandwidth.

After all, no file system or application can read data from a hard drive faster than the

hard drive is physically able to load them in the optimal for reading sequential

mode. The mechanical speed of the disk rotation and the reading head move

is limited by technology as well as the recording density. Although technology is

developing, the basis of I/O performance within existing technologies is simulta-

neous operation of multiple hard drives or other storage devices.

There are two main policies of data distribution in parallel storage systems:

duplication and partitioning (Fig. 1.5). In the first case, each storage device contains

an exact copy of all data. In the second case, the data are not duplicated but are

divided into parts, which are stored in different devices. All other mixed policies

are combinations of the two. For example, Google File System splits each file by

blocks of 64 MB and distributes the blocks among the storage cluster nodes. Each

block is duplicated, and the number of its copies (from 3 to 64) depends on how

frequently the file is used. The performance and reliability of the architecture is

enough to serve millions of users of the Google search engine, YouTube, Gmail,

and other Google services worldwide.

Let us first restrict the analysis by the extreme cases of duplication and

partitioning. Their common properties can be considered universal and held for

all the mixed policies.

Duplication provides the data reading stream acceleration proportional to the

number of storage devices. The speedup is supported by load balancing: a request is

serviced by a first available storage device. The policy, however, has two drawbacks.
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First, writing has to be duplicated on each device of the storage system. So the output

is not accelerated at all. Second, the available storage size is not changed when new

devices are added to the system. Besides, the storage size is determined by the least

capacious device. This greatly affects the storage cost per gigabyte.

Partitioning speeds up both reading and writing. However, the acceleration is

slightly less than the number of devices, because of overheads for finding the

physical data storage in the system catalog. In the case of file partitioning by

smaller blocks, there are additional overheads for merging data from different

devices before generating the output stream. But the major drawback of partitioning

is the uncertainty in response time due to the fact that multiple processes can

simultaneously request data blocks located on only one device when other devices

are idle. In other words, the low load state of efficient parallelization ends at a

smaller number of processing elements N than for duplication.

In general, partitioning leads to quick disappearance of the interprocess

synchronism, and submitting the I/O requests becomes a random process. This

allows analyzing the model by methods of classical queuing theory. It can be shown

[126] that the expectation of the parallel program run time for partitioned data under

low load is

μ TNð Þ ¼ 1

2
cN þ dN þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
c2N þ d2N

μ τ2ð Þ
2μ τð Þ2

s
,

where μ(τ) is the duration of atomic I/O operation, dN ¼ ∑ τi is the estimated total

time of I/O operations without waiting in one of the N processes, and cN ¼ ∑ ti is
the estimated total time of pure calculation of one process.

For duplication, similar formula is more simple:

μ TNð Þ ¼ cN þ dN þ N � 1ð Þτ Smax,

Duplication Partitioning

Sharing

Mixed

Fig. 1.5 Data distribution policies
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where τSmax is the max execution time of an atomic I/O operation. In this formula,

the meaning of dN and cN is the same as for partitioning, but the dN value can be

quite different because of the described difference of the policies.

Under full load the formula of expected run time does not depend on the data

distribution policy:

μ TNð Þ ¼ NdN þ tconst:

For experimental verification of the theoretical results, a 16-node cluster

Inparcom with two different communication networks InfiniBand and Gigabit

Ethernet has been used. (InfiniBand provides much higher performance.) To

explore all possible modes of data I/O in such a small system, we did not run

high-performance storage. Instead the built-in disks of cluster nodes were combined

in two configurations. The centralized data storage was implemented as an NFS

shared folder, and the data partitioning was implemented by parallel file system

Lustre. Duplex wave migration program [205] was run. The results of the experi-

ment presented in Figs. 1.6, 1.7, and 1.8 clearly illustrate the theoretically predicted

bottleneck.

Modern technology uses all the storage performance reserves, but after reaching

some critical load the optimization approaches cease to operate. As a result, the

system performance drops. It becomes even worse than it can be expected

according to the measures done under low load (under smaller N ) because the

total I/O time jumps up. In the case of high I/O latency of the devices and/or file

system, when caching greatly affects the system performance (as in the left dia-

grams of Figs. 1.6 and 1.7), the slowdown occurs abruptly.

Therefore, for efficient data processing it is important not to get to full load.

Accordingly, it is necessary to choose the right number of processing elements N.
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Fig. 1.6 Migration run time on centralized NFS storage (a) and partitioned Lustre storage (b): 1—
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Simple calculations show that both for data duplication and partitioning the inter-

section point of low load and full load graphs satisfies the condition

cN � N � 1ð ÞdN:

This simple formula is of great practical importance. First, it is suitable for

various devices and file systems because it describes any mixed policy for data

distribution. Figure 1.3 shows how this condition prevents waiting if all the I/O

steps and all the calculation steps are equal in time. In less regular cases, the total

waiting times of the processing elements and the storage devices are approximately

equal.

Second, the given formula indicates a method of selection of the optimal number

of processes N to solve a big data problem on the basis of the results of several

experiments with a small part of the data processed by a small number of nodes.

For such problems under low load, the dependences of both the total calculation

Fig. 1.7 Migration run time on slow Ethernet and speedy InfiniBand connections between the

computing cluster and the parallel storage (a), between the storage nodes themselves (b): 1—

migration, ethernet; 2—theoretical for full load; 3—theoretical for low load migration, InfiniBand
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time cN � N and the total I/O time dN � N are close to linear with respect to N. After
fitting the linear dependence coefficients, one can calculate (dN � N )(N � 1). The

optimal number of processing elements can be estimated as the largest integer

N smaller than intersection of lines cN � N and (dN � N )(N � 1).

Third, the proposed formula can serve as a choice criterion when selecting a new

hardware configuration for a system upgrade. To this end, it will suffice to construct

the experimental graphs for TN, dN � N, and cN � N. They can be easily transformed

to approximate graphs for the new system. The performances (in teraflops) of both

old and new systems are known. For the new system, cN approximately equals to the

value of this parameter for the old system multiplied by the ratio of the real

performance of the old system to the real performance of the new system. The

performances of both the file storages in gigabytes per second are known as well.

For the new system, dN is approximately equal to its previous value multiplied by

the ratio of the new storage performance to the old storage performance. Thus, it is

easy to estimate the optimal process number for a similar problem solution on such

new system from the corrected graphs. If the estimated number is significantly

smaller than the number of the new system cores, the new system is inefficient for

such kind of problems.

Finally, one more opportunity of acceleration of parallel data processing pro-

grams arises from the formula. It is discussed further.

Acceleration of parallel data processing by means of compression. HPC pro-

fessionals know that in some cases the data storage system becomes a bottleneck for

solving data processing problems. But how general is the issue?

Efficient serving of parallel I/O requests in the case of increased calculation

performance obviously requires a proportional increase in the storage performance.

At first sight, this can be easily done: just hold a constant relation between

the number of storage devices and the computing cluster nodes. However, the

performance of computing nodes is rapidly increasing. With the development of

general-purpose GPUs (NVIDIA, AMD) and release of multicore architectures

such as Intel Phi, the gradual rise of storage system performance falls behind the

rapidly developing performance of computers. Extensive support of their constant

rate becomes too expensive because the cost of a single core, which reserves a small

part of a chip, is incompatible with the cost of the whole device such as the hard

drive, which consists of both fine mechanics and controller chips.

An alternative in some cases may be to keep all the data in memory. However,

this approach is suitable only for intermediate data. Input data in any case must

be downloaded from the data storage, and the results of processing must be

uploaded back.

Another known method for optimization of data intensive parallel applications is

to use local hard drives instead of the common data storage. This approach helps to

offload both communication network and storage and to accelerate the data I/O for a

large number of nodes. However, current supercomputer technologies are mostly

aimed at improving the performance of individual nodes rather than on increasing

the number of nodes. As a result, the problem of the input–output data rate does not
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disappear but is focused at the node level, where numerous cores are idle waiting

for the completion of data operations. Moreover, many problems cannot be solved

without intensive use of shared datasets.

The model considered above suggests a new method to accelerate intensive

parallel processing of large data volumes. Note that reducing the I/O time dN is

much more (N � 1 times) important to improve overall performance than reducing

the time of pure calculations cN. It is because the overall performance is limited by

the volume of data operations under full load. The idea is to reduce the load of

storage at the expense of additional calculations. This can be done by data com-

pression. The expected effect of data compression is as follows:

• I/O time dN is decreased.

• Calculation time cN is increased because of extra expenses for packing/

unpacking the data zN.
• Inflection point of the curve of the overall run time versus the number of

processing elements is shifted toward a larger number N* > N (the program is

better parallelized).

In terms of performance, the expediency of k times data compression with

relative packing/unpacking performance v ¼ dN/zN is determined by the value of

compression isoefficiency coefficient [199]:

E ¼ N � 1

k

� ��
N þ 1

v
� 1

� �
:

If E > 1 then the compression is efficient even for the same number of

processing elements N* ¼ N. It is the best case. In particular, this condition is

provided by

v > k= k � 1ð Þ:

However, if for a particular method of compression E < N/Nmax, where Nmax is

the number of cluster cores, then the compression method application for the

computer is not appropriate because it does not accelerate the parallel program.

This is the worst case. In other cases, data compression accelerates the program

given the increasing number of nodes/processors involved.

Thus, the compression isoefficiency coefficient allows estimating the expected

acceleration effect for a parallel program due to the use of data compression

method. The estimate is based on the current program performance and the com-

mon characteristics of any archiver: the compression ratio and the time of packing/

unpacking.

For example, when solving the duplex wave migration problem, which is a

special case of pre-stack Kirchhoff migration, the most storage load is related to

multiple reading of preliminarily calculated files of wave propagation times. They

are intermediate data. A field seismic dataset consists of millions of records. Two

sets of the time estimates are used for a record migration: of the wave propagation
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from the source and from receiver point. Regular surveys contain overlaps, so the

time files corresponded to each source or receiver are used thousands times with

different records. Since reading of ready time files in this case is much less

expensive than their computing, it is impractical to recalculate the times for each

record. As a result, at least one-time file has to be downloaded with each record.

Typical such file volume of tens megabytes create conditions for application of

compression. To select data compression method, specialists have analyzed several

algorithms:

• Increment packing (1 byte per value)

• Linear splines

• Chebyshev polynomials

These algorithms were evaluated separately and in combination with the

Lempel–Ziv–Welch (LZW) algorithm of the program zip. The algorithm selection

was guided by the data specificity of time estimates used for seismic migrations and

by considerations of the necessary accuracy. One can use lost data compression

algorithm but it should provide the choice of the same grid cell as without data

packing.

Ten randomly selected time files were used to evaluate and compare the above

compression algorithms. Average reading time of the ten time files initially com-

pressed by increment packing is 26 s. Other experimental information is summa-

rized in Table 1.1. Two algorithms Linear Splines and Linear Splines + LZW yield

the compression isoefficiency E > 1, which means the best recommendation for

use. Linear Splines, which is the second by isoefficiency but faster and easier to

implement, was selected for implementation.

In strict accordance with the theory, Linear Splines ensure stable acceleration of

Duplex Wave Migration (Fig. 1.8), and the optimal number of processes (the point

of run time inflection) is shifted to bigger values (24 instead of 20).

Although in the case of Duplex Waves Migration the compression algorithm has

been built into the parallel program, the same approach can be recommended for

implementation in the file storages of supercomputers and data centers. The utility

of a lossless compression algorithm can be evaluated automatically by the relation

between the measured compression ratio and data access speedup. In many cases

lossy compression can be more efficient than lossless one. It can be recommended if

the main purpose of storing the dataset is just processing.

Table 1.1 Experimental characteristics of five compression algorithms

Compression algorithm

Packing of

10 files (s)

Compression

coefficient, k
Unpacking

of 10 files (s)

Compression

isoefficiency, E

LZW 112 7.0 30 0.980

Linear Splines 185 2.8 5 1.032

Linear Splines + LZW 224 10.7 9 1.039

Chebyshev Polynomials 1,320 1.9 17 0.988

Chebyshev

Polynomials + LZW

1,370 2.9 29 0.970
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1.3 Algebraic Algorithmics

Algebraic programming is one of the current trends in the theory and practice of

computer science. The applicability of Glushkov’s algebra of algorithms has been

proven by its use for the development of formal methods of design and generating

(synthesis) of algorithms and programs. Such objects are designed in terms of

regular schemes of algebraic representations in a SAA. The development of the

equivalent transform instrument made it possible to improve objects of design with

respect to certain criteria. Later, algebra of algorithmics (AA) and theory of clones

[162, 180] were proposed. The main paradigms of modern programming and the

“biological” aspects of problem domain descriptions as well as “ecological” pro-

gramming for actual problem domain automating are formalized in the theory

framework [5].

Applying the algebra of algorithmics together with production control of formal

grammar theory leads to the development of program design and synthesis

methods. One such method called grammars of structured design (GSD) was

developed as far back as 1980s. The design process is based on substitutions

aimed to either detail or generalize the schemes under the descending, ascending,

or combined design strategy.

GSD are understood as an integrated algebra–grammar toolkit, which merges a

selected algebra of algorithms with one class of grammars or another. GSD consist

of generalized productions, each being a finite set of substitutions expressed as

ordinary grammar production rules with left- and right-hand sides. The substitutions

of a generalized production can be applied either serially or concurrently. Genera-

lized productions themselves can be applied either serially or concurrently. GSD can

be expressed inmatrix formwith rows correspondent to generalized productions and

columns correspondent to substitutions. For example, formal languages and gram-

mars of Chomsky’s classification can be presented in such a way.

Algorithm design in algebra of algorithmics uses metarules of algorithm scheme

construction (convolution, deconvolution, reinterpretation, transformation, etc.

[174]) along with GSD. Metarules transform algorithms to other algorithms and

derive new algorithmic knowledge for the problem domain.

On the way to the development of modern toolkit for design of parallel pro-

grams, Institute of Software Systems of the NAS of Ukraine has developed an

Integrated Toolkit for Design and Synthesis of Algorithms and Programs (TDS)

[174]. The toolkit originates from the Multiprocessist synthesizer, which was

among the first Ukrainian CASE systems intended to generate programs. The

synthesizer can be classified as a prototype of “mental” programming systems.

It is based on the method of multilevel structured program design driven by the

program scheme specifications in SAA/1 language.

In contrast to Multiprocessist, the above integrated toolkit uses Dialog Engi-

neering of Syntactically Correct Programs (the DSP method) to design algorithm

schemes with proven correctness of syntax. Another feature of the TDS is integra-

tion of all three algorithm representation forms: analytical, natural linguistic,

and graphical.
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The TDS contains the following components (Fig. 1.9):

• DSP constructor for dialog engineering of syntactically correct schemes of both

serial and parallel algorithms with further synthesis of programs, e.g., for object-

oriented languages (C++ and Java).

• Editor of graph schemes.

• Transformer for interactive transformation of algorithm schemes aimed at their

optimization according to various criteria (memory, run time, etc.).

• Generator of SAA schemes by schemes of higher level (hyperschemes [180]),

which generalize GSD.

• Algebra-Algorithmic Description Design Environment (ADDE) for symbol

multiprocessing, which contains descriptions of SAA constructions, basic

terms, and their program implementations as well as metarules of algorithm

designing, algorithm schemes, transformation strategies, and hyperschemes.

For automated program transformation, one can use rule rewriting implemented

in the Termware rewriting system. The Termware system is intended for the

development of highly dynamic applications with increased requirements to their

built-in intelligence for automated interactivity, reduction of development time and

prices, improvement of reuse and support. It differs from the most other systems of

the class both in the purpose and semantics as well as in the method. The Termware

language is not a general-purpose program language as it is not intended for coding

of full-functional software. Instead it is a coordination wrapper language for coding

of environment-oriented parts built in an application to implement the software

interoperation with the program environment.

The Termware system was initially implemented as a Java library to be used in

developed applications. At the same time, a command-line interface was imple-

mented for interactive execution of simple rewriting rules. Then the developers had

ported Termware to Microsoft.NET, which allowed using the rewriting rules with

С# and other languages integrated with .NET. Moreover, a Graphic User Interface

(GUI) was implemented for easy development and application of the rewriting

rules. A syntax analyzer (parser) and C# code generator were also developed. They

enabled Termware to work with the programs provided by C# source code. The

support of other languages such as Fortran is under development. The Fortran

support will give access to a big set of the available scientific software.

DSP constructor

Editor of
graph schemes

Transformer
Generator of

SAA schemes

ADDE

Fig. 1.9 Architecture

of TDS toolkit
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The developed Termware toolkit consists of the following main components:

• Compiler for the translation of source codes from high-level languages (such as

C#, Java, and C++) to the program model in terms

• Rewriting system for program model transformation

• Generator for back translation of the program model in terms to a program

language

• GUI for viewing and editing the terms and the rewriting rules, and for control

over other components

Interoperation of the above components is shown schematically in Fig. 1.10.

1.4 Coordination Models for Parallel Computing

Constructing program abstractions in the form of coordination languages and

models is one of the most promising trends in the development and analysis of

parallel computing systems. It is aimed at the development of architecture- and

language-independent programming facilities for multiprocessor computing sys-

tems and networks.

The emergence of coordination models and programming languages is related to

the fundamental changes occurred in the recent decades in the development and

distribution of computer technologies, first of all in the development of computer

networks, network technologies, and the Internet. Asynchronous ensembles of

interacting computing have become a dominant paradigm and intellectual challenge

for the research and development of computer systems, and the problems arising

from these ensembles are understood as coordination of active agents. Such prob-

lems are best represented and solved as ones orthogonal to actual computation

problems, which can be solved by conventional programming languages. Among

the key elements of coordination models are the following:

• Objects that are coordinated, i.e., software entities that interact with each other

and are subject to coordination (software agents, actors, procedures, etc.).

• The coordination space, i.e., software and information environment that deter-

mines the actual location and/or architecture, where coordination takes place

(simple examples of this space include classical synchronization facilities such

as semaphores or monitors; more complex examples include workflows and

UNIX pipes).

GUI

Analyzer
Rewriting
system 

Generator

Fig. 1.10 Architecture

of the Termware toolkit
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• Coordination rules that define dependences between the coordinated objects and

the facilities implementing such dependences. In particular, these rules may

define protocols for joint actions of the coordinated objects, such as sending and

receiving messages, processing queries by object brokers, and interpretation of

HTML objects.

Much progress has been achieved recently in the research in coordination

languages and models, where the main idea is an explicit separation of computation

processes and control (or coordination) processes and the allocation of a separate

software layer responsible for tracking coordination dependences in these pro-

cesses. The dominant perception of coordination models is related to their role as

a kind of glue that connects software layers together.

A coordination model is a shell model, which includes a computational program

model in the form of triples (O, S, R), where O is a set of coordinated active

program objects (the computational part of a parallel program model), S is the

coordination space defining the structure and relations of the coordinated objects,

and R is a set of coordination rules that govern the changes in the states of the

coordinated objects due to their interaction in the coordination space. Thus, the

coordination space provides means to structure the coordination model and

(together with the coordination rules) is an integral part of the program, which

defines its semantics together with the program objects code.

The application and development of the algebraic–dynamic approach [5] to

constructing coordination abstractions in parallel program models provided the

scientific basis for achieving high performance of parallel computing. Researchers

at the institutes of the Cybernetics Center of the NAS of Ukraine proposed and

developed an approach of treating coordination models not only as integrators but

also as amplifiers of parallelization possibilities in multiprocessor systems.

In particular, for the mechanisms of synchronizing the access to memory objects,

it was shown that coordination models can use both the static and dynamic

approaches. The static approach is characterized by extending the attributes of

shared memory operations by adding new attributes (such as the type of synchro-

nization operations), which statically (during compile time) provide the execution

environment with some additional knowledge needed for the effective implemen-

tation of processes that access memory objects. This expansion of memory opera-

tions actually means coordinating a resource (memory) and a consumer (parallel

process) during a transaction (computation). The static coordination model is

functional and does not change its state, and its advantage is the simplicity

and high efficiency on certain classes of problems, where it is applicable. The

dynamic coordination model, unlike the static case, identifies the dynamic system

of states where transition rules define the coordination discipline of the interacting

components of a software system. The dynamic approach can significantly

enhance the ability to describe the coordination interactions in parallel systems

but at the expense of complicated implementation of the coordination models.
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Therefore, purely dynamicmodels are used either to construct a theory or for problems

of specification and modeling of coordination requirements at the initial stages of

systemdesign, where performance requirements are not critical, or to speed up parallel

computing in classes of algorithms with some special properties such as race-free

discipline of parallel process interaction via shared memory or the possibility of

speculative (advance) calculations in sequential program parallelization [47, 42].

The combined method for constructing coordination models of parallel compu-

tations is based on the algebraic–dynamic approach to constructing the operational

semantics of parallel programs. It combines the advantages of static and dynamic

models and allows extending the range of subject domains for their potential use.

First, it provides the description of the operational semantics of calculations that is

the most common interface for developers and users of parallel systems. Second,

the operational semantics is defined in terms of local changes and interactions that

occur in the system, and it is very important to obtain efficient parallel

implementations of multiprocessor systems and distributed computer networks.

And third, algebraic–dynamic models retain certain advantages inherent in declar-

ative computation models (algebras) and provide an opportunity to develop parallel

computing systems in the transformational style from initial specification to final

implementation, adhering to the correctness and tracking the efficiency of interme-

diate transformations.

The algebraic–dynamic approach was successfully applied to construct models

of parallel computing on modern multiprocessor systems, including multicore pro-

cessors and GPUs [4]. This approach made it possible to describe in details the

process of task execution on a parallel computing system, including low-level

peculiarities of the hardware and software implementation, which have a significant

influence on the program efficiency. On the other hand, such models are algebraic

and can be analyzed using formal methods.

The developed algebraic–dynamic program models for multicore processors and

GPUs can be used at various stages of program development. In particular,

algebraic–dynamic models can be used to prove the correctness of program trans-

formation for shared memory systems, such as parallelizing transformations from

sequential to parallel programs and optimizing transformations that improve the

performance of parallel programs. This approach requires specifying certain pro-

gram properties (such as lack of deadlocks or conflicts) and then proves the

correctness of certain transformations when such properties are present. Another

direction of using algebraic–dynamic program models is to estimate the execution

time of programs. Indeed, algebraic–dynamic models describe in details the exe-

cution of programs on multicore processors or GPUs, and thus it is possible to

obtain a more accurate estimate of the execution time. In particular, it is possible to

describe the influence of memory access patterns and branching in neighboring

threads on the program performance. Such estimate allows constructing formal

transformations to increase the performance of such code fragments.
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1.5 Pipeline Computing on Databases

The pipeline approach in programming is actively and fruitfully developed in both

theoretical and engineering aspects. A research was performed at the Institute of

Software Systems of the NAS of Ukraine, with the focus on the class of computer

database processing systems with significant amount and complex organization of

data, including data processing systems with tight information relations, where the

issues of database interaction efficiency are of paramount importance.

It is known that any computer program S can be represented as a triple

S ¼ (M,R,C), where M is memory, R is operators on M, and C is operator

computation control. Depending on C, program S can be sequential, parallel, or

combined. M can be a database (DB) in the form of data arrays, which can be

represented either extensionally (in explicit form) or intentionally (as a result of

calculations). R is a set of sequential programs for database array processing. The

essence of each program r, (Vr,Wr) ∈ R, is processing the set Vr of its input

arrays and producing the set Wr of its output arrays, where Vr, Wr ∈ M. In the

general case, for different programs r and r0 from R we can observe

Vr \Wr0 6¼ ∅, i.e., the programs can be data-dependent (the outputs of program

r0 can be inputs for r).
Let m be an array created by a program r (m ∈ Wr) and used by a program r0

m∈Vr0
� �

. We define a special operator for m denoted as m-pipeline, its main

purpose being to enforce a certain discipline for creating and using the array m.
The pipeline contains buffer memory (RAM and/or external) that can contain

partially or fully the array m. Depending on buffer state, the pipeline initiates or

suspends the execution of r and r0 programs, i.e., controls the computations dealing

with the array m.
An m-pipeline is denoted as a trunk if the sequence of creation of the array m by

the program r coincides with the sequence of its use by the program r0. In turn, a

trunk pipeline can have an internal (external, combined) buffer if its buffer is placed

in RAM (external, combined) memory. A software system S is called a pipelined
software system if for some or for all arrays m ∈ M there are defined m-pipelines.
Finally, the execution of a pipelined software system is defined as the launch of all

its pipelines. Pipeline-less m-arrays are processed in a usual way: array m is placed

into DB by the program r and after it is completely formed it can be used by the

program r0. It has been shown that choosing an appropriate pipelining ensures

successful program termination. The pipeline method of computation control has

the following properties.

1. Its use reduces the number of exchange transactions with the database

(as compared with the traditional approach). For example, a trunk m-pipeline
with internal buffering eliminates all exchanges with the database on the array

m. For a database with a large volume of data, this reduction can be significant.

2. Using this method enhances the software system parallelization process. Indeed,

the execution of the r and r0 programs can be performed on different processors
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simultaneously. Process r0 can process parts of the array m as soon as they are

formed without waiting for the complete termination of the process r.

Based on these properties, to assess the efficiency of pipeline computing, a

complexity function F(S) is introduced, which takes into account the costs of DB

exchanges and program implementation. A number of methods for optimizing data

pipelining process have been developed. Obviously, the efficiency of a particular

software system implementation depends directly on its pipelining, i.e., which DB

arrays have been assigned pipelines and what are the sizes of pipeline buffers.

In this regard, a number of optimization problems were solved, including the

problem of optimal pipelining, which is to find a database pipelining with given

resources that minimizes the value of the function

F Sð Þ ¼
X
m∈M

c mð Þ,

where c(m) is the number of exchanges used by m-pipeline. If the allocated

resources are not sufficient to implement the whole S system, an equivalent

decomposition of S into a set of subsystems is performed. In this way, implementing

the S system reduces to implementing all the subsystems. The ambiguity of such

decomposition produces a problem of selecting the optimal decomposition. If {S*}
is a set of equivalent decompositions of S, S0 is a subsystem belonging to the

decomposition S*, and Fmin(S0) is a solution of optimal pipelining problem for S0,
then the problem of optimal decomposition of S under corresponding resource

constraints is to find a decomposition S�opt ∈ {S*} such that F S�opt
	 


¼
min

S� ∈ S�f g

X
S
0 ∈ S�f g

Fmin S
0

	 

.

The research, the experiments, and the practical application demonstrated that

the efficiency of the pipeline method for organizing computations is proportional to

the cost-share of database interactions. For computers with multiprogram operation

mode, this efficiency is increased tenfold compared with traditional methods of

computation. The efficiency of the method is particularly noticeable for software

systems in the class of Codd’s relational algebra, which includes database queries

that are widely used in practice. For this class of programs, a special theory and

methods for organizing pipeline computations has been developed taking into

account the peculiarities of the class. The pipeline method can also be applied to

improve the processing efficiency in deductive databases.

The theoretical research in pipeline software systems (PSS) provides the basis

for the development of methods and facilities for engineering such systems.

In particular, the methods of synthesis and structural decomposition of PSS based

on the product line programming approach were proposed. An essential point here

is creating easy-to-reuse programs and including them in the pipeline system.

Toolkits that support the development process of pipeline systems were also

developed, including multiprocessor transputer-based systems.
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1.6 Recursive-Parallel Programming Technology

There are many universal and specialized models of parallel processes and

programming languages based on these models. In the early 1980s, V. M. Glushkov

and A. V. Anisimov proposed a new universal model of concurrency using the

control space concept. The key idea of this approach is a structured description of

complex interactions of the components of parallel systems by considering a

control space that defines a dynamic communication topology of the system.

Further development of the control space concept resulted in the recursive-parallel

programming technology PARCS (Parallel Asynchronous Recursively Controlled

Systems) [192]. The PARCS programming technology provides a form of add-in to

the base programming language. This add-in is called PARCS-extension of the base

programming language and consists of a set of objects (data structures and pro-

cedures) described using the base language. This extension of the programming

language allows creating a control space for parallel (or pseudoparallel) process

execution, modifying it, and controlling its actions during the execution.

The key terms used in the PARCS technology are a point, a program channel,

and an algorithmic module.

The control space structure is a directed graph whose vertices are points of the

space, and edges are program channels that connect them. The same pairs of points

can be connected using multiple program channels of different types.

Each point in the control space is assigned an algorithmic module, which is a

procedure in a PARCS-extension of the base language. The execution of this

module may change the space structure: add or remove points or program channels,

block the execution of some processes, etc. Algorithmic modules are executed in

parallel; however, the termination of any of them may be delayed pending the

receipt of certain event (conditionally) or for some time (absolutely).

Points in the control space can contain subspaces of any depth; therefore, the

space can have any level of recursion. Its points are connected through program

channels and can send and receive messages as character strings. The channels can

be typed, so message type can be obtained without decoding the message. The

channel type is represented by a nonnegative integer. Program channels are unidi-

rectional, i.e., the fact that a point P is connected to a pointQ through some program

channel does not mean that Q is connected to P through the same channel.

Researchers have created and deployed in practice the parallel computing

support systems PARCS-Pascal, PARCS-C, and PARCS-JAVA [109]. The latter

is the most popular due to the versatility of its use: both for clusters and supercom-

puters and for local networks.

During the development of the PARCS-JAVA parallel information processing

system, a number of challenging research problems were solved: supporting the

solution of large and computationally intensive tasks that require the use of

powerful computing systems and parallel information processing; dataflow control
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and management in parallel information processing systems; collecting a database

of algorithms (algorithmic modules) in parallel programming for their further use.

The PARCS-JAVA system is now rapidly developing and allows studying

parallel processes in practice by programming in the appropriate environment.

1.7 Abstract Computing Theory

Categorical ideas and methods are known to have been widely used in computer

science since the 1980s. It was then that the category and theory and fundamentals

and directions of its application were developed. The problem that caused the

creation of the new theory is a general mathematical problem and is to create a

universal mathematical tool to study random objects with exact methods. Such

universality is achieved by summarizing the concepts of a set and a function that are

universal concepts of classical mathematics. The categorical approach allows

designing and analyzing objects of different nature, without restricting the

researcher by the scope of classical set theory [150].

The advantages of such an approach are primarily as follows:

• To solve random problems, certain categories are used, depending on their

“convenience.” This approach can be compared with the use of different

programming languages, depending on the type of tasks.

• With the use of categorical methods, the problem is solved at an abstract level

(i.e., we prove that the problem can be solved algorithmically in principle).

• If the problem is solved in a certain category, solving it in other categories can be

reduced to applying an algorithm of implementing a functorial mapping from

one category to another.

The categorical approach allows obtaining a number of results in the algorithm

theory, mathematical logic, and theoretical and applied programming. In particular,

the theoretical foundations have been developed for the methodology of structured-

modular composite (SMC) programming [124] based on the topos theory. The basic

element of this methodology is the morphism algebra over module objects.

To convert the morphism algebra into an algorithmic system, the notion of

morphism computability is introduced and studied. This opened the possibility

of using the algorithmic system to develop composite models of software systems.

Within the methodology of SMC programming, the results have been obtained,

which are important for the theory of programming in general such as the model of

incompleteness and concept of linearity in a topos [129, 130]. Introducing the

concept of linearity in a topos made it possible to generalize a number of Freud’s

theorems about recursion in topos with natural-numeric object and to use categor-

ical methods in constructive analysis and function theory.

The foundations of metacomputing have been laid, which is a new field of study

of recursive dependence by means of category analysis. It is based on the possi-

bility of charactering arbitrary subobjects of a topos using axiom systems.
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In metacomputing, the proof of mathematically accurate results does not require the

use of interpretation method, which considerably simplifies the verification of

programs and software systems defined by appropriate composition terms.

The semantics of the KONSPEKT specification language was formalized by

constructing logic models of metatransmissions. Categorical methods were devel-

oped to analyze these models for solvability and characterization with regular and

context-free languages.

A number of formal models were constructed for the representation and efficient

processing of knowledge in problem-oriented software systems, including semantic

networks, technologically complex schemes of integrated solution of applied prob-

lems, optimization planning models of the intellectual behavior of systems, and so

on. In particular, association models of knowledge presentation and methods of

logical specifications were developed. An algorithm was developed to transform

logical specifications to the form convenient for use of the resolution method.

Mathematical objects of certain type of categories with nearly traditional logics

were studied. It was shown that associative models and their generalizations can be

described by category logics similar to the category of sets.

A number of results were obtained for abstract models of logical calculus and the

resolution method. They generalize the rules of equivalent transformation of cal-

culus expression formulas and, therefore, allow considering such changes in cate-

gories that are different from the category of sets. The categorical models of

unification algorithm and resolution rules, which substantiate the application

of the axiomatic approach for compiler design, were proposed. The essence of

this approach is that the recognition of input language expression and generation

of adequate output language expression are reduced to proving the appropriate

logical formulas using the resolution derivation method and, therefore, can be

implemented in systems of logic programming.

The theoretical results lay the ground for the SMC-programming methodology,

which is supported by the developed instrumental environment CASE APS for the

construction and generation of applied software systems by macromodular pro-

gramming. In this environment, application systems of statistical data analysis and

an integrated system testing hypotheses based on experimental and expert data were

created.

Furthermore, an experimental version of the GOMEOPAT software system is

being developed using the categorical approach. The system is intended for the

diagnostics of the human body state by complementary methods based on

the analysis of data from the senses based on associative models of knowledge

about the outside world. The GOMEOPAT system differs from the existing infor-

mation and diagnostic complexes in its systematic approach to diagnosing and

using the fuzzy set theory and in new approaches to studying “information” models

of biological objects and “information” treatment technologies.
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1.8 Software Engineering: A Component Approach

The key issues of modern programming are known to be related with software

development performance and quality. Experts and analysts observing the field of

computer industry have revealed the following patterns:

• The performance of computer processor doubles almost every 18 months

(Moore’s Law).

• Software development productivity doubles every 18 years or even more often

(Fry’s law).

The second pattern is confirmed by annual reports of the international group

(Standish Group), which is monitoring the implementation of software develop-

ment projects for almost 20 years. For example, the report for 2009 shows that

among the analyzed projects, just 32 % were successfully performed, 24 % were not

performed, and 44 % were completed out of time and with significant excess of

budget resources.

Moreover, according to the National Institute of Standards and Technology

(USA, 2002), the economic loss due to incorrect software in the USA reaches

billions of dollars per year and is by some estimates about 1 % of the national gross

domestic product.

The main reason for these facts and hence the major problem in programming is

the complexity of both software systems and certainly the development process.

Programming is not limited to coding i.e., to translating ready solutions to a

computer language as was once believed, but it is now regarded as a complex

multidimensional creative process of formalization and algorithmization of prob-

lem solving in a particular subject area under uncertain objectives, fuzzy data and

incomplete knowledge, nondeterministic environment, etc. All of these can affect

the quality and productivity of software development.

At the Institute of Software Systems of the NAS of Ukraine, the component

approach became the main approach to solving the issues of software system

development. The essence of this approach is software system design from reuse

program components. The principle of using ready components (or the principle of

reuse) is crucial for the component approach, and its implementation is considered

as a strategic way to increase the productivity in programming and quality assur-

ance of software products.

However, despite the fact that the world has accumulated a significant amount of

ready software products, widespread use of this principle has become problematic.

In this regard, researchers from the Institute of Software Systems have developed

methodical and engineering principles for the component approach. The tools were

proposed for the specification of software components and for creating the appro-

priate repository services and methods were developed for the interaction between

components and for component-program synthesis. The results in reengineering of

software systems are based on methods and means of adapting and modifying

programs. A striking example of the reengineering problem is the well-known

“Year 2000 problem.”
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To support the development of quality software, a significant work is carried out

to prepare an appropriate regulatory and methodological framework of program-

ming industry in Ukraine. Over 40 developed teaching aids highlight the issues of

project management, providing organizations with software, risk assessment, soft-

ware system life cycle, testing and prediction of software reliability, etc. Experts

from the Institute of Software Systems led the Subcommittee on Standardization in

Programming, which is an active member of the International Organization for

Standardization. About 30 state standards in programming have been developed.

The results of the study were summarized in monographs and publications

[103, 104, 121]. They were used to create a toolkit environment for software

development from ready and reuse resources and to study the component technol-

ogy. It implements the new theoretical framework of program engineering as a set

of theoretical principles, methods, and tools. The principles provide program

engineering with new tools to assemble reuse components featured for modern

development environments (MS.Net, Java, Corba, Eclipse, etc.), to store specified

components in a repository to reuse them in new software systems and achieve

quality. The toolkit environment implements a domain description in DSL lan-

guage, its transformation to a programming language of particular components, the

assembly, testing and quality evaluation of a system consisting of reuse compo-

nents. A new concept of the interaction between the developed programs both in a

single computer and in distributed systems (Corba, Java, Microsoft.Net, Eclipse,

Protégé) has been proposed and implemented. The toolkit environment contains a

technology of training for program development in C# Visual Studio (VS).Net, Java

and access to a remote training course “Software Engineering” of the Program

Factory website (http://programsfactory.univ.kiev.ua) of Kyiv National Taras

Shevchenko University.
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Chapter 2

Supercomputers and Intelligent Technologies

in High-Performance Computations

Abstract Early 1980s saw the beginning of the development of the new architecture

of multiprocessor supercomputers. At the same time, macro-pipeline computing

system was developed in Ukraine. The industrial samples of the first multiprocessor

computing complex ES-1766 with distributed memory and high efficiency of parallel

processes for solving problems were created. In the beginning of the 1980s, macro-

pipeline organization of computations led to nearly linear increase in the productivity

of computers with increasing number of processors. In subsequent years along with

increasing computers productivity, new problems were emerging of their efficient

utilization for solving scientific and engineering problems. To overcome them,

Institute of Cybernetics developed intelligent technologies of highly efficient compu-

tations for cluster architecture supercomputers from SCIT family, developed the class

of knowledge-oriented intelligent workstations INPARKOM, implemented grid tech-

nologies, and initiated the development of hybrid-architecture computers.

In the early 1980s, the work started on the creation of new-architecture multipro-

cessor supercomputers based on the ideas proposed by academician Glushkov. The

idea of the development of a macro-pipeline computer system was implemented

under the guidance of academician V. S. Mikhalevich already after Glushkov’s

demise [167]. Industrial models of the first multiprocessor computer complex MCC

ES-1766 with distributed memory and high efficiency in the paralleling processing

were created. Thus, in the early 1980s the macro-pipelining organization of com-

puting processes yielded nearly linear growth of computer’s performance with

increase of the number of processors.

I.V. Sergienko, Topical Directions of Informatics: In Memory of V. M. Glushkov,
Springer Optimization and Its Applications 78, DOI 10.1007/978-1-4939-0476-1_2,

© Springer Science+Business Media New York 2014
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2.1 Supercomputers and Their Use

The creators of MCC ES-1766 had to reinterpret all known methods of information

processing regarding MIMD-architecture of the parallel computer (architecture

with multiple flows of instructions and data) considering properties of the problems

being solved and of the computer. It was considered that for different parallel

computers with MIMD- and SIMD-architecture (architectures with single and

multiple streams of instructions and data), algorithms and programs were quite

different.

The volumes of problems to be solved on MIMD-computers were steadily

growing. In the mid-1980s the task to compute the strength of an airplane as a

whole using the finite-element method necessitated the solution of a linear algebraic

system (LAS) of order reaching 260,000. In the mid-1990s the same task in which

the order of LAS to be solved attained 36 million equations was demonstrated at the

conference on high-performance computations held in Germany.

To solve scientific and engineering problems on MCC ES-1766, for the first time

in the Soviet Union parallel algorithms and programs for solving problems of

computational mathematics were developed for the following classes of problems:

LASs of equations, algebraic eigenvalue problem, systems of nonlinear equations,

Cauchy problems for systems of ordinary differential equations, and approximation

of functions of one or several variables.

Block-cyclic algorithms for data decomposition and processing were proposed

for the first time for parallel methods of matrix triangulation and tridiagonalization

that allowed the development of balanced parallel algorithms for solving linear

algebra problems.

Iterative methods for solving difference linear and quasilinear elliptic equations,

difference methods for solving evolutional problems (difference analogs of para-

bolic and hyperbolic types) as well as parallel algorithms and programs for the

numerical solution of integral equations were developed to be used on the computer

complex.

Parallel algorithms and programs for solving the following optimization prob-

lems were created: quadratic assignment problem, cluster analysis problems

on set decomposition, high-dimensional production and transportation scheduling

problems, and nonsmooth optimization problems. Parallel algorithms for linear

programming problems, including those with Boolean variables, were also created.

A general scheme of parallel computations in decomposition algorithms for

optimization problems was developed. A decomposition algorithm for the linear

programming problem of partially block type was elaborated. Parallel branch and

bound algorithms were developed to solve high-dimensional Boolean programming

problems.

Additionally, numerical methods for parallel solution of some flow problems

were developed, including the transonic flow around aerodynamic bodies, also flow

around of an elliptic cylinder by streams of viscous incompressible substance at

an angle.
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A number of complex applied problems were solved on MCC ES-1766

computer related, in particular, to the overall strength analysis of an airplane

(requested by N. E. Zhukovsky TsAGI), numerical simulation of a nuclear explo-

sion (according to the Program of the All-Union Scientific Research Institute of

Experimental Physics), and research of the interaction between atmosphere and the

ocean (according to the Program of the Computational Mathematics Department of

the USSR Academy of Sciences). The obtained results demonstrated the high

performance of the MCC and a good correlation between numerical simulations

and real-life experiments.

V. S. Deineka constructed a mathematical model and developed an algorithm to

calculate the stress–strain state of an airplane frame. An analysis of the implemen-

tation of this algorithm using the method of parallel processing of a large volume of

interconnected data contributed to the inclusion of a number of important functions

to the system software and architecture of MCC ES-1766. The above-mentioned

algorithm was used to analyze for the first time the process of formation of the

stress–strain state of the IL-86 plane airframe under working conditions. Energy

functional Ω for this body (a plate of piecewise constant thickness) is

Φ Uð Þ ¼ 1
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where λ, μ ¼ f(E, ν); E and ν are, respectively, Young module and Poisson’s

coefficient, ui is the projection of the displacement vector U onto the i-axis of

a Cartesian coordinate system, and Qi is the force applied to the body Ω at the

point di.
The time has proved that the development of supercomputers based on the

macro-pipelining principles pioneered by academician Glushkov turned out to be

the most competitive. Scientific research in the technology of parallel computations

and their utilization on the new engineering basis are still continuing. The devel-

opment of cluster systems, the first of which was a macro-pipeline of the 1980s, is

now the leading trend in the supercomputers design.

The next step is associated with the works carried out at the Institute in the

1990s, when macro-pipelining principle established the theoretical foundation for

high-level languages implementation, and utilization of high-capacity databases

and knowledge bases while solving computational and artificial intelligence

problems.

The wide spread of cluster systems became an impetus for the development of

solution methods for problems that require high-performance computers.

In 2004–2008, three clustered supercomputers SCIT were created at the Institute

of Cybernetics. When put into operation, each of them became the fastest in Ukraine
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and ranked high among similar computers in the CIS [154]. V.M. Koval’ was a chief

designer of the development. The architecture of SCІТ-3 computers was based on

useful models of the multiprocessor computer system [85], which were developed at

the Institute of Cybernetics and granted patents of Ukraine (2006). Their distinctive

feature is the utilization of peer to peer network without dedicated control channel

instead of hypercube of paired connections of the classical Beowulf architecture

now inherent in majority of computational clusters.

Nowadays Glushkov Institute of Cybernetics possesses not only one of the most

powerful in the CIS high-performance cluster computer system SCІТ-3 but also a

few dozens of technologies that allow efficient solution of complex problems in

economy, information protection, biology, medicine, ecology, environmental pro-

tection, space research, etc.

Simultaneously with the development of high-performance computer systems

architecture and hardware under the guidance of O. L. Perevozchikova, the oper-

ating principles of the mathematical and system software for large parallel systems

were analyzed.

Important theoretical results were achieved in the application of supercomputers

for processing of large data volumes [126]. In particular, implementation of the

results of the theoretical research of program efficiency dependent on parallel

execution and data distribution 40 times accelerated the processing of seismic

and geologic examination of deposits of minerals due to an efficient file system

configuration and data compression during computations. In 2010–2011, the file

storage volume of SCІТ complex was brought up to 100 TB.

Since 2005, the Institute of Cybernetics provides an access to SCІТ supercom-

puters for scientific institutes of the National Academy of Sciences of Ukraine.

More than 20 academic institutions are among the users of the complex. These

supercomputers are also used to solve a number of important problems originating

in high-tech state enterprises.

Since 2007, grid technologies have become a new important field in the employ-

ment of SCІТ supercomputers. The world boom of grid technologies was caused by

experiments on the Large Hadron Collider when it became obvious that the data

volume received from the LHC (15–20 Petabytes/year) exceeded processing capac-

ity of the most powerful supercomputers worldwide. Utilization of grid technolo-

gies turned out to be the only solution for this problem. In 2004, the European Grid

Organization (later EGEE, now EGI) was established. Ukraine participated in its

activity from the very beginning. Since 2006, the construction of the academic grid

system began at the initiative of academician A. G. Zagorodnii and then, on its

basis, of the Ukrainian National Grid (UNG). In 2007, the grid segment of the

National Academy of Sciences started at full capacity for the first time. It consisted

of eight clusters, including the supercomputer complex SCІТ developed at the

V. M. Glushkov Institute of Cybernetics. Now there are 30 clusters in the UNG.

The UNG is based on the Academic Data Exchange Network (ADEN) created

by the Institute of Software Systems of the National Academy of Sciences of

Ukraine in the cooperation with other organizations. This network provides tele-

communication data transfer grid system “cluster–cluster” throughput of 10 Gbit/s.
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It combines nearly all scientific research institutions in regional centers of the

National Academy of Sciences of Ukraine and allows access to the European

Academic Network GEANT and to the Polish Academic Network PIONER.

Created on the base of ADEN, grid infrastructure UNG, as a component of

powerful supercomputers and information technologies, allows new possibilities

for solving complex scientific and engineering problems and accelerates the inte-

gration of the National Academy of Sciences and Ministry of Education and

Science of Ukraine into the world scientific and educational space as well as

improves the quality and increases the productivity of the scientific research.

In 2009, the National Resource Center of the UNG was established at the

Institute of Cybernetics (Fig. 2.1). It provided resources for computations and

data storage to a number of virtual organizations engaged in astronomic research

(Virgo), molecular biology (MolDynGrid), computational chemistry

(CompuChem), medical research (MedgGrid), geosciences (Geopard), etc.

Due to the use of supercomputers, research institutions of the National Academy

of Sciences achieved important fundamental and applied results in biophysics,

biochemistry, physical chemistry, quantum mechanics, materials science, medi-

cine, geology, geophysics, and nanotechnologies.

2.2 Intelligent Technologies in High-Performance

Computations

Along with increasing capabilities of computers used in scientific and engineering

researches, problems related to their efficient run are also growing. Adding pro-

cessors in parallel computers leads to considerable increase in communication

Main coordinating center
(ITP NASU, IASA KPI and NASU)

National resource centers

Data Exchange Resource
Center ((ITP NASU)

NTUU KPI Resource Center

IC NASU Resource Center

Regional coordinating centers

Western (IPCS NASU)
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(NSC KhIPT, LTIPE NASU,

ISMA NASU)

Grid sites Virtual organizations
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Fig. 2.1 UNG structure
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losses and diminishing performance. Nowadays there are considerable differences

between maximal and exploitation performances due to communication losses.

For example, peak performance of IBM computers Roadrunner (BladeCenter QS22/

LS21 Cluster, PowerXCell 8i 3.2 GHz, Opteron DC 1.8 GHz, Voltaire Infiniband)

is 1,456 TFLOPS, while their exploitation performance is 1,105 TFLOPS.

Considering that at present MIMD-architecture computers may contain hun-

dreds and thousands of processors (cores) (http://www.top500.org/), it should be

noted that creation of efficient algorithms and programs for parallel computations

on such computers is a challenge. Utilization of parallel processing computers

requires a new way of thinking while creating parallel computational methods

and algorithms. The computing time reduction will be gained with optimal loading

of processors and minimal amount of data exchanges between processors. There is a

compelling problem to determine the optimal quantity of processors on which the

problem resolution will be the speediest. Generally, not every increase in the

number of processors will result in the reduction in computing time. Some exam-

ples of the so-called “natural parallelism” are known in which the nature of problem

enables to accelerate its solving the number of times equal to the number of

processors and sometimes even to attain superacceleration, for example, during

the employment of branch-and-bound methods for solving highly dimensional

Boolean programming problems. Therefore, it is important to examine classes of

problems and their solution methods from the point of view of the efficient parallel

arrangement of computations.

Skills in parallel programming as well as the knowledge of mathematical and

engineering characteristics of computer are essential for the creation of efficient

algorithms and programs. The following problems are to be solved for the sake

of efficient paralleling of computations: the determination of the efficient scheme of

the incoming data decomposition, optimal number of processors and topology

of interprocessor connections, provision of the uniform loading of processors

used for solving the problem; synchronization of data exchanges between pro-

cessors; and minimization of communication losses caused by the necessity of

interprocessors data exchanges. Substantial experience in the development of

numerical methods for parallel computations has been accumulated at the Institute

of Cybernetics [160, 166, 195].

Moreover, with increase in the volume of problems solvable only on MIMD-

computers, problems of the reliability of computer solutions became more acute

(i.e., problem of the proximity of the computer solution to the mathematical one and

estimation of the inherited error due to approximate nature of the input data). It is

known that in the number of cases while solving scientific and engineering prob-

lems on computers, the users are getting meaningless results. This happens because

of many reasons, but first of all due to the errors in the input data, differences

between characteristics of mathematical and machine models of problems, differ-

ences between arithmetic and machine arithmetic, etc. Mathematical models that

describe applied problems always contain errors in the input data. However, in most

cases during the examination of mathematical equations the input data is implied to
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be accurate. The characteristic feature of mathematical models with approximate

input data is that their mathematical characteristics are unknown. Within the

specified range of errors happen compatible and incompatible problems, correctly

and incorrectly formulated, well and badly described. Therefore, the machine

model of the problem awaiting computer solution is always of the approximate

nature relatively to the initial problem (due to the inherent error in the input data,

discretization errors, and errors occurring during data input). The reliability of

computer solutions is still one of the most important problems [160].

Analysis of the characteristic features of the computer’s arithmetic implemen-

tation demonstrated the following:

• Continuum of all real numbers is approximated in computer by a limited set of

finite fractions (rounding errors occur during data input).

• “Machine zero” phenomenon renders a number of difficulties in the implemen-

tation of computational algorithms (any contemporary computer has the smallest

positive number, which can be represented in it and zero is used for all numbers

smaller than that).

• Arithmetical operations in the computer differ from mathematical ones: the

associativity and distributivity laws are invalid on all contemporary computers,

while the commutativity law in floating-point operations is valid only for the

correct rounding procedure.

Thus, axioms of mathematics, including the computational one, differ from

axioms of machine mathematics.

Research in the field of machine mathematics and errors theory formed a

theoretical basis for the creation of the intelligent numerical and applied

software [166].

Intelligent software for the solution of scientific and engineering problems is a

set of programs that allows the following: to formulate a problem in computer in

terms of the subject area language, automatically examine the characteristics of the

machine model of the problem with approximate input data, according to the

revealed characteristics and also considering mathematical and technical capabil-

ities of the computer to determine the number of processors required and create a

solution algorithm, to form a necessary configuration using parallel computer’s

processors, to create a program code for parallel computing, to solve the problem

and estimate the reliability of the obtained computer solution, to visualize the

obtained results in terms of the subject area language.

At the functional level, the intelligent software while solving the problem with

approximate input data in the automatic mode implements both a research function

and adaptive adjusting of algorithm, parallel programming code, and computer’s

topology to characteristics of the problem and to the obtaining of computer solution

together with estimate of its reliability.

Implementation of the hidden parallelism provides the following:

• Automatic control of the distribution and redistribution of data between pro-

cesses; exclusion of Haydn’s effect.
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• Automatic determination of the number of processors required for the efficient

solution of the problem.

• Automatic generation of the efficient topology of interprocessor

communications.

The possibilities of the utilization of computers for the analysis of the mathe-

matical characteristics of machine models of problems as well as for their solution

by automatically generated algorithms and programs were demonstrated in the

course of carrying out of projects ISPAR (Intelligent software for the research

and solution of problems of computational mathematics on parallel computers)

[195] and ISKON (Intelligent software for the research and solution of problems on

the strength analysis of constructions) performed by employees of the Institute of

Cybernetics for the German Aerospace Center.

The intelligent software automates the process of calculations in numerical

modeling problems and provides their efficient solution by using of suitable algo-

rithmic and program tools. It is obvious that highest efficiency will be attained when

computer’s architecture (the number of processors, virtual topology) and mathe-

matical characteristics of the processors (machine word’s length, different levels

memory) are in agreement with characteristics of the problem being solved. An

intelligent MIMD-computer, whose architecture and system software support the

intelligent software, allows implementing this agreement [116, 117].

In 2005–2011, Institute of Cybernetics jointly with the State Scientific Production

Enterprise “Elektronmash” developed a family of intelligent workstations

INPARCOM based on the principles evolving the idea of macro-pipelining (Fig. 2.2).

Technical characteristics of intelligent workstations INPARCOM are given in

Table 2.1.

Fig. 2.2 Intelligent workstation INPARCOM-256
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The development was carried out under the guidance of the director of SSPE

“Elektronmash” V. I. Mova and Prof. I. N. Molchanov. The development of

the numerical and system software and engineering tools was performed by

employees of the Institute of Cybernetics under the guidance of O. M. Khimich

and O. L. Perevozchikova as well by employees of “Poshuk” Scientific Production

Enterprise headed by V. A. Stryuchenko. This work started in 2005 and is

still continuing.

Intelligent parallel workstation is a knowledge-oriented computer, which in the

course of solving engineering or scientific problems receives the knowledge on the

characteristics of the computer model and according to these characteristics auto-

matically generates the solution algorithm, forms an efficient topology based on

computer’s processors, creates a parallel programming code, solves the problem,

and estimates the reliability of the obtained results.

A scheme demonstrating the analysis and solution of problem using a traditional

computer is presented in Fig. 2.3, from which it is obvious that such computer

is used only at the last stages of the solution process. A scheme of the analysis

and solution of problems on the intelligent computer INPARCOM is presented

in Fig. 2.4.

Table 2.1 Characteristics of intelligent workstations INPARCOM

Title Inparcom-32 Inparcom-64 Inparcom-128 Inparcom-256

Processors Xeon

Quad-Core

Xeon

Quad-Core

Xeon

Quad-Core

Xeon

Quad-Core

The number of nodes/

processors/cores

4/8/32 8/16/64 16/32/128 16/64/256

Peak performance

(GFLOPS)

200–380 400–770 800–1,500 2,385

Performance

on LINPACK

(GFLOPS)

150–290 300–580 600–1,130 1,855

RAM (GB) 64 128 256 512

Disk memory (TB) 1 2 4 8

Capacity of disk

storage (TB)

– From 1 From 2 From 3

Applied
problem

Physical
model

Mathematical
model

Computational
model

Computer
model

Method Algorithm Computational
scheme

Algorithm in
programming

language

Machine code
algorithm

Fig. 2.3 Investigating and solving a problem on traditional computer
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The areas of application of the intelligent workstation INPARCOM are as

follows:

• Numerical modeling of complex processes, phenomena, objects, and systems for

the arrangement of numerical experiments.

• Creation of simulators for the management of complex objects of contemporary

machinery, including nuclear power plants.

• Solution of complex scientific and engineering problems with approximate data.

• Preparation of parallel programs for supercomputers.

The advantages of the intelligent workstation INPARCOM are as follows:

• Formulation of user’s problem in terms of the subject area language.

• Making it unnecessary for the user to analyze problem’s characteristics and

creating solution algorithm, writing a parallel program, which 100 times

shortens the time to formulation and solution of the problem.

• Analysis and solution of scientific and engineering problems with approximate

input data.

• Obtaining of machine solution together with its reliability estimate and clarifi-

cation of all the characteristics of machine model of the problem with approx-

imate input data.

• Considerable reduction in time required for the machine examination and

solving of scientific and engineering problems compared to traditional technol-

ogy on the MIMD-computer with the same number of processors and on the

same hardware but with traditional parallel architecture.

Workstations were used to solve the airframe flow problem for АN-148 aircraft

(for Аntonov ASTC), a number of problems for gas-turbine manufacturing (for

State Enterprise ІVCHENKO PROGRESS), for electric welding (for E.O. Paton

Electric Welding Institute of the National Academy of Sciences of Ukraine), and

the strength calculations for an office complex in Moscow. Good correlation of the

numerical and natural experiments and efficient operation of intelligent worksta-

tions INPARCOM were demonstrated.

The intelligent workstation INPARCOM consists of a host system, processing

unit, and communication environment.

Applied
problem

Physical
model

Mathematical
model

Computational
model

Computer
model

Method Algorithm Computational
scheme

Algorithm in
programming

language

Machine code
algorithm

Fig. 2.4 Investigating and solving a problem on intelligent computer
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Host system is responsible for control of the multiprocessor computing resource,

system monitoring, communication with terminal user networks, visualization of

the results, and implementation of the processes not suitable for parallel processing.

Host system with peripherals may be integrated by a local or global network. Host

system may consist of host computers (Xeon QuadCore GHz with 64 bit bus, 8 GB

RAM, and 72 GB HD).

Processing unit for solving of a problem with parallel arrangement of computa-

tions is a homogeneous scalable structure consisting of a set of processors (with

their own RAM and data storage facilities) integrated by network of interprocessor

communications. Processing unit may include computing nodes (Xeon QuadCore

GHz with 64 bit bus, 2 GB RAM, and 36 GB HD).

Communication network of interprocessor links of the workstation INPARCOM

is implemented as Gigabit Ethernet, Infiniband, or hypercube.

The software for the workstation can be divided into three levels:

• Operating environment supporting the intelligent software

• Intelligent numerical software for the analysis and solution of problems of

computational mathematics with approximate input data [160, 166]

• Applied software for (for example) the analysis and solution of problems of

structural strength analysis

Operating network of the workstation Inparcom is based on GNU/Linux. User

can choose one of three kinds of installed operating systems: Linux, Windows XP

SP2, or Linux + Windows. Host system can be configured to load Linux and

Windows automatically on reboot.

MPI standard is implemented in the core of the workstation used as a notification

system. MVAPICH is running on Linux optimized for Infiniband and LAM MPI,

and MPICH is installed on the Windows computer. The messaging system PVM is

used to support the maximal number of user connections.

GCC-compiler included in Linux supports programming languages C/С++,
Fortran, and Java.

Operating environment consists of Apachi web server supporting applications

written in РНР, MySQL, standard mathematical libraries (including ScaLAPACK),

tests (Linpack, Scali), and network file system.

Operating environment provides the following:

• Job loading and start on the computing nodes

• Monitoring of the entire computer and running jobs

• Saving and visualization of the protocols of parallel computations

• Start of applications (parallel program) on the host computer

• Connectivity via local network and/or Internet

• Development of parallel programs

• Administration of the network file system accessible to users

Intelligent numerical software for the analysis and solution of problems of

computational mathematics with approximate input data supports both an
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automatic mode of complete analysis and solution of problems as well as solution

of problems using a program selected by the user from the library [166].

The solution of the following classes of problems is implemented:

• LASs of equations

• Algebraic eigenvalue problem (partial and full)

• Nonlinear systems of algebraic and transcendental equations

• Systems of ordinary differential equations with initial conditions

For example, applied software intended for the analysis and solution of problems

of structural strength analysis includes:

• Forming of the geometrical model of structure on the basis of geometrical

models available in the library of geometrical models

• Forming of mathematical model in computer on the basis of models available in

the database

• Forming of finite-element of finite-difference model of the problem

• Visualization of the finite-element coverage of the element or structure under

examination and tools allowing user to locally correct the finite-element grid

• Automatic forming of problem’s discrete model and distribution of data between

processors of the chosen topology

• Communication with intelligent numerical software intended for the examina-

tion and solution of the formulated finite-element problems on MIMD-computer

and visualization of the results of computations

• Analysis of the reliability of the finite-element or finite-difference solution

The creation of hybrid architectures is one of the new trends in the development

of supercomputers. The use of general-purpose graphic processors (GP GPU)

considerably increases the productivity of computers compared to the productivity

of traditional computers, saves energy resources, and reduces computers cost

compared to computers of the same productivity but traditional architecture.

Intelligent hybrid-architecture computer cluster Іnparcom-GPU, which inte-

grates multicore МIMD-architecture processors and SIMD-architecture graphic

accelerators, was created using new capabilities of graphic processors.

The knowledge-based hybrid-architecture cluster Inparcom-GPU provides auto-

matic examination of the characteristics of computer models of problems and

creation of the topology of heterogeneous cluster’s processors on the basis of this

research; generation of parallel programs, solving of problems, and estimating the

reliability of results.

By its composition and functions, the Inparcom-GPU software is analogous to

the Inparcom software implementing МIMD-architecture.

To solve problems of computational mathematics, a number of algorithms have

been developed, which are efficiently implementable on the hybrid architecture.

Next in line is research of the areas of efficient application of hybrid architectures.
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Chapter 3

Information Technologies as Tools

for Studying Complex Processes

Abstract The chapter refers to the development of high-performance supercomputer

systems, reconfigurable knowledge-oriented computer systems, problem-oriented

systems for digital signal processing, computer instrumentation, model-oriented tech-

nologies for real-time management of complex technological objects, computer

technologies, medico-biological and agroecological computer devices and sensor

networks, automation of border and migration control in Ukraine, and creation of

situation centers. The development of modern information protection tools in com-

puter technologies, personalization of information, and new Ukrainian mechanically

changeable hardware tools to authenticate users of information systems and intelligent

mobile devices are also considered. Attention is paid to the information technology of

developing the human interfacewith computer environment in a text, voice, and visual

forms.

3.1 Standardization and Its Role in the Development,

Improvement, and Extensive Use of Information

Technologies

The development of standards used for the development of information technologies

(IT) is to be called IT standardization here.

Tirelessly promoting the ideas of cybernetics, Glushkov realized what revolu-

tionary changes in society the widespread adoption of ITs could have brought

about. He was one of the first to explain the essence of such changes and to talk

about paperless technologies for accomplishing the vast majority of professional

tasks in various fields of human activity. Along with the development of mathe-

matical apparatus as a support of software development projects, IT standards had

to be developed to improve the quality of software and to transform the program-

mer’s work from the individual art of programming to teamwork-based software

engineering.

I.V. Sergienko, Topical Directions of Informatics: In Memory of V. M. Glushkov,
Springer Optimization and Its Applications 78, DOI 10.1007/978-1-4939-0476-1_3,

© Springer Science+Business Media New York 2014
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Even back in 1971, Glushkov praised the work of Catherine Lohvynivna

Yushchenko and her followers who, along with foreign scientists, initiated stan-

dardization of programming languages to solve the program portability problem.

The International COBOL Language Standard established in 1977 was revised in

1989. Yushchenko and other representatives of the Kyiv School of Theory of

Programming participated in the development of the USSR language standards

for Fortran-2, Algams, Algol 68, Ada, Fortran-77, Pascal, PL/1, and C.

Glushkov’s opinion on the importance of IT standardization is especially valu-

able against the underestimation and, hence, underfunding of IT standardization in

the USSR. At that time, very few standards were put into effect owing to the

extraordinary efforts of individual programming teams and interested organiza-

tions. That is why the IT standardization regulatory system appeared poor after the

collapse of the Soviet Union. By the year 1990, state standards for the following

popular languages were developed: Fortran-90, COBOL, Pascal, C, Ada, and PL/1.

But only two of them (COBOL and Ada) were put into effect. The drafts of

standards for Fortran-90 (Russia and Belarus), C (Russia and Ukraine), and PL/1

(Russia) have remained such because of the lack of cooperation agreements among

the CIS countries.

Since 1993, independent Ukraine has been developing IT standardization

regulations. Much work in this area was carried out under the direction of

O. L. Perevozchikova. Nowadays, when ITs have become an indispensable tool

of many leaders, the quality, reliability, and availability of data in various subject

areas have raised in importance. This quality, however, cannot be improved without

an advanced legal framework, especially without IT standards. Currently, two

dozens of informatization laws are in force in Ukraine, and the question of IT

Code has come up. However, delaying the consideration of draft laws, especially

those related to personal data protection, inhibits the development of the informa-

tion environment of Ukraine and its integration into the global information envi-

ronment. Moreover, the transition provisions present in many articles of Ukrainian

laws do not promote a clear interpretation of the cause–effect relationships, which

indicates inadequate IT experience and complicates proceedings in this field.

The Ukrainian system of national IT standards harmonized with international

standards, especially ISO/IEC and CEN/CENELEC, is still very inadequate and

incomplete. Currently, there are over 1,500 IT-related ISO standards and over

400 CEN/CENELEC standards. In contrast, only about 200 national IT standards

have come into effect in Ukraine over 15 years. The ratio of the number of IT

standards to the total number of standards has not changed; it is about 4 % in

Ukraine and more than 10 % in other countries, rate of development of the

international IT standardization rising by 10–15 % every year. The ways of

harmonizing international IT standards adopted by Ukraine reduce the cost and

accelerate the development of qualitative international standards of Ukraine.

However, such a gap can be eliminated not only by increasing the cost and number

of IT standardization projects but also by improving the skills of IT experts and

training specialists, especially at high school.
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Scientists of the International Research and Training Center of Information

Technologies and Systems of the NAS and MES of Ukraine (MNNTSITS) under

the leadership of V. I. Gritsenko greatly contributed to the scientific and technical

policy of Ukraine in the field of IT standardization and use in implementing branch,

state, and national informatization programs. More than 50 national standards of

Ukraine harmonized with modern international standards have been developed and

put in force. The Ukrainian segment of the UNESCO intergovernmental Informa-

tion for All Program was developed together with other institutions of the NAS of

Ukraine and ministries and departments of Ukraine. This segment includes the

major projects and activities aimed at creating infrastructure organizations from

various regions of Ukraine that can participate in solving IFAP problems.

Glushkov’s lifework was to create a national automated economic management

system (NAEMS). He developed it since 1962 and advocated it almost all his life

[37, 38]. The main purpose of the NAEMS was to provide efficient economic

management through automated solution of the basic classes of problems: analysis

and prediction of social, scientific, and economic development, foreword and

current economic planning, operational management of the implementation of

programs, and plans for economic development to all parts of the economy of the

country as a whole, industries, republics, economic regions, organizations, and

businesses.

Glushkov’s concept implied top–down implementation of the NAEMS: from the

formulation of economic problems and management tasks and the development of

appropriate models and problem-solving methods to the creation of a necessary

information–communication infrastructure and appropriate computer and telecom-

munication equipment. It is important to automate not only the “vertical”

intradepartmental relations but also the “horizontal” relations that provide the

integration of information flows at all levels of the state up to the creation of a

noncash payment system.

Glushkov regarded the NAEMS program as “not less technically sophisticated

than the space and nuclear programs taken together, and much more organization-

ally complicated because it involved everything: industry, trade, etc.” Glushkov

was far ahead of his time, and his NAEMS concept was underestimated. It had been

formulated a few decades before information projects of creating an e-government

as a fundamentally new mechanism of management of the state in the postindustrial

society, which sprouted in economically developed countries only in the 1990s.

Glushkov’s approach and ideas that underlie the NAEMS concept and were not

implemented in developing ITs during his life have developed as new forms and

projects in new historical conditions.

The V. M. Glushkov Institute of Cybernetics is working to create methodolog-

ical and technological tools for the development of distributed ITs that provide

comprehensive automation of geographically distributed organizational structures.

An approach to the development of distributed ITs based on the life cycle of

processing electronic structured documents was developed. This approach was

used to develop standard instrumental and functional components of the develop-

ment of distributed ITs. They were employed in implementing several projects of
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national systems: for the Supreme Court of Ukraine (SCU), the Accounts Chamber,

the State Tax Administration of Ukraine, and the Social Insurance Fund for

Temporary Disability (see Table 3.1). Important works in this area were performed

under the direction of Yu. G. Krivonos.

The development of distributed ITs includes the following typical functional

components: an integrated planning and accounting subsystem for accounting of

financial flows in a multilevel distributed organization, an automated system for

monitoring bank accounts of working groups of a distributed multilevel organiza-

tion, an accounting subsystem of financial–economic management of budgetary

organizations, automated management system for registers of business activities, an

information system for the organization and procurement of goods and services on

the Internet, an automated system for financial analysis of businesses and invest-

ment projects, and automated case management system.

The following technologies and systems for the implementation and mainte-

nance of typical automated systems were developed:

• Determination of the configuration of typical software and hardware complexes

(SHS) with installed system and application software and distribution of SHSs in

the regions of Ukraine

Table 3.1 Information technologies and systems created by the Institute of Cybernetics for

state-run organizations of Ukraine

Creation date Name

1992–1994 Distributed IT for monitoring the HIV spread in Ukraine

1994–1997 Integrated information system of the State Innovation

Fund of Ukraine (KASIF system)

1997–1998 Distributed information system for accounting tax concessions

at the State Tax Administration of Ukraine

1999 Web-site of the Accounts Chamber and IT for its maintenance

1997–2008 Unified IT of the Social Insurance Fund for Temporary Disability (EPIT FSS)

1997–2003 IT supporting the hearing of petitions to the Supreme Court of Ukraine

by individuals and legal entities (KARS automated information system)

2003–2006 IT of the editorial board of the news-and-analysis bulletin “Visnyk

Derzhavnykh Zakupivel” (IT VDZ)

2003–2008 Information analysis system for public procurements on the Internet

(IAS TENDER)

2003–2008 Information analysis system for online public procurements using

electronic document management and digital signature

(IAS TENDER ON-LINE)

2003–2008 Typical information analysis system for the management

of government purchases of goods, works, and services

(TIAS DERZhZAKUPIVLYa)

2004–2012 Typical information analysis systems of the National Academy

of Sciences of Ukraine: planning and monitoring of research

programs and research-and-development projects, planning

and allocation of budget, planning of positions and salaries,

scientific and managerial personnel, integrated electronic

document management system
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• Maintenance, development, and distribution of new versions of components

of distributed ITs

• Constant training of distributed IT operation skills

• Transition from “old” means of automation to typical automated systems, saving

the data stored in the “old” systems

During the implementation of information projects, a team of developers was

assembled, and a service was established to implement and maintain components

of information technologies. This service is provided by experts of the Institute of

Cybernetics and other Ukrainian institutes and companies.

In the field of computer science, the Cybernetics Center, including the Institute

of Cybernetics, intensively develops:

• High-performance supercomputer systems

• Reconfigurable knowledge-oriented computer systems

• Problem-oriented digital signal processing systems

• Computer-assisted tool making

A vivid example of the first development is a family of IT supercomputers—

high-performance cluster computing systems based on modern electronic

components.

Their great advantage is the possibility of efficient intelligent processing of large

knowledge and databases. Recently, cluster supercomputers have been used to

implement a number of information technologies for solving important classes of

applied problems.

Computer systems with programmable architecture or reconfigurable systems

employ field programmable logic device (FPLD) and modules. This scientific area

is successfully developed by O. V. Palagin and his followers [122]. The most

widespread configurations are functional enhancements of typical models of per-

sonal computers and workstations used to perform operations on high-dimension

operands, formalized text processing, etc.

Understanding perfectly well the importance of correct strategic decisions in the

management of state structures, ministries, and large companies, Glushkov

advanced the idea of automated cybernetic decision-support systems back in the

late 1960s.

Expanding upon this idea, A. A. Morozova, in the early 1970s, directed scientific

research and development intended to create automated situation-management

systems integrating new information technologies, human capabilities, and recent

achievements in decision-making theory and provided collective decision making,

analysis, and forecasting [118].

The Ritm-2 system for the visualization of the flight of space objects at the

Mission Control Center was developed in 1974. This system provided high-level

support of the Apollo–Soyuz Test Project. This systemwas the basis for the creation,

in 1985, of the first Soviet Situation Center for the Ministry of Shipbuilding

of the USSR.
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The Situation Room (a working model of a situation center) at the Institute of

Mathematical Machines and Systems Problems (IMMSP) played an outstanding

role in the activity of the Governmental Commission formed to plan the mitigation

of the consequences of the Chernobyl accident. In this room the commission’s

decisions were prepared and modeled.

In 1990–2002, the IMMSP team created situation centers (Sovet, Sovet-2,

Rada-3) for information support of the legislative activity of the Supreme Council

of Ukraine, the Supreme Council of Crimea, the parliaments of Uzbekistan and

Tajikistan, and a number of regional and city councils. Since 2002, the Ministry

of Defense of Ukraine has been using the Situation Center of the Supreme Com-

mander of Armed Forces of Ukraine.

Also, the institute has recently developed a model-oriented technology for online

control of complex process facilities. This technology underlay unique systems for

electron beam welding in vacuum created in cooperation with the E. O. Paton

Institute of Electric Welding [125]. By their specifications, these systems are much

better than well-known electrowelding equipment. They were internationally rec-

ognized and bought by Boeing, Airbus, Honda, Smith Tool, etc. for the aircraft,

oil-extracting, and space industries. It is not coincidence that the developers of this

computer technology were awarded the State Award of Ukraine in science and

technology in 2006.

Computer technologies and computer instruments for medical and biological

applications have been intensively developed in the last decade. Some of such quite

interesting systems and instruments will be discussed below.

Let us briefly discuss, as an example of successful developments, the character-

istics of some information systems developed by the Institute of Cybernetics,

Institute of Software Systems, and Institute of Space Research and implemented

at state organizations of Ukraine.

3.1.1 Unified Distributed IT of the Social Insurance
Fund for Temporary Disability

The chief developer of the distributed IT of the Social Insurance Fund for Tempo-

rary Disability (hereinafter Fund) is the V. M. Glushkov Institute of Cybernetics.

The Unified Information Technology was developed in 1997–2003. It made

it possible to unify the work of the fund at all three structural levels: central

(executive board), regional (27 regional executive boards), and district

(395 interdistrict, district, and municipal executive boards). It became possible to

adjust on a timely basis the work of the fund to comply with changing regulations

and to simplify the solution of many problems during the reorganization of the

Social Insurance Fund of Ukraine into the Social Insurance Fund for Temporary

Disability in 2001.
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The system has been successfully implemented and provides comprehensive

automation of the fund’s work at all levels.

Unified Information Technology of the fund is supported by the following

automated information systems: automated information system of the executive

board of the fund; typical automated information system of regional executive

boards; typical automated information system of interdistrict, district, and munic-

ipal executive boards; and integrated electronic document management system.

These systems allow supporting the functioning of distributed information technol-

ogy of management, budget planning and staffing of the fund, distribution of

vouchers, maintenance of accounting records, and keeping the Unified Register

of policyholders.

In technical solutions, problem complexity, and implementation scope, the

Unified Information Technology is a unique system in Ukraine. At the beginning

of 2004, it was adopted by the interdepartmental committee, which, inter alia,

recommended “to informatize the social services (pension fund, social insurance,

etc.) based on technical solutions, typical components, and experience of develop-

ing the Distributed Information Technology of the Fund.”

The experience of reorganizing the Social Insurance Fund of Ukraine into the

Social Insurance Fund for Temporary Disability in 2001 and the associated changes

in regulations showed that the Unified Information Technology may substantially

simplify and speed up the transition without significant impact on the performance

of the main functions.

3.1.2 IT Supporting the Hearing of Petitions to the Supreme
Court of Ukraine by Individuals and Legal Entities

In 1997–2006, the V. M. Glushkov Institute of Cybernetics of Ukraine developed

the automated information system KARS and implemented it at the SCU for

supporting the hearing of court claims, complaints, and individual and corporate

petitions.

The KARS system provides informational support to handle all major stages of

the hearing of court claims, complaints, and petitions to the courts, such as

registration, preparation for examination, planning of examination, support of

document preparation (orders, decisions, resolutions, etc.), follow-up action,

archiving, maintenance of the archive, and generation of statistical reports.

The KARS system consists of the following components: database; database

archive; Rozmitka workstation for alphabetical case search; Zavodka workstation

for registration of cases, complaints, and applications to the court; Pidbirka work-

station for searching and collecting of case materials; Zvitna Statistika workstation

for generation of statistical reports; and system administrator workstation. It has

been used in the Criminal, Civil, Economic Chambers and Military Collegium of

the SCU since 1998.
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The following results have been achieved with the KARS in the chambers of

the SCU:

• Paperless technology of registration, accounting, planning, and monitoring of

petitions to the Supreme Court

• Unification of the technologies used by court chambers

• More than 400,000 petitions and 300,000 cases in the database (DB) at the

beginning of 2006

• Formalized system of representation and classification of petitions to the

Supreme Court

• Mechanism of automatic generation of statistics for the Ministry of Justice of

Ukraine

• System of messaging and diagnostics of the database and the petition registration

and statistics generation

• Reliable real-time operation of the system

The modern architecture and high-quality application software of the KARS

system enable it to be adapted to the requirements of nisi prius courts, courts of

appeal, and superior courts, while expanding the functional and technological

capabilities.

3.1.3 Information Technology of the Editorial Board
of the News-and-Analysis Bulletin “Visnyk
Derzhavnykh Zakupivel” (Public Procurements)

In 2003–2006, the Institute of Cybernetics developed and implemented the

information technology for the editorial board of the news-and-analysis bulletin

“Visnyk Derzhavnykh Zakupivel” (VDZ).

This information technology is intended for the following: preparation of VDZ,

maintenance of the VDZ web-site, maintenance of the trading database, mainte-

nance of the database of procuring entities in Ukraine, and information support of

the VDZ editorial board.

The information technology of the VDZ editorial board was implemented in

“client–server” architecture on the Microsoft.Net platform using Oracle RDBMS,

which is supported by the following software and information components:

• VDZ databank consisting of the following databases: Organizatory Torgiv

(tender organizers), Uchastnyky torgiv (bidders), Ogoloshennya pro pochatok

torgiv (call for bids), and Povidomlennya pro resul’taty torgiv (bidding results).

The databank contains information on public procurement from January 2003 to

the end of March 2006.

• VDZ web-site.

• VDZ editorial board expert workstation.
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• Workstation for preparation and publications of the electronic version of VDZ

on the web-site or for print.

• Web-site administrator workstation.

The databank is intended to store information on public and private procure-

ments in Ukraine and proprietary information of the VDZ editorial board that

provides publication of the journal and reliable storage of large amounts of infor-

mation, ensuring its integrity, consistency, and security through database access

control.

The application software of the VDZ information system is intended to provide

the content of the databank, publication of VDZ issues, and information and

technological support of editorial board activity.

The web-site of the VDZ editorial board is intended for disclosure of informa-

tion on public procurement in accordance with the Law of Ukraine on Public

Procurement of Goods, Works, and Services and admission of documents (call

for bids or bidding results) on the Internet.

3.1.4 Unified State System for Monitoring of Fuel
and Energy Production, Supply, Transportation,
Consumption, and Payment and Monitoring
of Payment for Utility and Housing Maintenance
Services

The Institute of Cybernetics, Institute for Economics and Forecasting, and Institute for

Research and Development of Complex Systems, together with other institutions of

NAS of Ukraine, Ministry of Education and Science of Ukraine, and other organiza-

tions, offer to introduce the unified state system for monitoring of fuel and energy

production, supply, transportation, consumption, and payment and monitoring of

payment for utility and housing maintenance services (YDSM) in Ukraine [19].

The YDSM is intended to provide effective implementation of reforms in the

energy and utility sectors and formation of all types of energy balances in physical

and monetary terms for strategic planning and forecasting of Ukrainian economy.

The main functions of the YDSM are:

• Collection and accounting of production, supply, and consumption of energy of

all types in physical terms

• Collection, recording, and analysis of financial and economic information

related to the production, supply, and consumption of all types of energy

• Formation of energy balances for all types of energy and complete energy

balance of Ukraine, including the regional and local levels and various (regional,

sectoral, time) samples

• Formation of financial balance for all types of energy and complete financial

balance of energy of Ukraine for various (regional, sectoral, and time) samples
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• Provision of the balancing process with additional information resources for

strategic planning and forecasting in other sectors

• Provision of information to state authorities as well as to all participants of

production, supply, and consumption of energy

The YDSM will make it possible to create and maintain a transparent market of

energy and utility services; to form economically justified tariffs and tariff policy

on the national and regional levels; to promote the changeover to unified tariffs for

all categories of consumers in all regions of Ukraine; to provide dynamic adjust-

ment of tariffs, thus allowing the industries to produce competitive products (e.g., in

energy-intensive industries); and to create conditions for attracting investment

to the energy and utility sectors of Ukraine and economy in general.

The YDSM provide a real effective mechanism for forming the overall energy

balance of Ukraine and taking it into account in forecasting future energy balances

and improve the economic, social, energy, and environmental security of the

country.

The YDSM will help creating transparent market mechanisms to reduce the

GDP energy intensity, to increase the revenues to the budgets of all levels, to create

market mechanisms for energy conservation, to reduce social tension, and to

create favorable conditions for the effective implementation of the e-Ukraine

program. Scientific and technological developments make it possible to responsibly

claim that the system can be implemented during 3 years.

If terminological differences are disregarded, the goals and main provisions of

the e-government and YDSM projects allow considering these projects as the

development of the fundamental provisions of the NAEMS in the current socio-

economic conditions.

3.1.5 Automation of Border and Migration
Control in Ukraine

Illegal migration, arms and drugs smuggling, and transportation and sale of stolen

vehicles—for the international community—all of this is unfortunately associated

with Ukraine. Of course, only after the elimination of these adverse phenomena,

Ukraine may count on the appropriate national security and joining the European

Union. One of the priorities in resolving this problem is to create and implement an

integrated information and telecommunications system for the State Border Service

of Ukraine (Gart system).

In 1998, the joint order of the National Academy of Sciences of Ukraine and the

State Border Service of Ukraine assigned the Institute of Software Systems the

chief developer of the Gart system.

Recently, about two dozens of interactive information and communication

systems based on the Gart system and having a common conceptual framework

have been created under the guidance of P. I. Andon and implemented to support

the activities of the State Border Service of Ukraine.
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Components of the Gart system are used at all structural levels (frontier stations,

border entry points, departments, regional offices, administration) of the State

Border Service of Ukraine.

Special attention is given to the systems installed at the border entry points and

frontier stations which are responsible for how many terrorists, illegal migrant,

smuggled goods, and stolen cars cross the border. Moreover, efficient and comfort

border management determines the first and last impression about Ukraine of about

six million persons who monthly cross the border of Ukraine, this number con-

stantly increasing.

Today, almost all checkpoints are equipped with stationary and mobile compo-

nents of the Gart-1/P border control automation system. While managing one

person, these systems are capable of processing about 400 thousand records of

operational investigation information in the integrated storage. It should be noted

that the Gart-1/P system detects 78 % frontier violators at checkpoints every year.

In the context of the policy of integration with the EU, the Gart-1/P systems are

being upgraded to harmonize the border control technologies in Ukraine with the

European standards, including biometric control (e-passports).

Besides border entry points, the functioning of frontier stations and departments

has been automated during the last 2 years. More than 100 border service automa-

tion systems with stationary and mobile components have already been developed

and installed.

Using mobile components of this system together with radio and satellite means

of communication, it is possible to get almost instantly primary operational inves-

tigation information on detained persons and vehicles from the central data storage

at the Administration of the State Border Service in Kyiv.

The concept of functional development of the Gart system installed at the border

involves the minimization of the human factor by, for instance, using modern border

monitoring means such as thermal imagers, radar, video systems, and other sensors.

Moreover, this concept assumes creating a single information environment for

displaying the situation on the border and the activity of units of the State Border

Service of Ukraine on e-maps.

Such a geoinformation system enables:

1. Generating border surveillance schemes and displaying the location of the forces

involved (GPS)

2. Displaying water surface conditions (radar data)

3. Reporting the results of operational and service activities (primary and analytical

information from databases)

4. Planning border control operations (special tools for situation display)

The use of a satellite telecommunication system provides virtually synchronous

display on the e-maps in subdivisions and the Center for Border Service Operations.

The central component of the Gart system contains modern powerful database

servers and advanced software that enable analytical study of accounting and

operational information and identification of potential border violators and illegal

migrants who violated the Ukrainian residence regulations.
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The next step in the development of the analytical component of the Gart system

is to develop and implement a risk analysis subsystem based on the Gart’s central

data storage. Such a subsystem would comply with the concept of the Common

Integrated Risk Analysis Model of the EU states (CIRAM).

Risk analysis is one of the newest tools of the integrated system for controlling

the border with European countries and preventing manifestations of transnational

illegal activity at the border. This subsystem at the State Border Service would

make it possible to significantly improve the border security management and

create conditions for international cooperation in the field of risk analysis.

Since 2003, the Institute of Software Systems has been developing and

implementing, on the basis of the Gart system information resource, an integrated

interdepartmental information–telecommunication system (Arkan system) for con-

trolling persons, vehicles, and goods that cross the Ukrainian border. This system

provides timely, accurate, and complete information support of the activity of

central executive bodies of Ukraine (Security Service, External Intelligence Ser-

vice, Ministries of Internal and Foreign Affairs, Customs Service and State Tax

Administration) regarding the implementation of the state policy in the field of

migration control at the border of Ukraine.

Nowadays, the Arkan system includes a software and hardware environment that

allows sharing special operational and reference information among the State

Border Guard Service and Security Service and Ministries of Internal and Foreign

Affairs, including within the Stop Contraband State Program.

Due to its potential capabilities, the Arkan system could be the basis for a unified

information and telecommunication system for law enforcement agencies.

3.1.6 Computer Technology for Simulation and Regional
Weather Forecasting

Safe environment is currently the world’s most important problem. Countries of

the world aspire to resolve it as fully as possible both on the national level and

through international cooperation. For Ukraine, with large population and territory,

environmental problems are associated with the risk of dangerous natural phenom-

ena caused by a variety of geographical, geological, hydrological, climatic, and

other natural factors. The high probability of technogenic accidents in Ukraine is

due to the advanced chemical and metallurgical industries; high concentration of

large industrial facilities in certain regions; well-developed networks of various

transportations routes as well as oil, gas, and product pipelines; great number of

energy (including nuclear) facilities; extended military infrastructure; and large

reserves of ammunition and weapons.

All these factors combine to pose a threat to people and to the environment and

economy. International experts estimate the damage caused by emergencies at

15 times higher than the cost of forecasting and emergency preparedness. There-

fore, developing a system for the analysis and forecasting of technogenic and

58 3 Information Technologies as Tools for Studying Complex Processes



natural emergencies, which would make it possible to accurately and efficiently

monitor the environment, is an important applied problem that requires using

mathematical models and numerical methods for weather forecasting, meteorolog-

ical phenomena, and propagation of industrial emissions from permanent and

transitory sources. The most adequate approach to the development of such systems

is the regionalization of forecasting to include capabilities for local weather fore-

casting and apply high-accuracy methods and high-speed computation on parallel

computer systems.

The Ukrainian Hydrometeorological Institute, Ministry of Emergency Response

of Ukraine, and Institute of Software Systems have developed an original

hydrothermodynamic atmospheric circulation model, high-performance computa-

tional algorithms, and software for multiprocessor computers, which provide ade-

quate accuracy, completeness, and timeliness of weather forecasts for the country

as a whole and for separate regions [131]. The model employs mathematical

descriptions of complex physical processes in the atmosphere and methods to

simulate and implement them using modern parallel programming means on

high-performance computers, which are better in accuracy and time of prediction

and efficiency of implementation than foreign analogs. This allows higher quality

of resolving the national problem of regional forecasting of the environmental

conditions and meeting the needs of companies, regions, and whole industries in

timely and qualitative forecasts of atmospheric phenomena and environmental

pollution. The model was industrially tested and installed at the Hydrometeorolog-

ical Center of Ukraine in October 2004.

The research of Ukrainian scientists in this field was internationally recognized

and was supported by grants in international research projects of the NATO

research program and cooperation projects between the Academies of Sciences of

Hungary and Ukraine.

The project has a great innovational potential and will allow controlling complex

engineering and socioeconomic systems in the structure of the distributed environ-

ment monitoring using modern computer technologies and artificial intelligence

elements in the form of information analysis systems for emergency warning and

informing of governments and population, decision-support systems under uncer-

tainty, expert systems, etc.

3.2 Some Approaches to the Development of Information

Security in Computer Technology

Until the 1970s, experts in management, economics, finance, and banking under-

stood almost nothing in cryptography. In the second half of the 1970s, the situation

changed. First, with the development of communication networks and widespread

use of computers, the need for cryptographic protection of information was realized

by more and more experts. Second, the invention of public key cryptography by
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Americans W. Diffie and M. Hellman created favorable conditions to meet business

needs in secrecy by removing a major drawback of the classical cryptography such

as difficult key distribution.

In Ukraine, a demand for methods and means of information security appeared

in the second half of the 1980s. Nowadays, cryptography is successfully used in

almost all information systems: from e-mail to cell communication and from

databases to Internet. It is quite impossible to provide a due level of privacy in

the modern computerized world without cryptography. Cryptography also helps to

prevent fraud in e-commerce, to support the legality of business contracts, to protect

interests of the state, and to secure military and diplomatic communication.

The use of cryptographic and steganographic means of information security

based on knowledge-intensive fundamental research is of current importance.

This first involves the design of secure databases, information encryption and

decryption, digital signatures, cryptographic protocols, network security, etc.

A team of experts in theoretical and applied cryptography has been working

under the guidance of I. N. Kovalenko, a member of the Ukrainian National

Academy of Sciences, at the Institute of Cybernetics for more than 35 years. The

fundamental and applied developments of this team are recognized not only in

Ukraine but also in Russia, Belarus, and other countries. In particular, the applica-

tion of the apparatus of probability theory and algebraic theory of modules gave rise

to efficient methods of the analysis of systems of random equations over arbitrary

finite fields and rings. A description of some classes of equiprobable Boolean

functions based on methods of the theory of groups and combinatorial analysis

allowed solving a topical problem arising in the analysis of symmetric systems of

information security [84].

An important field of research is high-dimensional combinatorial problems that

arise in the field of information security. To solve such problems, N. Yu.

Kuznetsov, corresponding member of the NAS of Ukraine, proposed a new

approach based on accelerated simulation methods. Implementing the appropriate

algorithms on the SCIT-3 supercomputer made it possible to solve combinatorial

problems of record dimensions. This applies to calculating matrix permanents,

finding the number of solutions of the knapsack problem, and finding the number

of the so-called good permutations and the number of Latin squares and rectangles,

which belong to the class of NP-complete problems.

The national standard of Ukraine DSTU 4145–2002 “Information technology.

Cryptographic Information Protection. Digital signature based on elliptic curves.

Generation and verification” has been developed and adopted. It specifies a mech-

anism of computing digital signature based on the properties of groups of points of

elliptic curves defined over finite fields and on the rules of the application of this

mechanism to messages transmitted through communication channels and/or

processed by general-purpose computerized systems. The format of digital enve-

lope with appropriate coding/decoding protocols has been developed.

The research on increasing the efficiency of two-key cryptography systems

[73] and constructing information hiding steganographic algorithms [74], headed
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by V. K. Zadiraka, corresponding member of the NAS of Ukraine, has been carried

out at the Institute of Cybernetics since 1990.

Much attention is paid to the application of theoretical results in the general

theory of optimal algorithms to increase the efficiency of two-key cryptography

systems and construct stable steganographic algorithms for the solution of com-

puter steganography problems. As to increasing the efficiency of two-key cryptog-

raphy systems, noteworthy are the speed optimization results for the algorithm of

multiplication of multi-digit numbers (to write one number, no less than 1,024 bits

are required). The importance of the problem follows from the widespread use of

this operation to encrypt and decrypt information, put a digital signature, and

implement cryptographic protocols. The Karatsuba–Ofman and Schonhage–

Strassen algorithms were optimized with respect to the number of arithmetic

operations, which improved the corresponding estimates of complexity by 25 %.

This advantage was confirmed by quality test of the developed software. Moreover,

the “Aryfmetyka” firmware was developed together with the Ministry of Defense

of Ukraine. This firmware implemented not only time-efficient multiplication

algorithms but also addition, subtraction, remainder calculation, and modular

exponentiation.

As for computer steganography, this is a method supporting the information

security, which, unlike cryptography, obscures the fact of the existence of hidden

messages. Steganographic methods are actively used to protect information from

unauthorized access, to counteract systems of monitoring and control of network

resources, to mask software from unregistered users, for authentication, and to

protect copyrights for some kinds of intellectual property.

The aim of a steganographic system is to embed an output message into a

container in such a way that an outsider can notice nothing but its basic content.

By steganostability, it meant the ability of a system to hide from a qualified

trespasser the fact of message transmission; the ability to counteract the attempts of

a trespasser to destroy, distort, extract, or substitute messages transmitted secretly;

and the ability to confirm or deny information.

It is digital methods that are actively developed due to the popularity of

multimedia technologies. Data of multimedia files do not usually need absolute

accuracy: they may be a little distorted while being saved or transmitted. The

possibility of making slight changes without a loss of functionality of the file can

be used for hidden transmission of messages. Human sensory organs are not able to

distinguish such changes properly, and special software for detecting and analyzing

possible slight changes either does not allow revealing them or cannot be created at

the up-to-date level of the development of steganographic analysis.

To counteract passive and active attacks, stable steganographic algorithms were

developed. In case of passive attacks, the ideas of algorithms based on roundoff

error estimates and discrete convolution theorem appeared successful. These are the

so-called spectral steganographic algorithms. In case of active attacks, stable

steganographic algorithms are developed based on the knowledge about invariance

regions concerning either passive or active attacks.
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Embedding digital watermarks (DWM) is a copyright protection tool. Available

steganographic systems with DWM are usually aimed at multimedia data: digital

graphic images and digital audio and video. At the same time, DWM methods can

be used successfully to protect information on paper or plastic carriers. This will

considerably expand the range of potential users of these methods. DWM can be

applied to any paper documents to confirm their originality, to identify the owner,

and to control unauthorized copying and use of the copyright.

As the society develops, different countries gradually pass from traditional

forms of storage of important data (strictly accountable paper documents) and

securities (notes, bills) to their electronic analogs or to hybrid documents such as

a paper or plastic passport with a microchip inside that contains biometric data or

other digital data.

The following tendencies are observed:

• Gradual conversion from paper and hybrid strictly accountable documents to

their electronic analogs

• Unified format of electronic documents that contain important information

(digital safes, digital passports, digital securities, electronic money, coins), the

format not depending on the material information carriers

• Integration of these data within “electronic state” programs (electronic govern-

ment, electronic circulation of documents, electronic elections, etc.), which

provide the following: paperless operation of state services; establishing annual

performance indicators for all the state services and their regular monitoring by

the parliament and citizens; introducing plastic cards to identify state officials, to

pay salaries and business trip expenses; to shift the majority of standard trans-

actions between the state and its citizens to the network, etc.

• Unified information protection mechanisms (at the level of both cryptographic

algorithms and implementation methods) for calculating systems of different

classes, from servers to intelligent cards and pocket computers

To keep pace with modern technologies, Ukraine has to develop and implement

intellectual (chip) plastic cards (smart cards), tokens, pocket computers, and

smartphones. The efficiency of such types of information carriers for digital

passports, driver licenses, and electronic money is recognized all over the world.

It is important to take into account the experience of other countries, not to repeat

their mistakes and not to introduce obsolete technologies (such as plastic cards with

magnetic stripe).

For the further development of the society, including economy, it is necessary to

reform the paper-based money circulation system with the use of modern informa-

tion (electronic) technologies, bulk electronic payments using smart cards, and

cryptographic information protection systems.

An electronic money circulation system can efficiently operate on the following

basis: electronic money (electronic means of payment); various electronic credit

cards, including smart cards; and electronic bills as the means of payment for any

goods and services as the means of crediting. All these tendencies determine a new

concept of special digital information carrier [72].
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Methods and computer technologies to protect information on special digital

carriers (smart cards, digital passports, electronic money and securities) have been

developed based on the newest mathematical methods of two-key cryptography.

The proposed technology outperforms the existing ones:

1. The proposed formal model can be used to create security systems whose

stability can be formally proved.

2. A principally new level of information security is achieved since electronic

documents to be protected exist only at the moment of their processing and are

automatically protected during their storage by means of the “dividing–joining”

method.

3. Such an electronic document is organically compatible with the distributed

information processing technology.

4. The security means do not change even if the forms of electronic documents are

changed.

5. The technologies of multilevel information security and gradual creating

(augmenting) of security systems can be implemented in a simple way.

Scientists from the Taras Shevchenko National University of Kyiv, National

Technical University of Ukraine “Kyiv Polytechnic Institute” (KPI), Kharkiv

National University of Radio Electronics, National University “Lviv Polytechnic,”

and others along with scientists from academic institutions successfully work in the

field of theoretical and applied cryptography.

3.3 Development of Information Security and Hardware

Personalization Tools

Development of intelligent information technologies and supporting software gen-

erates new problems in data analysis, coding, and protection. Successful imple-

mentation of these technologies (including related software and hardware) in

general depends on the successful solution of such problems.

One of these problems is the development and implementation of hardware and

software for controlling access to resources, including information ones, hardware

personalization, and information security. This problem is important since the

requirements for information security of institutions have undergone significant

changes in recent decades. Earlier, before data processing equipment had become

widely used, information security was provided by physical (such as storage of

important documents in electronic digital safes) and administrative measures (such

as job applicant screening).

The wide use of computers made it necessary to develop automated means to

protect files and other stored information. This is especially important for multi-

access systems, such as systems with time-sharing access. This problem becomes

of special importance for systems accessible through an open data network. There-

fore, an important problem of modern information security is to control commercial
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and private information stored on external drives of computers or permanent

storage devices of smartphones and telecommunication systems (STS). Information

of significant interest to competitors is business documents, spreadsheets with

nomenclatures of new products, market analysis, program source codes, planned

budgets and forecasts, marketing programs and plans, management and accounting

reports, etc.

Another important change that has affected security organization is the emer-

gence of distributed systems and the use of networks and communication means for

data transfer between the user of a terminal and a computer or among several

computers. To protect data during transmission and ensure the integrity of trans-

mitted data, it is necessary to use network security measures. In countries with high

level of computerization, struggle against computer crimes has long since been a

high priority. According to ASI, each case of stealing individual financial informa-

tion costs an average of 365 thousand dollars for each company [127].

Figure 3.1 shows the annual average (2006–2011) statistics for financial losses

due to certain attacks worldwide. In particular, the losses due to unauthorized

access and stolen information exceed 62 million dollars.

This statistic demonstrates the relevance of and need for fundamentally new

cheap, affordable, and (which is most important) reliable and efficient information

security systems, including identification and authentication of users and personal-

ization of computer systems.

According to the research of Ponemon Institute (USA, www.vontu.com)

conducted among various IT professionals, 60 % of respondents believe that their

smartphones or laptop computers contain unprotected sensitive information; for

notebooks this amount was 59 %, for USB flash drives 53 %, for desktops 36 %, and

for public access file servers and cloud storage 35 %.

Among the most important fields of information security, respondents pointed to

the protection of data transmitted in computer networks and stored, to file or

document access privilege management, etc. Approximately 81 % of respondents

acknowledged the protection of confidential information as a priority of the current

year, and 89 % rated it as the most important in the next year. Creating removable

media information protection systems is an important scientific and practical field,
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Unauthorized access

Theft of private
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Fig. 3.1 Annual statistics of financial losses due to attacks
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which has clear development prospects and a market ready to buy hardware and

software designed to solve this problem.

Traditionally, cryptographic protection methods, password protection systems,

user identification, and authentication systems including biometric (voice, finger-

print, retina, etc.) and hardware (smart cards, boot disks, flash cards, etc.) are used

for personalization, access control, and data protection [8].

Back in 2004–2005, Wang Xiaoyun, Professor of Mathematics, demonstrated

the vulnerability of two common cryptographic standards, MD5 and SHA1, used

in systems of data protection and e-commerce throughout the world. This gave

rise to doubt about the further use of these standards for providing information

security [8].

Password protection methods are common in modern information systems.

However, systems that use only passwords, especially if they are transferred and

stored in unencrypted form, are very vulnerable against monitoring or interception,

which may become a serious problem.

Use of biometric identification/authentication tools is not always possible due to

their highmarket price and vulnerability.Magnetic, barcode, and smart proximity cards

can only identify the owner. If someone steals, clones, or imitates these cards, the result

will be sad for the owner. Similar disadvantages are inherent in touch memory tablets,

USB token, anddifferentmechanical keys that donotauthenticate but rather identify the

owner, which is not enough for serious protection from unauthorized access.

According to a research conducted at the Institute of Cybernetics [9, 8, 127], no

other traditional methods provide necessary level of owner’s identification and

authentication. But the domestic technology of personalization protection based

on identifier key and authenticator UA-Key [7] can provide necessary security

level. It has the form and size of an ordinary key, but unlike the latter, UA-Key

can be recoded multiple times and allows operating (unlike other authentication

systems) in different number systems. This significantly increases the number of

possible key combinations. The main advantages of the UA-Key are that it is a

simple mechanical device designed for manual entry of encoded information by the

user. No special materials and equipment are needed to manufacture such a device.

Therefore, UA-Key is low cost and highly reliable as compared with other security

systems, which expands the range of its application in different number systems,

improves the reliability of protection systems, and makes them competitive.

Another important line of research is aimed at solving problems of access

control for objects with multilevel and multiuser access. Under social instability

and high probability of criminal and terrorist assaults in housing and utilities, the

possibility of reducing the probability of unauthorized access to the common areas

of offices and residential complexes is of great importance. To solve these prob-

lems, scientists of the V. M. Glushkov Institute of Cybernetics of the NAS of

Ukraine developed a timed electromechanical access control system based on the

national authentication key UA-Key.

Today there are several types of other developments that allow using physical

authenticator with variable data for access management and control (e-Token, etс.).
However, they all have two significant drawbacks. First, none of them makes
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it possible to change authentication data manually, without using special

programming devices. Second, these programming devices are expensive, which

raises the price of the access control complex.

Experts of the institute developed the concept of an access control system [7]

that allows implementing more reliable and cost-effective solution than the use of

standard lock systems, due to the following facts:

• Key loss is not dangerous because the authenticator is not a key but a code

combination that user creates manually.

• A UA-Key can be left even near the timed electromechanical access control

system, with the code combination changed to a wrong one.

• One UA-Key with different code combinations can be used for any number of

timed electromechanical access control systems with built-in authenticator reader.

• To set up a code of the authenticator key, it takes almost as much time as to open

a usual code lock. An advantage is that the code on the UA-Key can be set in

advance and then kept with minor changes (e.g., with several last segments

changed or key segments turned in the middle).

• The authenticator can be reprogrammed manually, without using special expen-

sive devices.

• Authenticator’s reader costs less than locks with magnetic card reader, biometric

locks, and those based on any other electronic keys.

It is expedient to follow three main lines in the development of hardware and

software to control data transfer to external devices and then protect these data from

unauthorized access in an external storage device:

1. Creating software for managing access rights to connect and copy information to

mobile computing and telecommunication devices (MCTD) or external storage

devices (ESD) governed by the information security policy of the operating

system (OS) or on program level (software by Microsoft, Novell, Cisco,

DeviceLock, InfoWatch, and many others).

2. Encoding the information stored on MCTD and ESD by traditional crypto-

graphic methods or steganographic methods of information hiding (Steganos,

BitLock, etc.).

3. MCTD and ESD personalization (UA-Key personalization, A-Data, Transcend,

FileControl, Secure Disk, etc.). In this case, MCTD or ESD based on the input

data (which often contains user authentication data) decides whether the access

to information resources is sanctioned.

That is why scientists of the institute carry out personalization of the information

stored on flash memory modules connected via USB port to personal computers.

Various USB flash drives include two main classes of devices that use information

protection technologies:

1. Hardware systems with built-in fingerprint scanner (A-Data, Transcend, etc.)

2. Software systems where protected information can be accessed after entering a

password (PIN) on a keyboard (Transcend, Kingston, Talent, SanDisk Cruzer

Titanium Plus, etc.)
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The hardware–software complex (HSC) “Personalization” consists of three

levels (Table 3.2). The lowest level is a microcontroller machine code, which

allows access to confidential data on personalized flash memory (PF) before the

interaction with the computer operating system (OS).

Let us consider in detail all the software architecture levels of the HSC “Per-

sonalization,” starting from the lowest one.

Figure 3.2 shows the block diagram of a personalized flash memory. PF is

connected to a computer via USB connector. A microcontroller program is used

Table 3.2 HSC “Personalization” software architecture

No. Level name List of software

1 HSC personalization

and protection

services

Steganography, OpenOffice with document

encryption functions, crypto e-mail

2 Windows system

software

UA-Key personalization

3 Microcontroller

utilities on PF

(firmware)

USB protocol reading support, UA-Key processing,

cryptographic generator of pseudorandom sequences,

diode thermal noise processing, flash immobilizer,

microcontroller status monitor, PF data reading/writing

control

Fig. 3.2 Block diagram of personalized flash memory
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to support USB protocol. The main function of the PF microcontroller is to control

the access to sensitive data inside the flash memory, which is based on the control of

the states of entered BIK key and is implemented by UA-Key read programs, flash

immobilizer, and microcontroller state monitoring (Table 3.2). BIK code input is

also controlled by a microcontroller which transforms sequential shading/lighting

of upper and lower LED optocouplers of the UA-Key reader while advancing along

UA-Key elements with holes into a binary vector. If a correct combination of

characters is input into the microcontroller with the use of programs of BIK key

reading and control of PF data reading/writing, the user is allowed to access the

sensitive data in the flash memory.

Another important task of the microcontroller is to develop and preserve sto-

chastic sequences (program of pseudorandom number generator) for cryptographic

problems and protocols of secured data exchange between the PF and computer.

Input data for the cryptographic random number generator are provided by a

semiconductor diode (source of thermal noise) connected to the analog-to-digital

converter of the microcontroller and by the program recording states of subsystems

ATiny. The relevant service tools for cryptography tasks are cryptographic gener-

ator of pseudorandom sequences, diode thermal noise processing program, and

microcontroller state monitor. Completed stochastic sequences adequate to modern

cryptographic standards are stored in flash memory.

The level of Windows system software contains program of shared-time com-

puting. PF user is authenticated based on UA-Key personalization technologies

using an access to the service level through service utilities, software applications

of OS, drivers, hardware manufacturers, etc. (Fig. 3.3).

The highest level of the HSC “Personalization” is programs that perform cryp-

tographic and steganographic data protection, secure data transfer by e-mail, and

integration with an OpenOffice program. The latter can save documents in

Fig. 3.3 Block diagram of the UA-Key personalization program and PF firmware
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encrypted form using UA-Key identifier and digital signatures compatible with the

infrastructure (if necessary).

Such an approach can be used to implement a new hardware–software complex

of UA-Key personalization of information based on USB flash drive with

immobilizing protection and national UA-Key identifier. Moreover, a two-factor

authentication system can be implemented for UA-Key information personalization

complex running at the levels of microcontroller utilities and Windows

applications.

All the above mentioned scientific and practical developments of timer devices

are based both on longstanding research of experts of the institute and on the

practical experience in serial development of these devices at Ukrainian enterprises.

Products created using timer devices were shown at many thematic exhibitions at

the National Exhibition Centre in Kyiv and at regional expositions. They were also

shown at international exhibitions and fairs such as the Leipzig Trade Fair and

CeBIT Exhibition in Hannover and the Chamber of Commerce and Industry of

Ukraine in Cyprus.

3.4 The Dynamic Theory of Information

and Its Implementation

In his paper “Cybernetics as a Science” (1964), Glushkov gave a concise definition

to the term “information”: “In its generic meaning, information can be described as

a measure of heterogeneity of substance and energy distribution in space and time

and also as a measure of changes in processes taking place around the world.” It is

still relevant and undergoes further development. At the same time one can observe

two kinds of heterogeneity: static (describing the present state of material or energy

system) and dynamic (its variation in time). From dozens of static information

variants, the most famous one is Shannon’s static measure of information, devel-

oped for communication systems. Methods of the static coding theory are based on

the encoding of the signal discrepancies relative to the probability of their origin,

which allows shortening the average length of a code combination of the signal

sample and thus shortening the transmission. This way signal discrepancies lose

their value and cannot be computer processed in order to detect some sort of

information features of a signal. In order to restore the signal, it is necessary to

decode received codes, which usually performed in non-real time. Thus, such an

approach cannot be used in real-time systems. While a lot of articles and mono-

graphs have been devoted to static information, dynamic information remains

relatively unexplored.

The definition of dynamic information has been found seminal while studying

the information features of real-world systems. This will find its application in a

new and promising area of informatics, which later was titled “physical informat-

ics.” These studies were initiated by the development of the digital–analog complex
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based on the general use control computer “Dnepr-1,” the analog computer

“EMC-10,” and the research conducted using this complex. Even a minimal

interference of computer in the process of analog simulation led to essential

inaccuracy in results due to digitizing and processing delays. That became the

reason for transition from computational model of signal presentation to trailing

(dynamic) model. Later, revisions were made to the classical foundations of process

digitization according to Kotelnikov and optimal quantization and efficient

encoding according to Shannon and Hougphmann, which were designed for com-

munication systems. They indeed reduced signal discrepancies and number of digits

due to utilization of economical quantization and shortened the average length of

code combination due to the efficient coding. But, at the same time, they demanded

a maximum accuracy in the signal measurement and utilization of complex

Kotelnikov’s filters, because processing of signal discrepancies required decoding.

Since signal processing and decoding are usually performed in non-real time, they

are disregarded by criteria of efficiency. The necessity of information processing

and restoration of signal continuity in real time with minimum delays led to

approaches contrary to those considered classical: the discretization of signal

with a minimal step (improves the latency and digital presentation of continuous

signal), not an accurate measurement of a high depth signal but approximate

measurement of signal variations with an accuracy of high-order digit in code

(since definition of the next digit in code leads to the increased error due to latency,

instead of improvement of accuracy due to this digit), and a direct (without

decoding) usage of single-digit increments of signal, which gives the opportunity

to exclude a complex multiplication operation from processing, replacing it with a

simple shift operation.

The monograph [12] was one of the first to consider analog–digital conversion

and real-time information processing. It was shown that the concept and measure of

information changed contingently on concrete conditions, requirements, and con-

straints, imposed by models of the processes being studied. When random samples

describing the physical parameters of a system are being processed, their uncer-

tainty should be considered as the uncertainty of the physical parameter value, since

the duration and complexity of data processing directly depend upon the precision

of data presentation. In order to restore the shape of a continuous signal in a closed

control loop, which describes behavior of a physical system, uncertainty must be

considered as the uncertainty of parameter variations, since main errors under these

conditions are caused by digital presentation of continuous signal and latency that

are defined by the discretization step, which in turn depends on the duration of

transformation and processing of the information. In order to shorten the length of

the discretization step, it is necessary to reduce the volume of information being

processed and to process only the useful information on process variations, i.e.,

dynamically.

Therefore, to replace Shannon’s concept of entropy of the state of a random

variable, the new concept of the entropy of the value of a random variable was

introduced. It is the measure of uncertainty of a value of the random variable and it
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represents the average number of digits, which accounts for one value of a random

variable. This concept characterizes the scatter of bits needed for presentation

of random values and enables to evaluate the expediency to use a variable number

of bits for data array presentation. We obtained expressions for the evaluation of

random value entropy according to value distribution and the given accuracy of

representation.

Expressions were obtained to evaluate the information capacity of a random

function and process. The concept of δ-entropy was introduced, which represents

the average absolute value of derivative of a random process. It characterizes the

indefiniteness of value changes of a random process, i.e., process dynamics. And it

is different from the concept of entropy of random variable value, which is a statical

characteristic. The concept of modified δ-entropy was also introduced, which is

defined by the signal derivative distribution law and allows comparing processes of

different physical nature based on their dynamic and to evaluate their informational

capacity under various laws of signal derivative distribution. Methods of mathe-

matical expectation of the absolute value of the random process derivative were

examined. This is the base for δ-entropy evaluation for various methods of render-

ing or rendering ensemble (in analytical form or as a chart) for different methods of

presentation of generalized characteristics of Gauss processes. Approaches for

experimental measurements of the δ-entropy of rendered random processes were

developed.

The concept of δ-entropy and modified δ-entropy was used to obtain a range of

formulas for the evaluation of the dynamics and informational capacity of the

process, required number of discrepancies for process presentation, length of

discretization step, errors, and information volume, obtained during discretization

with constant or variable step with quantization using constant or variable incre-

ments. Formulas for the evaluation of gains and losses during discretization and

quantization with constant and variable step and increment, respectively, were

obtained as well.

All introduced concepts and examined questions lay the foundation of dynamic

theory of information, which is based on the systematic approach and takes into

consideration the peculiarities of real-time systems, their requirements and restric-

tions and set problems and allows evaluation of signal dynamics, information, and

precision characteristics of methods for continuous digital signals feed and to

choose the most efficient one for the current conditions. The dynamic theory of

information does not contradict the common principles of Shannon’s static theory

of information, but rather supplements it for efficient processing of information.

This allowed the extraction and utilization of useful (or dynamic) information

from random stationary and nonstationary signals, images, spatial fields, iterative

procedures, recursions, etc., considerably reducing redundant information. Efficient

signal digitizing methods, synthesis of algorithms, and dedicated computer systems

such as functional converters, digital regulators, digital filters, correlators, Fast

Fourier transformers, and others were developed on the basis of the dynamic theory

of information. They were used for developing of a framework with increased
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intelligence. This facility, along with signal counting, extracts and uses informa-

tional descriptors [12, 24].

Later, the dynamic theory of information was expanded to solve problems

of linear algebraic equation systems, partial differential equations, integral equa-

tions, etc. [123]. At the same time, the multiplication in the mass operator of

summing of pair terms was replaced with only one shift operation, which was

performed in the cycle of sum calculation. It reduced the hardware expenses and

raised device efficiency.

Glushkov devoted considerable attention to improving the architecture of EOM.

Noteworthy is that the Institute of Cybernetics designed computer “Promin,” a

range of computers “MIR” for engineering calculations (a prototype of a personal

computer), the control computer “Dnepr-1” for general applications, and the pipe-

line multiprocessor complex (a prototype of supercomputer), in which his ideas

about usage of high-level programming languages, recursion, specialization, prob-

lem orientation, etc. were used. Subsequently, these areas were also developed. In

particular, the Neumann architecture of processors limits the productivity and

efficiency of information processing and does not satisfy the requirement of real-

time processing. Therefore, the specificity of processing of various types of infor-

mation (data, commands, addresses) was taken into consideration for real-time

processors, and dedicated data processing devices were used. There could be a

multitude of processors. A number of processors for processing of commands and

data varied depending on problem peculiarities (with single or multiple flows of

commands and data). These approaches were precursors of the contemporary

multicore digital signal processors.

More than 200 certificates of authorship and patents were awarded for the

development of specialized and problem-oriented processors and real-time systems

[24, 123].

The dynamic theory of information, in particular usage of increments of signals

or variables as well as principles of computing process organization and

multichannel information processing (hierarchical distributed control, RISC archi-

tecture, problem orientation, modularity, etc.), was put in the foundation of the

development of a range of unique systems for diagnostics and control of highly

dynamic processes and objects [12, 13]. Problem-oriented subsystem and real-time

subsystem EC-2681 were created, which together with pipeline complex EC-2701

and EC-1766 were manufactured by the Penza (Russia) plant and passed trials.

Later real-time processors were transferred from the EC frame into the CAMAC

frame where in conjunction with the first personal computers PC/XT and AT were

used in three systems of digital control of plasma parameters and positioning in the

thermonuclear devices TOKAMAK Tuman-3 M and T-15 (in NDIEFA, Leningrad

and IAE, Moscow). Those were the first digital control systems in domestic and

world practice. We also took part in the development of the control system of

the International Thermonuclear Experimental Reactor (ITER) (together with

KhFTI, Kharkiv).

The dynamic theory of information was further developed in the design of

smart cameras and visual systems. It allowed design of the dynamic model of
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processes of searching objects according to search criteria and tracking them, thus

reducing the redundant information. These models were put in the foundation for

the development of the first Ukrainian smart video camera with programmable

parameters of information reading and preprocessing as well as video processing

accessories. They were used for control of the dynamic parameters of physical,

chemical, and biological objects; for control of quality, shape, and dimensions; and

for product identification, for recognizing of bar codes, capillaroscopy,

Dopplerography, etc. [14] (Fig. 3.4).

The new information fundamentals and technologies were put in the foundation

of the next-generation smart camera, which possesses mechanisms of attention,

searching, tracking as well as recognition of simple shapes similar to human visual

analyzer. The examination of human visual analyzer allowed discerning about

300 of its functions, structural and physical peculiarities of its constitution, mech-

anisms, and processes, taking place in our visual system and astonishing the

researcher [15].

Despite large volumes of information, the human visual system successfully

copes with them, thanks to the tremendous selectivity, which is based on the wide

field of a peripheral vision with poor resolution. The peripheral vision realizes the

functions of stimulation and aiming of the sight (attention mechanism) as well as

concentration of resolution ability in the area of the foveola, which serves as a probe

for exploration of the surroundings. Moreover, the high-level control of eye move-

ments is defined by the current task (searching, gazing, tracking, and recognizing).

The full model of fovea cannot be created soon, but to work out some functions of a

human visual analyzer and to use them as a prototype for solving concrete problems

of machine vision systems are promising subjects.

In particular, the developed method of selective perception of video information,

which by analogy with a human visual analyzer based on the wide field of vision

with poor resolution for quick object search and subsequent reading of image part

for later examination, measurement, and recognition, allowed substantial reduction

of the information volume being processed [176]. Opposite to the well-known

methods of foveal and pyramid perception of video information, suggested

Fig. 3.4 Smart camera IVK-1
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method of selective perception substantially speeds up the search of objects and

increases productivity and efficiency of machine vision systems. At the same time,

we developed the original methods for fast searching according to color, movement,

texture, shape, as well as methods of combining processes of image input and image

processing.

Glushkov and Amosov paid much attention to artificial intelligence systems and

medical cybernetics. Later their ideas were used in a range of intelligent video

systems of medical specialization. In particular, for the created digital optical

capillary scope, which allows examining the state of the patient’s microcircular

branch of blood circulation system noninvasively, we developed a software to

measure static parameters of the capillary (length of arterial and venous parts,

gauge and convolutions of the capillary, etc.) and to evaluate dynamic parameters

such as blood flow velocity on some areas of the capillary and its variations in time

(Fig. 3.5). The MacroMicroPotik hemodynamic laboratory was established to

utilize the method of digital optical capillaroscopy. This method examines the

state of the whole circulatory system of a living organism and allows visualization

of the most remote part of a circulatory system. It precisely reflects the pathology in

arteries and veins as a primary cause of problems in the circulatory system.

It provides screening of possible causes due to cardiac function as well as by

pathology of the main and peripheral arteries of arterial and venous parts.

MacroMicroPotik hemodynamic laboratory’s distinguishing feature is the

combination of two technologies: Doppler detection of the main blood flow with

a digital optical visualization and all-inclusive evaluation of microcirculation state

under unified analytical software system in order to detect the imbalance between

pathology in the trunk arteries and veins and impairments in patient’s microvessels

(Fig. 3.6). Therefore, such a complex, which receives information on macro

and microlevels, is able to provide an efficient implementation of cardiovascular

system diagnostics.

Fig. 3.5 Digital optical capillary scope

74 3 Information Technologies as Tools for Studying Complex Processes



3.5 From Space Investigation to Computer

Instrumentation

The state-of-the-art computer engineering and telecommunication as well as active

development of space systems for Earth exploration enables the embodiment of

Glushkov’s ideas aimed at implementing far-reaching state projects for

informatization and automation of the economy and defense of the country. As

Glushkov foresaw, contemporary cybernetics supports environmental and agricul-

tural monitoring and uses the supercomputer base to create and implement auto-

mated control systems in all areas of the national economy, “from atom to space.”

Great amount of data regularly received from satellites and land tracking stations

leads to active development of geoinformation systems and methods for geospatial

data analysis. This field of intelligent analysis was called “geospatial intellect” and

is now actively developing at the Space Research Institute of the NAS of Ukraine

and National Space Agency of Ukraine [188]. Methods and information technolo-

gies of joint processing of large volume of data of different nature were developed

under the direction of Dr. Sci., Prof. N. Kussul, within the framework of several

international projects based on the use of SCIT supercomputers created at the

Institute of Cybernetics and of the Grid network of the NAS of Ukraine

[101]. The development of information technologies for processing heterogeneous

data made it possible to create applied remote monitoring geoinformation systems

for the Ministry of Agriculture Policy of Ukraine and National Space Agency of

Ukraine and to take part in designing an analytical information system for the

Ministry of Ecology and Natural Resources of Ukraine, etc.

Fig. 3.6 The structure of the MicroMacroPotik hemodynamic laboratory

3.5 From Space Investigation to Computer Instrumentation 75



Among complex applied problems solved by geoinformation systems of the

Space Research Institute, worthy of mention are the following: flood monitoring

and forecasting, drought monitoring, and crop forecasting. For these problems to be

efficiently solved, data from the national satellite SICH-2 and foreign satellites

obtained in different spectral ranges of electromagnetic radiation with different

spatial and time characteristics and data of land measurements and simulation

are used.

The base for solving these problems is supercomputer technique and data of

different nature obtained by direct satellite measurements and indirect modeling

observations [189]. To forecast parameters of agrarian and ecological monitoring in

real time, a cascade of models was used such as the regional model of numerical

weather prediction (NWP), hydrological model, inverse model of estimating the

content of chlorophyll and other substances in plants, and regression models of crop

prediction according to satellite and meteorological data. Moreover, data from

ground meteorological stations, ground measurement devices, and regular satellite

observations were used. For drought monitoring and crop prediction, different

parameters of the Earth’s surface obtained by processing satellite data and simula-

tion are used, such as temperature of the Earth’s surface, humidity, types of the

Earth’s surface, and vegetation index. The information is available via Internet,

geoportal of agromonitoring: http://agro-demo.ikd.kiev.ua.

Today, the above models are configured and adapted for Ukraine with position

resolution of 10 km.Metrological prognoses for Ukraine territory are made four times

a day for a 72-h term using SCIT supercomputers. The use of supercomputer clusters

substantially accelerated the computing and practically linearly increased its effi-

ciency with growth of the quantity of computing nodes. The use of powerful SCIT

computers reduce the time of processing satellite radar images more than ten times

(in particular, radar images of the satellite of the European Space Agency Еnvisat/
АSАR) formapping flooded territories. The developed technology is extended to such

countries as Mozambique, India, Nepal, Laos, Thailand, and Namibia.

The applied problems described above are resource-intensive and require high-

performance computing. Hardware platform for solving these problems is not

limited to single cluster potentialities. They are solved in grid-infrastructure envi-

ronment pooling resources of the Institute of Space Research, Institute of Cyber-

netics, and Center of Earth Observation of the Chinese Academy of Sciences

(СЕODЕ-САS). In addition, the grid environment is integrated with the Ukrainian

academic grid-segment (http://uag.bitp.kiev.ua) (Fig. 3.7).

Using grid-technologies was caused by the necessity of real-time computing

for prompt response to emergency situations and efficient control of a great amount

of data. To integrate recourses created on different platforms such as CT4 and

G.Lite 3, the portal implemented on the GгidSрhеrе platform is used.

Information technologies and geoinformation systems are developed within the

following STCU international projects: “Designing grid-technologies for integrat-

ing data of different nature” and “Designing efficient grid-technologies of ecolog-

ical monitoring based on satellite data,” which have been developed jointly by the

Institute of Space Research and Institute of Cybernetics, and contract with the Joint
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Research Center of Eurocommission “Estimating areas under crops according to

satellite and ground data” and CRDF project “Analysis of climate changes and food

safety based on remote and ground observations.” Satellite radar data is supplied by

the European Space Agency (ESA) within the project Category-1 “Wide Агеа Grid
Testbed for Flood Monitoring using Space borne SAR and Optical Data.”

In 2010, the Institute of Space Research signed the agreement with the UN

Committee on the Peaceful Uses of Outer Space about creating the UN-SPIDER

program supporting regional center at the institute. This center provides services

and satellite products in case of emergency situations in different countries.

One more example of the worldwide recognition of the practical importance of

the scientific results obtained at the institute is incorporation of its database of

heterogeneous data into the World Data System (WDS). The system integrates

information resources of the world’s largest data providers in all areas of scientific

and applied research.

The distributed information infrastructure of remote monitoring designed under

the direction of N. Kussul is used in several large-scale international projects.

Within the Global Agromonitoring System (GLAM), the Ukrainian segment pro-

vides estimates of crop state and prognoses of crop yield, and in the international

system for flood monitoring and predicting developed under the UN with partici-

pation of leading space agencies of the world (NASA, NOAA, DLR, etc.), the

segment is used for mapping of floods and flood risks all over the world [190].
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Fig. 3.7 Hardware platform to solve applied tasks of space research
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Space technologies are widely used for crop observation and crop forecasting on

large agricultural lands; however, smart devices are used for operative control of

planting; optimal application of fertilizers, pesticides, and bioactive admixtures;

and artificial watering control surface.

Nearly two billion people in the world suffer from starvation, and food prices

double every 10 years. Firstly, it depends on continuous growth of population and,

secondly, on allocation of agriculture fields for technical and bioenergetic plants.

So food production has become one of the most profitable areas, and beginning

from the end of the last century, this in turn induced developed countries to transfer

agriculture to industrial technologies. According to such technologies, all processes

in agriculture are controlled and optimized similarly to those in the industry.

However, global quick climate changes prevent introduction of standard indus-

trial technologies into agriculture, because they, as a rule, do not take into account

these changes and require additional correction of technological processes

according to such changes. Therefore, a new technology of agriculture food pro-

duction was developed and called “precision farming.”

Precision farming is based on control of agricultural crops productivity taking

into account changes in parameters of the external environment of both natural and

technical origin. According to this technology, agricultural fields are digitized

and remote crops monitoring is carried out with systematic ground measuring of

plant states to prepare managerial decisions.

The aim of precision farming is to get maximum crop yields with optimum

expenditure of fertilizers, herbicides, and biologically active supplements, including

energy and water recourses. For quick and timely correction of a plant growing

technology, we need to estimate plant state in real time after impact of stress factors.

The main process occurring in plants is photosynthesis, but to observe the

process directly without plant damaging is impossible. Therefore, it is reasonable

to observe accompanying competitor processes for plant state estimating. The most

informative of such processes is chlorophyll fluorescence induction (CFI). The

effect of CFI is based on irradiation of red light by plant leaf chlorophyll if it is

excited with blue light. The form of CFI curve allows us to determine the plant

state, similarly to cardiogram. It does not take more than several minutes.

The CFI effect was discovered by German scientist Kautsky in the 1930s. It was

studied for a long time in laboratory conditions with the aim of fast estimating a

plant state, and over the last 15 years, devices for agricultural application on the

base of this effect have begun to appear.

At the Institute of Cybernetics, smart portable computer devices of “Floratest”

family were developed based on the effect of CFI (the chief developer is Dr. Sci.

V. Romanov) [134]. Pilot devices were developed as a part of the complex scientific

research program of the NAS of Ukraine “Sensor systems for application in

medicine, environment protection, industry, and technology” (head of program is

academician of the NAS of Ukraine G. V. Elska). For serial production, devices of

“Floratest” family were prepared during the fulfillment of STCU project N5219

“Preparing full-scale smart biosensors production and developing methods for plant

state express-diagnostics in precision farming.”
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Since 2011, the devices have been batch-produced. They are manufactured by

VD MAIS firm and successfully applied at Institutes of the National Academy of

Agrarian Sciences, agrarian universities, private agrarian firms, etc. Noteworthy are

the following organizations: National University of Life and Environmental

Sciences of Ukraine, Institute of Horticulture of the National Academy of Agrarian

Sciences of Ukraine, National Scientific Center “V. Ye. Tairov Institute of Viticul-

ture and Wine-Making” of the National Academy of Agrarian Sciences of Ukraine,

National Scientific Center “O. N. Sokolovskii Institute for Soil Sciences and

Agrochemistry” of the National Academy of Agrarian Sciences of Ukraine, and

Institute of Biopower Crops and Sugar Beet of the National Academy of Agrarian

Sciences of Ukraine.

The development and wide application of smart computer devices of “Floratest”

family in agriculture of Ukraine will make it possible to protect plants from

diseases, save crop, increase the productivity of agricultural production, reduce

expenditure per unit of product, and reduce the content of hazardous substances in

plants. This is very important in conditions of precision farming where all techno-

logical processes are automated.

For example, experimental field tests of the device in the state farm “Tairovske”

showed that application of technologies using “Floratest” devices reduced the

irrigation rate up to 30 % (840 cubic meters per hectare), which corresponds to

reducing the expenses up to 4,360 UAH per hectare. Owing to the optimization of

soil dampness regime on the basis of CFI method, the yield of grape seedlings

increased up to 8.2 % (8,900 pieces) in the experimental plots of ground. The cost of

the grape seedlings was about 42,700 UAH. Additional profit from “Floratest”

device application (for diagnostics of grape plant state to estimate terms of

watering) equaled 44,700 UAH per hectare.

In 2011–2012, devices of “Floratest” family were successfully field tested in

many agrarian farms of Germany for estimating influence of biologically active

supplements on the yield of maize, sugar beet, and soya.

There are many competitor devices based on the CFI effect in the world market.

But their prices are several times higher. The parameters of “Floratest” device and

its analogs are shown in Table 3.3.

In addition, methods and software for competitor devices are not available for

customers. So, it is impossible to develop new software and methods for a com-

petitor device directly by a customer. For this purpose, customers need to order

additional software and methods for additional cost, which, as a rule, is higher than

the cost of the device itself. It is impossible to upgrade competitor’s devices to

increase their range of applications. From the other hand, competitor’s devices are

not often equipped with methods and software for application in Ukraine.

The main advantages of “Floratest” family devices as compared with foreign

analogs are the following:

1. Hardware upgrade is provided by changing the remote optical sensor.

2. Devices are designed as open systems. So it is possible to install new software

and methods directly by the customer.
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3. The methods developed for “Floratest” devices have no competitors and are

intended for saving energy and water resources during artificial watering; opti-

mization of doses of fertilizers, pesticides, and biology active supplements;

detecting plant infections in latent period; and for express estimation of stress

factor impact on the agriculture plant states.

4. The prices of “Floratest” family devices are by a factor of 3–5 than those of

foreign analogs.

The main technical solutions and methods for devices of “Floratest” family are

protected by patents and awarded an “Invention–2008” diploma at the Ukrainian

competition of inventions. The Institute concluded two license agreements for

batch production of devices of “Floratest” family. In 2006, two young scientists,

Galelyuka and Sarakhan, were awarded the Prize of the NAS of Ukraine for

the development of methods and tools for express diagnostics of plant state.

In 2010, Galelyuka was awarded the Prize of the President of Ukraine for the

development of the technology of computer-aided design of computer devices for

express diagnostics of plant state. In 2011, the chief developer of devices of

“Floratest” family Romanov was awarded the State prize of Ukraine in science

and technology.

Pilot samples of devices were passed to research centers of the National Academy

of Agrarian Sciences of Ukraine, where original industrial methods were developed.

The application areas of devices of “Floratest” family are as follows:

• Express assessment of plant vital activity after drought, frost, sorts coupling, and

pesticide introducing

• Express detection of optimal doses of chemical fertilizers and biological sup-

plements, which optimizes the amount of fertilizers and additives and reduces

nitrate content in vegetables and fruits

Table 3.3 Parameters of the developed biosensor device and its analogs

Device Company

Wavelength

(nm)

Measurement

time (s)

Reprogramming

and method

change option

Price

(euro)

“Floratest” Glushkov

Institute of

Cybernetics

670 10–180 Yes 300

OS-30p OPTI-Sciences 660 2–255 No 2,495

CL-01 Hansatech

Instruments

620–940 0.5–60 No 1,275

HANDY-PEA Hansatech

Instruments

660 0.1–300 No 1,350

PAM-2 100 Heinz Walz

GmbH 300

665 0.1–300 No 15,000

PPM-100 EARS 637 0.1–300 No 1,395
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• Optimization of the precision agriculture technology to increase the quality of

agricultural products as well as using a device for surface monitoring and

validation of space observations for crops

• Express detection of the level of pollution of water, soil, and air by pesticides,

heavy metals, and industrial discharges and their impact on green plantations of

cities

• Saving power and water resources during man-made watering

• Diagnostics of viral and bacterial loads on agricultural crops

• Using the device in the insurance agriculture to get predicted results of future

yield

• Automation of research in plant physiology at research and educational

institutions

To increase the efficiency of information technology application in precision

farming, distributed biosensor devices with embedded radio channel are developed

and prepared for batch production at the Glushkov Institute of Cybernetics

[198]. The fundamental difference between wireless devices and stand-alone

devices of “Floratest” family is that wireless devices with radio transmitters are

placed in advance on testing plants and data are read at the same time by remote

mobile tools, for example, quadcopters by a command from a remote PC. It makes

possible to get hundreds of measurements from different parts of planted area in a

short time, which is very important under fast changes in climate conditions,

application of fertilizers, pesticides, bioactive supplements, etc. Successful field

testing justified the necessity of using sets of smart devices with wireless channel,

which are combined in distributed data acquisition system. Such systems have

particularly considerable advantages in the case where it is necessary to obtain

information about plant state from large agricultural fields.

Using a mobile pilotless tool (quadcopter) for real-time acquisition of data about

plant state on large agrarian lands is a new technology not only for Ukraine but also

for most European countries. Wide introduction of mobile information technologies

in agriculture of Ukraine will make it possible not only to increase the productivity

and quality of products but also to save fertilizers, water, and energy resources and

timely protect plants from infections and anthropogenic impact.

3.6 Telecommunication Systems as an Integral Part

of Modern Information and Computer Technologies

The concept of information society dominates in the strategy of modern development

of civilized countries. It relies on using information and communication technologies.

They are clearly outlined in the Law of Ukraine “On priority areas of science and

technology development.” In Russia, the analogous top-priority law-making area is

information and telecommunication systems. There is a good reason for this.
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Currently, information technologies together with telecommunication systems

provide technical support for the development of the information society.

Glushkov highlighted the key role of telecommunications in his book “The

Basics of Paperless Informatics” [39]. He wrote: “integration of telecommunication

facilities with computer informatics (implemented in computer and computer

centers with remote terminals) gave rise to the novel concept “telematics”. The

most ardent advocates of telematics predict that conventional books, newspapers,

and magazines will disappear in the near future. Every person will have an

electronic notebook with a flat display and a miniature radio transmitter. By

entering a specific code on the keyboard of such a notebook, one can access any

texts and pictures (including dynamic) stored in huge databases anywhere in the

world. They will replace books, magazines, newspapers, and TV-sets.”

Though the term “telematics” has not become widespread, Glushkov’s prophe-

cies have become true. Smartphones, iPads, tablet computers, and other smart

Internet-based terminal stations provide large-scale information exchange and

undoubtedly the further advance of information society. Moreover, there are over

17 million Internet users in Ukraine.

The ongoing project of new-generation satellite Internet access that is expected

to be five times faster, 15 times more data intensive, and ten times cheaper proves

Glushkov’s words on getting Internet access in any place of our planet. This project

has been just initiated by the Canadian company Microsoft Systems Canada

(MSCI), which is going to launch 84 small-sized satellites, including six reserve

satellites, up to 1,000 km. They should be located in six orbital areas with a

deviation up to 30�. Terrestrial infrastructure will comprise 20 stations connected

to the Internet by high-speed communication channels. After launching the satel-

lites in 2014 and 2015, this information and telecommunication system will provide

the global Internet coverage even in remote areas.

Noteworthy is that the Canadian project of global satellite connection based on

low-orbit spacecraft grouping does not drastically differ from the analogous devel-

opment—Leopack (Low Earth Orbit Packet) elaborated by the S. G. Bunin Institute

of Cybernetics in the late 1980s. Within the framework of this project, scientists

envisaged to launch 28 satellites, which had to provide the continuous connection

under 70� of western and southern latitudes. The information exchange was based

on the high-speed packet switching and had to ensure the transfer of any informa-

tion types. This project was called the best project of the twentieth century at the

48th International Astronautical Congress in Turin (Italy) in October 1997. Unfor-

tunately, some financial troubles hindered the launch of this project.

Long before launching the Leopack project, scientists of Glushkov research

school implemented a series of other novel telecommunication-based projects. In

the late 1950s, the idea of remote information processing was embodied at the

Computer Center of the Academy of Sciences using the Kyiv Computer. It

processed the information transferred through the radio channel from the research

vessel in the Atlantic Ocean. In 1960 using the Kyiv Computer, scientists conducted

experiments on the remote control of technology processes at the converter
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workshop of Dniprodzerzhynsk metallurgical enterprise. The distance from this

enterprise to the computer location exceeded 500 km.

Glushkov further developed the idea of distance data processing and control in

1962. He proposed to launch the project of integrated state network of computers

for processing of economic data. Communication channel was supposed to be an

integral part of this project. The first draft design of the integral state network of

computers comprising about 100 centers in large industrial cities and centers of

economic regions was united by broadband communication channels. These centers

distributed over the country according to the system configuration had to be

integrated with other centers processing economic data. Their number was esti-

mated at 20,000. These were large enterprises, ministries, as well as sectional

centers serving small enterprises. The system was characterized by the distributed

database and zero-address access from any point of this system to any information

after authentication of the user sending out the request. A number of issues on data

privacy were developed. There had been no such projects before. It was a top secret

project until 1977 and, unfortunately, it was not implemented.

The first Ukrainian radio networks with packet switching were developed at the

department of data transmission media in the 1970–1980s within the framework of

“Diskret” and “Dispers” projects. The first professional line of radio networks

“Diskret” was put into operation at the interdepartmental commission in 1981.

The network provided a data transmission rate of 1.5 Mbit/s. It was actually the first

high-speed radio network with packet switching in Europe. Moreover, it was

superior to the first American radio network “ALOHA” constructed in Hawaii in

the early 1970s.

Later systems of “Diskret” type were built in Kharkiv, Kryvyi Rih, Gorkiy (now

Nizhny Novgorod), and other cities. However, problems with circuit allocation for

radio networks of data transmission had to be tackled. In 1982, the system of data

transmission using noise-like and noise signals (“Dispers” network) was elaborated.

“Diskret” and “Dispers” networks allowed equally combining a number of large

computers and their network terminals. So, several computer centers, not just one,

could be used as a computer center of shared use. Furthermore, the system sub-

scribers could communicate with each other sharing necessary data. Finally, the

network comprised both fixed and interchanging terminals.

By analyzing developments and projects initiated or implemented at the Institute

of Cybernetics, we can emphasize that research efforts of scientists of the Glushkov

research school in telecommunications had a pioneering spirit.

1. The idea of domestic prototype of modern computing and communication

networks, the so-called grid systems, originated in the 1960–1970s in develop-

ments of Glushkov and his apprentices. Nowadays, we have next-generation

technologies: supercomputers supersede computers, and superhigh-speed fiber-

optic telecommunication systems of data transmission swap communication

channels.

2. The principles of constructing the networks of data transmission implemented at

the “Diskret” and “Dispers” projects of the Institute of Cybernetics underlie the
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developments of mobile networks with packet switching. First and foremost, it is

virtually all systems of mobile communications. Novel solutions of some spe-

cific tasks of telecommunications are proposed in the monograph [77], where

some principles of constructing radio networks of data transmission with packet

switching are highlighted. They developed by leaps and bounds in terms of

practical application of mobile telecommunication systems, mobile access to the

Internet, department communication channels, and reference databases, for data

transmission on the state of moving object parameters. Scientists proposed a

network structure comprising specific phone circuits, whose subscribers’

switching devices are transmitters. They showed that using double-frequency

duplex retransmitters is optimal.

3. Design operating times of the best project of global satellite connection of the

twentieth century, created at the Institute of Cybernetics, will be developed and

implemented in the twenty-first century and will embody Glushkov’s predictions

in his book Basics of Paperless Informatics.

The shift from analogous systems of data transmission to digital ones was a

revolutionary step in the advance of communication facilities. Digital technologies

and systems can successfully tackle the issues of quality of data transmission,

rational use of communication facilities, and radio-frequency resource, which is

fundamentally limited. Finally, digitalization of telephony and transmission of any

signals in digital form determined brand-new opportunities for transferring, receiv-

ing, and processing of various data, notably of modern information and telecom-

munication systems.

From the technical standpoint, the interaction between telecommunications and

computer engineering was rather interesting and fruitful. On the one hand, further

achievements of telecommunications allow remote use of the resources of com-

puters and supercomputers. On the other hand, achievements of computer technol-

ogies drastically changed telecommunications. First and foremost, researchers

applied an algorithm of signal processing approximating these processing results

to the theoretic ones. This allowed replacing part of purely hardware means of

telecommunications with programmable ones, which have great functional flexi-

bility, and the possibility of improvement of telecommunication facilities by

developing new software rather than replacing hardware.

Modern computational and telecommunication systems are based on similar

components and programming techniques. It can be argued that most telecommu-

nication systems from mobile phones to routing devices in packet networks of data

transmission are in essence their special-purpose computational resources with a set

of peripheral devices. According to the data collected by Derzhkomstat (see

Fig. 3.8), a radical change occurred in the last 10 years in Ukraine from services

provided by fixed location phones to mobile communication facilities, volume gain

in the Internet communications, and introduction of broadband (high-speed) wire-

less communication, which is in line with the world trend in the development of

telecommunication facilities and services. The world economic crisis did not

virtually influence the growth rate of Internet users.
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Nowadays we can claim that such area of science and education as information

and telecommunication technologies and systems has formed. It can be defined as

integration of technology methods and techniques of creating, storing, and

processing of information resources and means of transmitting them to users

irrespective of their location. This research area determines the scope of science

and technology efforts aimed at transmitting the information using the procedures

of forming, transforming, processing, transmitting, and receiving electrical or radio

signals that transmit data for long distances to a great number of users. Telecom-

munication systems transmit data using cutting-edge fiber-optic, satellite, and

wireless broadband technologies.

Using the basics of systems approach allows forming the methodology

principles of utilizing quantitative data for the analysis and synthesis of modern

information and telecommunication systems [78]. Scientifically speaking, the

development of applied theory of information allows, on the one hand, merging

of qualitative and quantitative characteristics of the channel on the physical level

based on the quantitative measure of information and, on the other hand, the idea of

combining the tasks of every level of reference model of open systems interaction

based on the quantitative level of information [79].

It is practically about reaching the optimal ratio between information properties

of message sources, information volume to be transferred through information

channels, and necessary characteristics of telecommunication systems taking into

account real processes of channeling, channel accessing, and network management.

Scientific research and applied developments in telecommunications conducted

at the Research Institute of Telecommunications of the Science and Technology

Institute of the National Technical University of Ukraine “KPI” under the guidance

of M. Yu. Il’chenko for about 20 years allow tackling the issues of providing high-

quality connection and rendering information services of high quality. Among

them, one development is of utmost importance, notably the one marked by the

State Prize of Ukraine in Science and Technology [80]. It solved the issues of

constructing information and telecommunication systems outlined by three decrees

Fig. 3.8 Telecommunication income flow in Ukraine: dashed line—Landline; solid line—

Mobile; dash-and-dot line—Computer, Internet
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of the President of Ukraine and four resolutions of the Cabinet of Ministers of

Ukraine. Scientists put forward and substantiated the concept of building the

national information and telecommunication broadband wireless access as a set

of communication and navigation means and other services (see Fig. 3.9).

This work covers a number of implemented projects and the following chapters:

• Information and telecommunication networks using channels of satellite

communication

• Satellite earth navigation telecommunication systems

• Information and telecommunication systems based on high altitude platform station

• Digital microwave radio relay stations

• Ground systems for microwave broadband access

• Mobile information networks with packet switching

• Specialized computer systems for highly dynamic real-time information and

telecommunication systems

• Key components for implementing microwave telecommunication systems

World-class science and technology results were obtained within the framework

of every single project. First, teleport with the control center of satellite systems in
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Ukraine and reserved exterior channels in the USA, Europe, and Russia, as well as

parity channels of leading Ukrainian providers, was designed, built, and put into

operation. The teleport provided reliable and fast direct access to leading world

information centers and Ukrainian Internet resources. The most significant results

of this work are listed below.

Satellite Earth Navigation Telecommunication Systems. The Ukrainian projects on

building the equipment of receiving GPS, GLONASS, and EGNOS/WAAS signals

laid the foundation for wide application of global navigation satellite systems.

These projects rely on Ukrainian inventions of the system and the device of fully

hardware signals processing in satellite navigation receivers. The principle of basic

engineering solutions and use of developments of ceramic filters and specialized

computing facilities laid the cornerstone for implementing this system. The com-

parative characteristics of Ukrainian receivers with devices developed in other

countries prove that they are not only in line with the world standards but also

have mass-dimensional parameters.

Information and Telecommunication Systems Based on High Altitude Platform
Station. Structural and functional principles of construction of telecommunication

systems based on high altitude platform station (HAPS) were developed. The first

Ukrainian HAPS project called “Sky Honeycomb” pre-echoed the construction of the

area telecommunication network of broadband wireless access based on the modern

IP/ATM technologies. By contrast to American, British, and Japanese developments,

only Ukrainian microwave equipment and transport services are utilized for this

project. Foreign HAPS projects are aimed at augmenting the information support

of urban areas; the Ukrainian HAPS project strives to provide high-speed and cost-

efficient advance of rural areas and their information integration to cities and towns.

This approach should accelerate and help effectively fulfill the tasks of bringing the

national global informational support to the level of developed countries.

Microwave Digital Relay Systems. The principles of building the microwave digital

relay systems used for developing novel radio relay systems as well as for updating

the previously developed ones were represented. A set of microwave digital relay

systems fully covers the range of frequencies from 7 to 38 GHz, transmits the traffic

from 2 to 32 Mbit/s, and can form random radio relay networks using various

backup methods. “Saturn-E” microwave digital relay system ensures reliable oper-

ation of radio circuits at the lower cost than the foreign systems do.

Ground Systems of Microwave Broadband Access. The systems of microwave

broadband access were firstly classified as an integral part of brand-new telecom-

munication systems—systems of broadband wireless access. The digital broadband

microwave telecommunication distribution system allowing to integrate voice,

video, and data was elaborated. It is a one-of-a-kind world-class system even

exceeding some world standards.

Mobile Information Networks with Packet Switching. The architecture, topology,

and protocols of mobile information networks were proposed. Unlike modern

approaches, scientists solely used channel switching and routing for these
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networks construction ensuring high speed of transmitting all types of information

(voice, data, video, telemetry). The frequency resource allocated for this network

functioning allowed reaching such high speed. The proposed mobile network

can have unlimited number of mobile local networks of subscriber terminals.

Every phone circuit employs double-frequency duplex transmitter as a base station.

It provides hostless and multipoint network control from every subscriber terminal

provided that appropriate access rights are granted. Not only ground control units

can be used as transmitters but also transmitters located at HAPS, low-orbit, and

geostationary Earth satellites.

Specialized Computer Systems for Highly Dynamic Real-Time Information and
Telecommunication Systems. Unlike the traditional extraction from continuous signal

the data on signal state at some discrete time periods, scientists proposed and proved

the feasibility of extracting the data on the signal change at time periods or on signal

behavior (dynamics). It allowed introducing effective methods of digital representa-

tion of continuous signals, elaborating algorithms of analog-to-digital conversion

complying with these methods, ways of data processing, and principles of organizing

the computational process in specific and problem-oriented means.

Key Components for Implementing Microwave Telecommunication Systems. In the

frequency range from 1 to 20 GHz, a whole range of devices (diodes, transistors, and

monolithic microcircuits on their basis) and packages (mixer of frequencies upwards

and downwards, intensifiers, detectors, conversion and transforming modules, and

the like) were constructed. They are based on Ukrainian active gallium arsenide

elements, whose properties comply with the best foreign analogous products in the

area of producing microwave equipment, though they are 1.5–3 times cheaper than

foreign ones. Due to efforts of Ukrainian scientists, serial production of microwave

gallium arsenide active elements was reestablished, making it possible to manufac-

ture Ukrainian packages and devices with world-class electrical properties.

Most of the obtained science and technology results have been implemented in

industry. Research and production association “Saturn” Ltd. applied the production

of small-sized microwave digital relay systems allowing to construct over 90 wire-

less lines in cities of Ukraine, Russia, China, Iran, Turkmenistan, and other cities

over the last 10 years. The components of microwave equipment are virtually

produced, notably filters, frequency distributive devices, frequency mixers, trans-

formers, and intensifiers. The industrial production of receivers of global navigation

satellite system is organized at the state enterprise “Orizon-Navigatsiya”; these

receivers are unified and allow receiving signals from satellites of various navigation

systems: GPS, GLONASS, EGNOS, and WААS. Small-sized monolithic ceramic

filters for these receivers are produced by the Pilot Production Science and Tech-

nology Institute of Telecommunication of the National Technical University of

Ukraine “KPI.” Over 30 models created at the state enterprise “Orizon-Navigatsiya”

are used by enterprises of Ukraine, Russia, Republic of Belarus, and other countries

as a part of navigation and telecommunication modules of movable units, aviation,

and navigation equipment of planes and helicopters, namelyАN-140,АN-74,АN-3,
АN-38, rebuilt and modified planes of SU and MIG type.
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Among large-scale applications of information support are several transport

networks of satellite communication for the state customs service of Ukraine,

“Aval” bank, and also systems of satellite communication for regional distribution

of Internet services (see Fig. 3.10).

Worthy of note are the Ukrainian developments of the family of microwave

integrated teleradioinformation systems (MITRIS), evolving for several generation

for the last 20 years.

The Ukrainian MITRIS system of the first generation was developed in the

1990s in the range 11.7–12.5 GHz. Firstly, it was used for analog multichannel

ground aerial communication using frequency modulations.

The introduction of the DVB standard of the digital broadcasting ushered in the

era of the second generation of broadband access, which unlike the previous one,

provided the broadcasting of TV programs in digital form, simplex broadband data

transmission and formation of reverse request users’ channels. The second-

generation systems—MMDS, LMDS, and MVDS і МІТРІС—were rebuilt and

modified to work with digital signals (usually—MPEG stream), as well as a number

of novel systems. Currently when the second-generation systems of broadband

access have gained a great popularity, MITRIS has significantly changed. Its

configuration has been greatly modified since its appearance [184].

Fig. 3.10 Modern satellite teleport
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Today in Ukraine there are over 20 providers of telecommunication services

based on microwave systems of MITRIS type in the range of 11.7–12.5 GHz. Long-

term use of MITRIS systems in the cities of Ukraine and also abroad (Latvia,

Georgia, Malaysia, Azerbaijan, Russia, and other countries) proved high quality,

reliability, and efficiency of multichannel broadcasting and, moreover, showed that

it is eco-friendly and resource saving.

Interactive duplex radio systems of the third generation using modern techno-

logies of modulation, coding, and mechanisms of access to channels promoted

second-generation systems. A system called a microwave telecommunication dis-

tribution system was implemented within the framework of the project of

monocellular radio networks of frequency range 27.5–29.5 GHz aimed at creating

a digital network of data transfer with services integration for campus of the

National Technical University of Ukraine “KPI.” The MITRIS-INT system based

on MITRIS technology was a truly interesting example of a system of broadband

wireless access of third generation. This system uses DVB-S (Digital Video Broad-

casting Satellite) technology which laid the foundation for developing the ground

wireless platform for digital broadcasting and broadband multimedia access.

Further development of systems of broadband wireless access with services

integration demonstrated that the optimal use of spectral resource of radio channel

for any ratios of transmission speed/noise immunity was feasible. Tackling this

issue resulted in elaborating systems of fourth generation—MITRIS of multiservice

wireless access UMDS based on smart integration of MITRIS and WiMAX tech-

nologies. The mechanisms used provide the data transmission under the line of

sight and its absence. The network can ensure high quality in urban, suburban, and

rural areas, as well as function when subscriber terminal is movable.

The era of micropower electronics ushered in the development of innovative

telecommunication systems of MITRIS type created by prominent Ukrainian sci-

entists and engineers. Comprehensive and detailed analysis of general physical

properties in the areas of semiconductor electronics, dielectronics, and system

parameters of radio electronic complexes can further future prospects of practical

application of this novel class of microwave telecommunication systems. Ukrainian

technology of MITRIS type is attractive because it is resource saving and environ-

mentally friendly.

Foreign experts highly assessed the experiments conducted in Kuwait and

Malaysia, as well as the practical application of MITRIS technology for a wide

range of multimedia services. It showed professional and high-quality technology

leadership of our country in the area of telecommunications based on microwave

and information technologies, enhanced the prestige of Ukraine in the world, and

proved its wide area capability in the area of telecommunications and

radioelectronics (see Fig. 3.11).

Modern research and developments in the application of the so-called terahertz

technologies have great future prospects. Notably, the use of the frequency spec-

trum of electromagnetic waves in the range from 100 to 3,000 GHz utilizing

nanoelectron components for wireless transfer of superhigh-speed data streams

(over 1 Gbit/s) is quite promising. Superhigh-speed wireless access makes these
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innovative developments especially attractive. Japanese experts take the lead in

implementing these systems. The estimated speed of their latest achievement, a

device operating at small distances inside the premises, is 100 Mbit/s, and the cost

of terahertz transmitter is just a couple of US dollars. Ukrainian designs of terahertz

radiotelecommunication devices focus on the range of 130 GHz and are aimed at

reaching greater distances of wireless access [185].

Not to be left out are some ongoing novel science and technology developments

of researchers of the Science and Technology Institute of Telecommunications of

the National Technical University of Ukraine “KPI.” Scientific research on elabo-

rating self-organized infrastructureless radio networks features largely among other

research avenues [21, 22].

Self-organized radio networks enable organizing extrapersonal wireless net-

works, or the ones with minimum human efforts. Such networks were called ad

hoc (lat.), meaning “random, spontaneous,” or “tailor-made.” In modern smart

radio terminals comprising not only transmit–receive units but also quite productive

computational tools such as processor, bulk memory implementing complex algo-

rithms laid the cornerstone for creating such networks.

Ad hoc networks incorporate wireless nodes. The node stands for wireless

communicator (portable computer, notebook, carriers, sensor devices, robots, and

so forth) equipped with radio modem. Nodes are connected with one another for the

Fig. 3.11 Ukrainian MITRIS system in Kuwait
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mutual radio visibility determined by parameters of radiotransmitting devices,

topography, and conditions of wave propagation. Every block has the outstanding

characteristic of servicing both as a host, namely data source and receiver, and as a

router of information and control packets of other users of radio network

(Fig. 3.12).

Network nodes can be stationary and mobile, can be homogeneous and hetero-

geneous (they have powerful transmitters, capacity of power batteries, processor

productivity, and so forth), and can be arranged on area or in space randomly or in a

certain pattern. There is no control center for data transmission in such networks. It

means that every node has to perform a set of control functions to transmit data. The

absence of fixed infrastructure and decentralized control are typical of these self-

organized radio networks.

Ad hoc networks and mobile networks MANET (Mobile ad hoc NETwork) can

be used for military purposes and also emergency situations and natural disasters

when stationary infrastructure networks are destroyed. Ad hoc and MANET net-

works can be utilized to organize temporary mass events such as sport competi-

tions, festivals, and fairs.

Among other areas of application of ad hoc networks are home network and

networks of enterprises; sensor (telemetric) networks of different purposes; net-

works of control and scheduling of carriers; and networks created at remote areas

where there is no stationary infrastructure (rural areas, deserts, the Arctic and the

Antarctic, tundra, taiga).

Application of ultrawide band impulse signals (Impulse Radio Ultrawide

Band—IR-UWB) is a significant research avenue in developing self-organized

radio networks in the Science and Technology Institute of Telecommunications

of the National Technical University of Ukraine “KPI” [22]. Relying on these

signals, it is possible to create large repertoires of mutually orthogonal signals

that allow to simultaneously transmit data by many subscriber terminals located on

Fig. 3.12 Radio terminal of the modern self-organized network
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areas of mutual radio visibility. Protocols of multiple media access (communication

channel) can be more efficient than traditional narrowband or broadband signals

with low processing gain. Moreover, such signals have a number of advantages

which make them more attractive than currently used narrowband and broadband

signals (the so-called off-the-shelf signals). Impulse ultra broadband signals tackle

a problem of information closure and data transmission at the signal level.

Scientists of the Science and Technology Institute of Telecommunications

invented on ways and devices for receiving ultra broadband impulse signals

which surpass foreign analogs.

Based on ultra broadband impulse signals, ad hoc network terminals were

developed. They applied all levels of open systems of International Organization

for Standardization. These terminals provide transmission of all kinds of informa-

tion (language, data, broadcasting) provided that all functions determined by this

model are properly used.

Hence the last 30 years have seen further development of Glushkov’s idea on

creating the information society based on combining the capabilities and advances

of computer and telecommunication technologies in the world arena, in general,

and in Ukraine, in particular. Ukrainian scientists and engineers at the Institute of

Cybernetics and Science and Technology Institute of Telecommunications of the

National Technical University of Ukraine “KPI” have made a great contribution to

the wide application of information and telecommunication systems under the

scientific and methodological guidance of the Department of Informatics of the

NAS of Ukraine. State decrees on increasing the governmental order for experts in

the area of information and telecommunication technologies, creating favorable

conditions for high-quality training of such experts by improving curricula,

and fruitful cooperation of IT business, professors, and students should further

the advance and application of information and telecommunication technologies

in Ukraine.

3.7 Applied Subsystems for Human–Computer

Intelligent Interface

Transition to a knowledge society implies principally new capabilities of using

information, computer software, hardware, and technologies in all fields of human

activity. This requires means for user–computer interaction to be created in the

most user-friendly form, namely through a text (including handwritten) communi-

cation, by voice (synthesis and recognition of natural languages), and virtual

communication through visual forms of presentation (3D computer graphics,

which include spatial human models created to synthesize and recognize the

process of communication with a computer using movements of the human body

and hands, facial expression, articulation, and taking into account emotions).
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The development of integrated human–computer environments was aimed at the

elaboration of original highly efficient mathematical technologies of representation,

processing, segmentation, clusterization, recognition, coding, and transmission of

various information and creation of new applications for available operating sys-

tems or their superstructures. The novelty of the research lies in systems approach at

the level of world requirements to this problem with the use of fundamental results,

new efficient methods of recognition and clusterization of information [90], and

development of mathematical methods and models of processing text, voice, and

visual information [87, 91, 93, 94, 92, 95].

The created mathematical and software product allows intellectualizing the

existing systems of transformation and creating entirely new ones in order to

make them suitable for human interface with the computer environment in text,

voice, and visual forms. Further research will be aimed at the development of new

mathematical methods and approaches for the analysis and synthesis of symbolic,

audio, and video information and new information technologies for creating new

facilities for human–computer cooperation in the ways that are usual, comfortable,

clear, and acceptable to the user and based on scientific and technical progress in

this field of knowledge.

We will describe some studies conducted in order to create information tech-

nologies that can form the basis of the development of promising human–computer

interfaces.

Development of New Methods for Classification and Recognition of Symbolic
Information. Systems for recognition of handwriting and handwritten mathematical

expressions were analyzed; methods and algorithms were developed to recognize

properly designed separately handwritten scientific documents that contain mathe-

matical formulas and to transform the recognized information to electronic LaTEX

format, which is used in most scientific publishing houses. The method of func-

tional transformers was developed for the recognition of handwritten characters,

the necessary condition for the optimal choice of nonlinear transformations was

formulated for a functional transformer, recursion charts were developed for con-

struction of multilevel functional transformers, and a method was proposed for their

formalization. There are also developed handwriting recognition algorithms based

on the method of containers [90], algorithms for structural analysis and translation

of a handwritten mathematical text in the LaTEX format, and algorithmically based

software for recognition of handwritten mathematical texts.

The results are practical since they can be used to solve signal classification

problems and problems of creating human–computer interaction means based on

user-friendly methods of input of handwritten and printed information.

The Development of a Computer Synthesizer for Building Intelligent Speech
Human–Computer Interface. Modern systems of computer speech synthesis are an

integral part of human–computer interface of information technologies, highly

intelligent hypermedia technologies, educational programs, and virtual environ-

ments. Such systems have practical applications in speech dialogue systems

in hardware and software complexes; in library, handbook, and encyclopedic
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computer systems and web systems; voice output systems for disabled people;

in text-to-speech subsystems that read web-sites aloud and systems of

IP-telephony; etc.

Speech synthesis systems can be classified depending on how speech signal is

generated. There are three main ways: articulatory, formant, and concatenative syn-

thesis. In concatenative synthesis systems, the output acoustic signal is based on the

concatenation (sequential assembly) of necessary synthesis elements. The concatena-

tion process is defined by the structure of the database of these synthesis elements

since it directly depends on natural data and provides naturalistic sounding synthe-

sized speech. Therefore, with increasing quality of the synthesized speech, the dimen-

sion of the component base increases too. There are several standard approaches to

forming minimum elements of synthesis (phones, allophones, diphones, syllables,

phonemes–triphones, etc.). Sound naturalness and quality of synthesized speech

signals are due to synthesis elements in concatenate synthesis systems being real

natural speech signals usually recorded by professional narrators and native speakers.

The main problem in developing modern computer speech synthesis methods is

to make synthesized sound signals more natural based on the analysis of speech

data and on prosodic properties of natural speech.

The concatenate approach to the computer natural speech synthesis, methods of

the analysis of Ukrainian natural language, methods of expert evaluation of natural

sounding of the computer-synthesized Ukrainian speech, creation of databases, and

methods of information sorting were used to develop a voice sounding information

system.

The main theoretical results of the creation of computer synthesis tools for devel-

oping intelligent speech computer–human interface are the model of relationships of

the signs of Ukrainian natural sounding speech,model of presenting a text information

for the concatenate synthesis of Ukrainian speech, model of constructing minimum

hull words to create segment database for concatenate segmental synthesis of Ukrai-

nian speech, and object–element model of concatenate segmental synthesis, which

allows securing and relating sets of segments and objects for concatenate segmental

synthesis. These results allowed considering the characteristics of position, accentu-

ation, and multiphoneme sounding of speech segments; creating full sets of text

segments for concatenate segmental synthesis of Ukrainian speech; and creating the

possibility to select specific segments to voice aloud specific words of the Ukrainian

language and to increase the naturalness of synthesized speech sounding.

The results of this research can be used to develop complex systems of voice

interfaces for measurement devices, diagnostic instrumentation, control and com-

munication, in intelligent human–computer interfaces, IP-telephony, etc.

An important part of the research was a computer representation of sounds

pronounced by a human with the use of physical models of the voice source and

human vocal tract. To this end, numerical algorithms and software were developed

to solve the mathematical problems that describe the voice source and human vocal

tract and to solve the inverse vocal tract problem [92]. New fundamental results

were obtained: a new method was developed to solve the mathematical problem of

3.7 Applied Subsystems for Human–Computer Intelligent Interface 95



speech information synthesis, which allowed solving the problem of artificial

formation of human voice based on the common use of physical models of voice

source and vocal tract; an improved numerical algorithm was developed to

implement the Ishizaka–Flanagan two-mass model of vocal cords based on the

combination of the method for solving a system of oscillation equations for two

masses and a nonlinear system of pressure change, and an original method was

proposed to solve the problem of estimating vocal tract parameters based on

measured output signal for the acoustical Klein–Gordon equation.

The main practical value of the research is that numerical algorithms were

developed for the joint modeling of vocal cords and vocal tract, which can be

used to construct a computer articulatory synthesizer of the national language. The

numerical algorithms developed to solve the inverse problem for the acoustical

Klein–Gordon equation allow estimating vocal tract parameters based on the

measured output signal. The created algorithmic complex with user interface can

be used in education to analyze the impact of various factors and model parameters

in the “voice source–vocal tract” system.

Development of Methods of Computer Analysis and Synthesis of Human Emotional
State to Construct Human–Computer Visual Interface. Methods, models, and

algorithms were developed to model and recognize mimic representation of emo-

tions on human faces [91]. The following results were obtained. A formal psycho-

logical model of emotional states was developed. To avoid ambiguities in the

phenomenological description of emotional states, a transition to situations where

these emotions arise was made, and formal designation was introduced instead of

the name of emotion. To set up a formal psychological model of emotional states, a

formal model was proposed for their mimic representation. Thus a transition was

made from the space of features describing the basic emotions in terms of situations

where they arise to the space of features that describe visual, mimic component

for basic emotional states. To move from the phenomenological definition of

characteristic mimic features to their formalization, NURBS-curves were proposed,

namely since control points of an NURBS-curve uniquely define the curve, only the

coordinates of control points are proposed to be taken as space coordinates. A

general formal model of facial representation of emotional states as a feature space

was proposed and the basis of this space was defined.

These scientific results allowed simulating the human intellectual activity for the

synthesis and analysis of facial expressions of emotions in order to apply the results

in artificial intelligence, to develop algorithms and software for visual pattern

recognition and intelligent sensory recognition systems, and to create a high-

intelligent multimedia technology for the synthesis and analysis of facial expres-

sions of human emotions.

Creating an Information Technology for Efficient Rendering of Finger
Language. The information needed to create a multimedia technology for interac-

tive training in finger language including Ukrainian, Russian, and American

was analyzed. The information technology includes computer simulation and
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synthesis of fingerspelling process, including dactyls and words that consist of

dactyl sequences. To solve the problems, methods and models of computer

synthesis of finger language and efficient presentation of the animation of finger

language via the Internet were investigated [88].

The mathematical model of a simplified human skeleton was used for software

system development. A hand is represented as a hierarchical structure of bones that

form an acyclic directed graph. An information model was created based on the

mathematical model. It contains the set of hand vertices in the initial state; the set of

indices to represent the triangles that describe hand surface; the set of normals for

each vertex; hand texture; and the set of texture coordinates. A hand is represented

using the spinning procedure, which is the most efficient animation method.

Systems analysis, theory of algorithms, graph theory, set theory, and optimization

theory were used as research methods.

Important results are as follows. A mathematical model of human hand skeleton

was used to set up an information model of fingerspelling and some dactyls of a

finger language as an expression of human intellectual activity, which made it

possible to develop educational and information systems that require the synthesis

of visual images such as images of human hand. The experimental comparison of

the efficiency of methods for calculating three-dimensional hand surface model was

carried out, which allowed choosing the best hand animating algorithm. The

algorithm for preparing frames during animation was improved by using multicore

processors, which allowed real-time animation with higher frame rates. The method

was proposed to transfer a controlled media stream via the Internet with adaptation

to data transmission channel. This allowed dynamic visual image transmission to a

wide range of users.

The operation of the software system is exemplified in Fig. 3.13.

Among the practical results, noteworthy is the development of the software

system “Ukrainian finger language” designed to educate children and adults who

can hear and who have hearing disabilities, for correct fingerspelling of separate

dactyls and words due to the use of a three-dimensional model that can animate

fingerspelling with different speed. This software tool operates in the Windows

environment and via the Internet and provides learning and test modes. It is now

experimentally used in a specialized school for children with hearing disabilities.

Its practical use has confirmed the efficiency of the proposed approach to studying

finger language.

The algorithm of frame preparation paralleling, which allows animation with a

higher frame rate with the use of multicore processors, increases the readability of

source files of software applications, which is important for the development of new

software.

The method of transmitting a controlled media stream via the Internet with

adaptation to the data channel bandwidth allows creating software media applica-

tions available for Internet users.

Development of Tools for Representation and Recognition of the Emotion–
Articulation Visual Component of Speech Process. As digital technologies develop
and computer technology becomes more powerful, of particular interest is the
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dynamic approach to the synthesis of visual images using three-dimensional human

models, which allows creating intelligent interfaces and tools for the development

of training systems and systems of artificial intelligence. As a result, understanding

and recognition of the visual component of verbal and nonverbal information is an

important research field for problems of computer vision, lip reading, and sign

language learning [93].

Methods, models, and algorithms were developed for recognition of emotion–

articulation expressions of a human face on a photographic image and for modeling

and rendering appropriate facial expressions on three-dimensional models of

human head to create tools and elements of intelligent interface. To acquire

information about lips position, an approach to selecting an area of human face

on a photo considering its coherence of informative elements was proposed, which

allowed detecting lip area on video and photo images.

As a part of the research, a mathematical model of lips states based on NURBS-

curves was synthesized to create a learning system for correct articulation of words

pronounced in Ukrainian, which allows analyzing the viseme structure of visual–

speech data based on the feature space of visemes of the language (Fig. 3.14).

The results allowed developing an information technology for lips gesture

recognition in Ukrainian pronunciation based on flexible templates with the

implementation of the algorithm for searching the parameters of characteristic

feature space.

Fig. 3.13 A window of finger language modeling software
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The object–element model for the synthesis of three-dimensional speech anima-

tion was developed to represent a sign language with the use of morphemes of

emotions and visemes of Ukrainian language (Fig. 3.15). Such model integrates

facial gesture models that represent the articulation component of speech process

and the model of the emotional component of speech simulation process, developed

to model human emotional state. The advantages in visual–speech animation were

used, and the sign language modeling problem was solved based on the improved

model of the synthesis of emotional and articulation images with the use of relative

morphing for synchronous animation of sign units and talking lips. As a result,

software was developed to implement algorithms for the synthesis of the visual

component of a speech process with emotions on a spatially controlled virtual

human model to create an intelligent human–computer interface.

Creating Information Technologies for Educational Programs of Virtual Com-
munication of People with Hearing Disabilities. One of the priorities in modern

scientific and technical progress in information technologies is the development

of new user-friendly human–computer communication means. In this regard,

methods of information transmission through human movements are of great

interest for scientists and hardware developers. An extremely important part of

communication through movements is communication of aurally impaired people

with each other and with other people using sign language, images, and methods

that are clear for everyone. There are about three million people in Ukraine

who need to know and use a sign language. This problem is of great social

importance if we talk about a society of equal opportunities. The development

of modern science, the computerization of society, and the use of multimedia

and Internet technologies have created adequate conditions for the development

of necessary communication systems. Original educational programs for virtual

communication of aurally impaired people were created at the V. M. Glushkov

Information channels Frame animation unit

Unit of mimics and
articulations
animation

VisemesDB of sign units
Word sample

Mimics & emotions
Unit of

skeleton
animation

Animation
frame

Some mimics

Kinematics

Text

Additional
movement

Emotions

Fig. 3.15 Information stream structure for animation frame creation
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Institute of Cybernetics. The advantages of these technologies are implementing

the sign language on 3D human models with exact simulation of movements of a

sign language native speaker [94, 95].

To simulate the animation of gestures and facial expressions by a 3D human

model, a tool was created that implements the skeletal (to simulate gestures) and

morphemic (to simulate facial expressions of pronunciation and emotions) anima-

tion. A software functionality was implemented. It uses three-dimensional API

OPENGL and the attributes to represent a human model (Fig. 3.16) and uses

skinning and morphing algorithms for animation (Fig. 3.17).

A software tool was created to implement the Ukrainian sign language

(Fig. 3.18). It represents the methods of sign language teaching in the special

schools for deaf children. The program recommended by the Ministry of Education

for primary schools was taken as the basis.

Functionally, the program consists of three information units (“Topic,”

“Words,” and “Sentence”) and the unit of simulating a gesture by a virtual

model. “Topic” is the main unit, which contains the basic methodical information

regarding the lesson such as the skills that students need to learn, the features of sign

language morphology, and the types of syntax constructions. The list of new

gestures related to the topic under study and sentences with these words, which

contain grammatical and syntactic structures, are presented (Fig. 3.19).

Fig. 3.17 Animation frames for the gesture “You”

Fig. 3.16 3D human model
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Fig. 3.18 Program “Ukrainian sign language”

Fig. 3.19 Unit “Topics,”

the topic “Getting

Acquainted”



The units “Word” (Fig. 3.20) and “Sentence” (Fig. 3.21) contain all the gestures

and examples of sentences, which use the considered gestures.

The unit of simulating a gesture by the virtual model has a special purpose. It is

this unit that made it possible to demonstrate gesture dynamics in the educational

process. Gestures are digitized by sign language native speakers and thus become

standards of gesture simulation. The capability of frame-by-frame gesture presen-

tation implemented in the unit is a means that will allow studying a gesture without

demonstrating it by a teacher. Therefore, children will learn gestures identical for

different schools and regions.

Fig. 3.20 Unit “Words”
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This development is introduced in a number of specialized schools for children

with hearing disabilities and will be available for studying sign language in all the

interested organizations of the country.

Fig. 3.21 Unit “Sentences”
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Chapter 4

Mathematical Modeling and Information

Technologies for the Analysis

of Economic Processes

Abstract We consider information technologies that include the following

interindustry aggregated balance models to identify the main lines of structural

and technological changes: economic dynamics given imperfect competition in the

labor market; optimal servicing of the public debt of Ukraine; planning of regional

budgets and allocation of intergovernmental transfers; and sustainable environ-

mental, social–institutional, and economic development of the society. To carry

out calculations with these models, numerical algorithms were selected, modified,

and improved, and computer programs were created for SCIT supercomputers. The

chapter analyzes the influence of the own resources of regions and interbudgetary

transfers on funding three major social programs: education, health, and social

protection. A number of hypotheses and proposals concerning the optimization of

the system of intergovernmental transfers are formulated. The redistributive prop-

erties of the system of intergovernmental transfers in Ukraine are investigated.

4.1 Modeling of Transition Economy

The situation in Comecon countries in the mid-1980s required profound socioeco-

nomic reforms. The necessity of the exploration of processes that happen during

market transformation and the managerial decisions support during reforms pro-

moted investigations in modeling of transition economy. Research works in this

field were originated by V. S. Mikhalevich. Being an excellent expert in system

research, he/she realized that the study of the economic system that emerged due to

reforms and was called “transition economy” had to widely apply systems analysis,

mathematical modeling, and modern information technologies. With his/her active

participation, the Economic Transition and Integration (ETI) research project was

initiated at the International Institute for Applied Systems Analysis (IIASA) in the

mid-1980s. This project gave an impetus to research that could predict the further

course of events and formulate recommendations for managerial decisions. This

project was a “campaign against market ignorance,” both in theory and practice,

I.V. Sergienko, Topical Directions of Informatics: In Memory of V. M. Glushkov,
Springer Optimization and Its Applications 78, DOI 10.1007/978-1-4939-0476-1_4,

© Springer Science+Business Media New York 2014
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for many economists from Russia and Central European countries. Some of them

made a significant contribution to the reforms. However, the actual research

conducted under the project did not always answer the questions that arose during

the transformation of planned economy.

The first attempts to introduce market mechanisms into the economy of post-

socialist countries intensified the deregulation processes and clearly demonstrated

the importance of consistent and theoretically substantiated economic, social, and

information policy. It had to be based on basic research and quickly respond to

changes in society. At scientific and practical conferences and roundtable meetings

in the late 1980s, Mikhalevich repeatedly emphasized that this can be achieved by

complete computerization of the society.

Special attention had to be paid to important problems such as finding ways of

financial stabilization; harmonization of relations between entities, state and local

governments, the improvement of the fiscal policy of country; determination of the

ways of structural–technological changes; and intensification of energy and

resource saving. In order to solve these problems, optimization models were

developed, which were highly appreciated at the international scientific conferences

and reflected in the scientific literature.

After the death of V.S. Mikhalevich, the scientific field dealing with investiga-

tion of transition economy was developed by his/her son, Mikhail Mikhalevich, a

well-known scientist and a corresponding member of the NASU. His topical,

profound, and prospective investigations were cut short. The scientist full of energy

and ideas passed away untimely.

His main research was concentrated in the following fields.

The first field was planning of structural–technological changes in economics

that take into account, in particular, the reduction of unit costs by improving the

existing and the implementing of new technologies. Along with the reduction of

energy consumption, this can increase value added in cost products without infla-

tion and thus create prerequisites to the growth of wages and other revenues of

consumers. Since the aims of energy saving and of the reduction of general material

expenses are not identical (but correlated), two modifications of a multicriteria

optimization model, with continuous and discrete values, were developed. The

former allows determining the most promising ways to reduce energy and common

expenses; the latter allows selecting technological projects aimed at the

abovementioned objectives.

The second field was the improvement of the structure of proper manufacturing,

export, and import in order to use the advantages of the existing division of labor

which is reflected in the world market conjuncture. Since it was also necessary to

take into account different objectives such as balance between export and import,

internal consumption, and consumption of energy resources, a multicriteria sto-

chastic model was developed.

Structural reforms are a significantly more complex task than stabilization of

monetary turnover. In contrast to the latter, there are no standard solutions in

this field; of importance are numerical characteristics that describe economic con-

ditions, especially those that reflect the technological structure of production,
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specific for each country. Therefore, revealing the structural and technological

disproportions that affect crisis phenomena in economics and analyzing the ways

of their elimination need quantitative methods of research such as mathematical

modeling.

The current technological system in Ukraine is the result of several decades of

cumulative influence of the following factors:

• Low prices for natural resources (especially for energy resources), which

encouraged their wasteful use.

• Low prices for basic consumer goods combined with low wages, which resulted

in low share of value added in the consumer prices of most goods.

• A pervasive system of budgetary subsidies, which distorted the interindustry

relative prices, artificially lowering the prices of some goods while raising the

prices of others.

• The closed nature of socialist economy, which did not require domestic

producers to be competitive in foreign markets.

The current prices of Ukrainian energy imports have risen to the world level, and

in some cases actually exceed the world prices. This leads to a rapid increase in

material costs in the basic industries (iron and steel, metal-intensive machinery,

chemical industry, construction materials, agribusiness, etc.). Products of these

industries remain competitive mainly due to low wages and shadow schemes

used to minimize fiscal costs, which poses serious threats to social stability and

national security. Other consequences of the above methods are reduced effective

demand and reduced share of the value added in the price of products and devel-

opment of Keynesian macroeconomic processes, where the price weakly depends

on the demand for manufactured products and the production volume on the price.

One of two alternative scenarios is implemented under these conditions, depending

on how tight the current monetary policy is: growth of nonpayment and intensified

decline in production through the reduction of final demand or accelerated cost

inflation. A way out of this situation is to increase the solvency of consumers

(primarily of the population) and simultaneously to reduce production costs.

No less dangerous than the uptrend of production costs is a stronger dependence

of the economy of Ukraine on the import of certain types of energy resources. This

primarily applies to natural gas. At the beginning of the twenty-first century, its

price for Ukraine was much lower than the world market price. Wholesale prices for

oil and oil products had generally been the world market ones since the mid-1990s,

which had increased the consumption of natural gas. Its price and supply become

mainly political issues. One should not exaggerate the influence of this factor: for

many industries, technologies allow replacing gas by other fuels; however, this

increases material costs and environmental pressure. The exceptions are certain

sub-sectors of chemical industry (ammonia and nitrogen fertilizer production and

synthesis of some polymers), where gas (methane) is used as a raw material for

chemical reactions and is irreplaceable. However, given the aforementioned

adverse effects of increased production costs, it is reasonable to consider the
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reduced consumption of natural gas under the conditions of economic stability as

one of the most important tasks of structural and technological transformations.

The current condition of the equipment in the major industries, especially in

non-production sphere (e.g., housing and utilities), requires immediate significant

investments in renovation. The main source of these investments should be the

national income generated within the country, which is a part of the value added of

manufactured products. Under these conditions, an increase in the share of value

added in the price of manufactured products should be considered as one of the

main problems in overcoming the economic crisis and renewing the economic

development.

The above problems (reducing tangible costs and natural gas consumption and

recovering investments in production) are interrelated since one of the major ways

of their solution is energy saving; however, they are contradictory to some extent.

For example, replacing liquid fuels with natural gas bought at a reduced price

decreased overall tangible costs (in monetary terms, at current prices) but stimu-

lated the rapid growth in gas consumption. Closing of chemical plants being

the major (in addition, having no alternative) gas consumers will reduce the need

for it but will also reduce gross value added, employment, and investment

resources, i.e., will aggravate the crisis in the economy of Ukraine.

Let us dwell on the problem of planning of structural–technological changes,

where the main goal is reduction of specific production costs. It can be achieved in

two ways: first, by changing the technology so as to reduce inputs of commodities,

materials, and other manufactured products per unit of output and, second, by

gradually reducing the use of energy- and resource-inefficient technologies, until

they are completely phased out. Both these approaches involve changes at the

interindustry level, which explains the choice of interindustry models as an analyt-

ical tool. These changes are manifested in the reduction of coefficients of the matrix

of direct cost of the aggregated input–output balance. Let us consider one of the

models and its modifications [155].

Assume that the country’s economy consists of n aggregated industries and

A ¼ {aij} is the direct input matrix for these industries. Denote by yi and xi,
respectively, the end and the gross product of industry i in constant prices; these

quantities are

xi ¼
Xn
j¼1

aijxj þ yi, i ¼ 1, n, ð4:1Þ

or in the vector–matrix form by

y ¼ E� Að Þx, x ¼ E� Að Þ�1y, ð4:2Þ

where E is an n � n identity matrix, x ¼ (x1, . . ., xn), and y ¼ (y1, . . ., yn).
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We assume that wage is a linear function of production volume in each industry.

Let qi be the share of wages and other labor costs in the price of industry i product,
q ¼ (q1, . . ., qn). The real consumer income D is given by

D ¼
Xn
i¼1

qixi ¼ q, xð Þ: ð4:3Þ

We assume that the end product in industry i consists of two parts: a part that

depends on D and a part independent of D. Assuming a linear dependence of the

first part on consumer income, we obtain

yi ¼ αiDþ hi, i ¼ 1, n, ð4:4Þ

where the coefficients αi mainly reflect the structure of individual consumption and

internal investment, while hi is determined by the export–import balance of the

industries and by public consumption.

We use these relations to express D in terms of A and q. Using Eqs. 4.2 and 4.3,

we obtain D ¼ (q, x) ¼ (q, (E � A)�1y); taking into account (4.4), we obtain

D ¼ qT E� Að Þ�1h

1� qT E� Að Þ�1α
, ð4:5Þ

where h ¼ (h1, . . ., hn) and α ¼ (α1, . . ., αn).
Let us consider one more function dependent on A and q, a multiplier “increase

of incomes”–“increase of output”:

k ¼ qT E� Að Þ�1α: ð4:6Þ

The problem is to determine the changes in the elements of the matrix A and the

vector q that maximize the real consumer income D or multiplier k without trig-

gering additional inflationary forces. We can write these conditions as the inequal-

ities [112]:

Xn
i¼1, i 6¼j

aij
1� ajj � qj

< 1, j ¼ 1, n, ð4:7Þ

where qj is the share of value added in the price of product in industry j,

qj ¼ ljqj þ dj, lj is the wages cost multiplier for the jth industry, and dj is the

share of other components of the value added in the price of product of the jth
industry. Allowing for errors in input data and for the maintenance of a reserve to

support a noninflationary increase of the value-added components that are inde-

pendent of q, we replace Eq. 4.7 with the conditions
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Xn
i¼1, i 6¼j

aij

1� ajj � ljqj þ dj
� � � β, j ¼ 1, n,

where β < 1 is a prespecified threshold value.

Given Eqs. 4.5 and 4.6, consider the following problem.

Let a technological matrix A, vector q, and vectors α, h, and l be known. Let us

denote by Δaij and Δqj i ¼ 1, n, j ¼ 1, n
� �

changes of the current elements of the

matrix A and vector q, respectively; Δq ¼ (Δq1, . . ., Δqn); ΔA ¼ {Δ aij}
nn
ij .

The objective function to be maximized is

f 1 ΔA,Δqð Þ ¼ qþ Δqð ÞT E� Aþ ΔAð Þð Þ�1h

1� qþ Δqð ÞT E� Aþ ΔAð Þð Þ�1α
ð4:8Þ

in the case of maximizing the value D of real incomes of consumers or

f 2 ΔA,Δqð Þ ¼ qþ Δqð ÞT E� Aþ ΔAð Þð Þ�1α, ð4:9Þ

in the case of maximizing the multiplier k “increase of incomes”�“increase of

output.”

The main constraints that exclude additional influence of inflation have the form

Xn
i¼1, i 6¼j

aij þ Δaij
1� ajj þ Δajj

� �� lj qj þ Δqj
� �þ dj

� � � β, j ¼ 1, n: ð4:10Þ

In order to ensure positive values of the denominators in these constraints, we

add the inequalities

ajj þ Δajj þ lj qj þ Δqj
� �þ dj � 1, j ¼ 1, n: ð4:11Þ

Moreover, to observe the physical meaning of the coefficients of the modified

vector q and matrix A, let us introduce the following constraints:

0 � qj þ Δqj � 1, i, j ¼ 1, n, ð4:12Þ

0 � aij þ Δaij � 1, i, j ¼ 1, n: ð4:13Þ

We can supplement the considered model with a group of constraints for the

possible ranges of variation of the elements of the matrix A and vector q:

γij � Δaij � γij i, j ¼ 1, n, ð4:14Þ

γi � Δqi � γi i ¼ 1, n: ð4:15Þ
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These constraints help us to investigate the influence of variations in some

elements of the technological matrix A and vector q on the problem solution during

the decision making. To this end, it is necessary to fix specific values for

other elements by introducing the lower and upper bounds of the variations equal

to these values.

Let us consider system (4.10)–(4.15) in a more convenient form.

First, let us get rid of the fractional linear inequalities (4.10). Since the deno-

minator in the jth constraint (4.10) does not depend on i and, moreover, its

positiveness follows from Eq. 4.11, we can write the group of constraints (4.10)

in the form of linear equalities:

β ajj þ Δajj
� �þ β lj qj þ Δqj

� �þ dj
� �þ Xn

i¼1, i 6¼j

aij þ Δaij
� � � β, j ¼ 1, n: ð4:16Þ

Then together with constraints (4.11), they completely specify the requirements

that exclude the development of cost inflation under the influence of internal factors

(β is a given coefficient).

We can formulate constraints (4.12)–(4.15) that establish the lower and upper

bounds for the unknown values as

Δaij � Δaij � Δaij , i, j ¼ 1, n, ð4:17Þ

where Δaij ¼ max γij , � aij

n o
, Δaij ¼ min γij , 1� aij

� �
; and

Δqi � Δqi � Δqi , i ¼ 1, n, ð4:18Þ

where Δqi ¼ max γ
i
, � qi

n o
and qi ¼ min γi, 1� qif g. We obtain constraints

(4.17) by combining constraints (4.12) and (4.14) and constraints (4.18) by com-

bining constraints (4.13) and (4.15).

Let us consider the group restriction of the problem, defined by resources

allocated for structural–technological changes:

Xn
j¼1

Xn
i¼1

b�kijmax 0, � Δaij
� �þXn

j¼1

Xn
i¼1

bþkij max 0,Δaij
� � � Bk, k ¼ 1,K , ð4:19Þ

where K is the number of resources, Bk is the amount of kth resource allocated to

reduce production costs, b�kij is the consumption of kth resource to implement

measures that lead to a unit reduction in the consumption of industry i product to

produce a unit of industry j product, and bþkij is the consumption of kth resource

to implement measures that lead to a unit increase in the consumption of industry

i product to produce a unit of industry j product.
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Constraints (4.19) are considered as convex inequalities; it is additionally

required that coefficients b�kij and bþkij must be nonnegative. It should be noted that

a change of variables can reduce these constraints to linear inequalities. Neverthe-

less, the number of new values in this case will be equal to twice the number of

unknown elements of the matrix A.
The considered problem was analyzed in two formulations [155]: find the values

of variations in the existing matrix ΔA and vector Δq such that maximize function

(4.8) (the first case) or function (4.9) (the second case) under constraints (4.11) and

(4.16)–(4.19).

Both optimization problems are complex multiextremal problems of mathe-

matical programming. The multiextremality is related only to complex functions

f1(ΔA, Δq) and f2(ΔA, Δq) (the feasible domain defined by Eqs. 4.11 and 4.16–4.19

is convex). Moreover, the functions are not discontinuous for all ΔA and Δq. To
avoid the existence of discontinuity points of the objective function f1(ΔA, Δq), we
need to satisfy the following conditions:

(a) The matrix E � (A + ΔA) is nonsingular.
(b) (q + Δq)T(E � (A + ΔA))�1α 6¼ 1 and only (a) for the function f2(ΔA, Δq).

Due to the productivity of matrix A + ΔA following from inequalities (4.16),

the first condition is satisfied for ΔA, which belongs both to the domain of feasible

solutions for system (4.16)–(4.18) and to its rather large neighborhood. An increase

in production volume will require additional costs even in the case of using

effective energy-saving technologies; moreover, new value added will not be

used only for consumption. Therefore, for actual technologies the inequality

(q + Δq)T(E � (A + ΔA))�1α < 1 always holds, which means that condition

(b) is satisfied.

Therefore, in the domain where ΔA and Δq satisfy constraint (4.16), function

f1(ΔA, Δq) is continuously differentiable, and its gradient can be computed by the

following formulas:

∂f 1 ΔA, Δqð Þ
∂Δqj

¼ 1

1� qþ Δq, eαð Þ ej, eh� �
þ

qþ Δq, eh� �
1� qþ Δq, eαð Þð Þ2 ej, eα� �

, j ¼ 1, n,

∂f 1 ΔA, Δqð Þ
∂Δaij

¼ 1

1� qþ Δq, eαð Þ ei, eqð Þ�ej,eh�
þ

qþ Δq, eh� �
1� qþ Δq, eαð Þð Þ2 ei;eqð Þ�ej, eα�, i, j ¼ 1, n,

where eh ¼ E� Aþ ΔAð Þð Þ�1h, eα ¼ E� Aþ ΔAð Þð Þ�1α, eq ¼ E� Aþ ΔAð Þð ÞT
� ��1

� qþ Δqð Þ,
and ei is n-dimensional vector whose ith component is 1 and all other components

are 0.
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When evaluating the gradients of f1(ΔA, Δq) with respect to the variables Δaij,
we use the following differentiation rule for the inverse matrix X�1, where

X ¼ {xij}
nn
ij :

∂X�1

∂xij
¼ �X�1 ∂X

∂xij
X�1 ¼ �X�1eie

T
j X

�1,

which follows from the differentiation of the identity XX�1 ¼ E.
For the function f2(ΔA, Δq), the gradients can be evaluated more simply than for

f1(ΔA, Δq). But the properties of the objective functions in both optimization

problems cause problems even in finding a local extremum, which imposes certain

requirements on algorithms for their solution. We have no problem with the system

of constraints though the convex constraints (4.19) are nonsmooth. Nevertheless

high-dimensional problems are not a simple case if, for example, the number of

variables for them is n2 + n (if variations for all coefficients of the matrix A should

be found) and is quite large when n is of order 10–20.

The results of calculations based on the two proposed models ((4.8) and (4.10)–

(4.19)) and ((4.9) and (4.16)–(4.19)) cannot be prescriptive under the conditions of

transition economy. They should help to identify the desired structure of production

technologies that would intensify the socioeconomic development of the country,

identify the ways to convert the current structure into the desired one, and to

evaluate the necessary resources. Of importance is an analysis of the time variation

of coefficients aij over the past few years to ascertain whether their actual values

tend to or diverge from the desired values aij obtained using the models. From this

point of view, obtaining a series of local extrema of functions (4.8) or (4.9) with the

values close to the global maxima seems to be more reasonable for further appli-

cation than searching for the global extremum.

To find a local extremum in the considered problems, the computer program

MULSTR was implemented using the computer language RATFOR (FORTRAN’s

preprocessor). These problems were reduced to problems of unconditional maxi-

mization with nonsmooth penalty functions. The r-algorithm was used [170] as an

efficient practical method for minimization of convex nondifferentiable functions.

The program MULSTR has been applied at the Institute of Cybernetics to run

test calculations for real-life data for the aggregated 18-industry balance. Our

numerical experiments had the following objectives: first, to assess the efficiency

of the proposed algorithm when applied to real-life data with problems of real-life

dimension; second, to develop and analyze the recommendations for managerial

decisions produced by the model.

To analyze and forecast structural and technological changes on the basis of the

considered models, a software system was developed and the models were verified

using real-life data of the Ukrainian economy for the last decade. The system

requires modern multiprocessor technique, including SCIT clusters, developed at

the Institute of Cybernetics.
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In addition to models for the analysis of structural changes, a dynamic

interindustry model was developed to forecast macroeconomic and social conse-

quences of such changes. Its main feature is taking into account imperfect compe-

tition on the labor market under enhanced power of employers. We consider the

cases where the employer is a monopolist consumer of the labor force (the market is

called monopsony) and there is a competition between a small number of employers

indicating a demand for labor.

During his/her research Mikhail Mikhalevich paid much attention to modeling

of the interaction of segments of competitive national market and segments with

different forms of imperfect competition. Taking into account the conditions of

imperfect competition on the labor market under transformation, he/she was the

first who developed and investigated macromodels of economic dynamics.

As noted, one of the consequences of the structural and technological changes,

among which energy-savingmeasures dominate, is the possibility of noninflationary

increase in wages by reducing material costs. However, to implement this

feature, an adequate response of the labor market to such reduction is necessary.

If non-state-owned enterprises dominate in the country’s economy, direct influence

of the state on this market segment is limited. So, the success of the policy of

structural reforms requires the development of indirect measures, which would

contribute to the growth of wage and prediction of their efficiency. This, in turn,

requires the development of simulation models of the labor market.

Analysis of the labor market, including with the use of modeling, is also

important in case of sudden changes in prices for energy resources. Their approach

to average world prices with the dominance of competitive relations between

producers is certainly a factor that will stimulate energy saving. However, market

segments may response by rising prices and increase in defaults. Such phenomena

have extremely negative social consequences, which may be prevented by

redistributing the created value added from the profits of producers (both legal

and “shadow”) towards rising wages. This process can only be stimulated if special

features of the labor market of countries with transition economies are taken into

account. Therefore, measures to increase wages and check their effectiveness by

means of simulation models are an important part of modeling processes of

structural and technological changes.

The relevance of the analysis of the labor market in transition economy is also

due to the following reasons. Firstly, the income of wage and salary workers has a

significant influence on the final consumption and through it on the dynamics of all

the key macroeconomic indicators. Secondly, it is the sector of employment where

the biggest difference is observed between a stable market and a transition economy

(growth of unemployment inadequate to recession rates, a disparity between remu-

neration growth and rates of GDP growth in economic upturn, etc.). Thirdly, the

methods of improving the economy proposed by the classical economic school

showed the lowest efficiency when an attempt was made to improve the situation of

wages in post-communist countries.

Many phenomena that are observed on the labor market in post-communist

countries can be explained if this market segment is considered as a market with
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imperfect competition, namely as a monopsony market (employer monopsony) or

as a market with a competition of several large employers (oligopsony market).

High concentration of production remained from the time of planned economy, the

weak direct control of the state for wages, the absence of strong trade unions really

independent from the state and employers, and a number of other factors promote

the formation of such market structure. It is obvious that the operation of

the economy with a similar labor market will be significantly different from the

development of a “pure” market economy. To analyze these differences, funda-

mental economic research, including mathematical modeling, is required.

Let us consider a monopsony labor market with the following structure

[114]. There are a set of potentially employed individuals who supply their labor

and a single monopolist who is the unique consumer of labor (an employer). It is

assumed that the latter is aware of the labor supply function and the value of

demand for goods to be produced using the labor acquired. The monopolist acts

with respect to only his/her short-time interests striving to maximize his/her profit

due to the labor. Let us also assume that his/her additional costs associated with

labor consumption (indirect tax on the wage fund, social payments, etc.) are

proportional to the value of the total wage fund W.

Let us consider the function S(W ) of the dependence between W and the

maximal amount of labor the employer can purchase within the limits of the total

wage fund in case of wages ω. In fact, S Wð Þ ¼ max
ω∈X Wð Þ

Ls ωð Þ, where Ls(ω) is labor
supply function, X(W ) ¼ {ω : ω Ls(ω) � W, ω � 0}. The continuity, concavity,

and monotonicity of S(W ) follow directly from the similar assumptions about the

properties of the function Ls(ω).
Under the above assumptions, the employer always tends to acquire the maxi-

mum amount of labor within his/her wage fund limit. Indeed, for any other strategy,

total expenses are the same (W ), and the amount of labor acquired is less. Therefore,

the gross income decreases.

Let T denote the amount of labor consumed by the employer, U(T) be the utility
of this consumption, and h be the value of the associated costs. Then the monopolist

employer will select the value of W so as to maximize the net income, i.e.,

the function

F Wð Þ ¼ U S Wð Þð Þ �W 1þ hð Þ

provided that W � 0.

We can assume that the utility of labor consumption for the employer is the

possibility of obtaining income from the sales of goods produced using this labor;

therefore,

U Tð Þ ¼ min lT, αVð Þ,

where l is the labor productivity per unit of the newly created added value, V is the

demand for products, and α is the share of the value added included in the unit value

of the products.
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Assume first that the employer’s actions ignore the influence of wages on the

demand for the products he/she manufactures or that there is no such influence

(e.g., whenwemean the products for production purposes, an overwhelming amount

of which is exported). Then the monopolist employer will select the value of W so

as to be a solution of the following optimization problem: maximize function

F Wð Þ ¼ min lS Wð Þ, αVð Þ � HW ð4:20Þ

provided that W � 0, where H ¼ 1 + h.
Due to the properties of the function S(W ), the function F(W ) is continuous and

concave. The point of its maximum is

W� ¼ min W 1ð Þ;W 2ð Þ
� �

,

where W(1) is a solution of the equation S Wð Þ ¼ αv
l , W(2) is determined by the

relation H
l ∈ ∂̂ S Wð Þ, and ∂̂ S Wð Þ is the Clarke generalized derivative of function

S(W ). The pointW ¼ 0 can also be the solution of problem (4.20), but we can avoid

this case by assuming that inf∂̂ S 0ð Þ > H
l . This inequality follows from the assump-

tion that the derivative of Ls(ω) at 0 is rather large. Therefore, we will not further

consider this case.

Only one componentW(1) of the solutionW*, out of the two, depends on demand

V. Thus, in the case of a deep economic decline where the value of V substantially

decreases, the wage fundW* also decreases, i.e., an absolute decline of employees’

level of life takes place. In the case of economic growth, where V increases, the

wage fund W* will increase up to some limit defined by the point W(2). Further

increase of V, i.e., economic growth, will be accompanied by a constant value of the

wage fund. The relative decline (in comparison with the total demand) of

employees’ incomes will be observed in this case.

The above optimization model explains also the low level of unemployment in

countries in transition with a decline in production. It is profitable for the monop-

olist employer to set the price of labor so that labor supply coincided with his/her

labor demand. A lower price will not allow getting the potential income in full,

while a higher price will lower the net utility from the consumption of the man-

power because of higher costs for its purchase. Thus, there will be no surplus labor

in the labor market, i.e., no unemployment in the classical sense. Surplus labor will

simply be forced out of the market because of its low cost. Of course, in reality there

is some unemployment, first, created by employers to force employees to accept

low monopoly wages; second, unemployment resulted from the noncompliance of

the expected and actual value of demand; and third unemployment that occurs as

frictional and structural unemployment. However, even the combination of unem-

ployment due to the above factors will be much lower than the estimates of

unemployment arising from the classical model of the labor market at high rates

of production decline.
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Let us consider the case where the employer takes into account the influence of

wages on the demand for his/her products. Let us assume that the demand linearly

depends on the wage fund:

V ¼ a0 þ a1W,

and the employer knows coefficients a0 and a1 of this dependence or their rather

accurate estimates. Then the employer will take the value of W that maximizes

his/her net profit, i.e., a solution of the problem of maximizing the function

F Wð Þ ¼ min lS Wð Þ, α a0 þ a1Wð Þð Þ � HW, ð4:21Þ

where W � 0 and the notations is the same as in Eq. 4.20.

It can be shown that the maximum point of the function F Wð Þ is

W∗ ¼
min W

1ð Þ
;W 2ð Þ

� �
if a1 � H,

max eW 1ð Þ;W 2ð Þ
� �

if a1 > H,

8<:
where W

1ð Þ
is the smallest root of the equation

lS Wð Þ ¼ α a0 þ a1Wð Þ, ð4:22Þ

eW 1ð Þ is the biggest root of this equation, and W(2) is determined by the condition
H
l ∈ ∂̂ S Wð Þ.

If Eq. 4.22 has no roots, the equality W∗ ¼ W(2) takes place.

According to the above assumptions about the concavity of the function S(W ),

we can show that Eq. 4.22 has no more than two roots and will have no solutions if

max
W

lS Wð Þ � αa1Wð Þ < αa0:

Let us consider a multibranch simulation model of economic dynamics.

Given the above considerations and the models of imperfect competition on the

labor market, a dynamic macromodel of detailed sectoral economy was developed,

which is based on input–output equations like other models and uses a common

information base [114]. This model takes into account the following factors:

• The influence of expectations of producers on their policies in employment

• Intersectoral relations among producers

• Monopsony in certain sectors of the economy

• The influence of variations in output on prices and variations in prices on final

demand

A feature of the model is that it allows for various forms of imperfect compe-

tition on sectoral labor markets. Such forms, in particular, are monopsony, where
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employer is a monopolist on the labor market segment he/she controls, and oligop-

sony, where a limited number of employers compete with each other. It is also

possible to model situations where the employer determines wages without or with

regard to the influence of his/her decision on the demand for the products he/she

produces. Situations of the first type are typical for the former “heavy industry”

(metallurgy, machinery, chemical industry); those of the second type are typical for

production of industrial goods. The model assumes that an industry is referred to a

certain form of imperfect competition based primarily on informal reasoning.

Industries are classified during the preparation of input data for model calculations.

Let N be the number of industries taken into account in the model and i be the

number of industry i ¼ 1,N
� �

. All industries are divided into five groups according

to the structure of sectoral labor market. Industries with monopsony labor market

where employers make decisions without considering the influence of wages on the

demand for the products they produce form a set A1. Industries with monopsony

labor market where employers take this factor into account form a set A2. The set of

industries with a common oligopsony labor market, where employers do not take

these factors into account, are denoted by A3. The set of industries with oligopsony

labor market, where employers take into account the influence of wages on demand,

are denoted by A4. Finally, the industries with competitive labor market are denoted

by A5. The list of industries that belong to each group is determined by the user of

the model based on both formal and informal reasoning.

The model under study is dynamic, and discrete time t varies in steps of 1 within
the interval [0; T]. The matrix of the coefficients of direct cost of input–output

balance that defines interindustry relations is denoted by {aij}. The value of price

index for production of industry i at time t is denoted by pti, and the value-weighted
price index for production of all industries by p̂ t. Let uti be the total demand for

production of ith industry at time t i ¼ 1,N , t ¼ 0, T
� �

, Vt
i be the demand of final

consumers of production of industry i,ev t
i be the external demand for the production

of industry i at time t, xti be the total output of industry i at time t, kti be the

profitability of industry i at time t, Ht be the rate of total social deductions from

wage fund at time t, li be the marginal productivity of labor in industry i, Wt
i be the

wage fund in industry i at time t,Ut
i be the utility of labor consumption by employer,

Sti(Wi) be the function of labor supply for employment in industry i i∈ [4
k¼1 Ak

� �
(assuming that this function may include parameters that vary over time), cti be the
final supply for products of industry i at time t, and ex t

j be the expectations of

producers in industry j concerning its products at time t, formed at time t � 1.

The functions of labor demand LDi (ωi, U
t
i) and labor supply LSi (ωi) for industries

i ∈ A5 are also known; ωi is the average real wage in industry i. The value of

demand for labor also depends on the demand for products U.
The model uses the following auxiliary notation: the matrix of coefficients of

total cost of production { bij} is the matrix inverse to {δij � aij}; interindustry flows
of products xtij ¼ aijx

t
j; coefficients of the preliminary structure of intermediate

consumption gij ¼
x0ij
x0i
; and the Kronecker symbol δij ¼ 0, i 6¼ j,

1, i ¼ j,

�
i, j ¼ 1,N .
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The model consists of the equations below that define some aspects of the

dynamics of the behavior of economic entities. The parameters of these equations

are the coefficients of elasticity of demands, prices, and expectations of production

volumes denoted by ρі, λi, and μi, respectively, and the coefficients a0i and a
1ð Þ
i of

labor supply function.

The equations that form the model allow calculating the values of variables over

time, beginning with t ¼ 0. For this instant of time, the values of variables

p̂ 0, p0i ,V
0
i , x

0
i , and ex o

i must be specified as the initial data. The value of U0
i is

calculated by the formula U0
i ¼

XN
j¼1

bijV
0
j .

For every time t (starting with t ¼ 1), the following calculations should be

carried out:

1. Calculate the wage fund Wt
i for each industry.

For industries with monopsony labor market, where employers do not take into

account the influence of their decisions on demand,

Wt
i ¼ min S�1

i kiU
t
i

� �
, min

j¼1, N
S�1
i gijex t

j

� �� �
, St

i

� ��1
Htl

�1
i

� � !
, i∈A1:

For industries with monopsony labor market, where employers consider the

influence of their decisions on demand (i ∈ A2),

Wt
i ¼ min eWi kiU

t
i

� �
, min

j¼1, N
S�1
i gijex t

j

� �� �
, S

0
i

� ��1

Htl
�1
i

� � !
if a

1ð Þ
i � Ht,

ð4:23Þ

and

Wt
i ¼ min max Wi

�
kiU

t
i

� �
, S

0
i

� ��1

Hl�1
i

� �
, min

j¼1, N
S�1
i gijex t

j

� �� � !
if a

1ð Þ
i > Ht,

ð4:24Þ

eWi kiU
t
i

� �
is a root of the equation.

Si Wið Þ ¼ kiU
t
i þ a0i þ a

1ð Þ
i Wi: ð4:25Þ

If Eq. 4.25 has more than one root (if the function Si(Wi) is concave, one can

show that there are no more than two roots), then the value of eWi kiU
t
i

� �
is the

smallest root. If Eq. 4.25 has no solution, it is assumed that eWi kiU
t
i

� � ¼ þ1. In

this case, it will suffice to put eWi kiU
t
i

� � ¼ M, where the large positive number

Mmust be larger than the other components of Eq. 4.23. In Eq. 4.24,Wi kiU
t
i

� �
is
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also a root of Eq. 4.25, but if the equation has several roots, this value is the

largest root. If Eq. 4.25 has no solution, it is assumed that Wi kiU
t
i

� � ¼ 0.

Equation 4.25 is generally nonlinear and can be solved by numerical methods.

For industries with oligopsony competition on the labor market, which form

the subset A3, the value of the wage fund is defined as the solution of the system

of equations

W�
i ¼ min W

1ð Þ
i , W

2ð Þ
i

� �
, i∈A3,

liSi

W
1ð Þ
i

W
1ð Þ
i þ

X
k∈A3

i 6¼ k

W�
k

0BBB@
1CCCA ¼ kiU

t
i , i∈A3,

liS
0
i

W
2ð Þ
i

W
2ð Þ
i þ

X
k∈A3

i 6¼ k

W�
k

0BBB@
1CCCA ¼ Ht

X
k∈A3

i 6¼ k

W�
k þW

2ð Þ
i

0@ 1A2

X
k∈A3

i 6¼ k

W�
k

, i∈A3,

where it is assumed that Wt
i ¼ W∗

i , i ∈ A3.

For industries with oligopsony competition on the labor market, which form

the set A4, the value of the wage fund is given by

W∗
i ¼ max W

1ð Þ
i ;W

2ð Þ
i

� �
if a

1ð Þ
i > Ht

and by

W∗
i ¼ min eW 1ð Þ

i ;W
2ð Þ
i

� �
if a

1ð Þ
i � Ht

W
1ð Þ
i is the largest solution of the equation

liSi

W
1ð Þ
i

W
1ð Þ
i þ

X
k∈A4

i 6¼ k

W�
k

0BB@
1CCA ¼ kiU

t
i þ a0i þ a

1ð Þ
i Wi

and eW 1ð Þ
i is the smallest solution of this equation. If the equation has no solution,

it must be assumed thatW
1ð Þ
i ¼ 0 and eW 1ð Þ

i ¼ M, where M is a sufficiently large

number. The value of W
ð2Þ
i satisfies the equation
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liS
0
i

W
2ð Þ
i

W
2ð Þ
i þ

X
k∈A4

i 6¼ k

W�
k

0BBB@
1CCCA ¼ Ht

X
k∈A4

i 6¼ k

W�
k þW

2ð Þ
i

0@ 1A2

X
k∈A4

i 6¼ k

W�
k

, i∈A4:

It is assumed that Wt
i ¼ W∗

i . The system of equations to determine W∗
i is

solved by the known numerical methods.

For industries with a competitive labor market, the value ofWt
i is determined

as follows. For each i ∈ A5, we solve the equation

LD
i wi;U

t
i

� � ¼ LS
i wið Þ:

Denoting the solution of this equation by wt
i , we calculate the employment

Gt
i ¼ LS

i wt
i

� �
and the wage fund Wt

i ¼ wt
iG

t
i , i ∈ A5.

2. Determine the value of the final demand:

Vtþ1
i ¼ ρi

V t
i

p̂ t
þ 1� ρið Þ

XN
k¼1

Wt
k 1þ Htð Þ þ ev t

i , i ¼ 1, n, 0 < ρi < 1:

Here it is assumed that wages, social transfers with source deductions from

the wage fund, and prices influence the demand.

3. Calculate the total demand for the products of the industries as a solution of the

system of input–output equations:

Utþ1
i ¼

XN
j¼1

bijV
tþ1
j :

4. Evaluate the production volumes of the industries (based on the behavior model

of the monopolist employer) and interindustry flows:

xtþ1
i ¼ liSi W

t
i

� �
, i ¼ 1,N ,

xtþ1
ij ¼ aijx

tþ1
j , i ¼ 1,N :

5. Calculate the final supply of products of industry i:

ctþ1
i ¼ xtþ1

i �
XN
j¼1

xtþ1
ij , i ¼ 1,N :
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6. Using the difference analog of the Samuelson equation [119], determine the

change in prices for products of the industries:

ptþ1
i ¼ pt

i þ λi V
tþ1
i � ctþ1

i

� �
, i ¼ 1,N , λi > 0:

7. Calculate the expectations of production volumes at the next instant of time:

extþ1
i ¼ xtþ1

i þ μi x
tþ1
i � x ti

� �
, i ¼ 1,N , μi � 0:

8. Determine the weighted price index:

p̂ tþ1 ¼

XN
i¼1

ptþ1
i xtþ1

i

XN
i¼1

xtþ1
i

:

Then put t ¼ t + 1 and go to item 1.

This dynamic model was used to develop a specialized computer program which

allows predicting the consequences of decisions made in wage policy. Such a

program, in particular, makes it possible to solve the following problems:

• To assess the influence of changes in the efficiency (profitability) of production

in some industries due to their innovative development and implementation of

energy- and resource-saving measures on employment, wages, and general

economic dynamics.

• To predict the consequences of changes in social standards of deductions from

the wage fund.

• To assess the consequences of technological changes that will occur in some

industries during the innovation for the production dynamics and final

consumption.

• With regard to the dependence of the function of labor supply (i.e., functions

Sti(Wi) as well) on the number and age structure of the working population, the

proposed model makes it possible to predict the influence of these factors on

changes in wages and general economic dynamics.

The research allowed concluding that various forms of one-sided imperfect

competition on the labor market have an adverse effect on the economic dynamics.

The results can be used to support managerial decisions in employment and wages

policy and to evaluate and select alternatives of socioeconomic development.

One more field in the analysis of labor market was an ambiguous dependence

between labor remuneration and unemployment rate. According to the classical

approach to the analysis of this segment of national market, unemployment is a

result of an excess of labor supply over labor demand. Since labor supply increases

with increasing wages and labor demand decreases in this case, unemployment
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should arise when wage level exceeds its equilibrium value. As the excess

increases, unemployment should increase and, hence, a direct relation will exist

between wages and unemployment rate. This relation is substantiated by empirical

data for some countries and for different time intervals.

At the same time, statistical investigations demonstrate the opposite situation for

many countries. There is an inverse relation between the rate of unemployment and

wages in the majority of labor markets, and such dependence is insignificantly

different for countries with different levels of economic development for which

different types of organization of their labor markets (including the presence or

absence of different forms of imperfect competition) would be expected. There

is empirical evidence that direct relation between unemployment and wages reflects

the changes in nominal wages up to the level necessary to compensate for excess

labor supply. At the same time, fluctuations around an equilibrium level of wage

and unemployment correspond in most cases to the inverse relation.

The existence of the inverse relation is traditionally explained with the help of

noncompetitive models of labor markets under assumptions that employers have a

greater market power and can use unemployment to force persons employed to

accept lower wages. The absence of structural models that would adequately

describe the abovementioned relation hinders its use in theoretical research in

economics. Therefore, an attempt was made to consider the function of individual

labor supply whose arguments are not only wages but also unemployment. To this

end, a two-argument function of labor supply was constructed and conditions were

established for the direct and inverse relations between wages and unemployment.

Moreover, this function is used to analyze a competitive and a monopsony labor

market. The mathematical formalization of the problem and its detailed analysis are

presented in [115].

Let us use the abovementioned two-argument function of labor supply to analyze

processes that occur in differently organized labor markets.

Let the labor demand LD be determined by the relation LD ¼ f(ω), where f(ω) is
a decreasing, convex, and differentiable function of wages ω. The labor supply LS
also depends on the employment z and is defined by the relation LS ¼ F(ω, z),
where F(ω, z) is a two-argument labor supply function. The equilibrium condition

for this market becomes

F ω, zð Þ � f ωð Þ ¼ 0: ð4:26Þ

Equality (4.26) implies the existence of the set of equilibrium states Ĥ associated

on the plane z0ω with the locus of points (ω, z) that satisfy the condition f(ω) ¼
F(ω, z). We can assume that all points of the set Ĥ provide economic and social

stability, i.e., analogs of equilibrium points in classical models. Therefore, in what

follows, we will call the set Ĥ the set of equilibrium states. Taking into account

that F(ω, z) is monotonically increasing with respect to ω and that f(ω) is a decreas-
ing function, it follows from the assumptions on sufficiently large and small

values of these functions for sufficiently small and large ω, respectively, the

abovementioned set is not empty and its graphic representation is a line on the plane.

4.1 Modeling of Transition Economy 123



Under these conditions, two types of changes in equilibrium states are possible.

First, it is a shift of an equilibrium point along the line Ĥ , i.e., passage from one

equilibrium state to another with the relations LD ¼ f(ω) and LS ¼ F(ω, z)
remaining unchanged. The cause of such a passage can be the factors (including

noneconomic ones) that do not directly influence the labor demand and labor supply

but lead to a change in the employment or wages. One of such factors can be a

change in the minimumwage provided that the previous equilibrium value of wages

ω0 is smaller than its new minimum level. Second, the current equilibrium state

may change due to variations in the functions f(ω) and F(ω, z) due to the factors that
are not directly taken into account in Eq. 4.26. We will consider these types of

changes in more detail. We first assume that for all points (ω, z) from some

neighborhood of the previous equilibrium point, the condition
∂F ω, zð Þ

∂z > 0 is

satisfied. Then an increase in ω is compensated by a decrease in z, and the line

Ĥ is the plot of a continuous decreasing function z ¼ z(ω) (Fig. 4.1).
Let point (ω0, z0) be the current equilibrium state. We first consider changes in

employment and wages as a result of the passage to a new equilibrium state with the

same position of the line Ĥ . As is obvious from Fig. 4.1, one of the parameters

increases and the other decreases in this case. For example, for a new equilibrium

point (ω1, z1), we have ω1 > ω0 and z1 < z0. In this case, a direct dependence is

observed between wages ω and unemployment U ¼ z ωð Þ � z, where z ωð Þ is the

function between the number of potential employees and wages ω.

Let us analyze the consequences of changes in the position of the line Ĥ (of the

set of equilibrium states). We assume that due to some factors that have not been

directly taken into account in Eq. 4.26, the labor demand f(ω) has increased for

all ω. This increase must be compensated by an increase in z and, hence, the

equilibrium under a fixed ω will be attained for larger values of z. As a result,

the line Ĥ will be shifted upward up to the position depicted by the dash-and-dot

z2

z

z0

z3

z1

0 w3w0w1w2 w

Ĥ

Fig. 4.1 Change of equilibrium states,
∂F ω, zð Þ

∂z > 0
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line in Fig. 4.1. The passage to the new equilibrium state (ω2, z2) in the market is

mainly carried out so that this state will be insignificantly different from the

previous one. As follows from Fig. 4.1, such a passage is accompanied, first of

all, by increasing the employment rate and labor remuneration rate (ω2 > ω0,

z2 > z2). If the number z ωð Þ of persons offering their labor increases more slowly

than the employment rate (i.e., the inequality z ω2ð Þ � z ω0ð Þ < z2 � z0 takes place),
then the unemployment U decreases. In this case, the inverse dependence between

ω and U is observed.

If the labor demand f(ω) decreases for all ω, the line Ĥ is shifted downward to the

position shown by the dashed line in Fig. 4.1. After the passage to the new

equilibrium state (ω3, z3), both the employment (z3 < z0) and wages (ω3 < ω0)

decrease in most cases. If z ω3ð Þ � z ω0ð Þ < z3 � z0 holds, then the unemployment

U increases, which also leads to the inverse relation between ω and U.
Thus, a direct relation is observed between unemployment and wages on a

competitive labor market under the condition
∂F ω, zð Þ

∂z > 0 after the passage to

a new equilibrium state with a fixed position of the line Ĥ . If the passage to a

new equilibrium state is conditioned by a change in the position of the line Ĥ , then

this dependence can be both direct and inverse.

Consider the case where the inequality
∂F ω, zð Þ

∂z < 0 holds for all (ω, z) from a

neighborhood of (ω0, z0). The line Ĥ is the plot of an increasing function z(ω)
(Fig. 4.2).

As is obvious from Fig. 4.2, in the case of passage to a new equilibrium state

with a fixed position of the curve Ĥ , employment and wages vary and change in one

direction (in the case being considered, ω1 < ω0 and z1 < z0). If the conditions

imposed on the function z ωð Þ are similar to those in the previous case, then the

inverse relation arises between wages and unemployment.

z3

z

z0

z2

z1

0 w1 w 3w 0 w 2 w

Ĥ

Fig. 4.2 Change of equilibrium states,
∂F ω, zð Þ

∂z < 0
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As the labor demand increases due to the factors not taken into account in

Eq. 4.26, the line Ĥ is shifted downward since F(ω, z) increases with decreasing

z. The new position of Ĥ is shown by the dash-and-dot line. After the passage to the

new equilibrium point (ω2, z2) wage increases (ω2 > ω0) and employment

decreases, i.e., we have z2 < z0. As a result, the unemployment U ¼ z ωð Þ � z
increases and a direct relation is observed between unemployment and wages.

If labor demand decreases, Ĥ takes the position denoted by the dotted line. For the

new equilibrium state (ω3, z3), we have z3 > z0 and ω3 < ω0. In this case, a direct

relation between ω and U is also possible.

Thus, if
∂F ω, zð Þ

∂z < 0, the passage to new equilibrium states with a fixed position

of the line Ĥ is accompanied mainly by an inverse relation between wages and

unemployment. If the passage to a new equilibrium state is due to the change in the

position of the line Ĥ , then it is characterized by a direct relation between above

quantities.

If the sign of
∂F ω, zð Þ

∂z changes for different (ω, z) from any neighborhood of the

point (ω0, z0), then changes in unemployment and wages depend on the sign on

this derivative at the point (ω0, z0) and in some domains around it and are a

combination of the two cases analyzed above.

We now consider the case of a monopsony labor market, where one monopolist

employer acts in his/her own interests and maximizes the profit obtained from the

use of the acquired labor. Using the model of such a market considered in [181], we

may conclude that under these conditions, the employer determines the wages ω
and employment z so as to maximize the function

Q ω; zð Þ ¼ min lF ω; zð Þ, αVð Þ � Hω z ð4:27Þ

on the set D ¼ ω, zð Þ : ω � 0, 0 � z � z ωð Þf g, where l is the productivity of

labor per unit of the created value added; α is the share of the value added in the

price of the production manufactured by the employer; V is the demand for this

production (in what follows, the value of this parameter is considered to be known

and fixed), H ¼ 1 + h; and h is the amount of additional expenditures for acquisi-

tion of labor force per unit of wage fund. We consider that such expenditures

(indirect payroll taxes, social contributions, etc.) are proportional to the wage fund.

A maximum point of the function Q(ω, z) can be an interior or a boundary point
of the set D at which either this function is nondifferentiable or its gradient is

equal to 0. The situation where ω ¼ 0 or (and) z ¼ 0 is satisfied at this point is of no

interest in view of zero production volumes.

Thus, the model of a monopsony labor market (4.27) in which a two-argument

function is used shows that high unemployment can occur and be used by the

employer to force the employees to increase individual labor supply without

changing the remuneration. Employment and wages will change in this model in

the same or opposite directions due to the change in the demand for the production

manufactured by the employer, additional expenditures for labor acquisition, and
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other model parameters. Both direct and inverse relations can occur between

unemployment and wages. The optimal strategy (w*, z*) of the employer cannot

belong to the set ω, zð Þ : ∂F ω, zð Þ
∂z < 0

n o
.

Hence, various types of relations between wages and unemployment are possible

for various forms of organization of labor market. First of all, they are determined

by the elasticity of the two-argument function of labor supply and by the causes of

changes in labor market conditions.

The results of investigation of a labor market using the two-argument function

allow one to estimate the efficiency measures in employment and labor wages that

are aimed at the mitigation of consequences of an economic crisis. This crisis

influences all the main segments of national economy, but its consequences

concerning the state of manpower and human capital of a country are particularly

destructive. Fast curtailment of production significantly decreases labor demand

and leads to massive layoffs, and the deterioration in the financial state of enter-

prises forces employers to decrease wages and to make nonperiodic payments. The

abovementioned processes deteriorate professional skills of qualified workers,

intensify labor migration of best specialists, and exacerbate social tension.

Optimization models of socioeconomic processes that occur in a transition

economy at the final stage of economic reforms are now being developed based on

modern mathematical methods and multiprocessor technique. Their main feature is

the allowance for risk factors and uncertainty, environmental constraints, and the

influence of imperfect competition in some segments of the domestic market as well

as high-dimensional problems that will be solved during the model calculations.

Much attention is also paid to the development of intelligent information

technologies that would unite modeling processes (development and analysis of

the model), selection of an algorithm for model calculations; the convergence

analysis of dialog procedures of managerial decision support; and the stability

analysis of the obtained results under variable conditions. These technologies are

widely used to solve various problems that require simultaneous consideration of

economic, social, and technical aspects.

The results obtained at the Institute of Cybernetics in modeling an economy in

transition and simulation tools used for this purpose are detailed in the monograph

[114]. These results were repeatedly discussed and were highly appreciated

at numerous international conferences such as the 82nd GAMM Conference

(Graz, Austria, 2011), 8th EUROPT Conference (Aveiro, Portugal, 2010), EURO

XXIII (Bonn, Germany, 2009), EURO XXII (Prague, Czech Republic, 2007),

APMOD (Madrid, Spain, 2006), 15th Mini-EURO (Coimbra, Portugal, 2004),

6th International Conference on Logic and Methodology (Amsterdam, the Nether-

lands, 2004), and 18th International Symposium on Mathematical Programming

(Copenhagen, Denmark, 2003).

The application of scientific achievements of the Institute of Cybernetics of the

NAS of Ukraine in managerial decision support significantly improves the reason-

ableness and efficiency of management at all levels, which is topical and important

today.
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4.2 National Debt Modeling and Optimization

Deep economic transformations were carried out in Ukraine in order to develop

civilizedmarket relations, improve public institutions, and create economic relation-

ships that would ensure an acceptable level of financial provision and social guar-

antee for people. However, the way of their implementation has led to a number of

controversies and eventually resulted in a crisis of our economic system. The state

budget is in permanent deficit and Ukrainian national debt keeps increasing.

The analysis of the national debt and of the efficiency of its management

becomes of special importance today. For Ukraine, as well as for the most coun-

tries, government loans are the main source of covering the budget deficit. National

debt is a set of all liabilities to the creditors inside and outside the country. The total

amount of the debt and its dynamics, structure and growth rate are indicators of the

financial state and efficiency of the national debt policy.

While government loans can sometimes be used to fund regional and national

target projects, financing budget deficit still remains the main goal of government

borrowing.

According to the National Bank of Ukraine (NBU), gross national debt of

Ukraine was USD 123.1 billion at the end of the third quarter of 2011, rising by

USD 5.8 billion (or 4.9 %) during the first nine months of 2011.

International experts predict that the national debt will keep growing. According

to IMF calculations, it had to reach 43.7 % of the GDP by the end of 2012 [204].

As the debt dependency of the country grows, the economic security is impaired,

creating a real threat of losing our economic independence and laying an enormous

burden on future generations of Ukrainians.

Institute of Cybernetics has developed and explored mathematical models of

optimal debt servicing problems in order to analyze the state of the national debt in

Ukraine and the efficiency of its management. These models consider the set of the

most important economic, credit, financial, and social indicators of existing loans

(amounts, periods of delay and cancellation, interest rates, etc.). It is important to

satisfy socioeconomic needs of the society with structural economic reconstruction,

while integrating Ukraine into European economic structures. The current state of the

world economymakes the task evenmore complex. To solve this problem, an adequate

macroeconomic prediction is needed. Such prediction must include endogenous

variables, characterizing structural regulation processes of demand and supply.

Problem Statement and Complexity Analysis. Assume we have loans (foreign

credits) with specified payment amounts for each future planning period. The

whole planning period is called planning horizon. The funds that the government

is able to provide for credit repayment from own (budget) resources in each period

are considered known (set by law or predicted).

Payment accumulation of existing loans can cause situations where during some

intervals of time, payments to creditors exceed the ability of the budget to

repay them.
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The most common way of solving this problem is to borrow a new credit.

The main variants of possible loans are credits of international financial organiza-

tions (IMF, World Bank, etc.), foreign governments, or commercial organizations

(banks). There exist several types of external loans with their own features (possible

credit amount, terms of granting and first payment delay, interest rate, etc.).

The problem is to find such credit types available at the moment and determine

such credit features that minimize certain criteria and match certain constraints

[55, 56]. Managerial decision making can be based on the optimization of the

following variables:

• Total amount of new loans needed for ensuring government payments of exter-

nal debts.

• Amount of maximum “not-covering” payments with available resources,

defined for each period in planning horizon.

The maximum possible amount of loans for a certain time interval (usually a

year) and terms of matching requests with creditors’ conditions are assumed as

constraints.

Therefore, the problem can be characterized by the following aspects:

1. Planning horizon, i.e., the time interval (number of periods, months) of planning.

2. Features of each credit available at the moment (amount, duration, period of

payment delay, interest rate, bonuses (conditions of getting them), frequency

(or other indicators) of funds return, terms of restructuring, etc.).

3. Payment schedule of existing (borrowed earlier, before the planning horizon)

credits, i.e., amount of payments in each period.

4. Available funds from budget sources, which could be used for debt cancellation

(set by law or predicted).

5. Maximum amount of possible borrowing per year.

Planning is assumed to be done for a horizon consisting of one or several years,

where the first and/or the last year can be incomplete. Let T denote the planning

horizon, i.e., the number of months (periods) we make plans ahead; Lt be the set of
the numbers of months that belong to the year t, t ¼ 1, . . ., P and P be the number

of years in the planning horizon.

LetK denote the number of credit types available for borrowing from international

financial organizations. Each of them i, i ¼ 1, . . ., K, has the following features:

Qi ¼ qi
1, . . . , qi

Ti

� �
is the possible credit amount with corresponding tranche

distribution (the vector can contain zero components); Ti is the duration of the credit
agreement; τi is the period of payment delay; ri is the interest rate; ti is the period

whenmoney transfer should start (if the credit agreement is not signed, then ti¼� 1);

and φij ¼ φij (Qi, Ti, ri, ti, τi) is a function that defines payment distribution along

periods j of repayment of the credit j, j ¼ 1, . . ., T (subject to interest rate, bonuses,

and other awards).

Cases where these parameters are defined with their minimum or maximum

admissible values are not excluded from the consideration.
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In addition, we consider the following as known:

• Payments on already borrowed credits v1, . . ., vT
• Budget and other internal funds that can be aimed for credit repayment (total

values, % of GDP, % of export)

• Legal restrictions on loan amounts Os that the government is able to borrow

during the year s (s ¼ 1, . . ., P)

If the planning horizon contains an incomplete year, then Os is recalculated with

respect to the number of months in the incomplete year s included in the planning

horizon.

The optimization can be done using the following parameters:

• Total loan amount directly used for debt cancellation

• Maximum excess of needed payments over available funds during planning

horizon T (given by the government for credit payments only)

• Total amount of loans according to credit agreements to be signed

The problem is to find such loan sources and such feature values of each credit

type that minimize the above criteria and satisfy the constraints.

The solution is represented by a square matrix x ¼ {xij}K � T, where xij are funds
aimed at repayment on credit i in period j (i ¼ 1, . . ., K; j ¼ 1, . . ., T ). Hence, the
objective functions determining the loan efficiency are

f 1 xð Þ ¼
XK
i¼1

XT
j¼1

φij � sgn xij
� �

, ð4:28Þ

f 2 xð Þ ¼
XT
j¼1

max 0,vj þ uj � wj �
XK
i¼1

xij � δj

( ) !2

, ð4:29Þ

where sgn(xij) is the sign function; uj is the amount of aggregate payments on

new credits in period j, uj ¼
XK
i¼1

φij � sgn xij
� �

; τj is the lack/surplus of funds

accumulated at period j; and

δj ¼
Xj�1

s¼1

XK
i¼1

xis þ ws � vs � us

 !
if j > 1,

0 if j ¼ 1:

8><>:
The constraints can be written as

Xs
j¼0

xi jþtið Þ �
Xmin s, Ti�1f g

j¼0

qi
1þj, 8i∈ k∈ 1, . . . , Kf g : tk 6¼ �1f g, s ¼ 0, . . . , T � ti,

ð4:30Þ
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XK
i¼1

X
j∈Ls

xij � Os, s ¼ 1, . . . , P, ð4:31Þ

xij � 0, i ¼ 1, . . . K, j ¼ 1, . . . , T: ð4:32Þ

Conditions (4.30) imply that loan demand cannot exceed the available proposi-

tion. Inequalities (4.31) represent the condition of not surpassing the legal restric-

tion on the maximum possible amount of loans during the year.

Let X ¼ {x} denote the space of possible problem solutions, then constraints

(4.30)–(4.32) define the admissible domain D � X. As long as the credit amount

(as well as individual tranches) is actually expressed in millions of dollars, it is

advisable to consider changes of xij with a fixed big step for practical reasons. So,

introducing a new parameter b, which defines the minimal possible variation of xij,
we can assume that X and D are finite sets.

The corresponding combinatorial optimization problem is formulated: find

x∗ ¼ arg min
x∈D�X

f xð Þ, ð4:33Þ

where f xð Þ is a vector objective function using the partial criteria defined by

Eqs. 4.28 and 4.29:

f xð Þ ¼ f 1 xð Þ þ λ f 2 xð Þ, ð4:34Þ

λ > 0 is a weight coefficient, which characterizes the influence of penalty function

defined by f2(x).
The objective function (4.34) of problem (4.33) contains the minimax

(see Eq. 4.29), and the dimension of the combinatorial space X and the form of

constraints (4.30)–(4.32) make it possible to develop and use specific solution

algorithms.

The values of xij derived from the solution of Eq. 4.33 allow determining the

following:

• The number (with defined source of income) and amount of the necessary loans

with the corresponding distribution along the whole planning horizon.

• The optimal duration of each chosen credit.

• The most problematic periods for debt servicing.

The problem of optimal servicing of the Ukrainian national debt is a combina-

torial optimization problem. If we neglect the constraints on the annual loan

amount, the number of possible solutions is

Xj j ¼
YK
i¼1

Qi

b

	 
XT
j¼1

min Ti, T � jþ 1f g
 !

, ð4:35Þ

where bac is the smallest integer that does not exceed a.
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For example, the number of solutions for the case where all the propositions

have the amount of possible credit equal to 100, duration of credit agreement

10 months, and discretization parameter b ¼ 1, is calculated by Eq. 4.35 for

some values of K and T and is presented in Table 4.1.

For a Pentium 4 PC with 2.66 GHz CPU and 1 Gb RAM, the exhaustive search

or other exact algorithms for the above problem can take years (Fig. 4.3).

This estimate illustrates the need to develop and use approximate algorithms.

But even then, considering the complexity of the problem, it is possible to get

qualitative solutions only using modern supercomputers.

Using the H-Method for National Debt Management Problem. The Institute of

Cybernetics developed and implemented new efficient combinatorial optimization

algorithms to solve problems of modeling and managing the national debt of

Ukraine. They allow solving such problems in acceptable time.

One of these algorithms is the H-method [57]. It is an evolutionary algorithm

which, unlike the trajectory approaches, employs a set of solutions simultaneously

at each iteration. Using specifically defined intervals allows performing the search

in neighborhoods and global scan of the solution space X. Moreover, unlike general

operators of disturbance and recombination in the majority of other methods, the

scanning procedure of the H-method is specifically defined.

The notion of a d-segment /x, y/ plays a significant role in the H-method.

It connects two arbitrary points x ∈ X and y ∈ X, where X is a metric space

with metric d.
A d-segment /x, y/ is an ordered set of points xi ∈ X, i ¼ 1, . . ., k, where

k ¼ d(x, y), that satisfies the constraints x1 ¼ x, xk ¼ y, d(x, xi) + d(xi, y) ¼
d(x, y), d(x, xi) < d(x, xi + 1), i ¼ 1, . . ., k � 1; and there is no such point

z ∈ X\{xi, xi + 1} that d(xi, z) + d(z, xi + 1) ¼ d(xi, xi + 1), i ¼ 1, . . ., k � 1.

Table 4.1 Number

of solutions
T

K

15 25

12 4 � 1053 2 � 1089

24 7 � 1059 5 � 1099

36 9 � 1059 9 � 10104

48 1065 3 � 10108

12 24 36 48
Planning horizon, months

R
un

 ti
m

e,
 y

ea
rs

15 propositions 25 propositions

1040

1060

1080

10100

1020

Fig. 4.3 Estimated run

time for exhaustive search

(logarithmic scale)
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Then a d-interval < x, y > is an ordered set /x, y/ \{x, y}, аnd semiinterval < x, y/
is a set /x, y/ \{x}, respectively. Then let us consider such spaces where d(x, y) ¼
bh (for b natural, h > 0) and if d(x, y) > h, then interval < x, y > 6¼ ∅.

The computational scheme for the H-method is presented below:

procedure H-Algorithm (x);

Here G_Search is a procedure of the G-algorithm [57] used to improve the

found solutions.

The main parameters of the H-method are as follows: m is the number of

alternative solutions in the population (using the evolutionary computation termi-

nology); k is the number of pairs of points selected to draw semiintervals from the
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current point to the furthest one and to minimize the objective function along these

semiintervals; s is the radius of the neighborhood Ls(y), whose points from

the drawn semiinterval are excluded from the consideration (s is natural); and x1

is the point in the solution space most distant from x.
It is allowed to change parameters during iterations, so we define them dynam-

ically during extremum search process. It is a common feature for the majority of

modern approximate algorithms in combinatorial optimization.

The H-method employs only local extrema like in repeated local search and

memetic algorithms. The set P of local extrema is similar to the set of populations in

the memetic algorithm; therefore, the selection procedures used in the H-method

can be implemented like in evolutionary algorithms. The fundamental distinction of

the H-method is the global search in the solution space X, by finding a suboptimal

solution of the input problem based on a solution of the subproblem:

z ¼ arg min
u∈<x, x1=\ Ls yð Þ

f uð Þ, ð4:36Þ

where y ∈ < x, x1/.

In the practical application of the H-method, it often happened that z ¼ y in

subproblems (4.36) since the selected points x and y were local extrema. In order to

avoid this, the parameter s > 0 was introduced. This parameter defines the radius of

the metric neighborhood Ls(y) whose points are excluded from consideration.

Obviously, for most combinatorial spaces it is expedient to choose s > 1, excluding

the possibility of defining point y as a solution of the specified subproblem.

A temporary set P whose number of points is limited by m + k is generated after
the variation stage. Then the task of the procedure «SelectPopulation» is to reduce

the number of points in the set P to m again.

The mechanism of generating the suboptimal solution on a semiinterval is

similar to the scattered search: it could be represented as an action of a specific

recombination operator, which generates a “descendant” from three “parents”:

x, y, x1 ∈ X.
Points x, y ∈ P for the variation procedure are selected according to the

following rules:

• Points x and y are the best and worst values of the objective function among all

(or a subset of) points in P, respectively.
• The points x and y are randomly selected with the probability proportional to the

objective function or other indicators.

• Selection of “the worst point” x and the random or determined selection of the

point y are performed (the distance between points x and y being considered both
in the solution space and in the values of the objective function).

It is reasonable to choose such a starting point x from the selected pair that has

the “worse value” of the objective function in all cases.

The strategy of generating a new population (population selection) from the

temporary population of m + k points can lie, for instance, in selecting the most
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appropriate m points, excluding descendants with the metropolis criteria or

replacing all m parents with k their better descendants if m � k.
While selecting an individual point from P to the next population, it is reason-

able to consider the following indicators, along with the values of the objective

function:

• The number of selection procedures where this point was used for variation

• The number of iterations during which the point was not excluded from P

If we use the definite method of constructing < x, x1/, then the participation of

all the points in the construction of semiintervals can be a terminal condition, along

with criteria usual or specific for evolutionary methods.

Let us discuss some methods of constructing the semiintervals < x, x1/. There

are two properties of such construction for finite metric spaces.

First, for an arbitrary x ∈ P, the “most distant” point is the point that satisfies

the condition x1 ¼ arg maxy ∈ X{d(x, y)} (the distance in most cases equals to the

diameter of the space X).
Second, if two points x, y ∈ P are not adjacent, we can draw more than one

d-segment between them. Therefore, when implementing the H-method, we should

distinguish the case where only one segment is always selected from the set of

feasible d-segments /x, y/ such that d(x, y) > h and the case where all the feasible

segments are drawn. Subject to this, the rule «SelectForVariation» can be modified:

if there is one feasible semiinterval < x, x1/ and y ∈ < x, x1/, then it is reason-

able to mark points x and y after their selection as “selected” since there is no sense
to choose them again. If there is a possibility to draw more than one possible

semiinterval< x, x1/, then some pair x, y can be chosen again if a new semiinterval

is constructed.

For high-dimensional problems, optimization along the semiinterval could

appear time-consuming. In such cases, we can introduce an additional parameter,

which defines the part of the semiinterval < x, x1/ to be considered in Eq. 4.36,

i.e., the maximum possible distance between points x and x1. A similar parameter

must be introduced in the case of infinite space X since the semiinterval

becomes a ray.

The developed algorithm was implemented in C language for the SCIT-3

multiprocessor system. Figs. 4.4, 4.5, 4.6, 4.7, 4.8, and 4.9 show examples of

input data and obtained results in solving the problem of external debt optimization.

Figures 4.10 and 4.11 and Table 4.2 show the averaged results of the conducted

computational experiments. We have solved five randomly generated tasks for

15 propositions and a planning horizon of 4 years. The aim of the experiment

was to estimate the speedup achieved by parallelization of the algorithm and

increasing the number of used processors. The results showed that after 10, further

increase in the number of processors does not produce any significant speedup due

to data exchange between processors. In general, the acceleration coefficient for

nine processors is greater than for three. Note that the increase in the time of

solution using two processors in comparison with one CPU is a logical consequence

of the selected parallel scheme: the algorithm is actually performed on one
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subordinate processor with additional time for exchanges with the main CPU. For

this reason, the acceleration coefficient was calculated only for three and more

processors.

The proposed method of national debt management and optimization was used

as a basis of a special subsystem [56]. The user interface design is shown in

Fig. 4.12.

Let us describe the main units.

Analysis. The unit of interaction with the data store is represented by a function with
a standard report or user profile as the input. It returns a matrix or data array from

the data store. Report titles and profiles are received via function or Excel Add-In,

which represents a list of reports and profiles as a convenient table.

Since the potential dimensions of reports, matrices, and data arrays can be very

large, a special compression subsystem was developed for data exchange.

Optimization. General concepts of user interface design remain the same for all

modules. Optimization function has only several optional parameters, which help to

better adjust the optimization algorithm to the mathematical model.

After the optimization unit gets its parameters, the compression subsystem

compresses the data and transfers it to the application server, which controls the
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Fig. 4.11 Estimated acceleration coefficient for the parallel algorithm of the H-method

Table 4.2 Effectiveness measures for parallel H-method

Number

of processors

Average run

time, seconds

Average acceleration

coefficient

1 320 –

2 412 –

3 267 1.2

4 164 2.0

6 135 2.4

7 121 2.6

8 110 2.9

9 99 3.2

10 95 3.4

11 91 3.5

12 87 3.7

138 4 Mathematical Modeling and Information Technologies. . .



optimization process performed by the SCIT cluster. Since the optimization process

can take much time, the user can transfer multiple scenarios for optimization at

once. The application server will follow the working process and notify the user

(by e-mail, SMS, or optimization unit) about the completion of the optimization

processes and their status (successful or not). The user can also follow the status of

the optimization process online and analyze the improvement of the results

according to the criteria used in the mathematical model. If needed, he/she is able

to stop further optimization and obtain current results.

Processing of the Results. The user can get the optimization results after the

completion or forced termination of unit optimization using functions or Excel

Add-In. He/she can also save the scenario results in the scenario database with the

special function and compare them.

Summarizing the conducted scientific research on national debt optimization, we

can draw the following conclusions.

The structure and amount of the national debt must be predicted for an interval of

several years or even decades in order to ensure a balanced budget, sustainable

economic growth, and strong financial system. Without such strategy, national debt

will keep growing.

National debt problems must become an independent research field in economic

analysis, forecasting, financial management, and economic law. While creating a

debt management strategy, it is worth to pay attention to such principal moments as

having a well-defined limit for external and internal debt shares and expenses for

their servicing in the structure of government expenses; further reduction of the cost

of national debt servicing and prolongation of the duration of loans; combination of

market and institutional mechanisms of national debt management; and applying

the world experience of debt settlement.

MS Excel 2007

Excel Add-In

User interface

Scenario
database

Data store SCIT 1

Application server

SCIT 2

SCIT 3

Optimization
unit

Scenario control unit Analysis unit

Matrix compression
function in compression

subsystem

Fig. 4.12 National debt modeling and optimization
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4.3 Modeling of Financial Sector and Intergovernmental

Fiscal Relations

Along with modeling the real sector of transition economy, scientists at the Institute

of Cybernetics modeled processes that occur in finance and are crucial to the

economy as a whole. The modeling complex “Budget” was developed, which

made it possible to analyze the mutual influence of fiscal policy and monetary

processes in transition economy countries. The studies in economic and mathemat-

ical modeling were not restricted only to the analysis of fiscal, monetary, and

financial systems. A careful attention was paid to the real economy and its interac-

tion with money circulation.

The state regulation of regional development is a key tool for implementing

regional policy. The financial basis for such regulation is the budget of the region. A

strategically correct management of budgets is the key to the success of the entire

economy. Such a mechanism is widely used in developed market economies;

however, local government in Ukraine and its financial support are still in the

embryonic stage. Therefore, creating models of regional budgets of Ukraine and

models of intergovernmental relations that allow modeling different scenarios and

analyze and assess their consequences for the country is an urgent and imperative

approach to the further efficient development of the economy.

Local budgets should be sufficient for local authorities to perform their own and

delegated powers as well as to provide people with social services at a level no

lower than the minimum level of social protection. If local budgets are not balanced

in terms of these conditions, the state provides their balance by intergovernmental

transfers, i.e., by the funds donated and irrevocably transferred from one budget

to another.

According to Article 96 of the Budget Code of Ukraine, the system of intergov-

ernmental transfers includes (1) equalization grants, (2) subventions, (3) funds

transferred to the State Budget of Ukraine and local budgets from other local

budgets, and (4) other grants.

The primary goals of the system of intergovernmental transfers include the

compensation of fiscal externalities (external effects) formed as a spillover benefit

from the activity of one region to the other, equalization of the revenues of regional

budgets, and correction of the shortcomings of the taxation system (negative tax

distortions).

Let us consider two main problems associated with the system of intergovern-

mental relations. The first is different approaches to providing regions and local

jurisdictions with financial resources necessary to fulfill the delegated obligations in

regional equalization, i.e., equalization of the marginal cost of public funds (mar-

ginal cost of the production of public goods and services), equalization of taxable

capacity, expenditure needs, etc. The second problem is that many different mech-

anisms of the distribution of intergovernmental transfers (incentives and disincen-

tives) influence the fiscal behavior of regional authorities concerning decision

making in tax policy and output volume of public goods and services. Obviously,
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these two problems are closely related, and the principle of intergovernmental

equalization, which is used by the central government in the allocation of transfers,

must take into account the expected reaction of regions on the receipt of transfers.

Scientists from the V. M. Glushkov Institute of Cybernetics and M. V. Ptukha

Institute of Demography and Social Research conducted a study on the redistribu-

tive ability of intergovernmental transfers, progressive taxation system, and system

of intergovernmental transfers in Ukraine and their impact on the funding of

three major social programs such as education, health, and social protection

[137, 138]. The assumptions concerning the equalizing nature of regional redistri-

bution of income through a system of intergovernmental transfers (payments from

the state budget) were tested by developing and evaluating a model that establishes

a relationship between the amount of transfer and own regional income (budgetary

revenue) in per capita terms. The system of intergovernmental transfers was

considered progressive if the effective transfer rate, i.e., the ratio of transfers per

capita to the parameter being equalized (own revenues to the regional budget, the

gross regional product (GRP), etc.), decreases as the specified parameter increases.

This also means that the marginal rate of transfer is less than the average or

(in terms of elasticity) that the elasticity of transfer with respect to the regional

income must be less than unity. In the case of taxes, in contrast, a tax is progressive

if the elasticity of regional tax revenues with respect to the characteristic being

equalized is greater than unity or if the marginal rate is greater than average one.

By the elasticity ηY,X of a function Y ¼ F(X) with respect to the variable X, we
mean the percentage of the increase in the value of the function for 1 % growth of

the value of the variable: ηY,X ¼ dlnY
dlnX ¼ dY

dX
X
Y :

Let us consider the following econometric model. The elasticity of regional

transfers with respect to the own revenues is estimated by the equation

ln
Si

S

� �
¼ αþ β ln

Yi

Y

� �
þ εi, ð4:37Þ

where Si and Yi are the transfer and own revenues per capita in the region i,

respectively, S and Y are their average values, α is a constant that corresponds to

the fixed portion of the transfer, β is the elasticity of the regional transfer with

respect to the own revenues, and εi is stochastic component.

Another useful characteristic of the redistributive capacity of the system of

intergovernmental transfers can be obtained from the following equation:

ln
Yi þ Si

Y þ S

� �
¼ αþ β ln

Yi

Y

� �
þ εi, ð4:38Þ

where 1 � β is an estimate of the redistributive capacity of transfer, and Yi is own
revenues per capita in the region i. Obviously, if β ¼ 1, the relative income of the

regional budget before a transfer accurately correlates with the relative regional

budget after the transfer, and there is no interregional redistribution in this case.

For example, β ¼ 0.7 means that 70 % of the initial difference in relative per capita
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regional incomes remains after the distribution of transfers. It is assumed in

Eqs. 4.37 and 4.38 that the funds received by the regions are completely determined

by the GRP.

The progressivity of the taxation and transfer system can be checked by using

several econometric models of the interdependence between the amount of transfer,

tax revenues to the state budget from the regions, net tax (the difference between tax

revenues to the state budget and the amount of transfer to the region), and the

parameter being equalized. In case of equalizing the total regional income, such a

parameter is the GRP; in case of equalizing the regional tax revenue, it is the tax

revenues of the consolidated budget of the region.

Let us consider two models of transfers: linear and logarithmic.

The linear model of transfers (or tax exemptions) is as follows:

Xti ¼ αt þ βtYti þ εti, ð4:39Þ

where Xti ∈ {Sti, Tti}, Sti is the transfer to region i in the year t, Tti is tax revenue of
the region i in the year t, αt is a constant, βt is a coefficient that establishes how

much Xti increases for 1 UAH increase in Yti, and Yti is one of the following

variables: GRP per capita in region i in the year t (when assessing the equalization

of the total regional incomes), tax revenues of the consolidated per capita budget of

the region i in the year t (when analyzing the redistribution of regional income via

transfers), and per capita tax revenue of budgets of all levels of the region i in the

year t (when analyzing the interregional redistribution of tax revenues). For the

linear model, the transfer progressivity condition (i.e., elasticity of transfer with

respect to the parameter being equalized) is equivalent to the condition αt > 0.

If αt ¼ 0, the transfer is proportional; if αt < 0, it is regressive.

To check the progressivity of the tax system, it is necessary to test the hypothesis

that the elasticity of tax revenues by income (for the variable being equalized) is

greater than unity, which is equivalent to the condition αt < 0. If αt ¼ 0, the tax is

proportional; if αt > 0, it is regressive.

The logarithmic model assumes a nonlinear, with constant elasticity dependence

of transfers on the variable being equalized. The progressivity analysis of transfers

in this model implies testing the hypotheses about the elasticity of the transfer

amount with respect to tax revenues to the regional budget, GRP, and own revenues

to the regional budget per capita in year t. Therefore, it is necessary to test the

hypothesis on the coefficient of elasticity βt in models of the form Xti ¼ AtY
βt
ti ,

where At is a technological coefficient. If βt < 1 (βt > 1), the transfer system is

progressive (regressive). For tax systems, it is vice versa. The corresponding

logarithmic-linear equation is

ln Xtið Þ ¼ αt þ βtln Ytið Þ þ εti, ð4:40Þ

where Xti and Yti are defined above and αt ¼ ln At.

The elasticity of transfers with respect to the own regional revenues was esti-

mated using Eq. 4.40. For the period 1999–2010, in all the cases (except for 1999),
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the model was adequate according to the Fisher criterion. The intersection compo-

nent (αt) for 2005 did not statistically differ from 0. Thus, the growth of own

resources of regions reduces the amount of transfer (βt < 0).

The redistributive capacity of the system of intergovernmental transfers can be

estimated by Eq. 4.39, where Yti is own revenue per capita of the region i in
the year t.

According to the results for 1999–2010, from 45 to 78 % of the initial relative

differences in own incomes of regions were reduced after the distribution of

intergovernmental transfers. Thus, the system of intergovernmental transfers has

strong redistributive and equalization effects.

The linear model of transfers, Sti ¼ αt + βtYti + εti, was estimated for the three

explanatory variables: GRP, own revenues, and tax revenues of regions. In all the

cases, intergovernmental transfers were progressive (αt > 0).

In the case of logarithmic model, ln(Sti) ¼ αt + βt ln(Yti) + εti, the system of

intergovernmental transfers in Ukraine is progressive (except for 1999 and 2001

with the GRP as the explanatory variable). The progressivity condition is βt < 1.

In evaluating the linear (Tti ¼ αt + βtYti + εti) and the logarithmic (ln(Tti) ¼
αt + βt ln(Yti) + εti) models of regional tax revenues, the explanatory variable

is GRP. In the case of the linear model, regional taxes are progressive for αt ¼ 0,

proportional for αt ¼ 0, and regressive for αt > 0. In the logarithmic model,

the taxation system is progressive for βt ¼ 1, proportional for βt ¼ 1 and regressive

for βt < 1.

According to the linear model, the regional tax system was progressive only in

2000–2002. For the logarithmic model, the system of regional taxation was also

progressive in 2000–2002 and proportional in 2003.

Evaluating the two-factor model of tax revenues Ti ¼ α0 + α1Yi + α2Si + εi
with transfer amount as an explanatory variable makes it possible to determine

the type of grants that are mainly used for interregional redistribution of resources.

The results show that in 1999–2005, the central government was mainly focused on

the allocation of general-purpose unconditional grants. In 2006–2009, the influence

of matching grants became dominant and created positive incentives to increase

regional tax revenues.

In assessing the influence of own resources of regions and intergovernmental

transfers on the level and stability of funding of major social programs (education,

health, social security), the linear and logarithmic models with own resources and

transfers as explanatory variables were used.

The results show that the system of intergovernmental transfers has the most

powerful effect on funding of education.

The linear model of local spending on education, health, and social protection

with own revenues and transfers as explanatory variables was also used for each

region separately. This allowed us to evaluate the influence of own resources and

regional intergovernmental transfers on the amount and stability of funding for

social programs for the period of 1999–2010 in a regional context. The main result

of the evaluation is the conclusion that two groups of regions (seven regions in each

group) are formed in Ukraine, for which their own resources (the first group) and
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intergovernmental transfers (second group) dominate in financing of the three

branches of social infrastructure. The results allow hypothesizing about the process

of interregional polarization (interregional divergence) according to this

characteristic.

When developing the method of the distribution of intergovernmental transfers,

it is important to determine the standards that characterize the taxable capacity and

the spending needs of the region. However, the standard spending needs and taxable

capacity cannot be used in the formation of any incentives and evaluation of the

behavioral responses of regions. These parameters of the technique of the distribu-

tion of transfers are determined separately for each region, so their changes lead to

interregional redistribution of resources.

Changing the degree of involvement of the central government in the formation

of regional budget revenues leads to opposite changes in regional decision making

on tax revenues and spending. The growing influence of actual tax revenue leads to

a reduction in the optimal value of tax revenues. This in turn leads to a reduction in

regional spending. This is because the regional utility function can be increased by

reducing the tax burden and by a less reduction in public spending, since lower tax

revenues are partially offset by increased transfer.

In analyzing the influence of the values of covering of the fiscal gap between

estimated regional revenues and spending, one should also take into account an

ambiguous influence of the level of incorporation of actual spending on decisions

regarding the optimal values of tax revenues of regions. For different cofinancing

rates of regional expenditures, participation in generating incomes, standard expen-

diture needs, and taxable capacity, the influence of changes in the amount of

transfer on tax revenues and expenditures may vary.

An analysis of the results of the study allows assessing the influence of own

resources and regional intergovernmental transfers on the amount and stability of

funding for education, health, and social protection. In our view, to take advantage

of the system of intergovernmental transfers and strengthening its influence on the

development of social infrastructure, it is reasonable to make the following steps:

1. Implement medium-term (3–4 years) planning of regional budgetary cycles in

order to stabilize the financing of infrastructure industries.

2. Create a separate fund of regional equalization and development in the system of

intergovernmental transfers (similar to the Regional Development Fund in

Russian Federation, Commonwealth Fund in Australia, and Structural Funds

of European Union) and an independent commission for the distribution of

equalization transfers.

3. Divide transfers to regions into transfers intended to finance social services

(education, health, social security, etc.) and those to be used to finance invest-

ment programs. The former should be unconditional branch grants and the latter

endowment grants with co-financing.

4. Improve the technique of interregional redistribution based on the principles of

transparency, demographic, and social characteristics of the regions to meet the

needs of the population in social services.
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The structure of planning models for regional budgets and payment schemes for

individual models evolve over time due to the emergence of new types of inter-

governmental relations, the modified settlement rules, the changed regulations and

practice of their introduction, etc. As a result, the models become more complex,

taking into account an increasing number of causal relationships among economic

phenomena. This raises the problem of creating a universal methodology to effi-

ciently provide the flexibility of the employed tools. Of great importance for its

solution is a widespread use of the methods of cybernetics as a science that studies

the general principles of complex systems and methods of their control. Funda-

mental concepts such as system’s structure, hierarchical subsystems, feedback, and

self-regulation became particularly important in studying transition economy and

identifying the necessary structural changes in economic relations.

Experts in cybernetics pay much attention to the development of intelligent

information technologies that integrate modeling (creation and analysis models),

selection of an algorithm for model calculations, convergence analysis of dialog

procedures of managerial decision support, the stability of the obtained results

under changes in external conditions, etc. These technologies are widely applied

in solving various problems where economic, social, and engineering aspects

should be taken into account simultaneously.

4.4 Systems Analysis as a Tool to Process Data of Different

Nature That Characterizes the Main Directions

of Sustainable Development

The global challenges facing the humanity at the turn of the twenty-first century put

the question about the possibility of the existence and ways of the future develop-

ment of the mankind. Vernadsky’s doctrine of noosphere [25] was a necessary

platform to work out a triune concept of sustainable ecological, social–institutional,

and economic development. This concept was generalized at the high-level meet-

ings with the participation of representatives from more than 180 countries, many

international organizations, and leading scientists (in Rio de Janeiro in 1992 and in

Johannesburg in 2002).

The economic approach to sustainable development lies in the optimal use of

limited resources and the application of environmental-, energy-, and material-

saving technologies to create a flow of comprehensive income, which would at least

save (not decrease) the aggregate capital (physical, natural, or human) used to

generate the comprehensive income. At the same time, transition to the information

society leads to a change in the structure of the aggregate capital for the benefit of

the human one, increasing the intangible flows of finance, information, and intel-

lectual property. Nowadays, these flows exceed seven times the transportation

volume of material goods. The development of a new, “weightless” economy is
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stimulated by not only the lack of natural resources but also the increasing amount

of information and knowledge, which become in demand.

From the point of view of ecology, sustainable development must ensure the

integrity of biological and physical natural systems and their viability as a stability

factor of the global biosphere. The ability of such systems to renew and adapt to

various changes instead of being in a static state or degrading and loosing the

biological diversity is particularly important.

The social–institutional component, as a set of social phenomena, processes, and

institutions, is focused on the human development, on preserving the stability of

social and cultural systems, and on reducing the number of conflicts in the society.

A human should become the subject of the development but not the object.

The human must participate in its life processes, decision making, and decision

implementation control. To ensure these conditions, of critical importance is a fair

distribution of wealth among people, pluralism and tolerance in their relations, and

preservation of the cultural capital and its diversity, especially non-dominant

culture heritage.

System harmonization and balance of economic, ecological, and social–institu-

tional components of the sustainable development of mankind is an extremely

difficult task. In particular, the interrelation of the social–institutional and ecolog-

ical components predetermines the need to preserve the equal rights of present and

future generations for the use of natural resources. The interaction of the social–

institutional and economic components requires achieving the equity in the distri-

bution of wealth among people and providing targeted aid to the poorest strata of

society. The interrelation of the environmental and economic components requires

the cost estimate of technogenic influence on the environment.

Solving these problems is the main challenge for national governments, influ-

ential international organizations, scientific communities, and all progressive peo-

ple of the world.

M. Z. Zgurovsky and his/her followers obtained significant scientific results in

the analysis of sustainable development on the basis of modern methods of systems

analysis. In what follows, we will consider these results in detail.

An important problem on the way of implementing the concept of sustainable

development is the formation of a measurement system (namely, metrics) for the

quantitative and qualitative evaluation of this extremely complex process. The main

requirements to the system are its information completeness and adequacy of the

presentation of the interconnected triad of the components of sustainable develop-

ment. Well-known international organizations as well as many research teams are

working in this field; however, an unequivocal approval has not yet been reached.

This can be explained by the peculiarities of sustainable development as the object

of the research, such as multidisciplinary and weak structure of the research

problems, which, in turn, necessitates system coordination of data of different

nature.

The quantitative and qualitative data used in multidisciplinary studies are of

different nature, vary within different ranges, and can be presented in different

systems of measurement. Therefore, a need arises to bring them to a common form

146 4 Mathematical Modeling and Information Technologies. . .



of presentation, to equalize the scales, systematically harmonize such data, and to

aggregate them into convenient and more general indicators [75]. Multidisciplinary

problems that involve sharing the results of quantitative measurement and expert

assessment are often treated as weakly structured. In this case, data harmonization

should be meant in a broader sense and problems of two types should be considered.

Problems of the first type are related to the methodology of the quantitative

assessment of the consistency of data of different nature and those of the second

type to the development of data reconciliation methods.

The methodology of the estimation and analysis of sustainable development

includes the model of sustainable development, which is a multidisciplinary syn-

thesis of the models well known in the natural, economic, and social fields of

science, and a technique of implementing formal statistical methods and expert

evaluation methods for the analysis of sustainable development processes.

A sustainable development process will be characterized by two major compo-

nents [3]: security (Cs) and quality (Cq) of people’s life. Based on this concept, a

generalized measure (index) of sustainable development can be represented by the

quaternion {Q}:

Qf g ¼ l� Cs þ Cq Iec, Ie, Isð Þ ð4:41Þ

The quaternion {Q} contains the imaginary scalar part l � Cs, which describes

the safety of human life, and the real scalar part in the form of the projection of the

norm of the radius vector~Cq to the ideal vector with the coordinates (1; 1; 1), which

describes the quality of human life in the space of three dimensions: economic (Iec),
environmental (Ie), and social–institutional ((Is). Here, l takes the value of real unit
for the normal, regular state of society development for Cs > 0 and the value of

imaginary unit when the society goes into a state of conflict (Cs ¼ 0):

l ¼ 1 for Cs > 0,ffiffiffiffiffiffiffi�1
p

for Cs ¼ 0 conflictð Þ:
�

For each country, the Euclidean norm of the radius vector of the human life

quality ~Cq

� �
can be represented as

k~Cq k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2ec þ I2e þ I2s

q
:

Then we define the quantitative measure of the human life quality as a projection

of the norm of this vector on the ideal vector with the coordinates (1; 1; 1):

Cq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2ec þ I2e þ I2s

q
� cos αð Þ:
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The angle α of deviation of the radius vector~Cq from the ideal vector (1; 1; 1) is

determined through the values of the measurements of Iec, Ie, and Is by the

following formulas:

α ¼ arccos
Iec þ Ie þ Isffiffiffi

3
p �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2ec þ I2e þ I2s

q , 0 � α � arccos
1ffiffiffi
3

p :

Therefore, the projection of the norm of the radius vector ~Cq on the ideal vector

(1; 1; 1) characterizes the quality of human life, and the spatial position of

the vector ~Cq in the coordinate system (Iec, Ie, Is) characterizes the measure

of “harmony” of the sustainable development.

Note that as angle α approaches 0, the degree of harmonization of sustainable

development grows. That is, equal distance of the vector ~Cq from each of the

coordinates (Iec, Ie, Is) corresponds to the highest harmony of the sustainable

development. The approximation of this vector to one of the coordinates is indic-

ative of the priority development of the corresponding dimension while the other

two are neglected.

Let us call the quantity G ¼ 1 � α the degree of harmonization of sustainable

development. It grows as G approaches 1 and decreases as G approaches 0.

The cumulative influence of the totality of global threats on different countries and

groups of countries will be assessed with the help of the human life security compo-

nents Cs as a component of the sustainable development index in formula (4.41).

Let us introduce the following formalism: each country i i ¼ 1, n
� �

is associated

with a vector

~Tri ¼ t1i ; t
2
i ; . . . ; t

m
i

� � ð4:42Þ

with coordinates tji j ¼ 1,m
� �

, which quantitatively characterize the degree of

manifestation of the corresponding threats.

For each country, let us calculate the value of the life security component Csi ,

which is the Minkowski norm of the threat vector ~Tri:

Csi ¼ k~Tri k ¼
Xm
j¼1

t ji

� �p !1
p

:

In most practical cases, the parameter p is taken to be 2. An increase in this

parameter increases the response (sensitivity) of the model to changes in each of the

components of the vector, and vice versa, its decrease smoothes this sensitivity.

Therefore, based on the analysis of the input data concerting the threats that are

taken into account, it is reasonable to increase p from 2 to 3 in order to increase the

model sensitivity to some threats that are smaller as compared with other numerical

values yet important.
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Let us also introduce the values of a country’s vulnerability to the totality of

global threats, which is the inverse value of the life security component Csi :

Ivi ¼
ffiffiffiffiffi
10

3
p

�Csi :

Using the model of the assessment of sustainable development requires the

definition of indices that quantitatively characterize the quality of human life in

the economic, environmental, and social–institutional dimensions and indicators

that characterize threats. It is clear that, on the one hand, such assessments should

be based on a wide range of data of different nature, which can be measured in

different scales. On the other hand, such assessments should be integrated,

i.e., characterize the human life in a certain way as an integral system.

The analysis of sustainable development is based on processing and

analyzing information on this phenomenon. Such information is quantitative

and (or) qualitative assessments of properties (variables) of some totality of objects

(countries, regions, etc.). Denote by O ¼ {o1, o2, . . ., on}, where oi, i ¼ 1, n is the

descriptive value of the nominal scale for object i [75]. Such data are a mapping of

the form

O!Ij Xj, j ¼ 1,m, ð4:43Þ

where Ij, j ¼ 1,m are mappings defined on the set of objects (D(Ij) ¼ O), with the

domains of values E(Ij) ¼ D(Xj), which correspond to the domains of definition of

the indicators Xj.

Data of the form (4.43) can be presented as a table “object–property” [136]:

χ ¼ xi, j
� �n,m

i¼1, j¼1
,

where the row Xi corresponds to a set of values that characterize the properties of

object oi, and the column Xj specifies the values of the jth indicator for the totality of
objects. Such a table is one of the forms of describing the ratio specified in the space

of indicators X � O � E(X1) � . . . � E(Xm).

Integrated indices such as indices of the directions of sustainable development

Iec, Ie, and Is from formula (4.41) and threat indicators tji from formula (4.42) are

formed as L1-norms of the space E(X1) � . . . � E(Xm):

Ii ¼
Xn
j¼1

wjxi, j, i ¼ 1,m,
Xn
j¼1

wj ¼ 1,

where Ii is the value of the indicator or a policy category for the ith country, wj is the

weight of the jth component of the index I (the number of components is equal to n),
and xi,j is the value of the jth component of the ith country. Additional weight

coefficients wj allow taking into account the significance of the effect of individual
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factors expressed by the values of the respective indicators on the overall assess-

ment, which is defined by the value of the integral index. The weight coefficients

can be chosen based on the joint analysis of statistical and information properties of

indicators and expert assessments of the significance of respective factors.

To solve problems related to the analysis of ecological and socioeconomic

systems in the context of sustainable development, methods of scientific computing

are commonly used, which is the essence of the concept of intelligent data

processing. The latter means organizing the process of detecting previously

unknown nontrivial practically useful knowledge in the “raw” data, which can be

interpreted and be useful for decision making in various fields of human activity.

For example, one of the objectives of the analysis of sustainable development

processes is to identify the factors that positively or adversely affect these pro-

cesses. Multivariate statistical analysis is a formal mathematical tool to solve such a

problem [128]. From the point of view of the identification of general trends of the

development of social–economic–ecological systems, the analysis of the combina-

tion of various classifications of countries and regions is efficient [3]. The poorly

structured nature of the problems of research of sustainable development requires

the use of a combination of expert–statistical models, which combine the results of

objective measurements and expert knowledge on cause-and-effect relationships

between factors and consequences of the processes of sustainable development.

It is clear that the concept of intelligent data processing is focused not only on the

use of special software tools but also on a special information–communication

infrastructure, which allows using large volumes of data of different nature and to

process them to solve a variety of multidisciplinary problems. Such infrastructure can

be based on the World Data System [207], which includes more than 50 World Data

Centers and 13 astronomical and geophysical data-analysis services all over theworld.

Table 4.3 shows a typical process of intelligent data processing [3]. This process

can be divided into the stages of preliminary processing, analysis, and final

processing of the data. At each stage, specific problems are solved using methods

of multivariate statistical analysis, expert–statistical methods, etc. The same

methods can be used to solve different problems, as well as the same problem

can be solved by different methods. Therefore, it is expedient to allocate software

tools that implement the statistical and expert methods regardless of the context of

their application for the solution of specific data processing problems. These

software tools can be organized as universal software libraries used to implement

the programs responsible for the solution of data processing problems within the

framework of the overall process shown in Table 4.3.

The possibility of organizing the interaction of individual programs and libraries

within the framework of the general computational process depends on the com-

patibility of data and results. Therefore, it is necessary to determine the general

software models of data to be used to specify the parameters and results of the

operation of individual programs. It is also important that the used data can be in

different storages. Therefore, it makes sense to develop common unified program

access mechanisms and to supplement the data with metadata structures, which do

not depend on the sources and nature of data.
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Metadata are a representation of some regularities in a particular subject domain

and are suitable for further integration of heterogeneous data. Developing software

means to transform information to metadata is of current importance for interdis-

ciplinary studies. Finally, each process of intelligent data processing should be

formalized as a tool available for the user to solve a specific applied problem.

In view of the aforesaid, the World Data Center for Geoinformatics and Sus-

tainable Development [136] uses the modular organization of software tools of the

intelligent data processing system. It is divided into four levels related to the

following: (1) data model representation, (2) program implementation of data

processing methods, (3) program implementation of data processing stages, and

(4) program implementation of common data access mechanisms. If there is a

sufficient spectrum of software at each level, such a modular organization makes

it possible to actually compose available software components to solve various

problems of intelligent data processing and to support the concept of the rapid

development of intelligent data processing scenarios. This concept is implemented

based on the object-oriented language of analytical data processing, which does not

require special expert knowledge and programming skills and is sufficient to

describe data conversion and analysis processes. This object-oriented language

and tools of its implementation are being introduced at the World Data Center for

Geoinformatics and Sustainable Development and are used to calculate models of

the evaluation of sustainable development in the global and regional contexts

[3]. As the experience of implementing the developed tools shows, the possibility

of presenting the process of analytical data processing in graphical form, automatic

transformation to a form suitable for an instrumental environment, and available

interactive tools for debugging the process of analytical data processing reduce the

complexity of the development of procedures for preliminary data processing,

models of evaluation, procedures of the formation of analytical reports using the

results of processing large amount of data.
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Chapter 5

Mathematical Modeling and Analysis

of Complex Processes

Abstract The chapter addresses some aspects of modern computational mathe-

matics concerning the mathematical modeling of processes in multicomponent

media, wave processes in homogeneous and inhomogeneous infinite waveguides,

and new methods for solving ill-posed problems of linear algebra. A methodology

is proposed for the analysis of multicomponent bodies with technological or natural

thin layers. These layers in many cases have a considerable effect on physical

processes throughout the body. New mathematical models of processes in

multicomponent media formulated as various classes of boundary-value and

initial–boundary-value problems for partial differential equations with conjugation

conditions are constructed and analyzed. For these problems (with discontinuous

solutions), highly accurate computational algorithms are developed and efficient

procedures of gradient methods for solving inverse problems are proposed and

analyzed. They form the theoretical basis for modern information technologies of

the analysis of complex processes. The results of investigations in the mathematical

modeling of the dynamics of distributed process of the environment are described.

The structure of the developed system for the automated solution of environmental

problems is presented. A technique is proposed and tools are created for mathe-

matical modeling of the distribution and formation of acoustic fields based on wave

equations with complex nonself-adjoint operators. The stability analysis with

respect to the initial data is carried out and the stability conditions are established

for explicit and implicit three-layer difference schemes with such operators. New

results in the theory of weighted pseudoinversion are obtained and used to develop

efficient methods to solve ill-posed problems of linear algebra.

The beginning of the twenty-first century was marked by the emergence of new

complex scientific and engineering problems. As already mentioned one of such

problems is modeling of various phenomena and processes, in particular those that

occur in a natural environment and are related to the economic development of a

society. To solve such problems timely and efficiently, theory and tools of

I.V. Sergienko, Topical Directions of Informatics: In Memory of V. M. Glushkov,
Springer Optimization and Its Applications 78, DOI 10.1007/978-1-4939-0476-1_5,

© Springer Science+Business Media New York 2014
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computational mathematics should be developed and improved and modern

computer technologies should be used.

The mathematical modeling of complex processes often plays a key role in

creating new computer technologies intended to solve complex problems that occur

in the analysis of human activity. Especially severe difficulties were faced in

modeling inadequately investigated complex processes in biology, medicine,

Earth sciences, space researches, ecology, and other scientific fields. The experi-

ence gained in solving special problems shows that the success can only be

achieved by joint efforts of experts in computer science and in the specific field

of knowledge.

The SLENG system [48] initiated by V. M. Glushkov was one of the first

computer technologies for the analysis of complex processes. It played a key role

both in the analysis of complex processes of computer modeling and in the further

development of a new generation of such systems.

This chapter addresses some modern aspects of computational mathematics

focused on the scientific basis in the development of computer technologies. The

results concern the mathematical modeling of processes in multicomponent soil

media, wave processes, etc. which necessitate the solution of various mathematical

problems. The characteristic feature of such problems is their complexity and high

dimension, which needs a fundamentally new approach and software tools for their

solution. The question is the development of parallel algorithms and their imple-

mentation in multiprocessor complexes. This promising field of research was

developed by scientists of the Institute of Cybernetics, which is partially presented

in the chapter.

5.1 Systems Analysis of Multicomponent Distributed

Systems

The structure of complex objects is usually multicomponent. The components may

differ in mechanical, physical, and other characteristics. Multicomponent bodies

often contain technological or natural thin layers with substantially different char-

acteristics. In spite of the small thickness of such layers, they often significantly

influence the deformation of the whole body, formation of the temperature field in

it, fluid motion, etc.

The long-term experience gained in Ukraine and abroad suggests that in the

mathematical modeling of such processes, the influence of the abovementioned

layers or cracks on deformation (e.g., on the stress–strain state, throughout

the multicomponent body and near the layers) can be taken into account by the

so-called conjugation (interface) conditions. They are mathematical expressions

written with respect to the median surfaces of such layers and adequately represent

the influence of these inclusions on the process under study. The feature of such

mathematical models is that they constitute new classes of boundary-value and
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initial–boundary-value partial differential problems and discontinuous solutions on

the abovementioned surfaces. The analysis of the natural frequencies and forms of

multicomponent bodies revealed that their natural modes also allow discontinuities

on these surfaces. At the same time, as experiments established, some eigenvalues

of a compound body sometimes do not depend on the rigidity of a low-strength

inclusion [61]. This fact was confirmed much later by the analytical solution

obtained by other authors.

As is generally known, for the successful analysis of various processes in

arbitrary multicomponent continua, it is often rather difficult to assign reliable

values to mechanical and physical data with respect to their components and

parameters of external influences. Therefore, it is reasonable to create information

technologies that can use some monitoring data to specify the unknown parameters

of the mathematical models and to complete necessary computing experiments.

The studies [145, 146] provide a technology and derive explicit expressions for

gradients of residual functionals for the implementation of gradient methods of

parameter identification in mathematical models for various processes in multi-

component continua with various thin inclusions. They are based on the results of

optimal control theory for the states of various multicomponent distributed systems

under different conditions of control and observation with quadratic objective

functionals [58, 60, 201].

The results obtained in (Deineka 2005; Deineka & Sergienko 2001; Deineka &

Sergienko 2003; Deineka et al. 1995; Sergienko & Deineka 2009; Sergienko

& Deineka 2005), which include new mathematical models of the processes

under study (classes of problems with discontinuous solutions), high-accuracy

computation algorithms, and efficient procedures of gradient methods of the solu-

tion of inverse problems, form the theoretical basis for modern information

technologies of the analysis of self-adaptive complex processes.

In developing mathematical models of processes in natural multicomponent soil

media, use was made of a generalization of the well-known condition of groundwa-

ter leakage between aquifers separated by horizontal arbitrarily arranged

low-permeable layers, possibly of arbitrary shape and of different nature. Such

inclusions were classified (divided into main and natural) according to the mathe-

matical expressions that take into account their influence on the processes under

study. This made it possible to develop a technique for constructing the corre-

sponding classical generalized (weak) problems defined on classes of discontinuous

functions and to propose highly accurate computation schemes using classes of

discontinuous functions of the finite element method (FEM).

Different classes of boundary-value and initial–boundary-value partial differen-

tial problems are investigated under the conjugation conditions of a natural source

(where the variation in the temperature field on a layer is described by partial

differential equations), various conditions that describe the influence of thin

low-permeable layers or cracks on the stress–strain state of compound bodies,

and conjugation conditions of lumped heat capacities and concentrated masses.

Spectral differential problems with conjugation conditions for eigenfunctions are

constructed and analyzed.
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As a result of these studies conducted for boundary-value problems described by

elliptic equations with various conjugation conditions and mixed boundary condi-

tions (including heterogeneous main conjugation conditions and boundary

conditions), the corresponding classical generalized problems (problems in weak

formulations) were constructed: find a function y ¼ y xð Þ∈H ¼ f v xð Þ∈H : L1 vð Þ
¼ φg that satisfies the identity 8w∈H0 ¼ v xð Þ∈H : L1 vð Þ ¼ 0

� �
a y;wð Þ ¼ ‘ wð Þ, ð5:1Þ

where a �; �ð Þ : H � H ! R1 is a bilinear form, ‘ �ð Þ : H ! R1 is a linear

functional, H ¼ v xð Þ : v jΩi
∈W1

2 Ωið Þ, i ¼ 1, m
n o

, R
1 is the set of real numbers,

W1
2(Ωi) is a space of Sobolev functions specified on the domain Ωi, and L1 (�) is an

operator that specifies the main conjugation conditions and main boundary condi-

tions. The sufficient existence conditions for nonempty sets H are obtained [59].

The theorems of the existence and uniqueness of discontinuous solutions y ∈ H

to problem (5.1) are proved. For sufficiently smooth conditions Ωi, i ¼ 1, m, the

generalized solution y ¼ y(x) is shown to be the classical solution of the

corresponding differential problem, where the natural boundary conditions and

conjugation conditions are satisfied automatically.

The unique solutions y ∈ H to problems (5.1) are proved to minimize the

corresponding energy functional

Φ vð Þ ¼ a v, vð Þ � 2‘ vð Þ ð5:2Þ

on H, the bilinear form a(�,�), and the linear functional ‘(�) being defined in problem
(5.1).

A technique is developed to construct classes HN
k , HN

k0 � H0 of FEM discon-

tinuous functions. The existence and uniqueness of the approximate generalized

solutions yNk ∈ HN
k to the corresponding problems are proved. The errors of these

approximate solutions are estimated:

ky� yNk kL � chk, ð5:3Þ

where k � kL ¼ a1/2(�,�) is an energy norm, y is a classical solution, c ¼ const, h is

the maximum diameter of all the finite elements, k is the degree of FEM poly-

nomials, and N is the number of finite elements in the partition of the domainΩwith

a cut γ.
It is proved that the inequalities

ky� yNk kL � chk, 0 � Φ yNk
� ��Φ yð Þ � c1 h2k þ h

kþ1
� �

ð5:4Þ

take place if HN
k 6� H and the inequalities

0 � Φ yNk
� ��Φ yð Þ � c1h

2k, ð5:5Þ

156 5 Mathematical Modeling and Analysis of Complex Processes



ky� yNk kW1
2
� c2h

k ð5:6Þ

take place if HN
k � H, where c1, c2 ¼ const and h is the maximum diameter for all

the finite elements of the partition of the boundary Γ1 of the domainΩ and the cut γ,
where inhomogeneous main conditions are specified.

For the condition number cond (A), where A is the matrix of the system of FEM

algebraic equations

Ax ¼ B, ð5:7Þ

the estimate

cond Að Þ � ch�2 ð5:8Þ

holds, where h is the shortest spacing of the rectangular mesh of the partition of the

compound domain Ω.
Noteworthy is that the estimates (5.3)–(5.6) and (5.8) obtained for FEM discon-

tinuous approximate solutions are not worse (in the order of subintervals of the

domain Ω) than similar estimates known for the corresponding classes of problems

with smooth solutions.

A technique of replacing heterogeneous main conjugation conditions and

heterogeneous main boundary conditions with natural conditions with the use of a

small parameter ε > 0 is developed for all the considered classes of problems. The

perturbation error of the solution yε is estimated:

ky� yεk W1
2
� c

ffiffiffi
ε

p
:

Using the FEM to solve the perturbed problem, we obtain an approximate

solution yNkε to the unperturbed problem. The following error estimate is true:

ky� yNkε k W1
2
� c hk þ ffiffiffi

ε
p� �

:

Boundary-value problems for quasilinear elliptic equations with various types of

conjugation conditions (including the main heterogeneous ones) are constructed

[59]. The developed technique was used to obtain classical generalized problems in

weak formulations defined on classes of discontinuous functions. Highly accurate

computation algorithms are developed to find approximate generalized solutions.

For all the considered classes of quasilinear problems with discontinuous

solutions, a technique is developed to construct a regularizing operator B of the

iteration method

B
ykþ1 � yk

τ
þ A ykð Þ ¼ 0, k ¼ 0, 1, 2, . . . , 8y0 ∈En, ð5:9Þ
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for solving the following intermediate nonlinear system of algebraic equations

A yð Þ ¼ 0, ð5:10Þ

where τ > 0 is a parameter.

The operator B provides the convergence of the geometric progression of the

iterative process (5.9) [59], i.e.,

kyk � ykB � ρ k
0ky0 � ykB,

where 0 < ρ0 < 1 and y is a solution of system (5.10).

The variational Lagrange equation is obtained with the use of variational

principles for dynamic problems of the elastic deformation of multicomponent

bodies with disjoining pressure on an arbitrarily oriented oblong crack (with

concentrated mass on crack faces). This equation was used to construct a differen-

tial boundary-value problem with conjugation conditions of nonideal contact. With

the use of classes of discontinuous functions, a classical generalized (weak) prob-

lem is obtained, which makes possible to develop highly accurate computation

algorithms. The estimate

ky� yNk kL2�L1 � chk ð5:11Þ

holds for the approximate generalized discontinuous FEM solution yNk (x, t), and the
inequality

max
j¼0, m

kUj � yj kL2 � c1 hk þ τ2
� � ð5:12Þ

(where c, c1 ¼ const and τ is a time-discretization step) holds for the time-discrete

approximation Uj obtained with the use of the FEM and the Crank–Nicholson

difference scheme.

Similar results are obtained for hyperbolic and pseudohyperbolic problems with

various conjugation conditions.

Estimates (5.11) and (5.12) show that the computation algorithms developed for

dynamic equilibrium problems with inclusions are not worse (in the orders of

accuracy of the discretization steps h and τ) than similar estimates known for the

respective classes of problems with smooth solutions. Analysis of diffusion

processes in such bodies with the Neumann boundary conditions reduce to prob-

lems with nonunique discontinuous solutions [59].

Compatibility conditions are obtained for various conjugation conditions.

The corresponding (weak) problems of searching for a function y ∈ HQ

such that satisfies the identity (5.1) 8 w ∈ H0 are constructed, where

HQ ¼ v∈H :

ð
Ω

vdx ¼ Q

8<:
9=;, Q is an arbitrary fixed real number, and
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H0 ¼ v∈H :

ð
Ω

vdx ¼ 0

8<:
9=;. The sets HQ and H0 are defined for natural and main

heterogeneous conjugation conditions.

A technique is developed to replace Neumann problems with unique disconti-

nuous solutions y ¼ y(х) in the corresponding closed convex set HQ with equiva-

lent problems defined on sets without integral constraints. The equivalence of such

a replacement is proved for the case where consistency conditions are satisfied.

Weak problems and problems for the minimum of energy functional are

constructed and highly accurate computational algorithms are developed.

Similar results are obtained for Neumann problems for the second-order elliptic

equations in orthogonal curvilinear (cylindrical and polar) coordinate systems with

various inclusions [59] and for fourth-order equations describing the bending of a

framed structure (with one or two degrees of freedom) with the following error

estimate of the approximate solutions: ky� yNk kW2
2
� chk�1:

Some of the conjugation conditions, for example, condition of the natural

lumped source (whereby the jump of a flow is proportional to the desired solution),

determine the uniqueness of the solution to Neumann problems [59] for the second-

order elliptic equations both in the rectangular and in curvilinear orthogonal

coordinate systems.

Unsteady fluid motion in compressible multicomponent soil media with inclu-

sions and unsteady processes of temperature field formation in such bodies are

described by linear and nonlinear initial–boundary-value problems for parabolic

equations with conjugation conditions of nonideal contact (including conditions of

concentrated thermal capacities). For such problems, the corresponding classical

generalized (weak) problems defined on classes of discontinuous functions are

constructed. Highly accurate computation algorithms with the use of the

corresponding classes of discontinuous FEM functions are proposed to find discon-

tinuous approximate generalized solutions.

The estimates

ky� yNk kW1
2�L2

� chk, kzm k2 þ δ0τ
Xm�1

j¼0

kzjþ1=2 k2W1
2
� c h2k þ τ4
� �

, ð5:13Þ

where zj + 1/2 ¼ (zj + 1 + zj)/2, zj is the solution error at the jth time step, are

obtained for the errors of approximate solutions obtained by means of the FEM

and the Crank–Nicholson scheme, respectively.

Similar problems are analyzed for elliptic–parabolic and pseudoparabolic

equations with various conjugation conditions of nonideal contact on arbitrarily

oriented interlayers. Estimates (5.13) are obtained for the errors of approximate

discontinuous solutions to such problems.

An analysis of nonstationary fields and processes of natural motion and the

stability of compound bodies generate various differential spectral problems with
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conjugation conditions of nonideal contact for the eigenfunctions (discontinuous

among them) of the problem. Such spectral problems are obtained for the second-

order elliptic operators in the rectangular, cylindrical, and polar coordinate systems

[59] and for the fourth-order elliptic operators [145].

The corresponding classical spectral problems in weak formulations are

constructed for all such differential spectral problems. The classical Rayleigh

functionals are obtained. For such spectral problems with conjugation conditions,

a technique is developed to construct highly accurate computational algorithms. The

accuracy of the proposed algorithms is not worse than that of similar ones, which are

known for the corresponding classes of spectral problems with smooth

eigenfunctions. For the errors λNki � λi and yNki � yi of the approximate eigenvalues

λNki and eigenfunctions yNki, the estimates

0 � λNki � λi � cih
2 k�αð Þ, kyNki � yi kWαþ1

2
� c

0
ih

k�αð Þ,

respectively, are obtained, where α ¼ 0 for the second-order operators and α ¼ 1

for the fourth-order operators.

In the orders of discretization steps, the abovementioned error estimates of the

approximate solutions and of condition numbers are not worse than similar esti-

mates known for the respective classes of problems with smooth solutions.

Let us now dwell on the identification of parameters of multicomponent distrib-

uted systems. It is obvious that modern information technologies allow rapidly

creating objects intended for arbitrary purposes and necessary for the society, for

instance, for rational nature management, improvement of the ecology, etc. To this

end, it is reasonable to use information technologies self-adapting to a specific

object. They take into account certain auxiliary data of the object behavior and

automatically analyze (improve) imperfect input data and allow determining (with

a sufficient accuracy) the dynamics of the investigated phenomena under the

particular conditions of influence.

Solving the problem of self-adapting of information technologies to specific

objects requires to provide these technologies with the facilities of the identification

of the parameters of objects and parameters of the conditions of external influence.

Creating such facilities is a separate problem.

The identification of parameters of various engineering objects is addressed in a

considerable number of scientific studies. In the analysis of these problems, gradi-

ent methods appeared efficient. These methods implement the algorithm

unþ1 ¼ un � βnpn, n ¼ 1, 2, . . . , n, ð5:14Þ

to determine the (n + 1)th approximation un + 1 of the unknown parameter u∈U.
To find the descent direction pn and coefficient βn, it is necessary to find the gradient

J
0
un
of the residual functional at a point u ¼ un,

J vð Þ ¼ 1

2
kAv� f k2, ð5:15Þ
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where Av ¼ Aivf gN
i¼1, Aiv ¼ y vð Þ j γi is the trace of the state of the system y ¼ y(v)

on γi for u ¼ v and f ¼ f if gN
i¼1 is the vector of full-scale observation on the surfaces

γi, i ¼ 1, N .

Gradient methods (5.14) can also be applied to identify vector, functional-

vector, and scalar-functional-vector parameters; however, the error of the obtained

solution substantially depends on the choice of the initial approximation.

The studies [61, 145, 146] propose to use explicit expressions of the gradients of

residual functionals to solve problems of the identification of various parameters for

different classes of mathematical models. This is true of each step of the iterative

process (5.14) of the identification of different parameters (possibly several simul-

taneously) for elliptic, parabolic, elliptic–parabolic, pseudoparabolic, hyperbolic,

and pseudohyperbolic multicomponent distributed systems; of the identification of

compound framed structures and compound thin plates; of the elastic and

thermoelastic deformation of multicomponent bodies; etc.

The developed methodology for constructing gradients J
0
un
is based on the use of

solutions to direct and adjoint problems. The technology of their construction

(including that for the solution of nonlinear inverse problems) is a subsequent

development of the corresponding technology presented in [58, 60] and intended

for the construction of adjoint problems in the analysis of the problem of optimal

control of the states of various multicomponent distributed systems.

The study [1] identifies a thermal flow on the surface of a plate based on

temperature variations observed at its internal points. The results of simultaneous

identification of heat conductivity coefficient and variations in the temperature flow

on the surface of a plate are presented in [145] with regard to the data presented in

[1]. The temperature field along the thickness l ¼ 0.003 m of a thin plate over the

time T ¼ 20 s is described by the diffusion equation [1]

C
∂y
∂t

¼ ∂
∂x

λ
∂y
∂x

	 

, x, tð Þ∈Ω� 0, Tð Þ, ð5:16Þ

where Ω ¼ (0, l ).
The Neumann boundary conditions are specified on the opposite sides of the

plate:

�λ
∂y
∂x

����
x¼0

¼ β1, λ
∂y
∂x

����
x¼l

¼ β2, t∈ 0, Tð Þ: ð5:17Þ

The homogeneous initial condition

y x, 0ð Þ ¼ 0, x∈Ω, ð5:18Þ

is specified for t ¼ 0.

The book [145] addresses the simultaneous identification of heat conductivity

coefficient λ and heat flow rate β2 on the external surface of the plate. Temperature
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variations f i tð Þ, i ¼ 1, N were taken during the time interval [0, T] at two points,
d1 ¼ 0.002 m and d2 ¼ 0.001 m, obtained approximately by means of the

FEM and the Crank–Nicholson scheme with the use of piecewise quadratic FEM

functions for

C ¼ 2:06 � 106 KW � sec
m3 � K , λ ¼ 0:721

KW

m � K , β1 ¼ 0,

β2 ¼ β2 tð Þ ¼
50t

KW

m2
, t∈ 0, 10½ �,

�50tþ 1, 000
KW

m2
, t∈ 10, 20½ �:

8>>><>>>:
The identification of the vector u ¼ (u1, u2(t)), where u1 ¼ λ and u2 ¼ β2, was

carried out numerically by the gradient method (5.14) by means of the minimization

of the residual en ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðT
0

y u; d1, tð Þ � f 1ð Þ2 þ y u; d2, tð Þ � f 2ð Þ2
� �

dt

vuuut and the

localization of the initial approximation (u10, u20).

The gradient J
0
un
of the residual functional has the form

J
0
un
� eψ n, eψ n ¼ eψ 1n, eψ 2nð Þ,

eψ 1n ¼
ðT
0

ðl
0

∂2
unð Þ

∂x2
ψdxdtþ

ðT
0

∂ unð Þ
∂x

ψ

����
x¼0

dt�
ðT
0

∂ unð Þ
∂x

ψ

����
x¼l

dt,

eψ 2n ¼ ψ 0, tð Þ, kJ 0
un
k2 � eψ 2

1n þ
ðT
0

ψ 0, tð Þð Þ2dt,

where ψ(х, t) is a solution of the following adjoint initial–boundary-value problem:

�C
∂ψ
∂t

¼ u1
∂2ψ

∂x2
, x, tð Þ∈ΩT \ γdT ,

∂ψ
∂x

¼ 0, x ¼ 0, l, t∈ 0, Tð Þ,

ψ½ � jdi ¼ 0, u1
∂ψ
∂x

� ffi ����
di

¼ � y un; di, tð Þ � f i tð Þð Þ, i ¼ 1, 2, t∈ 0, Tð Þ,
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ψ jt¼T ¼ 0, x∈Ω, u ¼ u1, u2ð Þ, un ¼ u1n, u2nð Þ,
φ½ �jdi ¼ φ di þ 0, tð Þ � φ di � 0, tð Þ, γdT ¼ d1, d2f g � 0, Tð Þ:

In finding the heat conductivity λ, the initial approximation u10 is taken constant

within the range 0:3 . . . 1:2 KW
m�K and

u20 ¼ u20 tð Þ ¼ q0t, t∈ 0, 10½ �,
q0 20� tð Þ, t∈ 10, 20½ �,

�
where q0 ∈ (�350, �550). The results are shown below in Table 5.1 and in

Fig. 5.1.

The results suggest that the parameter λ is obtained with the relative error

δ1 ¼ 0.22 %, the value of the residual is k en k ¼ 3.46 � 10�26, and the distribu-

tion of the heat flow rate shown in Fig. 5.1 coincides with the given value.

The results of optimal control theory for states of various distributed

multicomponent systems [58, 60, 201] are the basis for deriving explicit

Table 5.1 Values of

the parameters λ0 and en
λ0 k en k q0 ¼ �500 λapprox

0.720997 5.72 � 10�12 413,772.4

0.720998 2.54 � 10�12 275,845.2

0.720999 6.35 � 10�13 137,922.3

0.720999 6.35 � 10�15 13,794.8

0.7209999 6.35 � 10�17 1,379.8

0.72099999 6.35 � 10�19 139.7

0.720999999 6.36 � 10�21 14.1

0.72099999999 6.22 � 10�23 6.6

0.72099999999 7.04 � 10�25 0.88

0.72099999999988 3.46 � 10�26 0.7225

0

0.1

0.2

0.3

0.4

0.5

0 4 8 12 16 t, sec

exact

approximate

b ×10-3 KW/m2Fig. 5.1 Dependence

of β on t
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expressions for gradients of residual functionals used for the implementation of

gradient methods for identification of different parameters.

The question is the following systems: elliptic (including conditionally

correct ones), parabolic, elliptic–parabolic, pseudoparabolic, hyperbolic, pseudo-

hyperbolic, systems of elastic and thermoelastic deformation and of dynamic

thermoviscoelastic deformation, and deflection of compound framed and plate

systems.

The studies resulted in the theorems on the existence and uniqueness of the

optimal control u∈U∂ of the state of each of the above systems with the objective

functional

J uð Þ ¼ kCy uð Þ � zg k2H þ Nu, uð ÞU, Nu, uð ÞU 	 ν0 uk k2U, ð5:19Þ

where zg is a known element of the set H and the set U∂ is convex and closed in u.
The necessary and sufficient optimality conditions for the control u∈U∂ are

obtained for all the considered cases. They are determined by the direct problem of

the state, the corresponding adjoint problem, and the inequality

Cy uð Þ � zg, Cy vð Þ � Cy uð Þ� �
H
þ Nu,v� uð ÞU 	 0 8v∈U∂: ð5:20Þ

If the setU∂ coincides with the corresponding complete Hilbert space, inequality

(5.20) becomes an equality, and this allows obtaining the explicit solution to the

optimal control problem with the use of the solution of the problem generated by

the system of direct and adjoint problems.

The technique developed in [58, 60, 201] to construct adjoint problem allows

deriving explicit expressions for the gradients of residual functionals to identify

various parameters of different systems, including the solution of nonlinear inverse

problems.

The mathematical models developed for processes in multicomponent media

and efficient numerical algorithms of their discretization underlie the SARPOK and

DIFUS bundled software and Nadra-3D information technology. The latter allows

using SCIT supercomputers to analyze dynamic processes in spatial multi-

component bodies with layers.

5.2 Mathematical Modeling of Geoinformatics

and Ecology Processes Based on Relaxation Models

Classical mathematical models of geoinformatics, which describe geomigration

processes (such as heat andmass transfer in geoporousmedia), are based on generally

accepted Fourier’s, Darcy’s, and Fick’s laws. They are not adequate when studying

high-intensity, fast, and other processes in case of significant deviation of these

processes from the state of equilibrium. Moreover, classical mathematical models
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are characterized by infinite velocity of disturbance propagation, which contradicts

the modern physical ideas. Therefore, there is a topical problem of constructing such

mathematical problems for geomigration processes based on new laws of transfer

[11]. This concerns, in particular, mathematical modeling of consolidation of ground

bases of industrial sewage ponds (sludge and tailing dumps) filled with saline or other

solutions with pronounced properties of non-Newtonian liquids.

Industrial operation of oil-and-gas horizons and geothermal water reserves may

result in land subsidence in large territories. Filtration processes and water satura-

tion of soil influence the mode of deformation of objects under study since the pore

pressure may cause progressive displacement and destruction of soil skeleton.

Therefore, there arises a problem of predicting the behavior of soil masses of the

given geological structure and ground filtration facilities, with respect to factors

that affect their stability. These factors should be taken into consideration in course

of the development and study of new mathematical models of dynamic consolida-

tion of soil masses.

The department of mathematical systems of modeling of ecology and energetics

problems of the Institute of Cybernetics has carried out several studies aimed at

creating relevant mathematical modeling tools. To solve environmental protection

problems (such as the analysis of processes of filtration–consolidation of soil

masses of industrial sewage ponds filled with saline solutions, stability analysis of

soil masses subject to industrial operation), the department has developed new

nonclassical mathematical models of relaxation processes of geomigration and heat

transfer under significantly nonequilibrium conditions and new models for pro-

cesses of dynamic consolidation of deformed geoporous masses.

As a result of the studies, V. M. Bulavatsky and V. V. Skopetsky have created a

methodology for modeling of relaxation processes and processes of heat transfer in

saturated nonequilibrium geoporous media. They have constructed new mathemat-

ical models and software-algorithmic mathematical modeling tools for processes of

filtration–consolidation of geoporous masses under significantly nonequilibrium

conditions [11, 18–20]. Different factors were taken into consideration: linear and

nonlinear creep of soil mass skeleton, the nonlinearity of mass filtration coefficient

and soil skeleton properties, the nonequilibrium of diffusion process of migration of

pollutions of ground bases of subsurface industrial sewage ponds, the non-

equilibrium of filtration and diffusion processes of filtration–consolidation of soil

masses saturated with saline solutions, the non-isothermality of transfer conditions,

and the relaxation property of filtration process and its non-isothermality in prob-

lems of mathematical modeling of filtration–consolidation of soil masses saturated

with saline solutions.

In the field of environmental protection against anthropogenic pollutions, tools

for mathematical modeling of pollution migration in groundwaters and water

intakes have been developed. These tools are intended to model the following

processes:

• Dynamics of geochemical processes of pollution of water-bearing horizons

during the filtration of pollutions out of surface industrial sewage ponds.
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• Singularly perturbed processes of filtration-convective diffusion of pollutions

during the migration of saline solutions, with osmotic phenomena taken into

account in problems of environmental monitoring.

• Dynamics of the nonstationary process of migration of pollutions, subject to

filtration-convective diffusion of a binary mixture of soluble substances under

highly intensive mass transfer.

Let us give a brief review of some results obtained at the Institute of Cybernetics

in the construction of mathematical modeling tool for relaxation geomigration

processes and heat transfer in saturated nonequilibrium porous media.

The mathematical modeling of the process of consolidation of masses saturated

with saline solutions under the conditions of relaxation filtration is discussed in

[11, 19, 20]. There was considered one of the types of mathematical models, which

is based on the generalized Darcy–Gersevanov law for the case of motion of saline

solutions

u� n

m
ϑ ¼ � k

∂H
∂x


 ν
∂C
∂x

,

as well as on the continuity equations for a two-phase medium, balance of the

volumes of the liquid and solid particles, and hereditary linear creep theory. In the

above formula, u is the filtration velocity, ϑ is the velocity of the motion of the solid

phase, n is porosity, m ¼ 1/(1 + e), e is porosity factor, k ¼ k(C) is filtration factor,
H(x, t) is excess pressure, C(x, t) is the concentration of salts in the liquid phase,

and ν is osmosis factor (sign “–” corresponds to abnormal osmotic filtration while

sign “+” to normal one).

The mathematical model of the consolidation of soil mass saturated with saline

solution with account for soil skeleton creep and nonlinear dependence of the

filtration factor on the saline solution concentration reduces to the nonlinear initial–

boundary-value problem for third-order partial differential equations [11]. For its

approximate solution, a numerical algorithm was proposed. The computer imple-

mentation of this algorithm allows determining some peculiarities of the dynamics

of this migration–consolidation process. It was established that the nonlinear

dependence of the filtration factor on the salt concentration results in excess

pressure behavior that is fundamentally different from the classical case. Instead

of the dissipation of excess pressures with time, which is typical of the constant

value of filtration coefficient in case of abnormal osmotic filtration, their constant

growth is observed.

Given the complex inner structure of solutions that industrial sewage ponds

(in particular, when sludge and tailing dumps are filled with solutions with pro-

nounced properties of non-Newtonian liquids), it is important to take into account

the relaxation properties of the filtration process. According to the experimental

studies, the relaxation time for such liquids may be quite long. In case of

nonstationary processes of filtration in low-permeable porous media, significant

deviations from classical Darcy’s law are observed. This necessitates describing
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filtration processes with the use of relaxation models that allow for the influence of

relaxation phenomena on the course of the process of filtration–consolidation

of masses saturated with saline solutions. The mathematical model of filtration–

consolidation of soil masses saturated with saline solutions under the conditions of

relaxation properties of the filtration process is based on the generalized law of

relaxation filtration for the case of the motion of saline solutions [11, 19]:

uþ λ1
∂u
∂t

¼ �k
∂
∂x

H þ λ2
∂H
∂t

	 


 ν

∂
∂x

Cþ λ1
∂H
∂t

	 

, ð5:21Þ

where λ1 and λ2 are the relaxation parameters of velocity and pressure, respectively.

The mathematical model corresponding to the law (5.21) is described by the

nonlinear system of differential and integro-differential equations. The approach

proposed in the chapters [19, 20] for the solution of boundary-value problems of

nonclassical theory of filtration–consolidation processes combines the differential–

difference (along with the method of sum representations) and the finite difference

methods.

The developed algorithm for the solution of boundary-value problem was

applied to the consolidation problem under the conditions of relaxationality of

the filtration of soil mass saturated with saline solution and located on an imper-

meable base. The results of numerous experiments indicated a significant impact of

the nonequilibrium state of the filtration process on the course of consolidation

processes in ground media saturated with saline solutions. The results of the

experiments allowed making a series of conclusions concerning the behavior of

excess pressures within the mass. First of all, the influence of salt transfer on the

course of the consolidation process may cause a significant growth of excess

pressures within the soil mass as compared with the absence of salt transfer. This

may significantly slow down the consolidation process and bring the soil mass to a

more unstabilized state as compared with the absence of salt transfer.

The further step in the development of this field of study was the construction

and analysis of the mathematical models of filtration–consolidation of a geoporous

mass saturated with saline solutions under the conditions of relaxationality of

filtration and diffusion and with and without account of the mass skeleton creep.

When constructing such models, the authors of [11] proposed to proceed from the

generalized Fick’s laws, the relaxation filtration (5.21), the mass balance equation,

and the linear law of consolidation.

To solve the boundary-value problems that correspond to the specified mathe-

matical problems, the authors of [19] proposed an algorithm. Numerous experi-

ments based on this algorithm showed that under the condition of relaxationality of

filtration–diffusion processes, the soil mass saturated with saline solution remains

in a rather unstable state. In case of normal osmotic filtration, such state can be

explained by the fact that the excess pressures in the porous liquid at the initial

stages of the development of the consolidation process become smaller near the top

of the soil mass layer and become larger near its foot as compared to the case where

the relaxationality phenomenon is absent. In case of abnormal osmotic filtration at
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the initial stages of consolidation process development, the greater part of the

filtration mass is subject to exceeding excess pressures in the porous liquid as

compared to the respective pressures considered within the classical mathematical

model of the filtration–consolidation process with no influence of relaxation phe-

nomena. In general, the presence of relaxation phenomena in filtration and diffusion

components of the process greatly influences the dynamics of the consolidation

process of the soil mass. This indicates about the necessity to take this fact into

account in engineering calculations.

In order to increase the adequacy of mathematical models of filtration–consol-

idation processes in geoporous deformed masses saturated with saline solutions, we

have developed a complex approach according to which the abovementioned

models are constructed with three factors taken into account: mass saturation

with saline solution, the relaxationality of the filtration process, and the

non-isothermality of the consolidation process. The models are based on the

generalized law of relaxation filtration for the case of motion of saline solutions

under non-isothermal conditions and with account for thermoosmosis [11]:

uþ λ1
∂u
∂t

¼ �k
∂
∂x

H þ λ2
∂H
∂t

	 

þ ν

∂
∂x

Cþ λ1
∂H
∂t

	 

þ kT

∂
∂x

T þ λ1
∂T
∂t

	 

, ð5:22Þ

where T is temperature and kT is thermoosmosis factor.

Taking into account Fick’s law, relation (5.22), convective diffusion equation in

case of filtration of a porous liquid, equation of the continuity of the filtration flow

with regard to the linear law of consolidation, and equation of diffusion–convective

heat transfer, we may obtain a model of filtration–consolidation process in the

form of a system of differential and integro-differential equations. The book [11]

contains a methodology of constructing the approximate solution to this problem.

It is based on the differential–difference method and the method of lines. A series of

calculation experiments have been carried out on the basis of the developed

algorithm. An analysis of the results indicates that the salinity factors of porous

solution and nonequilibrium state of the filtration process have a decisive influence

on the dynamics of consolidation process of the soil mass. However, it is inexpe-

dient in many cases to ignore the influence of the third factor (non-isothermality),

which may cause the transfer of soil during the consolidation into an unstable state

with possible negative consequences for the stability of ground bases, e.g., for

hydraulic works.

Due to the increasing influence of anthropogenic load on the environment,

analyzing the anthropogenic influence of various negative factors is especially

important today. One of such factors is the pollution of soils and groundwaters

with hazardous chemical substances and industrial waste. Most of the known

studies concerning the mathematical modeling of dynamic processes in ecological

energy systems of convection–diffusion–filtration type do not take into account a
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number of factors that may seriously affect the dynamics of the mass transfer

process, in particular, in nonuniformly saline clayish soils. Among such factors

are, first of all, osmotic properties in cohesive soils and in disperse systems.

A mathematical model was developed and the asymptotic solution of the problem

of modeling of a filtration–convection–diffusion process with account for osmotic

phenomena was obtained.

A method was also proposed for the development of modeling tools for the

dynamics of a distributed space–time process of convective diffusion of binary

mixtures of pollutions under the condition of mass transfer, in particular, under

highly intensive mass transfer as the least studied aspect of this process. The results

obtained during the solution of this problem may be efficiently used to develop

information technologies for predicting the dynamics of the pollution of ground-

waters under filtration–convective diffusion of binary mixtures with highly inten-

sive interphase mass transfer. This, in particular, is caused by the possibility of

splitting a complex problem into a sequence of simpler ones [17].

The constructed mathematical models describe a great number of various eco-

logical processes, which necessitated the development of an automation system for

their analysis that allows a user to vary problem statements and allows the pro-

grammer to extend the performance capabilities. The complexity of the models

makes it necessary to use high-performance computation systems to solve the

problems under study.

The automation system developed on the basis of the object-oriented approach

and implemented in C++ language allows combining different algorithms of solu-

tion of individual subproblems and using them to create a complex system to model

interrelated processes that occur in the atmosphere, soil, and water. Such system

consists of both problem components, where the solution algorithms for relevant

problems are implemented, and common (for the system) components of prepro-

cessor data handling (problem statement, preprocessing of input data) and

postprocessor data handling (first of all, visualization and analysis of the results).

The system part is intended to integrate the operation of other components. The

structure of the developed automation system is presented in Fig. 5.2.

The complexity of the mathematical models developed to solve environmental

problems requires the use of parallel computation systems (such as clusters) as well

as the construction of appropriate parallel algorithms. The following organization

System part

Preprocessing
modules

Problem
modules

Postprocessing
modules

User interface

Fig. 5.2 Structure

of automation system
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of computations is typical of these algorithms. Within one component of cluster

system, which contains multicore processors, the computation may be performed

using the multithreaded multisequencing. In such a case, one process of the

distributed program occupies the whole system component, and one of its

sequences is executed at each core. The difference between such scheme and the

scheme where each process of the distributed program is executed at one core is that

data are exchanged among a smaller number of processors without decrease in the

speed of the computation part of the algorithm. This is effective if the volume of

data exchanged increases with increase in the number of processors.

Graphic processors (GPU), which may additionally be used as coprocessors in

parallel computations, are high-performance computation systems. However, they

have some architectural peculiarities, which complicate the creation of efficient

algorithms and programs for them.

As for the developed GPU algorithms for the solution of nonlinear problems of

pollution migration and filtration–consolidation, a significant influence of two

factors was revealed: problem nonlinearity, which complicates the computation

and increases the possibility of reuse of data, and high filling coefficient of

dispersed matrices of the system of linear algebraic equations (SLAE). The first

factor (for the equal number of vertices for all the final elements) caused the use of

SLAE forming scheme. In this scheme, each thread block processes one finite

element, and each thread changes SLAE elements connected only with one vertex.

The computations are independent, and joint operation of the block threads using

the local memory with data related to a specific finite element becomes possible.

The second factor caused the selection of the block compressed line format of

sparse matrix retention. Its efficiency increases as the matrix is filled. According to

the results of computation experiments, the optimal size of blocks equals to 16.

The GPU used as a coprocessor is combined (without any significant modifica-

tions in problems being solved) with algorithms for cluster systems. This allows

using GPU clusters to solve such problems.

The development of the automation system for the solution of ecological

problems was accompanied by the creation of a subsystem for the optimization of

the computation process of solving complex problems that permit decomposition

into weakly connected subproblems. The optimization implies finding a configura-

tion of the computation process that ensures the highest speed for the available

algorithms of subproblem solution and such resources as processors (cores) in the

cluster system. The operation time of such solution scheme was estimated by means

of simulation of the computation process using at each step the evaluations of the

operation time of specific algorithms of subproblems solution and the time required

for data exchange between subproblems, as well as using the information whether

synchronization of subsystems is necessary. For the efficient solution of the opti-

mization problem, a heuristic algorithm was developed and implemented based on

the ant colonies algorithm.

The developed automation system also contains the subsystem of postprocessor

data handling, which includes blocks of the visualization of functional solutions.

This gives the possibility to display values of functions defined in three-dimensional
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(two-dimensional) grids by interpreting them as transparency in black-and-white

case with display of scalar values in color and display of isosurfaces.

Both parts of the system created for the automation of ecological problem

solution need to be expanded: the problem and the system ones. In particular, this

concerns the development of mathematical and software support for solution of

problems of pollution spreading prediction with the help of modern computation

systems and creation of more accurate algorithms of the organization of solution of

complex problems, which will enable efficient mathematical modeling.

5.3 Methods of Mathematical Modeling and Optimization

of Wave Processes

Awide range of problems in protection and rational use of theWorld Ocean involves

the analysis of the propagation of acoustic waves in underwater inhomogeneous

waveguides, which requires the development ofmethods for mathematical modeling

of wave processes in two- and three-dimensional environments. The heightened

interest to acoustic fields in the ocean is mostly caused by the extension of water area

development, a need in remote sensing and acoustic monitoring. Practically all types

of alarm, communication, location systems, and remote investigation of water

masses and ocean floor use sound waves capable of propagation at long distances

[16, 71, 191]. Along with the direct use in the design of modern information-

measuring systems, the results of modeling of wave processes allow solving a

wide range of interrelated problems such as formation of specified structures of

acoustic fields in waveguides, and synthesis of hydroacoustic antennas.

The modern studies of low-frequency computation acoustics of the ocean pay

much attention to the development of methods for the mathematical modeling of

generation and propagation of acoustic energy in underwater inhomogeneous

waveguides. Along with the theoretical significance of the obtained results, the

importance of the abovementioned approach is that the mathematical modeling of

wave processes is used to predict processes of different physical nature and to solve

a wide range of problems in a number of related fields such as oceanology,

atmosphere physics, geophysics, and sea hydraulic engineering.

The department of mathematical systems of modeling of ecology and energetics

problems of the Institute of Cybernetics has carried out a number of studies of new

classes of mathematical models, developed new numerical–analytical methods, and

improved the existing methods for modeling of acoustic fields in infinite wave-

guides. The created models and methods underlie the mathematical support of the

relevant computer technology [31–33] developed under the direction of A. V.

Gladkii, I. V. Sergienko, and V. V. Skopetsky. This technology allows studying

the processes of acoustic energy propagation in real underwater inhomogeneous

waveguides at large distances of the calculation path with account of the peculiar-

ities of the processes under study such as factors of absorption, underwater topo-

graphy, and energy losses at waveguide boundary.
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The basis for the mathematical modeling and formation of the specified

properties of harmonic wave processes of different physical nature is boundary-

value problems for the Helmholtz differential equation or its parabolic approxima-

tions in the form of Schrödinger-type equations with real self-adjoint (complex

nonself-adjoint) operator.

More generally, for an inhomogeneous medium with parameters dependent on

space coordinates, the acoustic field of a harmonic point source (the time depen-

dence e�iωt is assumed) is described by the Helmholtz wave equation with respect

to pressure [31]:

ρ xð Þ div 1

ρ xð Þ grad P
	 


þ k2 xð ÞP ¼ �δ x� x0ð Þ, ð5:23Þ

where x ¼ (x, y, z), P(x) ¼ P(x, y, z) is the complex amplitude of sound

pressure; ρ(x) is the medium density; k(x) ¼ ω/c(x) is wave number; ω is fre-

quency; c(x) is the velocity of sound; and δ(�) is Dirac delta function. If we put

k0 ¼ ω/c0, n(x) ¼ c0/c(x) is the index of refraction, and c0 is the velocity of sound

at some point, then Eq. 5.23 becomes

ρ xð Þ div 1

ρ xð Þ grad P
	 


þ k20n
2 xð ÞP ¼ �δ x� x0ð Þ:

In order to efficiently describe the effects of absorption (attenuation) of acoustic

energy, we assume that the wave number or refraction factor is a complex value and

Im k2(x) 	 0 (Imn2(x) 	 0).

In a cylindrical coordinate system (r, φ, z), the acoustic field in media with

density ρ(z) satisfies the Helmholtz wave equation with complex-valued nonself-

adjoint and sign-indefinite operator

1

r

∂
∂r

r
∂P
∂r

	 

þ 1

r2
∂2

P

∂φ2
þ ρ zð Þ ∂

∂z
1

ρ zð Þ
∂P
∂z

	 

þ k20 n2 r;φ; zð Þ þ iν r;φ; zð Þ� �

P ¼ � δ rð Þ δ z� z0ð Þ
2πr

,

where i ¼ ffiffiffiffiffiffiffi�1
p

is imaginary unit and ν (r, φ, z) 	 0 is absorption factor.

In order to calculate the acoustic field in waveguides, first it is necessary to

develop a geoacoustic model of the waveguide. Its basic elements are sound

velocity profile, waveguide depth (thickness), absorption factor, and geoacoustic

properties of the ocean floor. The sound propagation is most of all influenced by

such parameters as its velocity and geoacoustic properties of the floor. Since these

factors vary under real conditions due to many reasons, a wide range of sound

propagation problems employ a generalized geoacoustic model, which is a water

layer of certain depth located above a multilayer floor. On the surfaces that

correspond to water–air and water–floor interfaces, the boundary conditions
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determined by the models of physical processes of acoustic energy reflection and

absorption are satisfied.

A lot of studies related to the development of the methods of mathematical

modeling and optimization of wave processes both in Ukraine and abroad are based

on analytical and asymptotic methods (methods of integral transformations, geo-

metrical acoustics, normal modes, etc.), each of which has certain advantages and

restrictions as compared to others.

The use of numerical methods, first of all finite difference and FEMs, extends

the classes of investigated acoustic problems in oceanic waveguides. At the

same time, direct use of methods of the theory of difference schemes (developed

by G. I. Marchuk and O. A. Samarskii) for wave equations with complex nonself-

adjoint operator in unbounded domains involves serious difficulties. These difficul-

ties are caused by the nonuniform and infinite definition domain, complex-valued

solution of the differential equations, and nonself-adjoint and sign-indefinite

partial differential operator. Real waveguides are characterized by depths up to

5,000–10,000m and extension up to several thousand kilometers. In order to provide

the required accuracy of calculations, it is necessary to use high-order

(�108 . . . 1010) discrete problems. The abovementioned peculiarities of under-

water acoustics boundary-value problems require the development of new and

improvement of already existing numerical–analytical methods and computation

algorithms.

For a wide class of wave processes in homogeneous and inhomogeneous

axisymmetric infinite waveguides with finite depth, the numerical–analytical solu-

tions of boundary-value problems for a Helmholtz elliptic wave equation with

complex nonself-adjoint operator may be obtained in the form of a sum of normal

modes. The use of the normal mode method to calculate acoustic fields requires to

analyze and find eigenvalues and relevant eigenfunctions of the auxiliary self-

adjoint (nonself-adjoint in case of absorption) spectral problem [31]:

d2φ

dz2
þ k2 zð Þφ ¼ ξ2φ, 0 < z < H, ð5:24Þ

φ 0ð Þ ¼ 0,
dφ Hð Þ
dz

þ αφ Hð Þ ¼ 0, ð5:25Þ

where in general the wave number k(z) and parameter α are complex values (Im α
� 0 and Im k(z) 	 0).

It was shown that if Im k > 0, the eigenvalues are complex with positive

imaginary part, and the relevant eigenfunctions form a biorthogonal system with

the eigenfunctions of the adjoint problem.

If parameter α in the impedance condition of the spectral problem (5.24) and

(5.25) is complex, then such model can be used to describe the acoustic field of a

point source in the form of discrete mode representations and taking into account

the energy losses from water layer to the floor. The eigenvalues of the spectral

problem are shown to have positive imaginary part if the complex number α has
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negative imaginary part (Im α < 0). The established properties of the spectral

problem allow obtaining the numerical–analytical solution for the acoustic field

as a sum of normal modes.

The mathematical modeling of acoustic fields in layered inhomogeneous

waveguides with account for acoustic energy absorption effects are of great interest

today. The solution of the relevant boundary-value problems for Helmholtz equa-

tion by the normal mode method also requires the development of numerical

algorithms for a waveguide spectral problem with complex-valued nonself-adjoint

operator. In particular, for a two-layer domain with piecewise–continuous density,

the waveguide spectral problem is described by the equation

ρ zð Þ d
dz

1

ρ zð Þ
dφ

dz

	 

þ k2 zð Þφ ¼ ξ2φ, z∈ 0, H1ð Þ [ H1, Hð Þ, ð5:26Þ

boundary conditions (5.25), and additional conditions that follow from the acoustic

pressure continuity and normal component of the particles velocity at z ¼ H1.

If the complex coefficient α has negative imaginary part, then complex eigenvalues

of the problem (5.25) and (5.26) are shown to have positive imaginary part and

the corresponding eigenfunctions form a biorthogonal system with the weight 1/ρ(z).
The use of normal mode method to model acoustic fields requires the develop-

ment of highly accurate numerical methods and algorithms for the solution of the

relevant spectral self-adjoint (nonself-adjoint) problem. In this field, of great

interest is the analysis of difference schemes, which quite completely allow for

the strongly oscillating solution of the differential problem. To find the real

eigenvalues and eigenfunctions of discrete spectral problems, a numerical algo-

rithm was developed, which uses estimates for eigenvalues depending on the

number n. The stability analysis of the difference spectral problem was carried

out and the proposed numerical method was generalized for the case of complex

eigenvalues and eigenfunctions of the spectral problem, where k2(z) is a complex-

valued function, Im k2(z) > 0, Im α < 0, and Re α 	 0. The main idea of the

developed highly accurate numerical algorithms is the use of analytical solutions,

which are locally identical to the solution of the differential problem and use of

estimates for eigenvalues. The qualitative difference of the proposed discrete

spectral problems from standard grid approximations is that they are accurate at

local analytical solutions and better approximate the oscillating solution of the

differential problem.

The transition from the boundary-value problem for the Helmholtz elliptic wave

equation to the initial Cauchy problem for approximation elliptic wave equations

and the development of the relevant numerical methods on the basis of difference

schemes are of great importance. The Cauchy problem for such equations is

ill-posed according to Hadamard since its solution contains rapidly increasing

waves, which leads to accumulation of errors in case of numerical implementation.

That is why the abovementioned approach requires the development of new

methods for the stability analysis of difference schemes with complex-valued

nonself-adjoint operator.
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Therefore, there is a need to develop a calculation technique for wave processes

on the basis of boundary-value problems for an approximation elliptic wave

equation with complex nonself-adjoint operator and further use and substantiation

of the numerical solution of the Cauchy problem. Such a technique turned out to be

efficient to model the propagation of two-dimensional and three-dimensional

acoustic fields for long distances from the radiation source. The methods allow

taking into account direct and backward waves, separating the high-frequency

component of the acoustic field, and ensuring the radiation condition to be satisfied

at infinity.

In order to calculate the far low-frequency acoustic field in an azimuthally

symmetric medium (for k0r > > 1) with account for direct and backward waves,

approximation mathematical models are used, which represent the solution to the

Helmholtz equation as P(r, z) ¼ H
ð1Þ
0 (k0r)p(r, z), where H

ð1Þ
0 (�) is a rapidly

oscillating the first-kind Hankel function of zero order and the amplitude p(r, z)
satisfies the elliptic wave equation [31, 71]

2ik0
∂p
∂r

þ ∂2
p

∂z2
þ ∂2

p

∂r2
þ k20 n2 r, zð Þ � 1

� �
p ¼ 0, i ¼

ffiffiffiffiffiffi
�i

p
: ð5:27Þ

As a result, the problem reduces to the ill-posed Cauchy problem for Eq. 5.27

with relevant boundary conditions. An important result of such a transformation is

also the decrease in the dimension of the domain by one since the coordinate r plays
the role of “time” in the wave equation (5.27).

The main issue in the difference scheme theory is the stability with respect to

initial data [31]. Samarskii’s operator approach was used to analyze the stability

with respect to initial data, and the stability conditions were established for the

proposed explicit and implicit three-layer difference schemes with complex-valued

nonself-adjoint operator to solve the wave equation (5.27). This corresponds to the

discrete approximation of the ill-posed Cauchy problem in an inhomogeneous

waveguide (half string in cylindrical coordinates (r, z)). The considered explicit

and implicit difference schemes are conditionally stable, which is caused by the

ill-posedness of the differential problem. At the same time, the stability condition

for implicit scheme allows removing the depth restriction for grid step. It is

reasonable to use explicit schemes to calculate narrow-band acoustic fields.

The stability analysis was carried out for explicit and implicit three-layer

difference schemes of the solution of initial–boundary-value problems for the

elliptic wave equation (5.27) in inhomogeneous media with variable velocity of

sound and variable or piecewise-variable density.

One of the most promising methods of the mathematical modeling of acoustic

fields is the parabolic equation method; its fundamentals were developed by

M. O. Leontovich and V. O. Fock. It has become widely used after the works

by F. Tapert [191]. This method is based on the solution of initial–boundary-value

problems for parabolic Schrödinger-type wave equations that approximate the

Helmholtz equation. This approach is used to model sound waves propagation at
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long distances, mainly in one-way processes. The value of the parabolic equation

method for the mathematical modeling of acoustic and other wave fields in the

ocean is that it allows solving direct and ill-posed problems. The latter, as a rule,

occur often in practice.

Parabolic approximations of the Helmholtz wave equation in cylindrical axisym-

metric waveguides are based on representing the solution as P(r, z) ¼ H
ð1Þ
0 (k0r)p

(r, z), where the amplitude p(r, z) satisfies the pseudo-differential equation [191]

∂p
∂r

þ ik0u� ik0 Eþ n2 r, zð Þ � 1þ iν
� �

Eþ 1

k20

∂2

∂z2

 !1=2

p ¼ 0, ð5:28Þ

which contains square root operator. Using the Taylor or rational approximation of

the square root operator in Eq. 5.28, it is possible to obtain the following [191]:

approximation for small angles of acoustic energy propagation
� ffiffiffiffiffiffiffiffiffiffiffiffi

Eþ L
p � Eþ 1

2
L,

L ¼ n2 r, zð Þ � 1þ iν r, zð Þð ÞEþ 1
k20

∂2

∂z2
�
; approximation for small angles and rap-

idly changing factor of refraction

2ik0
∂p
∂r

þ ∂
∂z

1

n r; zð Þ
∂p
∂z

	 

þ 2k20 n r; zð Þ � 1þ iν r; zð Þ þ μ r; zð Þð Þp ¼ 0, ð5:29Þ

μ r; zð Þ ¼ n2z=n
3 � nzz=n

2
� �

= 4k20
� �

, nz ¼ ∂n=∂z, nzz ¼ ∂2
n=∂z2;

fractional rational approximation of operator
ffiffiffiffiffiffiffiffiffiffiffiffi
Eþ L

p � E�aL
EþbL a ¼ 3/4, b ¼ 1/4;

approximation for wide angles (Padé approximation) of the operatorffiffiffiffiffiffiffiffiffiffiffiffi
Eþ L

p � Eþ
Xn
k¼1

akL

1þ bkL
, etc.

An important aspect in the numerical modeling of one-way acoustic processes is

the correctness analysis of difference schemes for parabolic Schrödinger-type

equations with complex-valued nonself-adjoint operator. The proposed methodol-

ogy of the correctness analysis based on the Samarskii operator approach allowed

determining the stability of explicit (implicit) difference schemes with respect to

initial data and the right-hand side.

Much attention has been paid recently to the development of numerical methods

of mathematical modeling for problems related to the generation of acoustic fields

in inhomogeneous waveguides. Important classes of applied problems of the

control of acoustic field in infinite inhomogeneous waveguides can be solved within

the parabolic approximation. First of all, these are problems of the synthesis of

acoustic field that have a specified distribution of the field amplitude, intensity,

etc. [31].

The differential properties of extremum problems were analyzed; the differen-

tiability for functionals was established; a ratio was obtained for gradients in cases

of amplitude, phase, and amplitude–phase control; and gradient procedures were
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constructed with the use of the developed difference schemes for the approximate

calculation of gradients.

New mathematical models and integral quality criteria were proposed for

problems of generating acoustic fields in two-dimensional and three-dimensional

inhomogeneous infinite waveguides. They consist in finding the initial amplitude

and phase for which the sound pressure in some subdomain would achieve the

specified distribution of amplitude, intensity, etc.

Three classes of problems were studied for a cylindrical axisymmetric wave-

guide: amplitude, phase, and amplitude–phase control. Problems that belong to a

certain class were formulated as the minimization of the respective integral quality

criterion

J1 uð Þ ¼
ð
Ω

β zð Þ jp R; zð Þ � p0 zð Þ j2dzþ
ð
Ω

γ zð Þ ju zð Þ j2dz, Ω ¼ 0;Hð Þ,

J2 uð Þ ¼
ð
Ω

β zð Þ jp R, zð Þ j2 � jp0 zð Þ j2
� �

þ γ zð Þ ju zð Þ j2
n o

dz, ð5:30Þ

J3 uð Þ ¼
ð
Ω

β zð Þ jp R, zð Þ j2 � J0 zð Þ
� �2

þ γ zð Þ ju zð Þ j2
� �

dz

on the solutions of Schrödinger-type parabolic wave equations [31–33].

The proposed technique of solving optimization problems was approved in the

solution of a number of topical applied problems. In particular, the mathematical

statement of one of the problems of acoustic energy focusing to a specified

waveguide domain G ¼ {(r, z) : r0 < r < 1, 0 < z < H}, which has a soft

upper and impedance lower boundaries, is as follows: find a complex-valued

control from a certain convex closed set U ¼ {u(z) ∈ L2(Ω)} such that functional

(5.30) attains its lower limit J wð Þ ¼ infu∈L2 Ωð Þ J1 uð Þ: For this problem, p0(z) is a

specified complex-valued function; β(z) > 0 and γ(z) 	 0 are real weight func-

tions; p(R, z) ¼ p(R, z, u) is the solution of the parabolic wave equation (5.29)

with the boundary and initial conditions

p j z¼0 ¼ 0,
∂p
∂z

þ αp

	 
 ����
z¼H

¼ 0, p j r¼r0
¼ u zð Þ, ð5:31Þ

where α is a complex value, Re α 	 0, Im α � 0, and Re α + j Im α j 6¼ 0. It was

shown that functional (5.30) is differentiable at an arbitrary point u(z) ∈ U in a

complex space with the scalar product u, vh i ¼ Re u, vð ÞL2 Ωð Þ. Given the adjoint

problem, the Frechet differentiability of the functional in the space L22(Ω) of real
pairs (Re u, Im u) was established. The functional gradient has the form
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J
0
uð Þ ¼ ψ1 r0, z, uð Þ þ 2γ zð Þu1, ψ2 r0, z, uð Þ þ 2γ zð Þu2f g,

where ψ ¼ ψ1 + iψ2 is the complex-valued solution of the adjoint problem,

u ¼ u1(z) + iu2(z).
Thus, to determine the gradient, it is first necessary to find the solution of the

direct problem (5.29) and (5.31) for a fixed u(z) and then to obtain the value of

the adjoint function.

Within the parabolic approximation, the extremum problems were generalized

for the case of underwater inhomogeneous layered waveguide with piecewise–

continuous velocity of sound c(r, z) and density ρ(z). In such a case, the acoustic

energy propagation is described by the initial–boundary-value problem, in partic-

ular, for the Schrödinger-type equation

2ik0
∂p
∂r

þ ρ zð Þ ∂
∂z

1

ρ zð Þ
∂p
∂z

	 

þ k20 n2 r, zð Þ � 1þ iν r, zð Þ� �

p ¼ 0:

Moreover, additional conditions of sound pressure continuity and normal

component of particle velocity are satisfied at the media interface.

To solve the extremum problems under study by gradient methods, first of all, it

is necessary to calculate the gradient of the functional J(u) and formulate the

required optimality conditions. For unconstrained extremum problems, the opti-

mality condition has the form

grad J wð Þ ¼ 0, J wð Þ ¼ inf
u∈L2 Ωð Þ

J uð Þ: ð5:32Þ

The approximate solution of problem (5.32) can be obtained by iteration

methods, in particular, by the formulas wkþ1�wk

τkþ1
þ gradJ wkð Þ ¼ 0, k ¼ 0, 1, . . .,

using different methods to select the iteration parameters τk.
For constrained optimization problems, the iteration process wk + 1 ¼ PU(wk �

τk + 1 grad J(wk)) can be used, where PU is the operator of projection to set U.
To implement this algorithm, the following two-step scheme can be used:ewkþ1�wk

τkþ1
þ gradJ wkð Þ ¼ 0, wkþ1 ¼ PU ewkþ1ð Þ, k ¼ 0, 1, . . . . At the first step, the

calculations are the same as in the unconstrained problem, and at the second step,

the constraints U are introduced.

The approximate calculation of the gradient involves the numerical solution of

the direct and adjoint initial–boundary-value problems with complex-valued non-

self-adjoint operators. To solve the adjoint problem, the difference schemes similar

to those developed for the direct problem can be used.

The main theoretical results of the conducted studies were used in the develop-

ment of the software-algorithmic complex oriented to the solution of topical applied

problems of acoustic field propagation and optimization. This complex is based on

the banks of mathematical models of acoustic energy propagation processes, the

World Ocean hydrologic data, and numerical algorithms of acoustic field analysis

and synthesis.
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5.4 Weighted Pseudoinversion and Solution Methods

for Ill-Posed Problems of Linear Algebra

The mathematical modeling of processes of different nature, phenomena, and

systems often gives rise to problems whose solution requires the calculation of

weighted pseudoinverses and weighted normal pseudosolutions to systems of linear

algebraic equations (SLAE) with arbitrary rectangular matrices and to constrained

least-squares problems.

The idea of pseudoinversion has been rapidly developed from the second half

of the twenty-first century; nowadays, much attention is paid in scientific literature

to the analysis of pseudoinversion and pseudosolutions. The interest in the problem

of pseudoinversion of matrices mainly stems from their numerous applications: in

control theory, theory of linear and nonlinear equations, constrained least-squares

problems, numerical solution of some inverse problems of nonstationary heat

conduction, linear and nonlinear programming, approximation theory, problems

related to Markov chains, statistical problems, identification problems, problem

of the analysis and synthesis of dynamic systems, theory of recurrent filtration,

etc. A number of properties of pseudoinverses underlie the construction of

methods of finding normal pseudosolutions of SLAE. The problems of calculating

pseudoinverses, normal pseudosolutions of SLAE, and constrained least-squares

problems are ill-posed problems, which have been intensively investigated, and

solution techniques have been developed for these problems since the 1960s.

Much less attention was paid to the analysis of the properties of weighted

pseudoinverses and weighted normal pseudosolutions as well as to the calculation

of these matrices and of the corresponding pseudosolutions as compared with the

analysis and calculation of the Moore–Penrose pseudoinverses and normal

pseudosolutions. Therefore, the analysis of the properties of weighted pseudo-

inverses and weighted normal pseudosolutions, including those with singular

weights, is of current interest. The last case of pseudoinversion is the least known.

For this reason, further development of the theory of weighted pseudoinversion,

creating the theoretical bases for the development of computing methods for

weighted pseudoinverses and weighted normal pseudosolutions, and constructing

solution techniques for these problems are of considerable current interest.

The interest in weighted pseudoinversion and weighted least-squares problems

stems to a great extent from their numerous applications. In particular, these

problems arise in the mathematical modeling of optimal control processes,

problems of observation, tomography, construction optimization, identification,

approximation, and nonlinear programming. Solutions to a number of constrained

least-squares problems can be presented by means of weighted normal pseudo-

solutions. Such problems are applied in mathematics, physics, statistics, mathemat-

ical programming, economy, control theory, social sciences, etc.

Scientists of the Institute of Cybernetics conducted research and obtained new

results in the theory of the weighted pseudoinversion and construction of efficient

computational techniques for a number of linear algebra problems with arbitrary

5.4 Weighted Pseudoinversion and Solution Methods for Ill-Posed Problems. . . 179



rectangular matrices [28–30, 141]. The scientific studies developed the theory

of weighted pseudoinversion in order to analyze the properties of weighted

pseudoinverses and weighted normal pseudosolutions, obtain necessary and suffi-

cient conditions for the existence and uniqueness of such matrices and

pseudosolutions with singular weights, and obtain and analyze images and decom-

positions of weighted pseudoinverses. The obtained theoretical results were used to

construct and analyze new efficient iterative methods and new regularized problems

to calculate weighted pseudoinverses and weighted normal pseudosolutions and to

solve least-squares problems with linear and nonlinear constraints. Below we will

dwell on the results of the analysis of weighted pseudoinversion with singular

weight since this case of pseudoinversion is less studied and is a generalization of

pseudoinversion with positive definite weights and of the Moore–Penrose

pseudoinversion [28].

Let A ∈ Um � n and X ∈ Un � m and let B ∈ Um � m and C ∈ Un � n be

symmetric positive semidefinite matrices. A weighted pseudoinverse for the matrix

A is defined in [206] as a matrix X ¼ Aþ
BC satisfying the following conditions:

AXA ¼ A, XAX ¼ X, BAXð ÞT ¼ BAX, XACð ÞT ¼ XAC: ð5:33Þ

It was established that the system of matrix equations (5.33) has a unique

solution if and only if the following relations are satisfied:

rk BAð Þ ¼ rk Að Þ, rk ACð Þ ¼ rk Að Þ, ð5:34Þ

where rk(L) is the rank of matrix L.
The fundamental properties of pseudoinverses defined by conditions (5.33) and

(5.34) and other conditions [28, 141] were established. For example, series decom-

position of these matrices was obtained and used to develop iterative methods for

the calculation of weighted normal pseudosolutions with singular weights. The

limit representations of these matrices and representations in terms of the coeffi-

cients of the characteristic polynomial of symmetrizable and symmetric matrices

were obtained. Regularized problems were constructed to calculate weighted

pseudoinverses and weighted normal pseudosolutions. New rapidly converging

iterative methods were developed to solve these problems and least-squares prob-

lems with linear and nonlinear constraints [29]. New expansion of pseudoinverses

defined by conditions (5.33) and (5.34) into matrix power series and matrix power

products with negative exponents was obtained and investigated in [30] and used to

construct polynomial limit representation of pseudoinverses. Such limit represen-

tations were used to construct new efficient regularized problems and iterative

methods to calculate weighted pseudoinverses, weighted normal pseudosolutions,

and constrained least-squares problems. The constructed methods were shown to

outperform the well-known methods for the solution of these problems.

For other definitions of weighted pseudoinverses with singular weights,

the studies [28, 141] and others proposed and investigated the expansion of these

matrices into matrix power series and matrix power products with positive
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exponents and represented them in terms of the coefficients of characteristic

polynomial of symmetrizable and symmetric matrices. These expansions were

used to develop and investigate iterative methods for the calculation of weighted

pseudoinverses and weighted normal pseudosolutions.

The focus was on obtaining new results in weighted pseudoinversion theory,

namely, on the necessary and sufficient conditions of the existence and uniqueness

of weighted pseudoinverses with singular weights, which were not investigated

before and on similar issues for the corresponding weighted normal

pseudosolutions.

Let A ∈ Um � n and X ∈ Un � m and let B ∈ Um � m and C ∈ Un � n be

symmetric positive semidefinite matrices. According to [28], a weighted

pseudoinverse for the matrix A is defined as a matrix X ¼ Aþ
BC satisfying the

following conditions:

AXA ¼ A, XAX ¼ X, BAXð ÞT ¼ BAX, CXAð ÞT ¼ CXA: ð5:35Þ

It was established that the necessary and sufficient conditions for the existence

and uniqueness of a solution of the system of matrix equations (5.35) are

rk BAð Þ ¼ rk Að Þ, ACþ
EEC ¼ A: ð5:36Þ

Several types of representations of weighted pseudoinverses defined by

conditions (5.35) and (5.36) were also obtained in [28] in terms of the coefficients

of characteristic polynomials of symmetrizable and symmetric matrices. One of

such representations has the form

Aþ
BC ¼ Cþ

EESA
TB, ð5:37Þ

where S ¼ f(ATBACþ
EE) is a polynomial in the matrix ATBACþ

EE, S ¼ � α�1
k �

[(ATBACþ
EE)

k � 1 + α1(A
TBACþ

EE)
k � 2 + � � � + αk � 1E], αp, p ¼ 1, . . ., n are

coefficients of the characteristic polynomial f(λ) ¼ λn + α1λ
n � 1 + � � � + αn ¼

det[λE � ATBACþ
EE], αk is the last nonzero coefficient of the polynomial f(λ), Cþ

EE

is the Moore–Penrose pseudoinverse of the matrix C, and E is the identity matrix.

The representation of weighted pseudoinverses by formula (5.37) is used in [28]

to substantiate and analyze their expansion into matrix power series and matrix

power products with positive exponents.

Let

Ax ¼ f , x∈Un, f ∈Um, ð5:38Þ

be an SLAE with an arbitrary matrix A ∈ Um � n. It was proved [28] that the

vector x+ ¼ Aþ
BC f, where the matrix Aþ

BC is defined by conditions (5.35) and (5.36),

is a weighted normal pseudosolution to problem (5.38) with the positive

semidefinite weights B and C, namely this vector is the unique solution of the

following problem:
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min
x∈U

n
Cð Þ\Ω

xk kC, Ω ¼ Arg min
x∈Un

Ax� fk kB, ð5:39Þ

where Un is an n-dimensional vector space over the field of real numbers, Un(C) is a

Euclidean space with ellipsoidal norm, and U
n
Cð Þ � Un Cð Þ and U

n
Cþ
EE

� � � Un

Cþ
EE

� �
are subspaces of vectors x that satisfy the conditionCCþ

EEx ¼C1/2C
þ1=2
EE x ¼ x.

A weighted pseudoinverse to A is defined in [141] as a matrix X ¼ Aþ
BC that

satisfies the conditions

AXA ¼ A, XAX ¼ X, AXBð ÞT ¼ AXB, CXAð ÞT ¼ CXA: ð5:40Þ

It was established that the conditions

Bþ
EEBA ¼ A, ACþ

EEC ¼ A ð5:41Þ

are necessary and sufficient for the existence of a unique solution of the system of

matrix equations (5.40).

A representation of weighted pseudoinverses defined by conditions (5.40) and

(5.41) in terms of the coefficients of characteristic polynomial of symmetrizable

and symmetric matrices were obtained in [141]. One of them has the form Aþ
BC ¼

Cþ
EESA

TBþ
EE, where S ¼ f(ATBþ

EEAC
þ
EE) is a polynomial in the matrix ATBþ

EEAC
þ
EE.

It was found that the vector x+ ¼ Aþ
BC f, where the matrix Aþ

BC is defined by

conditions (5.40) and (5.41), is a weighted normal pseudosolution to problem (5.38)

with positive semidefinite weights Bþ
EE and C, namely this vector is the unique

solution to the problem

min
x∈U

n
Cð Þ\Ω

xk kC, Ω ¼ Argmin
x∈Un

Ax� fk kBþ
EE
:

Similar issues were considered for the weighted pseudoinverse defined by the

conditions AXA ¼ A, XAX ¼ X, (AXB)T ¼ AXB, and (XAC)T ¼ XAC.
Weighted pseudoinverses represented in terms of the coefficients of characte-

ristic polynomials of symmetrizable and symmetric matrices given above are used

to substantiate and analyze their expansion into matrix power series and matrix

power products with positive exponents. For example, for a matrix defined by

conditions (5.35) and (5.36), a number of expansions of weighted pseudoinverses

into matrix power series and matrix power products were obtained in [28]; some of

them have the form

Aþ
BC ¼ σ

X1
k¼0

�
E� σCþ

EEA
TBA

�
kCþ

EEA
TB,
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Aþ
BC ¼ σ

Y1
k¼0

Eþ E� σCþ
EEA

TBA
� �2kn o

Cþ
EEA

TB

as well as the estimates

kAþ
BC � Aþ

σ,p kCBþ1=2
EE

� max
λi 6¼0

λ�1=2
i j1� σλi jp

n o
,

kAþ
BC � Aþ

σ,n kCBþ1=2
EE

� max
λi 6¼0

λ�1=2
i j1� σλi j2

n
n o

,

where

Aþ
σ,p ¼ σ

Xp�1

k¼0

�
E� σCþ

EEA
TBA

�
kCþ

EEA
TB, p ¼ 1, 2, . . . ,

Aþ
σ,n ¼ σ

Yn�1

k¼0

Eþ E� σCþ
EEA

TBA
� �2kn o

Cþ
EEA

TB, n ¼ 1, 2, . . . ,

0 < σ < 2[λmax(C
þ
EEA

TBA)]� 1, λi are eigenvalues of matrix Cþ
EEA

TBA, and

weighted matrix norms are defined in [28].

These expansions were used to construct and analyze iterative processes to

calculate weighted pseudoinverses with singular weights defined by conditions

(5.35) and (5.36) and weighted normal pseudosolutions, i.e., solutions to problem

(5.39). We will restrict ourselves to the iterative processes based on the expansions

of such matrices with singular weights into matrix power products. Then the

iterative process of calculating these matrices has the form

X1 ¼ σ Eþ E� σCþ
EEA

TBA
� �� �

Cþ
EEA

TB, Xk ¼ Eþ E� σCþ
EEA

TBA
� �2k�1n o

Xk�1

¼ Xk�1 þ E� σCþ
EEA

TBA
� �2k�1

Xk�1, k ¼ 2, 3, . . . :

The estimate of the difference between the kth approximation of this iterative

process and Aþ
BC is defined by the formula kAþ

BC � Xk kCBþ1=2
EE

� max
λi 6¼0

λ�1=2
i j1� σλi j2

k
n o

.

To calculate the solution to problem (5.39), we have the iterative process

x1 ¼ σ Eþ E� σCþ
EEA

TBA
� �� �

Cþ
EEA

TBf , xk ¼ Eþ E� σCþ
EEA

TBA
� �2k�1n o

xk�1

¼ xk�1 þ E� σCþ
EEA

TBA
� �2k�1

xk�1, k ¼ 2, 3, . . . :

As was shown in [28], this iterative process converges to the solution of problem

(5.39) and the estimate kxþ � xk kC � max
λi 6¼0

λ�1=2
i j1� σλi j2

k
n o

fk kB holds,

where x+ is a solution of problem (5.39).
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The iterative processes considered above can be used to calculate weighted

pseudoinverses with positive definite weights, the Moore–Penrose pseudoinverses,

and the corresponding pseudosolutions.

An expansion of a weighted pseudoinverse with negative exponents was

obtained in [30]. For a weighted pseudoinverse with singular weight defined by

conditions (5.33) and (5.34), a number of expansions into matrix power series and

matrix power products with negative exponents are given:

Aþ
BC ¼

X1
k¼1

δk�1
�
CATBAþ δE

��kCATB, ð5:42Þ

Aþ
BC ¼

Y1
k¼0

�
Eþδ2

k

CATBAþ δE
� �� 2kð Þ�

CATBAþ δE
� ��1

CATB ð5:43Þ

and the estimates are obtained:

kAþ
BC � Aþ

δ,p kCþ
EEV

� δp λ�min CATBA
� �þ δ

� ��pkAþ
BC kCþ

EEV
, ð5:44Þ

kAþ
BC � Aþ

δ,n kCþ
EEV

� δ2
n

λ�min CATBA
� �þ δ

� �� 2nð ÞkAþ
BC kCþ

EEV
, ð5:45Þ

where

Aþ
δ,p ¼

Xp
k¼1

δk�1 CATBAþ δE
� ��k

CATB, p ¼ 1, 2, . . . ;

Aþ
δ,n ¼

Yn�1

k¼0

Eþ δ2
k

CATBAþ δE
� �� 2kð Þ

� �
CATBAþ δE
� ��1

CATB,

n ¼ 1, 2, . . . , 0 < δ < 1;

λ�min(CA
TBA) is the minimum nonzero eigenvalue of the matrix L ¼ CATBA, and

weighted matrix norms are defined in [30]. Estimates (5.44) and (5.45) yield the

corresponding limit representations of weighted pseudoinverses with singular

weights

Aþ
BC ¼ lim

δ!þ0

Xp
k¼1

δk�1 CATBAþ δE
� ��k

CATB, p ¼ 1, 2, . . . , ð5:46Þ

Aþ
BC ¼ lim

δ!þ0

Yn�1

k¼0

Eþ δ2
k

CATBAþ δE
� �� 2kð Þ

� �
CATBAþ δE
� ��1

CATB, n ¼ 1, 2,

ð5:47Þ

called in [30] the limit polynomial representations of such matrices. For p ¼ 1 from

Eq. 5.46, we have the monomial limit representations of weighted pseudoinverses

with singular weights investigated in other studies.
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As follows from the limit representations (5.46) and (5.47), if δ is a sufficiently
small parameter, the matrices Aþ

BC, A
þ
δ;p, and Aþ

δ;n may differ arbitrarily little from

each other. These representations can be used to calculate the approximation to

weighted pseudoinverses. The closeness of these matrices to their approximate

values is estimated by formulas (5.44) and (5.45).

Based on the limit representations of weighted pseudoinverses, regularized

problems for the calculation of weighted normal pseudosolutions with singular

weights are proposed. The following SLAE to calculate the approximation to a

weighted normal pseudosolution x+ with singular weights of system (5.38) based on

formula (5.47) is formulated and investigated in [30]:

Yn�1

k¼0

CATBAþ δE
� �2k

CATBAþ δE
� �

x

¼
Yn�1

k¼0

CATBAþ δE
� �2k þ δ2

k

E
n o

CATBf : ð5:48Þ

The estimate

kxþ � xδ,n kCþ
EE
� δ2

n

λ�min Lð Þ þ δ
� �� 2nð Þ

Aþ
BC

�� ��Cþ
EEEm fk kEm

ð5:49Þ

is true.

For a regularized problem [158] of finding the normal pseudosolution xδ, the
estimate of its closeness to the normal pseudosolution has the form

kxþ � xδ kE � δ λ�min Mð Þ� ��1=2
λ�min Mð Þ þ δ
� ��1

fk kE, ð5:50Þ

where M ¼ ATA and E is the identity matrix.

To compare the regularization methods, we put B ¼ C ¼ E and L ¼ ATA in

formulas (5.48) and (5.49). Then comparing estimates (5.49) and (5.50) allows

concluding that the regularized problem (5.48) outperforms that proposed in [158].

The expansions of weighted pseudoinverses (5.42) and (5.43) were used to

develop iterative processes to calculate such matrices and weighted normal

pseudosolutions. The iterative process

X0 ¼ CATBAþ δE
� ��1

CATB,

Xk ¼ Xk�1 þ δ2
k�1

CATBAþ δE
� �� 2k�1ð Þ

Xk�1, k ¼ 1, 2, . . . ,
ð5:51Þ

was obtained based on formula (5.43) to calculate Aþ
BC.

The estimate of the difference between Aþ
BC and the kth approximation of process

(5.51) is defined by formula (5.45), where n ¼ k is assumed.
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Let us now consider an iterative process for calculating weighted normal

pseudosolutions. To calculate the approximation of x+ ¼ Aþ
BC f, the following

iterative process was obtained based on formula (5.43):

x0 ¼ CATBAþ δE
� ��1

CATBf ,

xk ¼ xk�1 þ δ2
k�1

CATBAþ δE
� �� 2k�1ð Þ

xk�1, k ¼ 1, 2, . . . :
ð5:52Þ

The estimate of the difference between x+ and the kth approximation of process

(5.52) is defined by formula (5.49), where n ¼ k is assumed.

An iterative process called the iterative regularization method is proposed and

investigated in [23] to solve ill-posed problems. The iterative process (5.52) can

also be assumed an iterative regularization method. It has a higher convergence rate

than that proposed in [23].

As noted above, the solution of a number of constrained least-squares problems,

which have many applications, can be presented with the use of weighted normal

pseudosolutions. In a number of studies, the solution to some problems of this class

is represented by means of ML-weighted pseudoinverses.

For the matrix A, let us define a weighted pseudoinverse with positive

semidefinite weights B and Cþ
EE as a matrix that satisfy the system of matrix

equations

AXA ¼ A, XAX ¼ X, BAXð ÞT ¼ BAX, XACþ
EE

� �T ¼ XACþ
EE ð5:53Þ

and conditions

rk BAð Þ ¼ rk Að Þ, rk ACþ
EE

� � ¼ rk Að Þ: ð5:54Þ

Scientists of the Institute of Cybernetics developed methods to solve constrained

least-squares problems and problems of calculating L-pseudosolution, Lg-
pseudosolution, and constrained normal pseudosolutions. To this end, the

constructed and investigated direct and iterative methods were used to calculate

weighted normal pseudosolutions. The circumstances were taken into account that

ML-weighted pseudoinverses coincide with the weighted pseudoinverses with

singular weights defined by conditions (5.53) and (5.54).

Consider the following least-squares problem:

min
f ∈Ω

Kf � gk kE, Ω ¼ f j Lf ¼ hf g ð5:55Þ

with linear equality constraints. (See [29] for problem statements and solution

techniques for other constrained least-squares problems and for problems of calcu-

lating L-pseudosolutions and Lg-pseudosolutions.) The system Lf ¼ h is assumed

to be consistent and N Kð Þ \ N Lð Þ ¼ 0f g, where N Qð Þ is null space of the matrix Q.
Then there is a unique solution to problem (5.55). If we assume that matrix KTK is
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singular and the condition rk(L(KTK )þEE) ¼ rk(L) is satisfied, then the solution of

problem (5.55) is defined by the formula

f � ¼ Lþ
ECþ

EE
hþ KPLð ÞþEEg, C ¼ KTK, PL ¼ E� LþEEL:

Thus, the solution to problem (5.55) is the sum f* ¼ f
ð1Þ
� + f

ð2Þ
� of normal

pseudosolutions of two problems: of the system Lf(1) ¼ h with the positive definite

weight E and singular weight Cþ
EE ¼ (KTK )þEE and of the system KPLf

(2) ¼ g. Based
on Eq. 5.48 we can obtain regularized problems to calculate the approximation to

f
ð1Þ
� and f

ð2Þ
� . For approximate calculation of f

ð1Þ
� , we have the following SLAE:

Yn�1

k¼0

Cþ
EEL

TLþ δE
� �2k

Cþ
EEL

TLþ δE
� �

f 1ð Þ

¼
Yn�1

k¼0

Cþ
EEL

TLþ δE
� �2k þ δ2

k

E
n o

Cþ
EEL

Th, ð5:56Þ

Cþ
EE ¼ KTK

� �þ
EE
, 0 < δ < 1,

and for the calculation of f
ð2Þ
� , we have the SLAE

Yn�1

k¼0

KPLð ÞTKPL þ δE
� �2k

KPLð ÞTKPL þ δE
� �

f 2ð Þ

¼
Yn�1

k¼0

KPLð ÞTKPL þ δE
� �2k

þ δ2
k

E

� �
KPLð ÞTg,

PL ¼ E� LþEEL, 0 < δ < 1:

ð5:57Þ

Based on the iterative process (5.52), we can obtain regularized iterative

processes to calculate approximations to f
ð1Þ
� and f

ð2Þ
� . To approximately calculate

f
ð1Þ
� and f

ð2Þ
� , we have the corresponding regularized iterative processes

f
1ð Þ
0 ¼ Cþ

EEL
TLþ δE

� ��1
Cþ
EEL

Th,

f
1ð Þ
k ¼ �Eþ δ2

k�1

Cþ
EEL

TLþ δE
� �� 2k�1ð Þ�

f
1ð Þ
k�1,

k ¼ 1, 2, . . . , 0 < δ < 1, Cþ
EE ¼ KTK

� �þ
EE
,

ð5:58Þ

f
2ð Þ
0 ¼ � KPLð ÞTKPL þ δE

��1
�
KPL

�
Tg,

f
2ð Þ
k ¼ �Eþ δ2

k�1�
KPLð ÞTKPL þ δE

�� 2k�1ð Þ�f 2ð Þ
k�1,

k ¼ 1, 2, . . . , 0 < δ < 1, PL ¼ E� LþEEL:

ð5:59Þ

To solve problem (5.55), regularization methods, weighing methods, iterative

methods, and regularized iterative methods are proposed and computer algebra

procedures are developed.
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Noteworthy is that solutions to least-squares problems with quadratic inequality

constraints, L-pseudosolutions, Lg-pseudosolutions, and constrained normal pseudo-

solution under some assumptions are also determined by the sum of two normal

pseudosolutions, weighted and ordinary (see, e.g., [29]). SLAE (5.56) and (5.57)

and iterative processes (5.58) and (5.59) can be used for the approximate solution of

such problems.
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Chapter 6

Optimization Methods for Solving Problems

of Transcomputational Complexity

Abstract This chapter addresses subgradient nonsmooth optimization methods.

The generalized gradient descent method known later as the subgradient method is

considered. It was used to solve many high-dimensional problems of production

and transportation scheduling with decomposition schemes. Subgradient methods

with space dilation, whose special cases are the ellipsoid method and r-algorithms,

are analyzed. The application of nonsmooth optimization methods to various

mathematical programming problems is discussed. The algorithmic scheme of the

well-known descent method is considered. This scheme has made it possible to

develop a wide range of local search algorithms, which were used in application

packages elaborated at the Institute of Cybernetics. The modern method of local

type, the probabilistic method of global equilibrium search, is analyzed. It was

applied to solve various classes of problems of transcomputational complexity and

appeared to be the most efficient discrete optimization technique. The approaches

to accelerating the solution of discrete optimization problems are discussed. The

stability of vector discrete optimization problems is analyzed. Different types of

stability of integer optimization problems and regularization of unstable problems

are considered. Some of the chapter deals with stochastic optimization that involves

decision making under risk and uncertainty. Stochastic quasigradient methods and

their modifications for stochastic programming problems are considered. The

solution of stochastic global optimization, stochastic discrete optimization, stochas-

tic minimax, and vector stochastic optimization problems is analyzed. The use of

stochastic optimization methods in risk assessment and management is discussed.

The chapter reviews the results of the mathematical theory of control of distributed

parameter systems and stochastic and discrete systems and addresses the robust

stability, determination of invariant sets of dynamic systems, and spacecraft con-

trol. The methods of the analysis of dynamic games, including those with groups of

participants under various constraints, are considered as the development of motion

control methods.

I.V. Sergienko, Topical Directions of Informatics: In Memory of V. M. Glushkov,
Springer Optimization and Its Applications 78, DOI 10.1007/978-1-4939-0476-1_6,

© Springer Science+Business Media New York 2014
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Managerial decision support is one of the main objectives of economic cybernetics.

To form the “best” (in some sense) decision, one often uses optimization approach,

where the desirable numerical parameters are defined as a point of constrained

or unconstrained extremum (minimum or maximum) of some function in one or

several variables. Optimization models are often used in theoretical economic

studies to describe the behavior of individual economic entities. There are many

examples of the use of optimization models in other areas of human activity such as

technical design, social sciences, and traffic management.

Given this, special attention has been paid at the Glushkov Institute of

Cybernetics during the last decade to developing methods for solving optimization

problems (or optimization methods). Along with the founders of the Ukrainian

school of optimization, a galaxy of their students and followers has grown. They

obtained new outstanding results in discrete and combinatorial, stochastic and

nondifferentiable optimization, and this allows characterizing the Kyiv school of
optimization as one of the leading scientific schools that carry out fundamental

research in this field.

Nowadays, the Institute of Cybernetics is a recognized research center for the

development and application of optimization approaches to the solution of many

important economic, engineering, technological, and other problems. Noteworthy

is the active cooperation of the institute with famous foreign experts such as

F. Glover, P. Pardalos, Yu. Evtushenko, and V. Emelichev. The achievements of

leading specialists of the institute are approved and highly appreciated at numerous

international conferences and seminars.

6.1 Subgradient Methods of Nonsmooth Optimization

and Their Applications

Many complex problems of mathematical programming reduce to the minimization

of convex functions with discontinuous gradient. Nonsmooth optimization methods

allow flexible use of decomposition schemes (in variables, constraints, resources,

etc.) that take into account specific features of large-scale problems and make it

possible to efficiently obtain dual estimates for discrete and partially discrete

programming problems and for some classes of multiextremum problems. This

allows using nonsmooth penalty functions to reduce the initial convex program-

ming problem to an equivalent unconstrained minimization problem with finite

penalty parameters. Technical and economic characteristics of the objects subject to

optimization can be properly approximated by piecewise smooth functions of

unknown parameters, and this also produces optimization problems with

nonsmooth functions.

Studying the methods for minimizing nonsmooth functions started at the Insti-

tute of Cybernetics in 1961. It was N. Z. Shor who proposed the generalized

gradient descent (later called the subgradient descent) method to solve production
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and transportation problems in a network form, which allows minimizing convex

functions with discontinuous gradient.

Let us consider a convex function f(x) defined on a Euclidean space En. Let X* be
a set of minima, x* ∈ X* be a point of minimum, and inf f(x)¼ f *. A subgradient

(generalized gradient) of function f(x) at a point x∈En is a vector gf xð Þ such that for
all x ∈ En the inequality

f xð Þ � f xð Þ � gf xð Þ, x� x
� �

holds. If f(x) is continuously differentiable at a point x, then subgradient gf xð Þ is
uniquely determined and is equal to the gradient of function f(x) at the point x:
At points where the function f(x) is nonsmooth, the subgradient gf xð Þ is multiple

valued.

As follows from the definition of a subgradient, if f xð Þ < f xð Þ, then

�gf xð Þ, x� x
� �

> 0: Geometrically, this means that antisubgradient at the point

x forms an acute angle with any line drawn from the point x toward point x with a

smaller value of f(x). Hence, if the set X* is nonempty and x∈ X�, then moving

from the point x toward�gf xð Þwith a sufficiently small step reduces the distance to

X*. This simple fact forms the basis of the subgradient method.

The generalized gradient descent (GGD) method is a procedure for constructing

the sequence {xk}
1
k¼0, where x0 is the initial approximation and xk is calculated by

the following recurrence formula:

xkþ1 ¼ xk � hkþ1
gf xkð Þ
kgf xkð Þk , k ¼ 0, 1, 2, . . . : ð6:1Þ

Here gf (xk) is any subgradient of function f(x) at the point xk and hk+ 1 is a step

multiplier. If gf (xk)¼ 0, then xk is the minimum point of the function f(x) and the

process stops.

The theorem below contains the most general result on the convergence of the

GGD method [170].

Theorem 6.1 Let f(x) be a convex function with a bounded set of minima X*
and {hk} (k¼ 1, 2, . . .) be a sequence of numbers that satisfies the conditions

hk > 0, lim
k!1

hk ¼ 0,
X1
k¼1

hk ¼ þ1:

Then there are two possibilities for the sequence {xk} (k¼ 1, 2, . . .) constructed

in accordance with Eq. 6.1: for any x0 ∈ En, there exists either k ¼ k such that
xk ∈X� or lim

k!1
min
y∈X�

kxk � yk ¼ 0, lim
k!1

f xkð Þ ¼ min
y∈En

f xð Þ ¼ f �:

The conditions for the sequence {hk} in Theorem 6.1 are known as classical

conditions for step regulation in the GGD method. Alternative GGD methods
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converging as a geometrical progression were obtained under some additional

assumptions [170]. The upper bounds for the angles between the antigradient

direction at a given point and the direction from this point to the point of minimum

play an important role.

The GGD method was initially used to minimize piecewise smooth convex

functions for production and transportation problems, and later for the class

of arbitrary convex functions and for convex programming problems.

Yu. M. Ermoliev and B. T. Polyak made a significant contribution to the analysis

and development of this method. The most intensive research of GGD methods was

carried out in 1961–1971. The interest of foreign scientists to subgradient methods

increased from about 1974, when they were realized as a tool to solve large-scale

problems. The GGD methods developed at the Institute of Cybernetics were then

developed in the works of scientists from other research centers, such as I. I. Eremin

and B. T. Polyak, to solve constrained convex programming problems.

The GGD method allows solving many large-scale problems of production and

transportation planning with the use of decomposition schemes. More information

about these approaches can be found in [113, 170]. The GGD method was also a

basis for a stochastic analog of the generalized gradient descent. This analog is of

great practical importance, particularly for multistage stochastic programming

problems.

In ravine problems, where the upper bound for the angles between the direction

of the antigradient at a given point and the direction from this point to the point of

minimum is equal to π/2, slow convergence of the GGD method cannot be

improved. The situation can be changed by using linear nonorthogonal transforma-

tion of the space of variables to improve the conditioning of the problem. If an

antigradient forms an angle close to π/2 with the direction to the point of minimum,

it is reasonable to apply the operation of space transformation toward the gradient to

reduce its “transversal” component. These heuristic arguments formed the basis for

the creation of two families of subgradient methods with space dilation in the

direction of subgradients and in the direction of the difference of two successive

subgradients.

The operation of space dilation in the direction of a gradient was used for the first

time in 1969 as a heuristic procedure to improve the conditioning of the problem.

In 1970 N. Z. Shor substantiated this approach and obtained a number of theoretical

results. The operation of dilation of the space of variables is implemented by the

space dilation operator

Rα ξð Þ ¼ In þ α� 1ð ÞξξT, ξ∈En, ξk k ¼ 1, α > 1,

where (�)T denotes transposition, In is n� n unit matrix, α is the coefficient of space

dilation, and ξ is the direction of dilation. The properties of the operator Rα(ξ) are
described in detail in the monograph [170].

Let us describe the general scheme of subgradient algorithms with space dilation

in the subgradient direction for the minimization of function f(x).
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Let x0 ∈ En and B0¼A�10 ¼ In be given. After k steps we obtain xk ∈ En, Bk¼
A�1k , and Ak is an n� n matrix of space transformation. At the (k+ 1)th step we

perform the following operations:

1. Evaluate gf (xk) (if gf(xk)¼ 0, the computations stop).

2. Determine egk ¼ gφk
ykð Þ ¼ BT

k gf xkð Þ, where φk(y)¼ f(Bky), yk¼Akxk, and egk is a
generalized gradient for the function φk(y) calculated in the dilated space.

3. Compute

ξk ¼ egk=kegk k, xkþ1 ¼ xk � hkþ1Bkξk: ð6:2Þ

Formula (6.2) corresponds to the shift in the antisubgradient direction in the

dilated space: Akxk+ 1¼ yk� hk+ 1ξk.
4. Calculate

Bkþ1 ¼ A�1kþ1 ¼ BkRβkþ1 ξkð Þ, βkþ1 ¼ 1=αkþ1: ð6:3Þ

Formula (6.3) corresponds to the dilation of the transformed space in the

direction ξk : Akþ1 ¼ Rαkþ1 ξkð ÞAk, αkþ1 > 1:

5. Go to the next step: k+ 1! k + 2.

The main difficulty in designing specific versions of the algorithms (6.2) and

(6.3) is to choose the coefficients for space dilation αk and the strategy of varying

the step multipliers hk. Experiments showed that for α¼ 2 and hk¼ const, this

algorithm is efficient for many examples of convex ravine functions. However,

this simple method is not always effective. It became possible to theoretically

justify variants of the algorithms (6.2) and (6.3) where the step multiplier and

space dilation coefficient were chosen so as to provide a nonincreasing sequence of

distances to minima in the corresponding transformed spaces. This principle guar-

antees the convergence with a rate of geometrical progression in function values.

To implement it, additional information about the function f(x) is necessary,

namely, its minimum value f * and the so-called constants of growth M and N.

Theorem 6.2 Let f(x) be a convex function and the subgradient satisfy the
following inequalities in a sphere Sd¼ {x:kx� x*k� d} around the local minimum
point x*:

N f xð Þ � f x�ð Þð Þ � gf xð Þ, x� x�
� �

� M f xð Þ � f x�ð Þð Þ, ð6:4Þ

where M�N are nonnegative constants. If we assume

x0 ∈ Sd, hkþ1 ¼ 2MN

M þ N

f xkð Þ � f x�ð Þ
kegk k , 1 < αkþ1 � M þ Nð Þ

M � Nð Þ , k ¼ 0, 1, 2, . . . ,

in the algorithms (6.2) and (6.3), then for all k¼ 0, 1, 2, . . .,
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kAk xk � x�ð Þk � d: ð6:5Þ
Inequality (6.5) implies the localization of x* in the ellipsoid Φk centered at

point xk. The ratio of the volumes of ellipsoids Φkþ1 and Φk is given by the

following equation:

vol Φkþ1ð Þ
vol Φkð Þ ¼ βk ¼

M � N

M þ N
:

In the case of positive definite quadratic function, we can choose M¼N¼ 2 in

inequality (6.4). For a piecewise linear function with an epigraph being a cone with

the vertex at the point (x*, f *), we can putM¼N¼ 1. For these cases, βkþ1¼ 0 and

the algorithm converges in no more than n steps. Solving a nondegenerate system of

n linear equations reduces to minimizing f xð Þ ¼ max
1�i�n

j ai; xð Þ þ bi j: If we take

f *¼ 0 and βk¼ 0 and apply Eqs. 6.2 and 6.3, we obtain an algorithm

that corresponds to the gradient orthogonalization technique, a well-known finite

procedure for solving linear algebraic systems.

In 1976–1977, A. S. Nemirovskii and D. B. Yudin, and independently N. Z.

Shor, proposed the ellipsoid method, which combines the ideas of cutting plane

and space transformation methods. In fact, this method is a special case of the

algorithms (6.2) and (6.3), with a constant coefficient of space dilation αkþ1 ¼ α

¼
ffiffiffiffiffiffi
nþ1
n�1

q
and step regulated by the relations

h1 ¼ r

nþ 1
, hkþ1 ¼ hk

nffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 � 1
p , k ¼ 1, 2, . . . ,

where n is the space dimension and r is the radius of a sphere centered at x0 and
containing point x*. The ellipsoid method converges with the rate of geometrical

progression in the difference between the best and optimal values of f(x). The
geometric ratio qn� 1� 1/(2n2) asymptotically depends only on the space

dimension n.
The ellipsoid method has become world known after 1979, when L. G.

Khachiyan proposed a polynomial algorithm based on it to solve a linear program-

ming problem with rational coefficients. Moreover, the ellipsoid method has been

applied in the theory of complexity of discrete optimization algorithms. The

International Symposium on Mathematical Programming held in Bonn in 1982

was devoted to the ellipsoid method and its application. A review of nonsmooth

optimization methods developed at the Institute of Cybernetics was published in the

proceedings of the symposium.

The experience of using algorithms with space dilation in the direction of

gradient showed a significant acceleration of the convergence of subgradient

processes. At the same time, difficulties in the choice of step multipliers stimulated

the search for new methods of nonsmooth optimization with variable metric where

the choice of step multiplier is associated with minimization along a direction.
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In solving complex nonsmooth optimization problems of moderate size (up to

several hundreds of variables), subgradient algorithms with space dilation in the

direction of the difference of two successive subgradients (r-algorithms) proposed

in [171] were particularly effective.

The structure and complexity of iterations of r-algorithms are similar to those of

the methods with space dilation in subgradient direction. However, there is a signi-

ficant difference: The latter cannot be monotonic in principle while r-algorithms can

become monotonic with a certain regulation of step multipliers and space dilation

coefficients.

The scheme of r-algorithms includes the procedure of constructing sequences

{xk}
1
k¼0 and {Bk}

1
k¼0 in accordance with the following principles:

xkþ1 ¼ xk � hkBkξk, Bkþ1 ¼ BkRβk ηkð Þ, k ¼ 0, 1, 2, . . . , ð6:6Þ

where

ξk ¼
BT
k gf xkð Þ

kBT
k gf xkð Þk

, hk � h�k ¼ argmin
h�0

f xk � hBkξkð Þ, ð6:7Þ

ηk ¼
BT
k rk

kBT
k rk k

, rk ¼ gf xkþ1ð Þ � gf xkð Þ, βk ¼
1

αk
< 1, ð6:8Þ

x0 is the initial approximation, B0¼ In is n� n identity matrix, hk is a step multi-

plier, αk is space dilation coefficient, and gf(xk) and gf (xk+ 1) are arbitrary

subgradients of f(x) at points xk and xkþ1. If gf (xk)¼ 0, then the processes

(6.6)–(6.8) stop since xk is the minimum point of the function f(x).
As for the problems of minimization of smooth functions, r-algorithms in their

formal structure are similar to quasi-Newton algorithms with variable metric. For

example, the limit version of the r-algorithm with an infinite dilation coefficient

(βk¼ β¼ 0 and hk¼ h�k) coincides with the projective variant of the conjugate

gradient method [171]. For the problem of minimization of a convex continuously

differentiable function f(x), the limit version of the r-algorithm with matrix Bk

estimated after each n iterations has a quadratic convergence rate under normal

conditions of smoothness and regularity of f(x) [170].
Within the framework of the schemes (6.6)–(6.8), there is a possibility to

regulate the sequences of step multipliers {hi}
1
i¼0 and space compression coeffi-

cients {βi}1i¼0 in different ways depending on the specifics of the problem. Reason-

able schemes for the regulation of these parameters are described in [170, 173,

202]. The r-algorithm was tested on hundreds of applied and specially created

problems and always demonstrated a high rate of the convergence of sequence

{f(xk)}
1
k¼1 to the optimal value f *. As follows from the experience, it is most

rational to choose parameters βk from the interval 1
3
� βk � 1

2
, and almost always

a geometric rate of convergence is guaranteed for {Δk}:
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Δk ¼ f xkþnð Þ � f �

f xkð Þ � f �
< ce�k:

The r-algorithm is rather stable against roundoff errors and can be easily used in

parallel computing if the problem model has a quasi-block form. In the Linköping

University (Sweden), numerical experiments were carried out on a computer with

2,048 processors working in parallel, and the r-algorithm was successfully used to

solve a complex combinatorial problem of computer network design.

A considerable experience in solving optimization problems with the use of the

r-algorithm has been gained at the Institute of Cybernetics over the past 40 years.

Currently, there are several modifications for solving various optimization prob-

lems: linear and nonlinear programming problems, block-type problems with

different decomposition schemes, minimax and matrix optimization problems,

computing Lagrangian dual bounds in multiextremum, and combinatorial

optimization problems. They are used to solve applied problems of optimal plan-

ning, optimal design, synthesis and analysis of networks, image reconstruction,

ellipsoidal approximation and localization, etc.

New nonsmooth optimization algorithms for specific classes of nonlinear and

discrete programming problems have been developed in recent years. Most of

these problems are multiextremum and can be solved by enumeration methods

(e.g., branch-and-bound method). To increase the practical efficiency of these

methods, it appeared reasonable to find more exact lower bounds for the objective

functional in minimization problems. For some multiextremum and combinatorial

optimization problems, it was proposed to use dual quadratic bounds, which are

generally more accurate than the corresponding linear bounds and can be obtained

by nonsmooth optimization methods. Moreover, a technique is developed to

generate functionally redundant quadratic constraints, which do not change the

problem but can improve the accuracy of the dual bounds. Such ideas were used in

the analysis of the problem of finding the global minimum of a polynomial

P(z1, . . ., zn) in several variables. It appeared that if a specially constructed equiv-

alent quadratic problem is used, the corresponding dual estimates converge to the

minimum value P* of the polynomial if and only if the nonnegative polynomial

P zð Þ ¼ P zð Þ � P� can be represented as a sum of squares of real polynomials [173,

202]. The result is immediately related to the classical Hilbert’s 17th problem on

the expression of a nonnegative rational function as a sum of squared rational

functions. These studies extended the class of global polynomial minimization

problems (including convex problems as a special case) that can be effectively

solved.

Algorithms for constructing dual quadratic bounds were developed for the

following extremum problems on graphs: finding the maximum weighted indepen-

dent set of a graph, the graph coloring problem, combinatorial problem of choice,

optimal partitioning of graphs, search for the maximum weighted cut in a

graph, etc.
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The nonsmooth optimization method was proposed for the problem of

partitioning planar figures into a given number of parts with the possibility

of choosing their centers, which arises in connection with the problem of rational

arrangement of regional service centers. New algorithms to find optimal (in volume)

inscribed and described ellipsoids and to solve several problems in the theory of

stability and control of dynamic systems were developed based on nonsmooth

optimization methods.

A detailed analysis of nonsmooth optimization and polynomial problems is

presented in [202]. Especially important were the results obtained for the problem

of finding the maximum weighted independent set of vertices in a graph. This

problem has numerous applications in information theory, in coding, and in hard-

ware design; it is closely related to the well-known problems of choice, set

partitioning, graph coloring, and other combinatorial problems, which have, in

turn, many applications. At the same time, it is an NP-complete problem. Quadratic

dual bounds for this problem are closely related to the known Lovas numbers

ϑ(G,w) and ϑ0(G,w) being important in substantiating the results on the polynomial

solvability of some problems in graph theory.

Nonsmooth optimization methods played an important role in developing

applied software packages. Programs using subgradient methods were included in

PLANER, DISPRO, and DISNEL software packages, where a wide range of

methods were implemented to solve and analyze problems of optimal planning,

design and management, arrangement and reconstruction of production, design of

engineering devices and machines, and work scheduling under limited resources.

On the basis of decomposition schemes and r-algorithm, specialized software

was developed to solve specific classes of two-stage stochastic programming

problems. It is included in the system for simulation of stochastic linear program-

ming problems SLP-IOR developed at the Institute for Operations Research

(Zurich, Switzerland). Modifications of the r-algorithm were used to solve prob-

lems in optimal planning of loads for power plants and optimal design of power

installations. The results were implemented at the Kharkiv Central Design Office

“Energoprogress.”

Nonsmooth optimization methods have been used to solve problems of optimal

design of reliable networks [172] and block-type large-scale fractional linear

programming problems (to determine customers plan and rolling-stock structure

for haulage contractors, cargo logistics). Modifications of the r-algorithms are also

used in decision-support systems for planning of structural and technological

transformations.

Subgradient methods for nonsmooth optimization were generally recognized by

leading experts of the world scientific community in the field of optimization. They

greatly influenced the development of the theory and practice in many fields of

mathematical programming.

The development of nonsmooth optimization methods and their applications is

in progress. It was in 1982 when N. Z. Shor said that the theory developed for the

whole class of algorithms with space dilation is far from being perfect. Rather

realistic goal is to elaborate an algorithm being as good by its practical efficiency as
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r-algorithm and being as well-grounded as ellipsoid method. The problem of

justification of r-algorithms remains of urgent importance. A step in this direction

is the study [157], where a space transformation similar to that used in the

r-algorithm is employed to convert a special ellipsoid into a ball. However, space

dilation is made in this case in the direction of the difference of two normalized

subgradients close to the direction of the difference of two subgradients only if the

norms of subgradients are close to each other. A similar transformation of space is

also used in the new versions of ε-subgradient algorithms with space dilation.

Active research in this field is in progress.

6.2 Discrete Optimization Methods

Discrete optimization models are common for many decision-making problems in

planning, management, communication, transportation, etc. The increasing number

of applied problems that can be modeled by discrete programming and rapid

development of computing technology brought a lot of attention to this field.

Therefore, elaborating and enhancing mathematical theories, models, algorithmic

methods, and software packages for large-scale discrete optimization problems is

extremely important.

The main issue when dealing with the majority of discrete optimization prob-

lems is the so-called curse of dimensionality: the computing time required to solve a

problem grows exponentially as the problem size increases. It is very unlikely to

find exact algorithms for these problems that are as efficient as the algorithms for

convex and linear programming problems. The complexity of the objects and

processes is constantly increasing as well, which leads to large-scale complex

mathematical models that are very hard to analyze. Therefore, the research com-

munity pays more attention to approximate optimization methods, which only

provide suboptimal solutions. This direction is the most effective in using modern

optimization methods and computing technology when solving industrial-scale

optimization problems.

The research community at the V. M. Glushkov Institute of Cybernetics is world

famous for its studies in systems analysis and modern discrete optimization theory.

Scientists of the institute obtained a number of fundamental scientific results that

were used to solve applied problems with realistic parameters and constraints

(economic, engineering, social, etc.) [139, 149, 151]. To approach real-world

applications, the research groups at this institution developed mathematical models

and optimization methods, which provide solutions with the accuracy and within

the computing time constraints that are dictated by modern applications.

In the early 1960s, I. V. Sergienko proposed [139] a new approach to develop

approximate algorithms for discrete optimization problems of general form

min
G

f xð Þ,
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where G is a discrete set of feasible solutions and f(x) is an objective function

defined on this set. The proposed approach, the so-called descent vector framework,

provides a methodology for constructing a family of local search algorithms and a

procedure that selects the most suitable algorithm based on the analysis of the

problem specifics.

The descent vector method can be described as a probabilistic local search

method due to a random choice of the initial approximation and a random selection

of points that are used to enumerate the neighborhoods. This framework had a lot of

successful applications on a variety of practical integer and combinatorial optimi-

zation problems. The descent vector method is easy to implement and can be

combined with other approximate methods.

A number of software packages were implemented at the Institute of Cybernetics

based on the descent vector framework, including the DISPRO package for solving

various discrete optimization problems, DISNEL package for discrete and

nonlinear programming problems, PLANER package for high-dimensional produc-

tion and transportation planning problems, etc. These packages were widely used to

solve applied problems. The descent vector method was further extended and

improved by Sergienko, his research group, and by other researchers as well

[139, 149, 151].

The idea of systematic modification of the local search neighborhood in the

descent vector scheme was used to develop an efficient local search-based algo-

rithm with variable neighborhood. This approach and its modifications proved to be

very efficient for the traveling salesman, the p-median problem, etc. Another

related approach, the GRASP algorithm, which fits the general scheme of the

descent vector method, is an efficient tool for complex set covering problems and

many others.

As the number of applications grows, the models in discrete programming

become more and more complicated. The dimensions of modern applied discrete

optimization problems exceed by an order of magnitude the dimensions of prob-

lems solved earlier. In reality even the best discrete optimization methods are not

capable to cope with industrial-scale instances. This stimulates a need for essen-

tially new mathematical methods aimed at such problems.

Recently, the research groups at the Institute of Cybernetics worked on the new

probabilistic discrete optimization methods based on local search techniques.

A large-scale computational experiment comparing various techniques for solving

different classes of discrete optimization problems revealed the advantages of the

methods that combine multiple ideas from the local optimization theory. These

techniques led to excellent solving tools for many important practical applications,

including pattern recognition, classification, arrangement, design, scheduling, real-

time process control, etc.

One of the modern local search-based techniques is the probabilistic global

equilibrium search (GES) method for solving large-scale discrete optimization

problems [168], which was introduced by V. P. Shylo. The global equilibrium

search method can be used to solve discrete programming problems with binary

variables of the following form:
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min f xð Þ jx∈G \ Bnf g, ð6:9Þ

where G	Rn,Rn is a set of n-dimensional real vectors, and Bn is an n-dimensional

set of discrete vectors whose components take the value 0 or 1. The GES method

extends the ideas of the descent vector framework and the simulated annealing

method. Despite many successful applications of the simulated annealing method,

its asymptotic efficiency is lower compared to the trivially repeated random local

search.

The GES method is a powerful tool to solve discrete optimization problems of

transcomputational complexity. It has all the advantages of the simulated annealing

but alleviates most of its drawbacks. Computational experiments on various classes

of discrete optimization problems [151, 152, 168, 169, 197, 203] suggest that the

ideas underlying the GES method have a great potential.

The general scheme of the GES method includes two main stages: the generation

stage and the local search stage that uses the generated solution as starting point.

The main element in the structure of the method is a “temperature” loop, which

is repeatedly executed. The temperature loop consists of K stages, and each stage is

assigned with a specific temperature parameter μ¼ (μ0, . . ., μK). Specific values of
these parameters control the level of similarity of the generated solutions to some

set of the best known solutions (elite set). At the local search stage, the method can

use the tabu search technique or the decent vector to improve the generated

solutions. After finding local optima, the method accumulates some structural

information and utilizes it in the future generation stages. The generation probabil-

ities that are used by the GES method are similar to those used in the simulated

annealing method.

Denote S¼G\Bn and letZ μð Þ ¼
X
x∈ S

exp �μ f xð Þð Þ for any μ� 0. We can define

a random vector ξ(μ,ω):

π x; μð Þ ¼ P ξ μ, ωð Þ ¼ xf g ¼ exp �μ f xð Þð Þ=Z μð Þ, x∈ S: ð6:10Þ

Distribution (6.10) is the Boltzmann distribution, which is well known in

statistical physics. It also appears when studying the convergence properties of

the simulated annealing: expression (6.10) determines the stationary probability

that a Markov chain generated by this method is at the point x after reaching an

equilibrium stage.

For j¼ 1, . . ., n, determine

Z1
j μð Þ ¼

X
x∈ S1j

exp �μ f xð Þð Þ, Z0
j μð Þ ¼

X
x∈ S0j

exp �μ f xð Þð Þ,

where S1j ¼ {x j x ∈ S, xj¼ 1} and S0j ¼ {x j x ∈ S, xj¼ 0}, j¼ 1, . . ., n, are subsets

of the set S of feasible solutions of problem (6.9), with the jth component equal to

1 and 0, respectively. The probability of the fact that the jth component of the vector

ξ equals 1 can be expressed as pj μð Þ ¼ P ξj μ, ωð Þ ¼ 1
� � ¼ Z1

j μð Þ
Z μð Þ :
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Suppose that the set eS is a subset of the set of feasible solutions of problem

(6.9) found by the GES method and

eS1j ¼ x jx∈eS, xj ¼ 1
n o

, eS0j ¼ x jx∈eS, xj ¼ 0
n o

, j ¼ 1, . . . , n:

Let us present the general GES scheme.

Procedure GES

1. initialize_algorithm_parameters (maxiter, ngen,maxnfail, {μk},
0� k�K ), xbest construct solution

2. while (stoppage_criterion¼ FALSE) do

3. if eS ¼∅
� �

then {eS is the set of known solutions}

4. x construct_solution

comment constructing a random feasible solution x
5. g(x) construct_decay_vector (x)
6. xmin¼ x; gmin¼ g(x);

7. eS  xmin

8. end if

9. nfail¼ 0 {nfail is the number of full loops without improvement}

10. while (nfail<maxnfail) do

11. k¼ 0

12. old _ xmin xmin

13. while (k<K ) do

14. calculate_generation_probabilities epk; eS� �
15. t¼ 0

16. while (t< ngen) do

17. x generate_solution xmin;epk� �
18. R search method (x)

comment R is the set of found feasible solutions

19. R R \P (P is the set of infeasible solutions)

20. eS  eS [ R

21. xmin  argmin

x∈eS f xð Þ

22. g(xmin) calculate_descent_vector (xmin)

23. if ( f(xmin)< f (xbest)) then
24. xbest xmin

25. end if

26. form_elite (Elite, xmin)

27. t¼ t+ 1
28. end while

29. k¼ k+ 1
30. end while
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31. if (( f(old _ xmin)� f(xmin)) then nfail¼ nfail + 1

32. else nfail¼ 0

33. eS  Elite

34. end while

35. P¼P[N(xbest, dp)
36. Elite¼Elite\P
37. if (RESTART-criterion¼TRUE) then Elite ∅
38. eS  Elite

39. xmin ¼ argmin

x∈eS f xð Þ

40. g(xmin) calculate_descent_vector (xmin)

41. end while

42. end GES

When constructing algorithms based on the GES method, one should use the

rules that provide the following functionality: utilization of the information about

search space, intensification and diversification of the search, use of the principles

of the RESTART technology [151], and combination of different metaheuristics

forming a “team” of algorithms for the optimal use of the properties of the

individual algorithms and specific problem features.

Let us consider the details of the GES algorithm described. The outer loop

(iteration loop, lines 2–42) is repeated until the target solution is not found or the

number of iterations does not exceed some predefined threshold. Together with

the operators in lines 36–38, it provides the use the RESTART technology. In the

temperature loop (lines 13–30), the algorithm performs a sequence of generations

and local search iterations with different values of the temperature parameter. The

“temperature” loop and its repetitions provide a flexible alternation between the

intensification and diversification of the search, which contributes to the high

efficiency of the GES method.

If the set eS of solutions known at some time point is empty, the necessary data

structures are initialized and the first random solution is generated (lines 4–8). Note

that the solutions found by the GES algorithm are not stored explicitly (except for

elite solutions, which appear in the set Elite), but are used to calculate the following

values:

eZk ¼
X
x∈eS exp �μk f xð Þf g, eFk ¼

X
x∈eS f xð Þexp �μk f xð Þf g, eEk ¼

eFkeZk

,

eZ l
kj ¼

X
x∈eS l

j

exp �μk f xð Þf g, eF l
kj ¼

X
x∈eS l

j

f xð Þexp �μk f xð Þf g, eE l
kj ¼

eF l
kjeZ l
kj

,

ð6:11Þ
k ¼ 1, . . . , K, l ¼ 0, 1, j ¼ 1, . . . , n:
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These values are used to determine the probabilities epk ¼ ep1k; . . . ; epnk� �
according to one of the following formulas:

ep k
j ¼

1

1þ 1�ep0jep0j exp �0:5
Xk�1
i¼0

eE0
ij þ eE0

iþ1j � eE1
ij � eE1

iþ1j
� �

μiþ1 � μi
� �( ) , ð6:12Þ

ep k
j ¼ eZ1

kj=
eZk: ð6:13Þ

The probabilities epk of generating the initial solutions (line 17) for the search

method (x) procedure (line 18) are estimated based on the concepts taken from the

simulated annealing method and depend on the current “temperature” μk and the seteS of feasible solutions found earlier.

The values of μk, k¼ 0, . . .,K, determine the annealing curve and are usually

estimated by the formulas μ0¼ 0, μk+ 1¼ σμk, k¼ 1, . . .,K� 1. The values of μ1
and σ> 1 are chosen so that the probability epK is approximately equal to

xmin j kxmin � epK ke¼0:Note that the annealing curve is universal and is used to solve
all problems rather than a specific one. Only the coefficients of the objective

function are scaled so that the record is equal to a prescribed value. The initial

probability ep0 can be specified in different ways: All the components of the vectorep0 are identical (e.g., 0.5), this vector is a solution to problem (6.9) with the

relaxation of Boolean conditions or it is obtained by statistical modeling of a

Markov chain, which corresponds to the simulated annealing method for problem

(6.9) with infinite temperature (all the feasible solutions are equiprobable).

The improvement loop (lines 10–33) is performed until the solution xmin is

not improved maxnfail times. The procedure calculate_generation_probabilities

(line 14) is used to estimate the probabilities of random perturbation of solution xmin

using one of the formulas (6.12) and (6.13). The loop (lines 16–28) repeats a

prescribed number of times ngen.
Let us present the generate_solution procedure.

Procedure generate_solution xmin; epk� �
1. x xmin; dist¼ 0; j¼ 1

2. while ( j� n)
3. if xj¼ 1 then

4. if ep k
j < random 0, 1½ 


� �
then

5. xj 0; dist¼ dist + 1

6. g(x) recalculate_descent_vector (x)
7. end if

8. end if

9. else
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10. if ep k
j � random 0, 1½ 


� �
then

11. xj 1; dist¼ dist + 1

12. g(x) recalculate_descent_vector (x)
13. end if

14. end else

15. j¼ j+ 1
16. if (dist¼max _ dist) then break

17. end while

This procedure randomly generates the solution x, which is initial for the

search_method procedure (line 18). For low temperatures μk, the perturbation of

the solution xmin is purely random and equiprobable; for high ones, the values of the

coordinates that are identical in the best solutions do not change much. The

temperature loop provides diversification of the search (for low “temperatures”)

and intensification (for high temperatures). Thus, as the temperature increases, the

generated solutions get features common for the solutions in the Elite set, and at

the final iterations converge to xmin.

In line 1, the initial values are assigned to the vector x and variables dist and j.
The vector xmin is perturbed in the loop in lines 2–17. The quantity random [0, 1]

uniformly distributed on the interval [0, 1] (lines 4 and 10) is used to model random

events that change the solution xmin. Noteworthy is that the so-called descent vector

g(x) is recalculated after each perturbation of xmin. It is defined by an n-measurable

vector on the neighborhood of unit radius centered at x : gj(x)¼ f(x1, . . ., xj�1, 1�
xj, xjþ1, . . ., xn)� f(x1, . . ., xj, . . ., xn).

Recalculating the vector g(x) corresponds to the idea of the descent vector

method and saves much computational resources for many problems. For example,

for an unconstrained quadratic programming problem with Boolean variables,

calculating the objective function requires O(n2) arithmetic operations, and

recalculating the vector g(x) needs only O(n) such operations.

The perturbation loop (lines 2–17) is terminated if the Hamming distance

between the point xmin and the perturbed solution x is equal to the prescribed

parameter max_dist (line 16). This parameter can be specified dynamically and

depends on temperature index k. Usually, max_dist is chosen on the interval n
10
, n

2

	 

:

The choice in the search_method procedure depends on the specific problem

and usually involves randomized (probabilistic) local search algorithms, the

descent vector method, tabu search, or simulated annealing. When an algorithm is

chosen for the search procedure, specific features of the problem are taken into

account. The algorithm should intensify the search and provide an efficient explo-

ration of the neighborhoods of the initial solution to improve it. Moreover, the

search algorithm can be chosen dynamically, that is, one algorithm can be used for

low temperatures and another for high temperatures. The search_method proce-

dure is used to find a set of local solutions (relative to the neighborhood that is being

used) that form the set R. In lines 19–20, we check that the set R contains only

feasible solutions and recalculate the quantities given by Eq. 6.11.
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The solution xmin and the current descent vector are calculated in lines 21 and

22, respectively. The form_elite procedure defines the set of elite solutions,

Elite, which contains the solutions with the best values of the objective function:

min f xð Þ
x∈Elite

� max f xð Þ
x∈eS\Elite :The maximum size of this set is determined by the parameter

min_elite_size, which is usually chosen from the interval [1, n].
After the improvement cycle (lines 10–34) is terminated, the set P of infeasible

points is updated to include all the points within the Hamming distance dP from

the xbest (line 35), and the new set of infeasible points is removed from the set of

elite solutions (line 36). If the analysis of the optimization process detects the

so-called RESTART distribution of the time of finding solutions, the set Elite is

cleared, which provides the restart of the solution process.

The GES method was extended to the following classes of discrete optimization

problems: multidimensional knapsack problem with Boolean variables, maximum

cut problem, maximum feasibility problem, job shop scheduling problem, maxi-

mum clique problem, graph coloring problem, unconstrained binary quadratic

programming, etc. The efficiency of the developed GES algorithms was compared

with the best known algorithms. An analysis of the algorithms and their computa-

tional performance shows that for all the problems solved, the global equilibrium

search has significant advantages over the other methods, which demonstrate high

efficiency for one problem and very low efficiency for others. The GES algorithm

demonstrated an excellent performance for all the benchmark problems, including

the large-scale instances of the problems mentioned above. The GES algorithms

successfully compete with the currently best algorithms.

Usually, GES finds a lot of good solutions when solving an optimization

problem, which are not used by the algorithm on the subsequent stages (except

for the best solution). These solutions can be used to improve the computational

efficiency of the algorithm. For example, this can be achieved by using the path-

relinking method [183], which constructs the paths connecting solutions and finds

the best solutions along these routes.

In [203], the authors combine the path-relinking method [183] and the GES

algorithm [168] for the maximum cut problem. As experiments show, the resulting

algorithm provides a very effective solution tool that was able to find two new

records for the considered benchmarks.

The main advantage of the GES method is not its computational efficiency but

rather its team properties (the ability to make efficient use of the solutions obtained

by other algorithms). For example, the classical local search method has zero team

index. The team properties allow the GES method to be efficiently used for parallel

computing, which is especially important for the optimization in computer net-

works and the Internet.

In the recent years, there was a great deal of work on the theoretical basis for

accelerated solution of complex discrete optimization problems. In particular, the

abovementioned RESTART technology [151] was developed; it is based on

the new concepts of RESTART distribution and RESTART stopping criterion.

Using the RESTART technology, an efficient parallelization framework was
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introduced for discrete optimization algorithms [152]. This framework is based on

the parallelization of the copies of the algorithms instead of parallelizing algorith-

mic operations.

Suppose that there is a randomized algorithm for a discrete optimization

problem, and the search trajectory of the algorithm is determined by the random

number generator. Such algorithm and a specific random seed that are used to

initialize the random number generator is considered a single copy of the algorithm.

Different initial random seeds would create different copies of the initial algorithm,

which guarantees a different search trajectory for each copy.

The proposed parallelization framework consists in the following. First, the

copies of the initial randomized algorithm are created and each copy is deployed

on a single processor to solve the discrete optimization problem. When using such

scheme, the problem can be solved faster in some cases than when parallelizing

individual steps of the algorithm. This can be shown using the properties of the

RESTART distribution. The acceleration can be achieved both when the copies

exchange the information and without any communication between them.

The computational study of the parallelization scheme described above

was performed using the maximum directed cut problem (MAXDICUT) using

parallel copies of the tabu algorithm. The results of this experiment revealed a

substantial acceleration of the solution when compared to a single algorithm

approach. It was shown that the acceleration is possible without any communica-

tion between individual copies due to the presence of the RESTART distribution

in running times.

Another possibility to accelerate the algorithm is related to the exchange of

information obtained by its individual copies. In order to implement this function-

ality, the algorithm should be capable of utilizing the external information in an

efficient manner. One of the advantages of the GES method is its capability for an

efficient information exchange. The search trajectories within this method are

adaptively modified using the encountered solutions. Therefore, the exchange of

the solutions between different copies provides a considerable acceleration of the

total computing time.

To test this assumption, the multidimensional knapsack problem with Boolean

variables was solved numerically: find

max f xð Þ ¼ cx jAx � b, x∈Bnf g,

where c, x ∈ Rn; b ∈ Rm; and A ∈ Rm� n. Using this approach with four copies of

the GES algorithm, the total computing time was improved by more than 6 %.

A similar approach was used for parallelizing the optimization process using

the tabu method for complex Boolean programming problems of the following

form: find

max f xð Þ jx∈D \ Bnf g,
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where f(x) is a nonlinear objective function andD is the feasibility set that is defined

by inequality constraints, n of them being nonlinear and the other linear. This

problem has application in economics that consider structural and technological

transformations (e.g., input–output balance model with variable matrix of direct

cost coefficients). The proposed approach combines the parallelization of the copies

and individual operations, which substantially reduces the solution time.

The recent research in this field resulted in an information technology that allows

solving different classes of large-scale discrete optimization problems of transcom-

putational complexity. The basis of the scientific foundation of this technology

consists of the following directions:

• Novel methods of discrete optimization.

• The RESTART technology for acceleration of the solution process.

• Information exchange by teams of optimization algorithms.

• Parallelization of optimization algorithms.

The RESTART technology provided optimization tools that solved for the first

time a number of difficult optimization problems and reduced the computing time

of existing algorithms. Using the SCIT-3 multiprocessor system, maximum error

correcting codes were found for the first time for many sequence sizes and multiple

existing records were improved [151, 197]. The information about these results and

the most recent developments in this field can be found at http://www.researchatt.

com/~njas/doc/graphs.html (research center of computer science AT&T Labs, New

Jersey, USA).

In our opinion, new generation of the optimization methods should be able to

explore the search space in an effective and guided manner in order to accumulate

information about the problem and its properties that can be used to tune the

algorithm. Furthermore, the future optimization approaches will consist of a team

of optimization techniques working in parallel and exchanging the information.

This direction seems to be the most relevant to recent developments in computing

and network technology.

6.3 Stability Analysis of Vector Discrete

Optimization Problems

The stability of multicriteria (vector) problems occupies an important place in the

investigations carried out in the last decades by experts in discrete optimization,

including scientists at the Institute of Cybernetics [105, 106, 148]. Close attention

to this problem is largely due to the fact that in solving many applied discrete

optimization problems, it is necessary to take into account uncertainty and random

factors due to inaccurate input data, mathematical models inadequate to real-world

processes, roundoff errors, errors of numerical methods, etc. There are two main

approaches to the stability analysis of vector optimization problems. One of them is

6.3 Stability Analysis of Vector Discrete Optimization Problems 207

http://www.researchatt.com/~njas/doc/graphs.html
http://www.researchatt.com/~njas/doc/graphs.html


oriented to deriving qualitative results, namely to establishing and studying the

conditions under which the set of optimal solutions (Pareto, Slater, or Smale set)

possesses some property that characterizes in a certain way the problem stability

against small perturbations of the initial data. The other approach implies deriving

and analyzing the quantitative characteristics of admissible perturbations of the

initial data such as stability radius. The studies carried out by scientists at

the Institute of Cybernetics were mainly concerned with the first approach.

Different types of stability of vector integer optimization problems were consid-

ered. The regularization of unstable problems was investigated. The stability of a

vector integer optimization problem on a finite set of feasible solutions was related

to the stability of optimal and nonoptimal solutions. The concepts that can underlie

the description of various types of stability and formulation of necessary and

sufficient stability conditions were defined. The obtained results concern the sta-

bility against perturbations of both all the initial data and the initial data necessary

to represent the vector criterion or constraints. It is important since a problem stable

against perturbations of some portion of input data may be unstable against

perturbations of another their portion.

Let us describe some results.

Consider a vector discrete optimization problem

Z M F, Xð Þð Þ : max
�
F xð Þ x∈X

��� ð6:14Þ

of searching for elements of a set of optimal solutions M F;Xð Þ∈M, where

M ¼ Sl F;Xð Þ, P F;Xð Þ, Sm F;Xð Þf g, P(F, X) is Pareto optimal (efficient) solu-

tion set, Sl(F,X) is Slater optimal (weakly efficient) solution set, Sm(F,X) is

Smale optimal (strongly efficient) solution set,

M F;Xð Þ ¼ �x∈X jω�x, M
�
F,X

�� ¼ ∅
�
,

ω
�
x,P F;Xð Þ� ¼ �z∈X jF�z� � F

�
x
�
, F

�
z
� 6¼ F

�
x
��

,

ω
�
x, Sl F;Xð Þ� ¼ �z∈X jF�z� > F

�
x
��

,

ω(x, Sm(F, X))¼ {z ∈ X j z 6¼ x,F(z)�F(x)}, F¼ ( f1, . . ., f‘) is a vector criterion,

fi :R
n!R1, i ∈ N‘, are partial criteria, N‘¼ {1, . . .,‘}, ‘ is the number of the partial

criteria, ‘� 2, X	 Zn, Zn is the set of integer vectors in Rn, and 2� jXj<1.

Let u¼ (u1, u2) be the set of initial data of problem (6.14), which is an element

of the space U of the initial data. This space can be presented as the Cartesian

product U¼U1�U2 of the spaces U1 and U2 of initial data that describe the

vector F and the feasible set X, respectively. For example, if the partial criteria of

the problem are quadratic functions fi(x)¼hx,Dixi+ hci, xi, i ∈ N‘, we assume

that u1¼ (D,C) ∈ U1¼Rn� n� ‘�R‘� n, where D¼ (D1, . . .,D‘) ∈ Rn� n� ‘,

Di ∈ Rn� n, C¼ [cij] ∈ R‘� n, and ci¼ (ci1, . . ., cin) ∈ Rn. If the feasible domain

X is a nonempty finite set
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XG ¼ G A, bð Þ \ Zn,

where G(A, b)¼ {x ∈ Rn j Ax� b} is a convex polyhedron, A¼ [aij] ∈ Rm� n, and

b¼ (b1, . . ., bm) ∈ Rm, we assume that u2¼ (A, b) ∈ U2¼Rm� n�Rm.

Five types of the stability of problem (6.14) against perturbations of the initial

data were investigated. Three possible cases of taking into account such perturba-

tions were considered, namely (1) perturbations of the initial data of the vector

criterion, (2) perturbations of the initial data necessary to describe the constraints,

and (3) perturbations of all the initial data of the problem. We will use the terms

“stability,” “stable problem,” and “stably belongs” for any of the three above cases.

To emphasize the first case, we will use the term “stability with respect to the vector

criterion,” and to emphasize the second case, we will use the term “stability with

respect to constraints.”

For the set u¼ (u1, u2) ∈ U of the initial data of problem (6.14) and for any

number δ> 0, let us define a set Oδ(u) of perturbed initial data of the problem

according to one of the following formulas: Oδ(u)¼ {u(δ)¼ (u1(δ), u2(δ))j u1(δ)∈
Oδ(u1), u2(δ)¼ u2} if we mean perturbations of the initial data only of the vector

criterion; Oδ(u)¼ {u(δ)¼ (u1(δ), u2(δ)) j u1(δ)¼ u1, u2(δ) ∈ Oδ(u2)} if we mean

perturbations of the initial data only in the constraints; and Oδ(u)¼ {u(δ)¼ (u1(δ),
u2(δ))ju1(δ) ∈ Oδ(u1), u2(δ) ∈ Oδ(u2)} if we mean perturbations of all the initial

data of the problem. In these formulas, Oδ(ui)¼ {ui(δ) ∈ Uij k ui(δ)� ui ki< δ} and
k�ki is the norm in the space Ui, i¼ 1, 2.

The symbols Fu1 δð Þ and Xu2 δð Þ denote, respectively, the vector criterion and the

feasible domain of problem (6.14) with perturbed initial data u(δ)¼ (u1(δ),
u2(δ)) ∈ Oδ(u).

Problem (6.14) is T1-stable if ∃ δ> 0 such that 8 u1 δð Þ, u2 δð Þð Þ
∈Oδ uð Þ : M F;Xð Þ \M Fu1 δð Þ;Xu2 δð Þ

� � 6¼∅:

Problem (6.14) is T2-stable if ∃ δ> 0 and ∃ x ∈ M(F, X) such that

8 u1 δð Þ, u2 δð Þð Þ∈Oδ uð Þ : x∈M Fu1 δð Þ;Xu2 δð Þ
� �

:

Problem (6.14) is T3-stable if ∃ δ> 0 such that 8 u1 δð Þ, u2 δð Þð Þ
∈Oδ uð Þ : M Fu1 δð Þ, Xu2 δð Þ

� � � M F;Xð Þ:
Problem (6.14) is T4-stable if ∃ δ> 0 such that 8 u1 δð Þ, u2 δð Þð Þ ∈Oδ uð Þ :

M F;Xð Þ � M Fu1 δð Þ, Xu2 δð Þ
� �

:

Problem (6.14) is T5-stable if ∃ δ> 0 such that 8 u1 δð Þ, u2 δð Þð Þ∈Oδ uð Þ : M F;Xð Þ
¼ M Fu1 δð Þ, Xu2 δð Þ

� �
:

It is obvious for every type of stability that the stability with respect to the vector

criterion of problem (6.14) and the stability with respect to the constraints follow

from the stability against perturbations of all the initial data of this problem. The

inverse statement is wrong in the general case.

As to T1-stability, note that problem (6.14) with all the linear and quadratic

partial criteria is always T1-stable with respect to the vector criterion. For problem

(6.14), where X¼XG, the concepts of T1- and T2-stabilities with respect to

constraints are equivalent. The concept of the T1-stability against perturbations of
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all the initial data of problem Z(P(F, X)) with quadratic partial criteria and feasible

set X¼X(A, b) is equivalent to the concept of the T2-stability with respect to the

constraints of this problem.

The necessary and sufficient conditions for T2-, T3-, T4-, and T5-stabilities of

problem (6.14) were formulated and proved. It was shown that the concepts of these

types of stability can be reduced to two more obvious concepts, which are given

below. These two concepts are concerned with the stability of feasible solutions and

help to uncover the nature of the influence of perturbations in the initial data on the

sets of optimal and nonoptimal feasible solutions.

Let M ¼ M [ X, X\P F;Xð Þ, X\ Sl F;Xð Þ, X\ Sm F;Xð Þf g, be a set of subsets

of the set X. Denote byM any element from M. Let us arbitrarily select a number

δ> 0 and a set of perturbed initial data u(δ)¼ (u1(δ), u2(δ)) ∈ Oδ(u). Let us

denote by Mu(δ) a subset of the perturbed feasible set Xu2 δð Þ that corresponds to

the set M as a subset of feasible set X. For example, if M¼X \P(F,X), then

Mu δð Þ ¼ Xu2 δð Þ\P Fu1 δð Þ, Xu2 δð Þ
� �

:

Let us define x∈M∈M as a point that stably belongs to the setM if ∃ δ> 0 such

that 8 u(δ) ∈ Oδ(u) : x ∈ Mu(δ); otherwise, the point x unstably belongs to the set

M. We call the set Ker(M) of all the points stably belonging to a set M∈M the
stability kernel of the set M:

Ker Mð Þ ¼ x∈M ∃δ > 0 8u δð Þj ∈Oδ uð Þ x∈Mu δð Þ
� �� �

:

It is obvious that the inclusion M0 	M, where M, M
0 ∈M, yields

Ker M
0

� �
	 Ker Mð Þ:

Let us define x ∈ X as a point that stably does not belong to the setM∈M\ Xf g
if ∃ δ> 0 such that 8 u(δ) ∈ Oδ(u) : x =2Mu(δ). Denote by Ω(M) the set of all points

x ∈ X that stably do not belong to the set M:

Ω Mð Þ ¼ x∈X j ∃δ > 0 8u δð Þ∈Oδ uð Þ x =2Mu δð Þ
� �� �

:

Obviously, 8M∈M\ Xf g : Ker X\Mð Þ � Ω Mð Þ � X\M:
In the case where the stability of problem (6.14) is considered with respect to a

vector criterion, each solution x ∈ X that stably does not belong to the set M(F,X)
stably belongs to its complement X \M(F,X), and Ker (X \M(F,X))¼Ω(M(F,X)).

The statements below are true, which relate the concepts of T2- and T4-stabilities
of the problem Z(M(F,X)) with the concept of its feasible solution that stably

belongs to the set M(F,X).

Theorem 6.3 Problem (6.14) is T2-stable if and only if there is at least one of its
feasible solutions that stably belongs to the set M(F, X), i.e., Ker (M(F, X)) 6¼∅.
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Theorem 6.4 Problem (6.14) is T4-stable if and only if all its optimal solutions
stably belong to the set M(F, X), i.e.,

Ker M F;Xð Þð Þ ¼ M F;Xð Þ: ð6:15Þ

The theorem below relates the concept of the T3-stability of problem (6.14) with
the concept of feasible solution that stably does not belong to the set M(F, X).

Theorem 6.5 LetM F;Xð Þ∈M andM(F, X) 6¼X. The following relationship is the
necessary condition of the T3-stability of problem (6.14):

X\M F;Xð Þ ¼ Ω M F;Xð Þð Þ: ð6:16Þ

If X¼XG, then Eq. 6.16 is also the sufficient condition for the T3-stability of
problem (6.14).

It is obvious that problem (6.14) is T3-stable with respect to the vector criterion
if condition M(F,X)¼X is satisfied. If moreover X¼XG, then such problem is
T3-stable with respect to any of the abovementioned three cases of perturbations of
initial data.

As follows from the above definitions of different types of stability, problem
(6.14) is T5-stable if and only if it is T3-stable and T4-stable simultaneously. Let us
formulate the necessary and sufficient conditions for the T5-stability of problem
(6.14), which relate this type of stability with the stability of the feasible solutions
that belong to the sets M(F, X) and X \M(F, X).

Theorem 6.6 Let M F;Xð Þ∈M, M(F, X) 6¼X, and X¼XG. Problem (6.14) is
T5-stable if and only if conditions (6.15) and (6.16) are satisfied.

Assume that M(F, X)¼X. Then problem (6.14) is T5-stable with respect to the
vector criterion if and only if condition (6.15) is satisfied. If moreover X¼XG, then
condition (6.15) is necessary and sufficient for the T5-stability with respect to
perturbations of all the initial data of the problem.

Thus, the analysis of the stability of problem (6.14) against perturbations of the
initial data may be based on the results of investigations of the stability kernel
Ker (M(F, X)), its nonemptiness, and its coincidence with the whole optimal set
M(F,X) and also of the coincidence of the set of nonoptimal solutions X \M(F, X)

with the set Ω(M(F, X)) consisting of feasible solutions of the problem that stably
do not belong to the optimal set M(F, X).

Let us present formulas that characterize the sets Ker (M(F, X)) andΩ(M(F, X))

in some special cases.
The following relationships were obtained in the analysis of the stability of

problem (6.14) against perturbations of its vector criterion F¼ ( f1, . . ., f‘), where
fi :R

n!R1, i ∈ N‘ are quadratic functions:

Ker Sl F;Xð Þð Þ ¼ Ker P F;Xð Þð Þ ¼ Ker Sm F;Xð Þð Þ ¼ Sm F;Xð Þ,
Ω Sl F;Xð Þð Þ ¼ Ω P F;Xð Þð Þ ¼ Ω Sm F;Xð Þð Þ ¼ X\ Sl F;Xð Þ:
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The following relationships are true for problem (6.14) if only the perturbations
of initial data in the constraints describing the feasible set X¼XG are taken into
account:

Ker Sl F;Xð Þð Þ ¼ Sl F;Xð Þ \ int G A, bð Þ,
Ker P F;Xð Þð Þ ¼ P F;Xð Þ \ int G A, bð Þ,

Ker Sm F;Xð Þð Þ ¼ Sm F;Xð Þ \ int G A, bð Þ:

Moreover, if all the partial criteria that form the vector criterion F¼ ( f1, . . .,f‘)
of the problem are concave continuously differentiable functions, the following
relationships also hold:

Ω Sl F;Xð Þð Þ ¼ x∈X\ Sl F;Xð Þ j ω x, Sl F;Xð Þð Þ \ int G A, bð Þ 6¼ ∅f g,
Ω P F;Xð Þð Þ ¼ x∈X\P F;Xð Þ j ω x, P F;Xð Þð Þ \ int G A, bð Þ 6¼∅f g,

Ω Sm F;Xð Þð Þ ¼ x∈X\ Sm F;Xð Þ j ω x, Sm F;Xð Þð Þ \ int G A, bð Þ 6¼ ∅f g:

The following relationships were obtained in the stability analysis of problem
(6.14) against perturbations of all the initial data for the description of the concave
quadratic partial criteria f1, . . ., f‘ and feasible set X¼XG:

Ker Sl F;Xð Þð Þ ¼ Ker P F;Xð Þð Þ ¼ Ker Sm F;Xð Þð Þ ¼ Sm F;Xð Þ \ int G A, bð Þ,
Ω P F;Xð Þð Þ ¼ x∈X\ Sl F;Xð Þ j ω x, Sl F;Xð Þð Þ \ int G A, bð Þ 6¼∅f g:

6.4 Stochastic Optimization

Decision making under risk and uncertainty is an important problem in modern

optimization theory. A feature of this class of problems is the absence of complete

information about objective functions, functions of constraints, and their derivates.

Such problems can be formalized within the general theory of stochastic program-

ming, where the probabilistic nature of the processes is taken into account explicitly

as well as the risk associated with uncertainty as an inherent attribute of decision-

making process.

Traditional deterministic optimization methods are used for certain objective

functions and constraints, where it is possible to find the minimum (or maximum)

value of function f 0(x) and to test the constraints

f i xð Þ � 0, i ¼ 1, . . . , m,

for an arbitrary solution vector x¼ (x1,..., xn) ∈ X, where the set X has a simple

structure (for instance, is defined by linear constraints). It is also assumed that
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gradients or subgradients (for nonsmooth functions) fx
i of functions f i, i¼ 0, 1,...,m,

can be calculated. Any deterministic optimization model, for example,

min f 0 x, ωð Þ j f i x, ωð Þ � 0, i ¼ 1, . . . , m; x∈X � Rn
� �

,

contains parameters ω ∈ Ω, which may be random in general. The randomness can

be caused by both incomplete information about the values of the parameters, (e.g.,

due to measurement errors) and the stochastic nature of the parameters (such as

weather forecasts, fluctuations of prices, demand, yield, and stock prices). Then for

a fixed x, the constraints f i(x,ω)� 0 may not be fulfilled for some realizations of the

random parameter ω and the objective function f 0(x,ω) may take different values.

The problem is how the solution should be understood. The set of functions

f(x,ω)¼ {f 0(x,ω), f 1(x,ω), . . ., f m(x,ω)}, ω ∈ Ω, can be considered as a vector

characteristic of solution x ∈ X, and the problem of choosing an optimal value

xmay generally be treated as a vector optimization problem with infinite number of

criteria. The expectation Eω is sometimes substituted for ω; however, the stochastic
nature of problem parameters often cannot be ignored. For that reason, for example,

variance is taken into account together with average gain in financial applications

and ruin probability in insurance market. Optimization problems with random

parameters are formalized in the stochastic programming theory.

Consider a one-stage stochastic programming problem: minimize the criterion

function

min F0 xð Þ ¼ Ef 0 x, ωð Þ	 
 ð6:17Þ

under the constraints

Fi xð Þ ¼ Ef i x, ωð Þ � 0, i ¼ 0, 1, . . . , mð Þ, x∈X 	 Rn, ð6:18Þ

where ω is a vector of random parameters and x is a deterministic vector of

solutions with continuous and/or discrete coordinates. Expected utility functions

in the form Fi(x)¼Eu( f i(x,ω)) (where u(�) is a nonnegative monotonic increasing

utility function) are often considered instead of Fi(x), i¼ 0, 1, . . .,m.
If the functions f i(x,ω) in formulas (6.17) and (6.18) are given explicitly, then

the expectations can be approximated by quadratures or observed means:

FiN xð Þ ¼ 1

N

XN
k¼1

f i x, ωk
� �

,

where ωk, k¼ 1, . . .,N, are independent realizations of random parameters of the

problem. Then problems (6.17) and (6.18) can be approximated by a deterministic

problem and be solved by deterministic methods. This approach to solving stochas-

tic programming problems (known as the method of observed mean) was studied in

[186] and will be detailed below.
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The stochastic quasigradient methods proposed by Yu. M. Ermoliev [68, 182] to

solve convex stochastic programming problems may be considered as generaliza-

tions of stochastic approximation methods to multidimensional nonsmooth

constrained problems and as generalizations of the Monte Carlo method to optimi-

zation problems as well as the development of random search methods. The main

feature of quasigradient methods is that exact values of objective functions and

constraints should not be computed as the methods are based on statistical estimates

of subintegral functions and their generalized gradients only. The ideas of standard

optimization algorithms and the procedures of random search, stochastic approxi-

mation, and stochastic estimation were used to develop quasigradient methods.

Stochastic quasigradient methods can be applied when the problem structure

does not allow using deterministic optimization tools. This opens wide opportuni-

ties for solving operations research problems, adaptation, and optimization of

complex stochastic systems by simulation modeling. At the same time, the avail-

ability of modern computer resources sufficient to attain the required accuracy of

optimal solutions is a necessary condition.

The abovementioned methods can solve at least three types of problems:

• Deterministic problems for which descent direction is difficult to compute, in

particular, since the optimization models are nonsmooth, distributed, and

nonstationary.

• Multiextremum problems, where locally optimal solutions should be avoided.

• Problems conditional with respect to uncertainties and/or difficulties in the

estimation of functions and their subgradients (including problems of stochastic,

spatial, and dynamic optimization with multidimensional integrals, analytically

inexpressible models).

The stochastic quasigradient method of minimizing a convex objective function

min
x∈X

F0 xð Þ ¼ Ef 0 x, ωð Þ	 
 ¼ F�

is to construct a sequence of approximations {xk, k¼ 0, 1, . . .} according to the

following rule [68, 182]:

xkþ1 ¼ ΠX xk � ρkξ
0 kð Þ� �

, k ¼ 0, 1, . . . , ð6:19Þ

where ΠX {�} is the operator of projection onto the convex compact set X;

E ξ0 kð Þ j x0, . . . , xk
� �

∈F0
x xð Þ, E kξ0 kð Þk2 � const,

and the step multipliers satisfy the following conditions with probability 1:

ρk � 0,
X
k

Eρk ¼ þ1,
X
k

Eρ2k <1: ð6:20Þ
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The sequence {xk} converges to the optimal solution x* of the problem under the

assumptions made. The optimal value F* is estimated based on independent

observations f 0(xk, wk) of values of the subintegral function by the following

formula:

Fk ¼ 1= k þ 1ð Þð Þ
Xk
i¼0

f 0 xi;ωi
� �! F� as k!1:

The stochastic quasigradient method was later extended to nonconvex stochastic

programming problems with weakly convex, generalized differentiable, and locally

Lipschitz functions [69, 111, 120]. The modifications of the method related to

averaging stochastic generalized gradients and solving nonstationary stochastic

problems with adaptive step regulation were constructed and investigated. The

concept of stochastic quasigradient was used to develop stochastic analogs of the

basic constrained optimization methods such as methods of penalty functions,

linearization, reduced gradient, and Lagrange multipliers, and the asymptotic

properties of stochastic quasigradient methods were analyzed (the limit theorems

were proved and the rate of convergence was found).

Other stochastic programming methods are described in the monographs

[182, 186]. One of them is the abovementioned method of observed mean, where

expectation functions are approximated by their empirical estimates and approxi-

mated deterministic optimization problems are considered in the form

min F0 x, Nð Þ j Fi x, Nð Þ � 0, i ¼ 1, . . . , m; x∈X 	 Rn
� �

:

Deterministic optimization methods can be applied to those approximated

problems. Various aspects of the convergence of the method were studied: condi-

tions for the convergence with probability 1, convergence in functional, the rate of

convergence, and asymptotic distribution of solutions. The method of observed

mean developed for problems with special form of risk functionals is widely used in

the modern theory of asymptotic estimation of parameters, random variables,

processes, and fields. Along with finding convergence conditions for estimates,

analysis of their asymptotic distribution is also important. The availability of a

priori constraints for unknown parameters results in the asymptotic normality of

estimates that does not always take place. The main result is that finding the limit

distribution reduces to a quadratic programming problem.

Important studies in solving stochastic global and stochastic discrete optimiza-

tion problems were implemented. The stochastic branch-and-bound method was

developed for these problems, where the technique of alternate relaxation of

stochastic programming problems (alternating operations of minimization and

expectation (or probability)) is used to estimate the optimal values:

F∗ Xð Þ ¼ min
x∈X

Ef 0
�
x, ω

� � Emin
x∈X

f 0
�
x, ω

� ¼ F∗
�
X
�
,

P� Xð Þ ¼ max
x∈X

P f x,ωð Þ∈Bf g � P ∃x
0
ωð Þ∈X : f x

0
ωð Þ;ω

� �
∈B

n o
¼ P� Xð Þ:
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Thus, to obtain the lower bound F*(X) for the optimal value F*(x), it will suffice
to solve the problem minx∈X f x, ωð Þ efficiently, and to obtain the upper bound

P*(X) for the value P*(X), it is necessary to efficiently check the compatibility of

the conditions f(x,ω)� 0 for fixed ω, which is possible in many applications.

A more general stochastic optimization problem with composite functions that

include expectations as arguments was also considered:

min
x∈X

H0 xð Þ ¼ Eh0 x, Ef 1 x, ξð Þ, . . . , Ef ‘ x, ξð Þ, ξ� �	 

, ð6:21Þ

Hi xð Þ ¼ Ehi x,Ef 1 x, ξð Þ, . . . ,Ef ‘ x, ξð Þ, ξ� � � 0, i ¼ 1, . . . , m, ð6:22Þ

where f j(x, ξ) :X�Ξ! P1, j¼ 1, . . ., ‘, and hi(x, y, z) :X� Y�Ξ! P1 are some

random functions. The variation function Hi(x)¼E( f i(x, ξ)�Ef i(x, ξ))2, where

hi(x, y, ξ)¼ ( f i(x, ξ)� y)2, can be considered as an example of the composite func-

tion. The corresponding problem of the approximation by observed mean has the

following form:

min
x∈X

H0
n x, ξnð Þ ¼ 1

n

Xn
k¼1

h0 x, 1=nð Þ
Xn
k¼1

f 1 x, ξkð Þ, . . . , 1=nð Þ
Xn
k¼1

f l x, ξkð Þ, ξk
� !" #

,

ð6:23Þ

Hn
i x, ξnð Þ ¼ 1

n

Xn
k¼1

hi x, 1=nð Þ
Xn
k¼1

f 1 x, ξkð Þ, ξk
�
, . . . , 1=nð Þ

Xn
k¼1

f l x, ξkð Þ, ξk
� !
� 0,

i ¼ 1, . . . , l:

ð6:24Þ

The task is to establish the conditions and the rate of convergence of the solution

set Xn(ξn) of problems (6.23) and (6.24) to the solution set X* of problems (6.21)

and (6.22). This involves the uniform law of large numbers for composite functions,

finding the conditions for uniform (in x ∈ X) convergence ofHi
n(x, ξ

n) to Hi(x) with
probability 1 and determining the rate of the convergence of Xn(ξ

n) to X*. This fact
is reflected in the following inequalities:

P
ffiffiffi
n
p

maxx∈XjHi
n x, ξnð Þ � Hi

n xð Þ j � Cþ t
� � � Φ tð Þ, ð6:25Þ

where C is a constant, t� 0 is a parameter, and Φ(t) is a distribution function. It is

shown that relationship (6.25) implies other types of uniform convergence of Hi
n to

Hi in the probabilistic sense. In particular, relation (6.25) implies the uniform

convergence of Hi
n to Hi almost surely if

ð1
0

1� F
ffiffi
t
p� �� �

dt <1:

Relationship (6.25) allows estimating the number of observations n necessary to
ensure a prescribed approximation accuracy ofHn

i . Indeed, let us choose tδ�Φ� 1(1

� δ) and nε,δ� ((c+ tδ)/ε)
2 for given ε and δ. Then Eq. 6.25 implies that the

inequality maxx∈XjHi
nε,δ

x, ξnð Þ � Hi xð Þ j � ε takes place with probability (1� δ).
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Under the regularity conditions, the exact approximation of the functions implies

a satisfactory approximation of the solution set X* by Xn(ξn). Relationship (6.24) is
called concentration inequality and describes the concentration of observed means

Hn
i around Hi. The inequality

Emaxx∈XjHi
n x, ξnð Þ � Hi xð Þ j � C=

ffiffiffi
n
p ð6:26Þ

is also called concentration one and establishes the rate of uniform convergence in

the mean in the functional law of large numbers Hi
n)Hi. It is important in itself

and is necessary to satisfy conditions (6.24). Estimate (6.26) is shown to hold for a

wide class of composite functions Hi. Let us consider some examples of stochastic

optimization problems.

Method of Penalty Functions. In the case of continuous functions Fi, i¼ 0, 1, . . .,m
the bounded stochastic optimization problems (6.17) and (6.18) can be exactly or

approximately reduced to a simpler problem

min
x∈X

H xð Þ ¼ Ef 0 x; ξð Þ þ C
Xm
i¼1

max
�
0, Ef i x, ξð Þ�" #

of the type of (6.21) with h0(x, y, ξ)¼ y0 +C∑ m
i¼1 max{0, yi} and a sufficiently large

penalty parameter C.

Estimation of the Average Value and Variance. In business applications, decisions

are madewith risk taken into account. Let us denote by f(x, ξ) the result of choosing a
decision in variable x for a random parameter ξ. Denote by F(x)¼Ef(x, ξ), D(x)¼
(E( f(x, ξ)�Ef(x, ξ))2)1/2, andD�(x)¼Emax {0,Ef(x, ξ)� f(x, ξ)}, respectively, the
expected profit, standard deviation, and semideviation of solution x. The problem of

decision making with respect to the mean value or variation is formulated as

choosing one of the two problems:

max
x∈X

F xð Þ � λD xð Þ½ 
, max
x∈X

F xð Þ � λD� xð Þ½ 
 1
2
, ð6:27Þ

where λ> 0 is some parameter. If function f(x, ξ) is linear with respect to x,
functions F(x) and D(x) are calculated explicitly; therefore, the decision-making

problem becomes a deterministic quadratic programming problem. If the function

F(x)¼Ef(x, ξ) cannot be expressed explicitly, then F(x), D(x), and D�(x) can be

approximated, for instance, by the observed means

6.4 Stochastic Optimization 217



Fn x, ξnð Þ ¼ 1

n

Xn
i¼1

f x, ξið Þ,

Dn x, ξnð Þ ¼ 1
n

Xn
i¼1

f x, ξið Þ
 !2

� 1

n

Xn
i¼1

f 2 x, ξið Þ,

Dn
� x, ξnð Þ ¼ 1

n

Xn
i¼1

max 0, 1=nð Þ
Xn
j¼1

f x; ξj
� �� f x; ξið Þ

( )
,

where ξn¼ (ξ1, . . ., ξn) is observations of random parameter ξ. Then problems (6.27)

are approximated, respectively, by the problems

max
x∈X

Fn x, ξnð Þ � λD x, ξnð Þ½ 
, max
x∈X

F x, ξnð Þ � λDn
� x, ξnð Þ½ 
:

Nonstationary Optimization. Many applied problems can be formulated as optimi-

zation problems with the objective function F0(k, x) and constraints Fi(k, x) varying
at each step k¼ 0, 1, . . .. In this case, the SQG method at step k makes one-stage

minimization of F0(k, x) using the estimates Fi
x(k, x), i¼ 0,...,m. A special case is

obtained if F0(k, x)!minF0(x). It is generally possible to define a wide range of

situations for which jF0(k, xk)�minF0(x, k)j!0 or F0(k, xk)!minF0(x) as k!1.

Stochastic Minimax Problems. Stochastic minimax problems reflect a guaranteeing

approach of decision making under uncertainty. Mathematically, they have the

following form:

min
x∈X

EP max
y∈Y

f x, y, ξð Þ
� ffi

, ð6:28Þ

min
x∈X

max
y∈ Y

EPf x, y, ξð Þ, ð6:29Þ

min
x∈X

max
P∈Π

EPf x, ξð Þ, ð6:30Þ

where f :X� Y�Ξ! P1 is a criterion function, x ∈ X is a decision variable, y ∈ Y
is an uncertain parameter, ξ ∈ Ξ is a random variable defined in the probability

space (Ξ,Σ,P), and EP is expectation with respect to measure P ∈ Π. Generally

speaking, the set Y in Eq. 6.28 may depend on variables x and ξ, and the uncertainty
set Y in Eq. 6.29 and the measure set Π in Eq. 6.30 may depend on x as well. In

contrast to the probabilistically distributed parameter ξ ∈ Ξ, the solution x is

chosen as the worst feasible value of the parameter y ∈ Y or of the measure P ∈ Π.

Note that problems (6.28) and (6.29) are special cases of problem (6.30). For

example, if we suppose that ξ1¼ (ξ1, ξ2), Π¼P1�Π2, and Π2¼ {P2 :P2(Y)¼ 1},

where P1 and P2 are probabilistic distributions for the independent random vari-

ables ξ1 and ξ2, respectively, then
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max
P∈Π

EPf x, ξð Þ ¼ EP1
max
P2 ∈Π2

EP2
f x; ξ1, ξ2ð Þð Þ ¼ EP1

max
ξ2 ∈Y

f x; ξ1, ξ2ð Þð Þ:

Similarly, if ξ1¼ ξ1� ξ2, Π¼Π1�P2, and Π1¼ {P1 :P1(Y )¼ 1}, then

max
P∈Π

EPf x, ξð Þ ¼ max
P2 ∈Π2

EP1
f x, ξ1, ξ2ð Þð Þ ¼ max

ξ2 ∈Y
EP1

f x, ξ1, ξ2ð Þð Þ:

The difficulties in solving problems (6.28)–(6.30) are related to embedded

expectation, maximization operations, and the resultant nonsmoothness of problem

functions. In particular, Eq. 6.29 contains the nested stochastic optimization prob-

lem EPf(x, y, ξ)!maxy∈Y, which should be solved for every x. Usually, inner
maximization problems do not have any solutions in a closed form.

The considered problems may have various interpretations (game, robust,

two-stage and two-level decision making, etc.). For instance, in a two-level

problem statement, decisions x of the principal agent are known for other agents

(followers) whose feasible decisions y generate the uncertainty set Y from the

viewpoint of the principal. If the realizations of the random parameter ξ are known
to the followers, then their worst possible response y*(x, ξ) to a decision x made by

the principal is the solution of problem max
y∈Y

f x, y, ξð Þ ¼ f x, y� x, ξð Þ, ξð Þ: If the
principal should choose a robust decision before the realization ξ is known, then

problem (6.28) can be solved. Sometimes followers are also forced to make a

decision before ξ is known. They can choose decision y*(x) by maximizing the

average value of the criterion function EPf(x, y, ξ). Then the robust decision of the

principal is a solution of problem (6.29). In multilevel and multistage problems,

optimization and expectation can be repeated many times.

Averaging in Stochastic Programming Methods. As a rule, stochastic quasigradient
methods have the same basic structure as their deterministic analogs. Let us consider

the stochastic linearization method for the minimization of function F(x), x ∈ X,
and note an essentially new property of the method. Assume that the function F(x) is
continuously differentiable and X is a convex compact set. The method is defined

iteratively as follows:

xkþ1 ¼ xk þ ρk exk � xk
� �

, 0 < ρk < 1, ð6:31Þ
ξ k þ 1ð Þ ¼ eξ kð Þ þ δk ξ k þ 1ð Þ � eξ kð Þ

� �
, ð6:32Þ

exk ∈ argmin eξ kð Þ, x
D E

: x∈X
n o

,

where x0 is a random initial approximation from X.
In the well-known deterministic analysis of the procedures (6.31) and (6.32),

suppose δk� 0 and ξ(k)�Fx(x
k). There exists a simple example showing that the

methods (6.19) and (6.20) does not converge without the averaging operation

(6.32). In order to get the convergence, conditions (6.20) should be supplemented

with the following ones: δk � 0, ρk=δk ! 0,
X1
k¼0

Eδ2k <1: The method (6.31) is
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usually used when the set X is described by linear constraints. In this case, a linear

subproblem is solved at each step k. At the same time, the projection method (6.19)

requires solving a quadratic subproblem. Only small disturbances in the objective

function and constraint functions appear in both cases at each step. Thus, small

corrections to solutions of the previous problem are necessary. This method can be

modified for nondifferentiable functions and constraints. In particular, it can

be applied for locally Lipschitz functions. Using the averaging operation similar

to Eq. 6.32 is often decisive for the convergence of stochastic quasigradient

methods, for their efficiency and stability. This operation is also applied to the

random parameter ξ0(k) in Eq. 6.19, where instead of ξ(k) the vector eξ kð Þ is used
such that for k¼ 0, 1 . . .,

eξ k þ 1ð Þ ¼ eξ�k�þ δk
	
ξ
�
k þ 1

�� eξ�k�
,eξ 0ð Þ ¼ ξ
�
0
�
:

With the formulas above, procedure (6.19) gains the property of inertia, in

addition to the natural global properties defined by random mechanisms. Averaging

can also reduce the variation of the abovementioned methods.

Vector Stochastic Optimization Problems. The stochastic cost-benefit analysis often
leads to fractional stochastic optimization problems such as

max
x∈X

F xð Þ ¼ Ef 1 x, ξð Þ
Ef 2 x, ξð Þ

� ffi
,

where x ∈ X is a variable in which the decision is being made, ξ is a random

variable, and f1 and f2 are random benefit and cost functions, respectively.

The general approach for obtaining efficient points in vector optimization is a

linear averaging of the criterion. However, it is sometimes reasonable to consider

a nonlinear averaging function (utility function) as well. In the case of a vector

stochastic objective function Ef(�, ξ) :X! Pm, the corresponding scalar problem

becomes

min
x∈X

F xð Þ ¼ Ef x, ξð Þk k½ 
 :

The development of the stochastic programming theory gave rise to a number of

new research areas, which are of great practical importance. The uncertainty was,

is, and will be an essential characteristic of decision-making processes. Risk

management in economic activity provides a wide field of application of the

ideas and methods of stochastic programming. Let us dwell on the use of stochastic

optimization methods in risk assessment and management theory.

Risk assessment is necessary in many problems in the identification and control

theory, operation of environmentally hazardous facilities, catastrophic risk insur-

ance, evaluation of financial and banking transactions, etc. These problems are

specific by using small samples for statistical estimates. In this regard, there is a
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rather complicated problem of finding optimal estimates under insufficient

statistical information. This problem is investigated based on empirical Bayesian

estimates. Empirical Bayesian decision-making procedures are an efficient tool to

combine data obtained from different sources. When dealing with catastrophic

risks, not only man-made and environmental disasters related to human activities

but also inevitable natural disasters should be considered. An analysis shows that

the number of such events has increased significantly over the past two decades and

the associated losses increased fivefold.

Scientists of the Institute of Cybernetics carried out a series of important studies

on catastrophic risk insurance. Insurance companies tend to maximize income

under a priori defined limits. A peculiarity of these companies is the uncertainty

of their real costs. In fact, the cost of insurance contracts remains unknown for a

considerable time, while their total cost is not additive. Typically, traditional

insurance deals with independent risks with relatively high frequency and low

loss, which allows using the law of large numbers when formulating specific

insurance policies. The situation is significantly different if disasters cause human

and financial losses.

The activity of insurance companies is known to be based on considering

potential risks, each of which is characterized by the distribution of losses,

which tend to have a cash indicator. In other words, each risk is associated with

the value wi of potential losses, wi and wj, i 6¼ j, being interdependent random

variables. For example, an earthquake simultaneously causes damage over a large

area and can destruct buildings and roads, cause fire, etc. The risk portfolio is

characterized by a vector solution x¼ (x1, . . ., xn), and its total value is determined

by c x, wð Þ ¼
Xn
i¼1

ci xi, wið Þ: A random insurance function ci(xi,wi) is generally

nonconvex and uneven with respect to the solution vector xi.
In the case of independent variables for c(x,w) under fairly general conditions,

the central limit theorem is valid. This allows applying the abovementioned

methods to solve the optimization problem. However, catastrophes cause dependent

risks, and risk summation will not necessarily lead to normal distribution. Another

feature of the problem of catastrophic risk insurance is excessive sensitivity of

limitations that appear in optimization problems to adhesion of distributions. This

can lead to discontinuous functions and make it impossible to use statistical

approximations based on sample means.

In many problems of the formation of a portfolio of catastrophic risks, the

dependence of losses on spatial and time coordinates is of fundamental importance.

The coincidence of two rare events in time and in a specific place is next to

impossible. The explicit form of an insurance portfolio in the dynamic case can

be obtained by introducing relevant variables. If we denote by R(T, x) the profit of
the insurance company and by {0, T} the planning horizon of the insurance busi-

ness, then to find the optimal portfolio, the insurer should solve the following

optimization problem:
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max
x∈X

FT xð Þ ¼ E R T, xð Þð ÞI τ xð Þ>Tf g
	 


with the constraints for the probability of ruin in time T

ψT xð Þ ¼ P ν xð Þ � Tf g � α,

where τ(x) is intermission such that minR(T, x)� 0 and R(ν(x), x)� 0; IA is the

indicator function of the set A. The functions FT(x) and ψT can be discontinuous for

continuous distribution of the functions R(T, x). Therefore, traditional stochastic
programming methods are unacceptable in this case, and new approaches proposed

by Yu. M. Ermoliev and his students have been developed to solve the problem.

One of them is stochastic smoothing of risk process and replacing of the original

objective function with a sufficiently smooth approximation.

The need to solve the abovementioned and many other problems associated with

risk assessment has stimulated the development of general methods of the risk

theory, which are based on the theory of polyhedral coherent measures established

by scientists from the Institute of Cybernetics.

The results of modern managerial decisions are usually influenced by numerous

factors, parameters, and processes, which make it stochastic or even uncertain to

some extent. This is due both to the fundamental impossibility to adequately predict

and describe the related future processes and to the stochastic nature of certain

factors and parameters of such processes (e.g., fluctuations on financial markets or

natural disasters caused by coincidence of some conditions and events). Such

properties become of special importance in making and implementing essential

decisions that have long-term consequences, because the uncertainty and risks

significantly increase in these cases. Therefore, developing a methodology of

decision making under risk and uncertainty, as well as relevant models and methods

of finding optimal (efficient) solutions, becomes critical under current conditions of

global mutual influence of various processes.

The criteria for managerial decisions can be various efficiency functions:

profitability, weighted efficiency function, classical utility function, probability of

trouble-free performance, etc. In various applications, especially financial and

economic, choosing the efficiency concept is quite simple: it is usually profit,

profitability, etc. However, stochastic (uncertain) decision making should also

take into account the so-called measures of risk (potential damages, losses) due to

such decisions, especially in large (catastrophic) risks. During the development of

the decision-making theory and applications under uncertainty, various functions

were used to describe risk measures: variance, semideviations value at risk (VaR),

etc. Axioms that should be satisfied by the risk function called coherent measure of

risk were formulated. The theoretically attractive properties reflected in these

axioms allow considering such functions as successful candidates for risk measures.

Such a measure is conditional VaR (CVaR), which is successfully replacing VaR

measure in financial applications. The scientists of the Institute of Cybernetics

created the theory of polyhedral coherent risk measures, which include all the
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known risk measures from this class. Applying the mathematical apparatus from the

theory of polyhedral coherent risk measures reduces the portfolio benefit–risk

optimization problem to corresponding linear programming problems, which

greatly facilitates the search for optimal solutions.

Let us dwell briefly on catastrophe modeling problem. The distribution function

in the case of standard independent risks can be estimated based on a sufficiently

large number of statistical data. However, there is no such statistics for catastrophic

risks; moreover, the time and space factors should be taken into account.

It is convenient to describe a catastrophe by a model of a Markov random field

defined on a graph (U,V ) with the set of vertices V¼ (1, . . .,K ) and the set of arcs

U¼ {(i, j)}. For each vertex a vicinity is defined N(k)¼ {j : (k, j) ∈ U}. Obviously,
destructions at the vertex k will cause destructions in the vicinity N(k) as well. If the
concept of Markov property is introduced so that the distribution at point k depends
only on losses in the vicinity N(k), then the corresponding model under sufficiently

general conditions can be described by a Gibbs random field, and the problem can

be solved by the well-known modeling methods for Gibbs random fields investi-

gated in the monograph [196]. This monograph considers problems of optimal

control of such fields and proves the existence of optimal stationary Markov

strategies for risk functions of rather general form. The studies have direct appli-

cation to the above-described problems of risk assessment in models of financial

and insurance mathematics, problems of pattern recognition, biology, communica-

tion network theory, etc.

6.5 Theory of Control of Dynamic Processes

Control of distributed systems is an extremely complicated problem in the control

theory. A large number of studies have been performed on providing the equilib-

rium of toroidal plasma in thermonuclear installations with transverse magnetic

field. The investigations into high-temperature plasma control stimulated the devel-

opment of methods for controlling fast processes in continua as well as the

construction of automatic control systems for objects described by models of

chemical kinetics and mathematical physics. In particular, systems of automatic

temperature stabilization in arc plasmatron and thermonuclear combustion were

created. Various types of instability in low- and high-temperature plasmas, rare

metals, and liquid flows were analyzed. Active controlling media were developed

and used to eliminate fast instability in dense flows of charged particles, to tune

lasers and resonators, to construct covering screens, and in some other cases of

control of electro-physical objects.

The ideas of J.-L. Lions, in particular, his method of admissible pairs, were

developed to investigate inhomogeneous distributed systems whose states are

described by boundary-value and initial–boundary-value problems, with nonideal

contact observation condition. Under certain additional assumptions, highly accu-

rate computational schemes for constructing optimal control were created.
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The inductive method of modeling and prediction of stochastic processes is well

known as the group method of data handling (GMDH). It actively applies the

principles of automatic generation of alternatives, sequential model selection, and

external criteria for constructing models of optimal complexity. It includes a

multilayered procedure of model structure generation (the so-called polynomial

neural networks), which imitates the process of biological selection allowing for

sequential characters by pairs.

The GMDH is a modern information technology and is an intellectual tool for

data analysis as well as a technique of soft computation through employment of

elements of genetic methods and neuron-like structures.

The key concept in the theory of control of dynamic systems is system stability.

Because of the growing understanding that only estimates of process parameters are

available in solving actual control problems, researchers have recently focused on

the analysis of the robust stability, which is the stability of a family of linear and

nonlinear, continuous and discrete dynamic systems.

It is quite reasonable that problems concerning the analysis of the robust stability

of linear systems were studied first, and essential results were achieved for these

problems. However, only the first steps were made for nonlinear systems, and the

first significant results were obtained by V. M. Kuntsevich and A. V. Kuntsevich

[97]. The success was due to applying difference inclusions to describe the evolu-

tion of dynamic systems under uncertainty and generalizing Lyapunov’s theorem to

difference inclusions. This made it possible to establish constructively testable

sufficient conditions for the asymptotic stability of discrete process of evolution,

namely, the conditions for contraction mapping of sets, which are a generalized

analog of the Banach contraction mapping principle.

Considerable results were obtained in determining invariant sets of dynamic

systems subject to bounded additive disturbances, i.e., sets in the phase space of the

system not overrun by the state vector for all possible disturbances. Many problems

in control theory, radio engineering, mechanics, and other fields of science and

engineering can be reduced to this problem. B. V. Bulgakov has initiated the

analysis of this problem for the case of continuous linear systems. The problem

was solved for linear stationary discrete systems in joint papers by V. M.

Kuntsevich and B. N. Pshenichnyi [98]. The results on the robust stability analysis

of nonlinear discrete systems [97] were then used by V. M. Kuntsevich and A. V.

Kuntsevich [99, 161] to solve problems on evaluating the invariant sets for families

of linear and a rather wide class of nonlinear discrete systems subject to bounded

limited disturbances.

The problem on dynamic system control under uncertainty is central in the

general theory of control. The theory and methods based on stochastic models of

uncertainty are the most developed. A great number of publications are devoted to

this subject. The well-known optimal Kalman filter developed in the mid-1900s

marked the beginning of its active research. This algorithm makes it possible to

obtain current estimates of unknown vectors of states and parameters of a dynamic

system based on the results of observations subject to disturbances with predicted

probability characteristics. Stochastic models are widely used to solve a broad
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range of scientific and applied problems including the creation of precise inertial

systems of navigation and control of various purpose moving objects as well as in

the satellite navigation systems GPS and GLONASS.

However, modern requirements to control of high-technology objects posed new

complicated problems to be formulated and solved (this concerns airspace items,

navy objects, mechatronic systems, large-scale environmentally dangerous techno-

logical processes in petrochemistry, nuclear power engineering, etc.). The point is

that the uncertainty to be taken into account allows no probabilistic interpretation in

view of its specifics or absence of adequate statistical information. New problem

statements gave rise to the creation of the theory and methods of control under

uncertainty appearing as an alternative to the abovementioned methods and are

based on the set-theoretical model of uncertainty. Its main feature is that an

uncertainty is fully described by convex compact sets (estimates) of its possible

values and realizations. Such sets can be intervals, convex polyhedrons, or ellip-

soids in respective spaces. The current estimates of unknown vector states and

parameters of dynamic systems are defined by these sets, which contain the

abovementioned unknown vectors.

Elaborating such methods of control under uncertainty is one of the most

important tasks in the modern control theory. The studies of N. N. Krasovsky,

academician of the Academy of Sciences of the USSR, and his school, first of all

A. B. Kurzhanskii, academician of the RAS, pioneered in the intensive develop-

ment of such an approach. Noteworthy are the foreign scientists F. C. Sweppe, D. R.

Bertsekas, I. B. Rhodes, M. Meilanese, and J. P. Norton. Academician of the RAS

F. L. Chernous’ko, academician of the NAS of Ukraine V. M. Kuntsevich,

corresponding member of the NAS of Ukraine A. O. Chikrii, and others, including

scientists from the Institute of Cybernetics of the NAS of Ukraine, made a signif-

icant contribution to the development of the theory of control under uncertainty.

Methods of guaranteed ellipsoid estimation of states and parameters of dynamic

systems were first developed within the framework of this approach at the Institute

of Cybernetics and then at the Institute of Space Research and at the State Space

Agency. These methods feature the robust properties (insensitivity or robustness by

the terminology of Andronov and Pontryagin, 1936) with regard to variations in a

priori uncertainty estimates from their real values. It is due to this property the

algorithms of guaranteed estimation keep their efficiency in the most cases where

well-known algorithms turn out to be diverging.

The theoretical analysis and practical development of control systems of space-

craft orientation proved the efficiency of the guaranteed approach to solving

problems of control and estimation under uncertainty and its potential and certain

advantages in spacecraft control synthesis. Robust methods of ellipsoidal estima-

tion were used to elaborate algorithms of the navigation and orientation control for

EgyptSat-1 miniaturized satellite custom designed by Ukrainian enterprises to the

order of the Egyptian government. These algorithms proved to be efficient in

practice.

The main difficulty in constructing a spacecraft orientation control system

(Fig. 6.1) is that the sensor measurement of the state vector is imperfect and is
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performed only under rather intensive bounded disturbances, which have

non-probabilistic nature. To solve the problem of state vector evaluation and to

obtain its guaranteed estimate, the robust method of ellipsoid estimation was

created, which, in contrast to the well-known methods, remains efficient under

violated a priori assumptions on disturbance constraints [27].

Another way to overcome the uncertainty in the control of moving objects is the

game approach [70, 96, 99, 163, 179]. The uncertainty may be assumed to prevent

the execution of the prescribed task. The Institute of Cybernetics is a well-known

scientific center in the theory of dynamic games (differential games, conflict-

controlled processes). The center was founded by B. N. Pshenichnyi, academician

of the NAS of Ukraine. In a healthy competition with the leading schools headed by

academicians L. S. Pontryagin and N. N. Krasovsky, a number of fundamental

methods to study conflict-controlled processes were created at the institute.

Nowadays, the Ukrainian school of dynamic games is headed by the corresponding

member of the NAS of Ukraine A. O. Chikrii and is holding a leading position.

The theory of dynamic games is a field of the mathematical theory of control that

studies the control of dynamic systems under conflict and uncertainty. The evolution

of a controlled object can be described with the help of distributed parameter

systems; fractional-order systems; differential–difference systems; integral,

integro-differential, ordinary differential, and difference equations; impulse

systems as well as their various combinations conventionally called hybrid systems.

Games of two players and of more than two players are distinguished. Game

problems can be described as follows. A dynamic system is considered, where a

certain part of control parameters is subject to the first player (pursuer) and the

remaining part to the other one (evader). It is assumed that choice of the current

Fig. 6.1 Kinematic–geometrical scheme of scanning a prescribed Earth region
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player control in order to achieve a prescribed goal for any (unknown a priori)

control of the opponent is based on certain information about the system state or

even on the information about the instantaneous control of the opponent.

Problems of control under uncertainty can also be embedded into the scheme of a

dynamic game. In so doing, disturbances affecting the dynamic system are treated

as the control of the opponent. Certain functional depending on the initial state of

the system and controls of the players is defined on system trajectories. The first

player strives to minimize and the second one to maximize this functional by their

actions at each current instant of time. The most interesting though difficult for

investigation is the case where this functional is not given analytically but presents

the time of bringing the trajectory of the system to a given terminal set. Thus, a

pursuit–evasion problem with nonfixed time is described, where it is required

to obtain the qualitative result concerning pursuit or evasion processes. The

constraints for player controls can be geometric, integral, impulse, or mixed. The

vectors that determine the state of the conflict-controlled process can be subject to

phase constraints.

The methods of the analysis of dynamic games can be conventionally divided

into two groups. The first one corresponds to general constructions specified by the

task of constructing the optimal strategies of the players. These are the methods

related with the Krasovsky alternatives, the Pontryagin–Pshenichnyi backward

procedure, and the Isaacs–Bellman ideology dealing with the main (Hamilton–

Jacobi) equation of the theory of differential games and finding its viscosity

solutions. Each of these approaches in one way or another is related to the dynamic

programming and reflects its essence in different ways. However, constructing

optimal strategies in dynamic games generally reduces to a repeated evaluation of

the maxmin or minmax of the performance functional along the process trajectory

(in discrete time), which is a challenge.

The methods that provide a guaranteed result refer to the other group,

where optimality is not the case. Of first importance is to achieve the goal and

execute the task under certain real conditions. Most prominent methods of this type

are the Krasovsky rule of extremal targeting, the first direct Pontryagin’s method,

and Chikrii’s method of resolving functions [163]. These methods theoretically

substantiate the Euler line of sight, pursuit along a ray, and parallel pursuit guidance

rules, which are well known to engineers engaged in the design of rockets and

spacecraft. The abovementioned methods are both efficient and geometric descrip-

tive. Let us briefly dwell on the methods developed at the Institute of Cybernetics.

An efficient method of investigating the structure of a differential game is

produced by the backward procedure. The mathematical analysis of a conflict

situation begins from the end (from the terminal set) and goes in the reverse time

up to the initial state of the process. Pontryagin was the first who employed such

approach to construct the upper alternative integral. Pshenichnyi generalized this

procedure to the nonlinear case by introducing ε-strategies and semigroup operators

Tε [132, 133]. The essence of an ε-strategy of a pursuer is that the opponent at each
state z informs the pursuer about its control on the interval [0, ε(z)], with the value

of ε(z) chosen by itself. The value of ε(z) can be as small as possible; therefore,
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the “odds” presented to the pursuer is not significant. Such an approach allows

solving a nonlinear system of differential equations that describes a conflict-

controlled process. Moreover, it allows analyzing games with fixed and nonfixed

time duration and games evolving under state constraints. This method was elab-

orated later by P. B. Gusyatnikov, E. S. Polovinkin, V. V. Ostapenko, etc. The

symmetric procedure of the lower alternative integral in the discrete case was

introduced by scientists from the Institute of Cybernetics and was elaborated later

by M. S. Nikol’skii and A. Azamov for the continuous case. If the Pontryagin

condition meets the full sweeping property in the sense of Gusyatnikov–Nikol’skii

(which means that the corresponding Minkowski difference is the Hukuhara

difference), then operators Tε satisfy the semigroup condition. According to the

well-known results, the condition for full sweeping of two convex sets is equivalent

to the convexity of the difference of the support functions of these sets. Note that the

technique of Tε-operators provides the necessary and sufficient conditions for

the game termination.

The rule of extremal targeting formulated by Krasovsky is a generalization of the

Pontryagin maximum principle and substantiates the pursuit along the line of sight.

It allows solving positional problems of pursuit during the first absorption time both

in the regular and regularized cases. From the mathematical point of view, the

extremal targeting rule as applied to linear systems is based on using the apparatus

of support functions, the notion of the Aumann integral of set-valued mapping, and

the Lyapunov theory on vector measures. B. N. Pshenichnyi and his followers [133]

at the Institute of Cybernetics continued the investigations in this field. One of

them, Yu. M. Onopchuk, studied the case of integral constraints for player’s

control, and other scientists investigated the positional problems of group and

turn-by-turn pursuit, problems of full conflict controllability, and processes of

conflict positional control of integral and integro-differential systems.

The theory of avoiding object collisions encompasses a wide range of applied

problems. Air corridors are known to be of great importance during landing at

airports. To avoid collision in the air and on the land, a correct flight schedule is

necessary and the dispatcher should be ready to step into the process that looks like

emergency. Modeling the motion of controlled objects is useful in this case. Such

problems arise in sea ports, where watercraft is clustered. That is why, the paper

by L. S. Pontryagin and Yu. F. Mishchenko appeared in 1969 was important.

It considered the statement and solution of a game problem of avoiding collisions

of moving objects beginning from any initial states and on a semi-infinite interval of

time. The proposed method was called the avoidance maneuver method. It concerns

linear systems with a linear subspace as a terminal set.

Very soon, in some 5 years, studies on the nonlinear problem of collision

avoidance appeared. The solutions of the nonlinear system are not needed due to

the problem specifics. It suffices to know only the vector of variations in the

trajectory velocity, i.e., the right-hand side of the system. B. N. Pshenichnyi and

O. A. Chikrii derived a formula for the projection of a system solution on some

subspace from the orthogonal complement to the terminal set. It is an analog of the

Taylor formula and is a basic relationship in the nonlinear avoidance theory.
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Moreover, while advantages of the second player (evader) over the pursuer are

presented in the avoidance maneuver method in the form of relationships for sets, in

the method of avoidance along a ray, it is expressed in the form of minmax and

maxmin inequalities depending on the information available to the players.

Comparing them with Pontryagin’s set conditions in the linear case, we may

assume that they correspond to certain relations for support functions (or for convex

hulls of the sets), which is a weaker condition. However, if the method of avoidance

maneuver is used to solve the problem of avoiding collisions based on geometric

coordinates, an advantage of the evader only on a two-dimensional subspace is

needed. At the same time, methods of collision avoidance along a ray require a

higher dimension of the subspace. The method of variable directions developed

later partially eliminates this drawback.

It is clear that the evader needs to have certain advantage in control resources

(e.g., in velocity) in order to avoid a collision. That is why the question arose on the

minimal advantage required. The further studies in the theory of collision avoid-

ance were focused around this issue. A special method of invariant subspaces is

developed, where, under an additional invariance condition, an advantage in control

resources is needed only in the projection to one-dimensional subspace or equiva-

lence in control resources projected on a finite number of directions composing a

Caratheodory set.

In 1974, at the Odessa all-union conference on game theory, the problem of

avoiding a group of pursuers was first formulated and solved. In connection with

this problem, A. O. Chikrii introduced a numerical function

ω n, νð Þ ¼ min
kpi k

max
νk k¼1

min
i¼1, ..., ν

j pi, νð Þ j, pi ∈Rn, ν∈Rn,

which subsequently has played an important role in the theory of differential games.

Problems on the interaction of groups of controlled objects is a separate subject

for study. The problem is that at least one of the evaders should avoid meeting with

the pursuer [163]. The following hypothesis was suggested. In a Euclidean space

Rn, n� 2, there are 2n pursuers and 2 evaders, all with simple motions and control

domains of the form of unit spheres. Then at least one of the evaders can escape

under any initial positions of the players. The problem is solved for n¼ 2, 3 but

remains open for n> 3.

Applying game problems in the defense complex is quite reasonable. A number

of engineering tools for target interception are widely known, which were substan-

tiated on the basis of mathematical methods of the theory of differential games. The

method of resolving functions (MRF) was developed at the Institute of Cybernetics.

It provides a complete substantiation of the pursuit along a ray, in particular,

parallel pursuit. An impetus to the development of the MRF in a general form

[165, 179] was given by the following statement formulated by B. N. Pshenichnyi

as a result of the analysis of the abovementioned function ω(n, ν). This function
determines the advantage of the evader over each of the pursuers in the case of

simple motions: If the initial state of the evader lies in the interiority of a convex
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hull spanned over the initial states of the evaders, then it can be intercepted.

Otherwise, it can escape [164]. Thus, first created to solve group pursuit problems,

the MRF turned out to be a mighty and efficient method to study conflict-controlled

processes.

In the course of MRF elaboration, a new concept was introduced, namely, the

inverse Minkowski functional [165]. Let X be a closed set in Rn and be star-shaped

with respect to 0. Then the numerical function αX( p)¼ sup {α� 0 : α p ∈ X} is the
inverse Minkowski functional. The detailed scheme of the MRF is described in

[163, 179]. Its mathematical basis is special set-valued mappings and their

measurable selectors closely related with inverse Minkowski functionals. The

controls in this method are chosen on the basis of the Filippov–Castaung theorem

on measurable choice. In this context, the property of superpositional measurability

of both functions and set-valued mappings is of paramount importance and is

ensured by their L�Bmeasurability (L stands for Lebesgue and B for Borel) [165].

There are many modifications of the MRF, which are based on different gener-

alizations of the Pontryagin condition or those for the games with fixed or nonfixed

targeting points on the terminal set, with fixed or nonfixed time of the game

termination or having oscillatory or even rotary dynamics of the conflict-controlled

process. We will point out only the established associations of this method with

the Pontryagin first direct method and the Krasovsky rule of extremal targeting

[163, 179]. The case where the resolving function turns into infinity (degenerates)

fully corresponds to the first direct method [163]. On the other hand, if the

Pontryagin condition features the Gusyatnikov–Subbotin property for complete

sweeping, then the time of the first absorption coincides with the guaranteed

time of the MRF.

The method of resolving functions was applied for investigation of conflict-

controlled processes with the nonstationary dynamics, control domains, and

terminal set. With its help the differential–difference games for delay and neutral

systems, nonlinear differential games, and integral and integro-differential games

were studied. Also, game problems with a terminal functional and with integral

control unit and conjugate differential games were analyzed.

On the basis of this method, the in-depth analysis of the game of successive

pursuit (the traveling salesman game problem) was made. In this problem, the

performance criterion is the total time it takes to catch all the evaders. The problem

consists of two inextricably connected parts: exhaustive search (to define the order

of captures) and control problem (direct search in a prescribed order). The first one

refers to the target allocation problem. It is well known to space scientists and is the

most difficult part in the process of solving the problem at hand. With the order

of capture determined, it is reasonable to apply the abovementioned method of

resolving functions. The key difficulty is that the two parts of the original problem

cannot be separated and should be solved in interrelation. The case of simple

dynamics is analyzed separately, where the pursuer, having a certain advantage in

control resources over each of the evaders, employs the algorithm of parallel

pursuit. In so doing, the pursuer sticks to the prescribed order of evader capture.

It is only necessary to find the optimal answer of the evaders in the form of a

230 6 Optimization Methods for Solving Problems of Transcomputational Complexity



solution of an infinite-dimensional optimization problem. It is possible to reduce

this problem to two interdependent finite-dimensional problems. The first problem

is continuous optimization of the total capture time under constant controls of

the evaders and second is discrete optimization under a given capture order. The

apparatus of dynamic games provided an insight into rather complicated problems

of group pursuit [164] and group interaction. In particular, these are problems on

repeated capture, pursuit of a group of rigidly fixed evaders, and the capture of a

given number of evaders. In solving each of them, the situation of encirclement

(according to Pshenichnyi) for certain part of coordinates is of great importance.

In practice, it is often necessary to achieve the coincidence of not only geometric

coordinates of the pursuer and evader(s) but also of their velocities and, may be, of

higher-order derivatives. Such problem is called soft landing or mooring [175]. It is

important because of its practical applications. For example, the problems of

landing a spacecraft on the Moon or other planets, spacecraft docking, landing of

a spacecraft on a ship deck in hard-to-reach places, in emergency situations, and

landing of an aircraft under strong lateral wind imply soft landing. However, from

the mathematical point of view, soft landing problem is rather complicated. Direct

application of classical methods of the theory of differential games is unsuitable to

solve this problem. The main reason is that Pontryagin’s condition is not satisfied.

A method was developed at the Institute of Cybernetics to solve the problem on

soft landing under state constraints. This problem was proposed by American

scientists Albus and Meystel and was called “the eagle snatch.” A combined

method was proposed for its solution, which incorporates several classical methods

of the theory of differential games. Also the method of control under a conflict was

elaborated and adapted to the case of the failure of device control on a certain time

interval.

The method of resolving functions is so universal that it can be applied to a wide

scope of various game problems [178]. Fractional-order systems are an example.

On the basis of Riemann–Liouville classical fractional derivatives, Dzhrbashyan–

Nersesyan–Caputo regularized fractional derivatives, Miller–Ross sequential frac-

tional derivatives, and Hilfer fractional derivatives, the theory of game problems of

approach was elaborated. The game case of the classical Bagley–Torvik problem

was solved.

Systems with variable structure and impulse processes of control are examples of

dynamic systems with discontinuous trajectories. Impulse processes can be consid-

ered as a special case of systems of variable structure, where the structure remains

constant but jumps of the trajectory occur due to impulse actions. These actions can

be presented as controls with the help of the Dirac δ-function. A game problem

where motions of the players are separated and where each player not only exerts

continuous control but chooses the moments of jumps and their values is an adequate

model of combat sports such as boxing. Moreover, taking a side with one of the

players and trying to find the conditions for him to win, one can deduce that

the resolving function turning into infinity means termination of the game, some-

thing like a knockout [156].
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One of the most important sections in the theory of conflict-controlled processes

is problems of search for moving objects that are readily applied in the design of

naval modeling complexes and systems. A specific feature of such problems is the

absence of complete information on the process state. Such uncertainty can be

defined in different ways. The case where instead of the initial state of the process

only its distribution function is known necessitates the analysis of the Fokker–

Planck–Kolmogorov equation, whose solution is the distribution function of current

state. Solving this equation is a challenge; therefore, discretization of the process in

time and state is often used.

A cell model of search for moving objects is developed. It is related to the

discrete case. Instead of the equations that describe the motion of the players over a

finite number of states, the evolution law for the state distribution function is given

and the transition stochastic matrix depends on controls of the players. Such process

is bilinear and Markovian. To analyze it, the technique of finite and infinite Markov

chains is used. To optimize the probability or the average time of object detection,

the discrete maximum principle or the dynamic programming method is employed.

The problems of search by a group of heterogeneous objects both with and

without exchange of information in the group, the hidden search, the case where

detection radius depends on the motion velocity, and search under group interaction

were studied. A complex of programs and algorithms and a simulator were devel-

oped to model and optimize search processes as well as to observe vehicles in a

water environment under active counteraction.

A special class of models of processes with imperfect information is developed

to describe processes with delay. A technique of reducing linear games with

information delay to an equivalent perfect-information game was developed [156].
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Chapter 7

Combinatorial Optimization Problems

Abstract We consider combinatorial optimization problems (COP), i.e., finding

extrema of an objective function on a combinatorial space. Many various important

applied and theoretical problems of different degree of complexity can be presented

as problems in graph theory. These, for example, are the problem of designing

communication networks, engineering devices, electronic and digital equipment,

traffic control, planning and management of industrial and commercial activities,

layout of equipment. To solve them, the number graph theory is proposed. To solve

other COP, the theories of mathematical safes, construction of discrete images,

combinatorial recognition, and solution of extremum problems on combinatorial

configurations are proposed. The theory of mathematical safes analyzes a number

of problems on special graphs, which are called safes. One should use certain

operations to decode the states of vertices called locks. It is used in coding theory,

information security, and cryptology. The theory of constructing discrete images

involves problems where it is necessary to use a given set of colored patterns to

construct a prescribed image on a rectangular field of view. It is also used in coding

theory and information security. The combinatorial recognition theory addresses

problems of recognition of the properties of individual objects from some set by

so-called tests or trials, which allow a wide interpretation. Such problems occur in

various lotteries, banking sector, and insurance companies. The graph-theoretical

approach is proposed to solve these problems. Many problems in economic and

mathematical modeling reduce to optimization problems on combinatorial config-

urations such as permutations, partitions, combinations, arrangements, multisets,

etc. To solve them, the direct structuring method based on the graph theory is

proposed.

I.V. Sergienko, Topical Directions of Informatics: In Memory of V. M. Glushkov,
Springer Optimization and Its Applications 78, DOI 10.1007/978-1-4939-0476-1_7,
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7.1 Main Trends in the Development of Combinatorial

Optimization Methods

The studies in discrete and combinatorial optimization that began at the Institute of

Cybernetics in 1960s were conducted in two fields. These are the development

of (1) iterative algorithms to improve solutions and (2) methods for successive

analysis of variants. The discrete optimization school of the Institute of Cybernet-

ics, well known to the scientific community, greatly contributes to the first field and

encompasses a wide range of topical problems of discrete programming and system

analysis. Scientists of the Institute obtained fundamental results in this field and

analyzed practical problems with real economic, technical, social, and other

features and constraints. The mathematical models and methods were developed;

they allow solving such problems with practically sufficient accuracy and without

exceeding possible time, number of iterations, etc. The theoretical and applied

studies accomplished at the institute provided a basis for creating various informa-

tion technologies.

The studies started in the 1960s at the Institute of Cybernetics and aimed at

the development of methods of combinatorial optimization are still in progress.

An optimization problem can generally be defined by a tulpe hf, X,Π,D, exti, where
f : X ! R is objective function, X is a set of solutions, R is a number axis, Π is a

predicate that determines the subset D � X of admissible solution alternatives that

satisfy certain constraints, and ext ∈ {min, max} is the direction for optimization.

In Sergienko and Kaspshitskaya [147], where the formalization and solution

methods for combinatorial optimization problems (COP) are discussed, such

problems are defined as finding an extremum of the objective function f in the

case where X is a combinatorial space. A combinatorial space is considered as a

collection of combinatorial objects of certain type consisting of elements of a given

finite set of cardinality n, so-called generating set.

Special-purpose methods were developed to solve some classes of COP, namely,

searching for solutions on sets of combinatorial configurations (permutations,

arrangements, partitions, combinations, etc.). Such methods use specific arrange-

ments of the above-mentioned configurations. Modifications of these methods,

adjusted to the features of input data, were created. Such methods outperform

traditional discrete optimization algorithms. Their advantages make it possible to

efficiently apply them in solving logistic and investment management problems, in

project management, and to form investment policy.

One of the specific classes of combinatorial problems that are traditionally

considered in optimization theory is problems on graphs. Researchers at the Insti-

tute of Cybernetics are greatly experienced in the development of solution methods

for these problems. They were first who began to develop and implement network

management methods for control and prediction (systems PERT, PATTERN, etc.).

In the 1960s, academician V.S. Mikhalevich, director of the Institute, coordinated

the implementation of these methods at the state level.
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Most problems in graph theory and combinatorial analysis are rather simple and

evident. That is why they have been used for many years to solve theoretical

and applied problems that arise in the analysis of economic, production, sociolo-

gical, and technological processes in various branches of national economy. For

example, these are designing problems for communication sets, technical devices

and machines, electronic and digital equipment, transport traffic control, planning

and management in productivity and commercial activity, arrangement and com-

position of equipment.

A wide range of applied problems concern the arrangement of various objects on

elements of certain structure. This is the case, for example, when the need arises in

the layout of workshops equipment, arrangement of radio electronic elements,

allocation of computer memory for programs and data, etc. Optimization problems

on permutations can be used as mathematical models for most of the above-

mentioned problems, where it is necessary to find a permutation that extremizes a

given function, the extremum being defined on some set of permutations of

elements of a finite set. To solve these problems, general-purpose methods are

used such as the method of sequential analysis of variants, the branch and bound

method, and the dynamic programming method. However, according to estimations

by the methods of computational complexity, these methods are inefficient.

In many optimization problems on permutations, the objects to be allocated are

interrelated, which can often be described by a graph or a hypergraph. Then the

problem reduces to a numbering of vertices of a graph or hypergraph that

extremizes some functional defined on a numbering set. This statement can also

be presented in equivalent matrix form: find either a symmetric permutation of rows

and columns or an independent permutation of rows and columns that extremizes

the functional.

The amount of important practical and theoretical problems with different

content and degree of complexity, which can be considered as graph theory

problems, grows so quickly that old traditional methods are unsuitable to solve

them. The only way is to use recent theoretical achievements and advanced

hardware. In the last decades, new challenges in practice gave rise to new results

in graph theory and combinatorial analysis. To solve these problems, G. Donets

(Institute of Cybernetics) undertook a study and developed the theories of number

graphs, of mathematical safes, of discrete image construction, of combinatorial

recognition, and a technique to solve extremum problems on combinatorial

configurations.

7.2 Number Graphs

In the last three decades, many scientific publications have appeared on graph and

hypergraph numbering and matrix ordering. Depending on the specific research

field, they considered different classes of graphs and various optimality criteria.
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The majority of optimal numbering problems for graphs and matrices are

generally NP-complete. That is why there are no efficient algorithms for their

exact solution. In view of this, it seems to be topical to study special cases of

numbering problems formulated on bounded classes of graphs. It is important both

to find polynomially solvable cases of the problem and to determine the simplifi-

cations or constraints that keep it NP-complete.

Numbering (ordering) of an n-vertex graph G(X, Y ) is a one-to-one correspon-

dence f : X ) I, where I ¼ {i1, i2, . . ., in} is a set of integers and f generally
belongs to a class of functions K.

The general numbering problem is formulated as follows: given a graphG, find a
numbering f ∈ K that minimizes the functional B(G, f ).

The graph width problem, graph profile problem, and hypergraph length prob-

lem are the most known numbering problems. Graph numbering in these problems

reduces to extremizing a functional independent of the graph structure, which

allows the graph to be presented in arbitrary form. An ordinary presentation of a

graph necessarily includes enumeration of its vertices and edges. However, as the

graph size increases, such a presentation causes serious difficulties in the subse-

quent graph analysis for a number of problems. That is why a more convenient

specific presentation is needed. There is a separate field in graph numbering theory,

where the numbering itself is used to optimize the graph presentation.

A number graph is a new mathematical object, which has incomparable advan-

tages in many practical fields over an ordinary graph. These advantages are not only

lower memory demands (higher performance of algorithms on graphs) but also the

possibility of developing fundamentally new high-quality algorithms. With number

graphs, the memory for storage of graph input data is reduced and the operation of

search is replaced with that of calculation. This considerably simplifies the algo-

rithm. Moreover, the graphs of algorithms to be paralleled in parallel computations

appeared to be mainly represented as number graphs. The theory of number graphs

can be successfully used in microelectronics, pattern recognition, mathematical

modeling of parallel processes, theory of information technologies, etc.

A number graph G is a triple G ¼ (X, U, F), where X ¼ {x1, x2, . . ., xn} � N is
a set of vertices, U ¼ {u1, u2, . . ., um} � N is a set of generatrices, and F is a
single-valued generating function of two arguments, 8 u ∈ U ∃ (xi, xj) ∈
X[F(xi, xj) ¼ u].

The most popular types of number graphs are arithmetic and module. For an

arithmetic graph F ¼ xi + xj, and for a module one F ¼ jxi � xjj.
Below is an extended definition of a number graph that takes into account the

discontinuity of the set of graph vertices.

A number graph G ¼ (X, U, F, g) is an n-vertex graph described by two sets: set
of vertices X ¼ {1, 2, . . ., n} ¼ Nn and set of generatrices U � N and by two
functions: adjacency function F(xi, xj) and elimination function g(x). We suppose

that xk =2 X if g(xk) ¼ 0, and vertices xi, xj ∈ X are adjacent if F(xi, xj) ∈ U.
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Figure 7.1 presents the graph of the algorithm as a number graph, where n ¼ 62,

X ¼ {1, 2, . . ., 62}, F(xi, xj) ¼ xj � xi, g(x) � 0(mod 9), and U ¼ {�17, � 8, 1,

10, 19}. Since F(xi, xj) is an asymmetric function, the graph is oriented.

A three-dimensional lattice graph is presented in Fig. 7.2. Different authors often

used it in multiplying two matrices. In the figure, n ¼ 71, X ¼ {0, 1, 2, . . ., 71},
g(x) � 0(mod 4), F(xi, xj) ¼ xi � xj, and U ¼ {1, 4, 12}. The dummy vertices,

which form the upper layer, are distinguished by divisibility by 4. The graph is

specified by four numbers. This is indicative of the great opportunities opened up by

number graphs.

The extended definition of a number graph allows many other graphs used as

applied mathematical objects in pattern recognition, mathematical modeling of

parallel processes, and in developing the theoretical basis for information technol-

ogies to be presented as number graphs.

It was first proved in Donets and Shulinok [63] that basic algorithms of the graph

theory such as the depth-first search and breadth-first search as applied to module

graphs had better memory and performance parameters as compared with ordinary

graphs defined by adjacency list. As was proved in Donets et al. [64], algorithms

that reduce to an answer in the form of a list in contrast to standard algorithms can
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0 9 18 27 36 45 54

10 19 28 37 46 55

11 20 29 38 47 56

12 21 30 39 48 57

13 22 31 40 49 58

14 23 32 41 48 59

15 24 33 42 51 60

16 25 34 43 52 61

8 17 26 35 44 53 62

Fig. 7.1 Graph of an

algorithm as a number

graph
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be constructed for number graphs. This was shown by two depth-first search

algorithms for connected module graphs with two and arbitrary number of

generatrices.

7.3 Mathematical Safes

The theory of mathematical safes investigates a set of problems on special graphs

called safes. In solving such problems, it is necessary to use sequences of specified

operations to decode the states of graph vertices called locks. Many problems arise

depending on safe type and the number of states for every lock. To solve them,

efficient algorithms were developed. The theory of mathematical safes can be used

in coding theory, information protection theory, and cryptology.

The general mathematical safe problem is as follows.

A mathematical safe is a system S(Z, b, hZi) that consists of a set of locks

Z ¼ {z1,z2, . . .,zN}, of a safe state vector b ¼ (b1, b2, . . ., bN), where bi ∈ {0, 1,

. . ., ki� 1) is the state of the lock zi, and of an incidence set hZi ¼ {Z1, Z2, . . ., ZN}
where Z‘ ∈ 2Z, z‘ ∈ Z‘ (1 � i, ‘ � N ). It is assumed that one clockwise turn of a

key in the lock z‘ changes the state of all the locks zj ∈ Z‘ from bj to (bj + 1)

(mod kj). The types of the locks are specified by a vector K ¼ {k1, k2, . . ., kN} that
may have coinciding components. Obviously, x clockwise turns of the key in the

8 20 32 44 56 68

4 16 28 40 52 64

0 12 24 36 48 60

9 21 33 45 57 69

5 17 29 41 53 65

1 13 25 37 49 61

2 14 26 38 50 62

3 15 27 39 51 63

6 18 30 42 54 66

7 19 31 43 55 67

10 22 34 46 58 70

11 23 35 47 59 71

Fig. 7.2 Three-dimensional lattice graph
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lock z‘ are equivalent to k‘ � x counterclockwise turns. The problem is to open the

safe, i.e., to attain its final state b ¼ (0, 0, . . ., 0) ¼ bfin. To this end, it is necessary,
beginning from the initial state of the safe, to perform a sequence of key turns in safe

locks. In other words, it is necessary to find the number xi of turns of the key for each
lock z‘ to open the safe. The vector X ¼ {x1, x2, . . ., xN} is called a solution of the

safe problem.

The incidence set hZi can be written as an N � N incidence matrix A0 ¼ [a0ij]

with zeros on its main diagonal, a0ij ¼ 1 if zj is an element of the set Zi (1 � i,

j � N ), and a0ij ¼ 0 otherwise. An oriented graph G(Z ) can be associated with the

matrix A0. This graph specifies the structure of the safe, i.e., mutual dependence of

the locks. In this graph, an arc connects vertex ziwith vertex zj if a
0
ij ¼ 1. Depending

on the complexity of the matrix A0, different problems on mathematical safes arise.

Let us denote A ¼ A0 + EN, where EN is a unit matrix. The column

corresponding to the lock zj has units in the rows that correspond to the locks

affecting the state of the lock zj. Taking into account the total number of turns in

such locks and the number of turns xj in the given lock, we obtain the total number

of turns in the lock zj. Adding the initial state of the lock j results in the quantity

0 (mod kj). Then the general problem on a safe can be reduced to the system of

linear equalities:

Xa
*

i þ bi � 0 mod kið Þ, 1 � i � N, ð7:1Þ

where a
*

i is the ith column of the matrix A. As follows from the problem statement,

the realization of the solution is independent of the sequence of key turns. We

assume that the initial state of the safe is known or can be easily calculated.

If ki ¼ k ¼ const for all i ∈ {1, 2, . . ., N}, then locks from the set Z are called

equitype.

Let us consider the problem with equitype locks in the simplest case where K ¼ 2,

i.e., bi ∈ {0,1} for 1 � i � N. Figure 7.3 shows the safe on a graph that is a network
with several contours. The state of each vertex is denoted by 1 or 0. System 7.1

is solved by eliminating step by step the equalities that correspond to the vertices

with zero rank.

If the safe problem is definedon a nonoriented graph, then the number of dependent

locks increases. Replacing each edge with two oppositely oriented arcs reduces the

problem to an oriented graph; however, this only complicates the solution. On the

other hand, the adjacency matrix of such graphs is symmetric, which simplifies

the solution in some cases. For equitype locks, system 7.1 can be rearranged as

AXT þ bT � 0 mod 2ð Þ:

Denote b(mod K) ¼ (b1(mod k1), b2(mod k2), . . ., bN(mod kN)). Then the

general safe problem reduces to a system of linear equalities similar to Eq. 7.1:
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AX� b mod Kð Þ:

Let us consider a problem typical for computer games. Let a matrix B ¼ [bij]
formed of 0 and 1 be given. A game step is as follows: choose an element of the

matrix and then change the row and the column that define this element so that all

0 become 1 and all 1 become 0. It is required to find a sequence of steps that results

in a matrix that consists only of 0 (or 1).

Let X ¼ (xij)m,n be a problem solution, where xij equals to the number of key

turns in the lock z‘. Then the condition for the element bij to be transformed into

zero by the matrix X is given by the equation

Xn
k¼1

xik þ
Xn
k¼1
k 6¼i

xkj þ bij � 0 mod 2ð Þ, ð7:2Þ

where i ¼ 1, 2, . . ., m and j ¼ 1, 2, . . ., n.

Let us denote by x
* ¼ x11; x12; . . . ; x1n; x21; x22; . . . ; xm,n�1; xmnð ÞT the vector-

column obtained from the matrixX by the sequential notation of its rows. A column

vector b
!

can be obtained in a similar way. Moreover, let ℑn be an n � n matrix

consisting of ones, En be a unit matrix of the same size, and In be a row vector

consisting of n ones. If the locks have K states, then the transformation condition

(Eq. 7.2) for the whole matrix B can be written as a system of equations

Ax
! ¼ b

!
mod Kð Þ,

where the m � m matrix A has the form

4

1
1

3
0

0
9

2
0

5
1 7

0

6
1 12

1

1
10

1
8

0
11

1
13

1
14

1
16

1
15

Fig. 7.3 Safe as a network with independent contours
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A ¼

ℑn En En . . . En

En ℑn En . . . En

En En ℑn . . . En

. . . . . . . . . . . . . . .
En En En . . . ℑn

0
BBBB@

1
CCCCA
:

This problem can easily be reduced to a system of linear Diophantine equations.

However, the specifics of the problem allow the direct solution because the matrix

A has a standard form and is independent of the values of matrix B. Its rank and

determinant depend only on the values of m and n.

7.4 Analysis of Complex Images

To analyze complex images, it is often necessary to study formal rules according to

which each image can be composed of elementary parts or templates. These rules

are a kind of formal grammars and impose certain constraints on images and their

descriptions. Thus, the formal language for the description of images is associated

with the structure of images under study.

To present a two-dimensional image as a sequence, one should consider the

process of composing a complex image of elementary images (templates). Let a set

of thin transparent plates of standard size be prepared and a certain elementary

image be drawn on each plate. A certain elementary image corresponds to each

terminal symbol b being a parameter that characterizes this image. The grammar

rules specify which plate can be taken and put on the stack of previously taken

plates. Stacking all the chosen plates produces a complex image E according to the

given set of rules.

Assume that images are described by N-dimensional vectors.

The discrete image construction theory is developed for a set of practical

problems, where it is necessary to construct (if possible) a certain image in a

rectangular field of view by means of a given set of colored templates. A number

of theorems on the properties of various templates are proved, which allows the

developed methods to be applied (under certain conditions) to solve a large-scale

system of linear equations with a Toeplitz or sparse matrix. Moreover, the results

can be used in the theory of coding and information protection.

A field of view π is a rectangle divided into N ¼ mn cells, where m is the

horizontal number of cells (rows) and n is the vertical number of cells (columns).

A set of templates S ¼ {s1, s2, . . ., sp}, where st (t ¼ 1, 2, . . ., p) is a connected
coherent figure made of painted cells. A number from the set Q\{0} ¼ {1, 2, . . .,
K � 1} is assigned to every cell of the template. Figure 7.4 exemplifies the image

created by means of the given set of templates.

Problem statement. Let a set of templates S and a set of colors Q be given and a

color overlapping operation
L

be defined. It is necessary to find a subset S0 � S

7.4 Analysis of Complex Images 241



and to overlap templates from S0 and the field of view so that to obtain an image

b ∈ B, where b ¼ {b1, b2, . . ., bN}, bi ∈ Q\{0} (1 � i � N ).

Let the upper leftmost cell of the template be called its label. Depending on the

position of the template, the latter can be defined by coordinates of its label

(Fig. 7.5).

The simplest templates are one-color, and addition rules are rather simple for

them:modulo 2 arithmetic. A template s is called homeomorphic to unity I(α), where
α is the number of the cell in the field of view, if there exists a solution to the equation

I αð Þ ¼
X
i

si mod 2ð Þ: ð7:3Þ

The template shown in Fig. 7.5 is homeomorphic to unity in the first cell of the

field of view. For the same template, it is possible to find a solution to Eq. 7.3 for

the second cell of the field of view. This means that this template can be used to

create an arbitrary image, using the template obtained in Fig. 7.6, which is isomor-

phic to unity, as an elementary template.

s1 s2 s3 s4

Fig. 7.5 Template and its possible positions

Fig. 7.6 Template homeomorphic to unity I(1)

Fig. 7.4 Image in the field of view and set of templates
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The homeomorphism of an arbitrary template can also be considered for an

arbitrary number of colors. Then Eq. 7.3 should have a solution in the class of

residuals the modulo equal to the number of colors.

A complex image can be composed from elementary images by means of a

component-wise operation, which may be ordinary addition of components or their

disjunction (if components are binary), or some other operation.

Such a concept of pattern recognition is taken from the recent works of

R. Narasimhan and V.A. Kowalewski. G. Donets was the first who formalized the

principles of complex image construction on a rectangular field of view for a given

operation of union (addition) of elementary images. The structural analysis of

discrete image construction on a plane was conducted. As a result, the problem

was reduced to a finite modulo (equal to the number of colors) solution of a system

of linear equations and the question was answered of whether the problem can be

solved for some set of templates.

7.5 Some Important Combinatorial Optimization

Problems

Donets’ and Kolechkina [65] studied another two classes of COP: problem of

optimal combinatorial pattern recognition and extremum problems on combinato-

rial configurations.

The theory of combinatorial pattern recognition considers algorithms for

recognizing properties of individual objects from some set by means of so-called

tests or experiments, which allow a wide interpretation. There are two types of such

problems. One type is the problems that are solved mainly by constructing and

counting certain combinatorial configurations on the set of given numbers. Such

problems arise in lottery, banking, and insurance. The other type is the problems

where it is necessary to identify (with various means such as measuring devices,

chemical reagents, deformations, etc.) specific objects (commodities) from a set of

homogeneous items (commodities). Such problem may arise at customs, at the

checkpoints of various enterprises, and in social sphere. A strong theory was

developed and corresponding formulas were derived for both types of problems.

They are needed for optimal planning of experiments including those involving

material expenses.

Let us consider a typical combinatorial pattern recognition problem (CRP),

which allows a wide interpretation.

Problem 1. Let there be n alternative economic decisions: A ¼ {A1, A2, . . ., An}

among which there are only m (m < n) acceptable ones. There is a mechanism that

allows establishing for each fixed k (k � m) whether a random k-sample of alter-

natives has at least one unacceptable alternative. It is necessary to find k acceptable
alternatives using the minimum number of k-samples.
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The concept of a mechanism that allows working out a required economic

decision as a result of experiment can be interpreted in a wide sense. Here are a

few examples.

Let n switches be independently connected to one bulb. It is known that

m switches are out of order. The test consists in turning on k (1 < k � m) switches
simultaneously. The bulb lights up if at least one of them is in order. It is necessary

to conduct the minimum number of tests to find k defective switches.
Many coin problems can be reduced to Problem 1. The result of one test is the

result of weighing certain combinations of coins in the balance.

Problem 1 may have a specific interpretation in the activity of various

commercial firms such as banks and insurance companies that sell bonds, arrange

lotteries, etc. To avoid bankruptcy, they must be able to solve the following

problem.

Lottery problem. Let a set of natural numbers Nn ¼ {1, 2, . . ., n} be given. The

subset of winning numbersM ¼ {i1, i2, . . ., im}, where m < n, is randomly chosen

from the set Nn. The experiment implies choosing k numbers (k � m) from the set

Nn. It is necessary to find the minimum number of k-samples such that at least one

of them belongs to M.

Any businessman who knows the solution to this problem can avoid troubles.

The examples will allow presenting a new statement of Problem 1.

CRP. Let a set of n numbers X ¼ {x1, x2, . . ., xn} consisting of m ones and n � m
zeros be given. The experiment implies choosing a fixed number k (k � m) of
numbers, whereupon their product becomes known. It is necessary to find

k numbers equal to 1 using the minimum number of trials.

This statement makes it possible to call this problem a combinatorial search

problem as well. The only restriction in the problem is a fixed sample size. The

problem statement can be complicated by increasing the number of given sets, by

changing the order of choosing elements, and so on. All such problems can be

called constrained CRPs.

A strategy of the optimal solution of constrained CRP consists in partitioning the

initial set of numbers into groups such that it is then possible to conduct experi-

ments with each of them by means of k-samples to find the necessary number of

the specified numbers. Thus, the problem solution has the form of a partition

of the initial set of numbers.

In contrast to the considered problems, there is a wide class of problems

conventionally called unconstrained CRPs. Let us give their formal statement.

(Unconstrained) CRP. Let a set of n numbers X ¼ {x1, x2, . . ., xn} consisting of

m ones and n � m zeros be given. The experiment consists in choosing an arbitrary

number k (k � m) of numbers, whereupon their product becomes known. It is

necessary to use the minimum number of tests to find all the numbers that are

equal to 0 (or, which is the same, to 1).

Let us present some practical problems that can be reduced to

unconstrained CRPs.
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The problem on radioactive elements of a set. Let some cargo consisting of n items

pass through customs. It is known that k items (k < n) are radioactive. An arbitrary
subset of items can be chosen to be checked for radioactivity and as a result an

answer will be given whether there is radioactivity in this subset. It is necessary to

conduct the minimum number of trials to detect radioactive elements.

It is obvious that such problem can be easily solved in n trials, by choosing one

element at a time. However, if every check entails certain material expenses, such

an approach is the worst. This especially concerns transportations, where large

specially equipped rooms are needed for the check. Delivery of each cargo element

one by one to these rooms is related to heavy energy consumption and difficult

maneuvering by the tools of delivery (locomotives, tractors, tugs) and, last not least,

is time consuming.

The problem on terrorist detention at international airports can be solved in a

similar way. It is reduced to testing passengers for the presence of explosives or

metallic objects by special detectors. Checking each passenger takes plenty of time

and quite often breaks airport schedules. This problem can be reduced to the

previous one if each passenger obtains a numbered tag and then groups of several

passengers are checked in a specially equipped room.

Thus, an unconstrained CRP can arise in different production systems of check-

passing or searching type regardless of the check method and tools. There are

devices that react on radioactive, highly explosive, or chemical substances and even

distinguish smells and devices that detect defects in goods by influencing them by

ultrasound, gravity loading or tensile strength test, which often results in unforeseen

deformation.

In spite of insignificant difference in statements, constrained and unconstrained

CRPs fundamentally differ in their solution techniques. While it will suffice to

specify the optimal partition of the initial set of elements to solve a constrained

CRP, it is not the case for unconstrained CRP, more exactly, this approach does not

result in optimal solution. The optimal solution can be attained only by changing

the strategy of actions after every check, depending on the obtained result. Thus, the

solution of an unconstrained problem is represented by a logical program of actions

that specifies at each step how many and which elements should be checked up in

the future.

According to the experience in solving unconstrained CRPs, they are consider-

ably more difficult than constrained problems. Their solution involves additionally

the apparatus of the fields in discrete mathematics such as mathematical logic,

number theory, and even graph theory.

It is to a considerable degree the graph-theoretic approach that allowed formal-

izing the statement and simplifying the solution of unconstrained CRPs. In so

doing, the initial set of elements is represented by a complete graph. Then sequen-

tial partition of the set graph edges according to certain rules is made and some

edges are deleted until the graph is completely destroyed. The number of steps in

this procedure determines the optimal number of necessary checks. This method

can be generalized to more difficult pattern recognition problems that arise in

practice, with different variations in the initial data and additional constraints.
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In these cases, the apparatus of graph theory may appear insufficient to solve them,

and hypergraph theory and more powerful methods of combinatorial analysis may

be necessary.

CRP methods can be efficiently applied to elaborate a toolset for economic–

mathematical models, for the combinatorial prediction under risk and imperfect

information, and in complex prediction of economic indicators. It is obvious that to

increase the efficiency of the Ukrainian economy, a purposeful structure-

technological policy should be pursued. Making economic decision on the basis

of solution of corresponding optimization CRP such as Problem 1 seems to be

helpful. But most consequences of changes in the economy and in decision-making

may become apparent only in a long time; therefore, it is necessary to develop and

improve the economic–mathematical modeling along with the use of various

quantitative and qualitative scientific methods.

The modern methodology of economic–mathematical modeling (see Chap. 4) is

a rather developed field of knowledge that investigates preconditions, principles,

structure, logical organization, facilities, and methodology of applying mathemat-

ical methods to analyze and solve problems of functioning, management, and

development of economic systems. Many economic–mathematical modeling prob-

lems reduce to optimization problems on combinatorial configurations such as

permutations, partition, combinations, arrangement, multisets, etc. There are

many various exact and approximate methods to solve these problems. As for

now, such problems are mainly solved by linear programming methods (such as

the Gomory method), which are always nonpolynomial. A new method has been

elaborated at the Glushkov Institute of Cybernetics of the National Academy of

Sciences of Ukraine, namely, the direct structuring method [65]. This method is

similar to the well-known method of successive analysis of variants and is adapted

for combinatorial problems.

It is generally known that solving most problems on combinatorial configura-

tions needs enumerating a great (nearly factorial) number of variants. The directed

structuring method involves the tools of combinatorial analysis and graph theory

and provides the successive implementation of the following three stages: (1) gen-

erating all elements of the given combinatorial configuration in a certain sequence;

(2) constructing an oriented graph on its elements, in which an arc corresponds to

decreasing values of the objective function; (3) constructing a polynomial algo-

rithm to solve the problem on partially ordered vertices of the graph. It is the partial

ordering of vertices that allows reducing the complexity of the algorithms to a

logarithm of the number of all the variants.

This method was applied to solve problems with linear and fractional-linear

objective functions on permutations, partitions, combinations, and arrangements.

The created information technologies proved its efficiency. The studies are still in

progress, aimed at elaborating the corresponding algorithms to solve combinatorial

problems with other objective functions and on other combinatorial configurations.

Many types of combinatorial problems can be described by means of graph

theory. The graphic presentation not only illustrates the problem but makes it

possible to derive new approaches to its solution and obtain better results.
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Let us consider a linear objective function F(x,c) ¼ ∑ n
i¼1cixi, where

x ¼ (x1, x2, . . ., xn) is a permutation of numbers 1, 2, . . ., n, and a permutation

u ¼ (u(1), . . ., u(n)) from a symmetric group of permutations Sn. Assume

F x; c; uð Þ ¼
Xn
i¼1

cixu ið Þ ð7:4Þ

and t ¼ (t(1), . . ., t(n)) ∈ Sn. Denote ct ¼ (ct(1), ct(2), . . ., ct(n)) and xt ¼ (xt(1),
xt(2), . . ., xt(n)). Then F(x, c, u) ¼ F(xt, ct, u0), where u0 ¼ t� 1ut for any u from

Sn. Thus, it is always possible to replace pair (x, c) with pair (xt, ct) in minimizing

the objective function. In particular, it can always be assumed that c1 � c2 � � � �
� cn. Let us consider the construction of a permutation graph A for n ¼ 3 (Fig. 7.7).

In the graph where n ¼ 3, the arc that goes out from permutation pi and comes to

permutation ( pi, pj ∈ N6) can be adequately described by the inequality F(x, c, pi)
	 F(x, c, pj).

Let us now consider the graph where n ¼ 4. Let the set A ¼ {1, 2, 3, 4} be

given. A set of permutations P(A) is created on the basis of the set A. According to

Eq. 7.4, the function F(x) ¼ c1x1 + c2x2 + c3x3 + c4x4 with ordered coefficients

c1 � c2 � c3 � c4 is defined.
The subgraphA shown in Fig. 7.8 can be obtained from the graphA (Fig. 7.7) by

adding digit 4 to each permutation. The subgraph B can be obtained from the graph

A (Fig. 7.8) using one transposition (4, 3). The subgraph C can be obtained from

the subgraph B using transposition (3, 2), and the subgraph D from the subgraph

C using transposition (2, 1).

The maximum and minimum values of the function are uniquely defined for

all the graphs. All the graphs are copies of the graph A and can be placed (Fig. 7.8)

in the same order one under each other. The union of all the subgraphs yields

G ¼ A [ B [ C [ D. The common graph for n ¼ 4 is shown in Fig. 7.8.

These results can also be generalized to the case of n ¼ 5. In so doing, it is

necessary to consider 5! ¼ 120 points for the set of permutations P(A). These
points are located on five hyperplanes of type G (Fig. 7.8) and contain 24 points

each (Fig. 7.9).

A new theoretical approach to solving complex problems of decision-making

(in economics, design of technical equipment and software, various systems, etc.) is

1 2 3

2 1 3 1 3 2

3 2 1

3 1 22 3 1

Fig. 7.7 Structure of the

graph A and values of F(x)
for n ¼ 3
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to describe and solve them with the use of mathematical models and methods that

take into account the multicriteria nature of the problem and different combinatorial

properties of the set of its feasible solutions. Substantial results [105, 135] have

been obtained at the Glushkov Institute of Cybernetics of the National Academy of

Sciences in the analysis of various classes of discrete and multicriteria (vector)

optimization problems and development of efficient methods for their solution.

As is generally known, COP, including multicriteria ones, can be reduced to

integer programming problems. However, such a formulation of these problems

cannot be efficiently used in practice [135]. At the same time, presenting discrete

optimization problems in a combinatorial form allows developing a class of
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Fig. 7.8 Permutation graph

for n ¼ 4
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for n ¼ 4
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combinatorial methods that take into account the specifics of the problem, its

combinatorial properties. Various numerical methods have been elaborated to

solve COP. The most promising methods constitute a separate field of polyhedral

combinatorics. The general idea of these methods consists in establishing a rela-

tionship between extremum combinatorial problems and linear optimization prob-

lems. In so doing, elements of the feasible set are treated as points of a Euclidian

space and the criterion functions and constraints are considered as continuous.

Thus, a problem of finding an extremum of a function on a convex hull of given

points, i.e., on a convex polyhedron, is solved. In fact, an extremum of a linear

function on a polyhedron is attained at one of its vertices that is included into the set

of considered combinatorial elements. The main feature of solving combinatorial

problems under such reduction is that mathematical tools of linear programming

can be efficiently applied.

Multicriteria optimization problems on combinatorial sets require efficient

methods and optimization algorithms to be developed to solve both separate

problems and classes of problems. This fact necessitates studying the specific

features of the above-mentioned optimization problems, which in turn results in

the analysis of the properties of feasible and optimal sets of solutions.

In the analysis of many classes of combinatorial models and development of new

solution techniques, much attention has been paid recently to methods based on the

use of structural properties of combinatorial sets. Using information about the

structure of the convex hull of feasible solutions is the basis in applying many

methods and is currently one of the most efficient approaches to solving COP.

However, solving such kind of problems involves difficulties related to the com-

plexity of the mathematical models, vast volume of information, etc.

Vector discrete optimization problems on combinatorial sets with different

properties of the objectives and constraints are formulated in the monograph

[135]. Optimal solution sets, their structural properties, and approaches of using

these properties to solve multicriteria problems are described. Methods for finding

efficient solutions based on the polyhedral approach to solving vector discrete

optimization problems are proposed and substantiated.

Complex vector problems with linear fractional objectives defined on a combi-

natorial arrangement set was analyzed. The model of multicriteria combinatorial

problem with fractional linear objective functions can be successfully applied to

solve different practical tasks including those that occur in finance: in planning

corporation activity, where it is necessary to minimize the ratio of debt size to the

cost of own funds, maximize the return on investments, maximize output per one

worker; in the management of bank balance categories, where the ratio of risky

investments to the capital is minimized, the ratio of the real capital to necessary one

is maximized, and the ratio of foreign loans to total loans is minimized.
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Chapter 8

Computer Technologies in Medical

and Biological Research

Abstract The chapter highlights interesting results obtained in decoding the

genetic information for models of DNA, proteins, and important processes in

cells of the human body. The symmetry rules are established, and genetic informa-

tion is shown to be encoded based on the optimal Watson–Crick model. The

properties of the symmetry are analyzed for amino acid sequences of proteins

along two opposite strands in genomes of higher organisms. A model is developed

to identify functional regions of genes in DNA based on Markov models with

hidden variables. Methods for modeling of biological processes in cells of living

organisms using the apparatus of active particles for which transformations

of random walk, composition of a complex particle from basic particles, and

disintegration of complex particles are carried out. Intelligent technologies of

telemedicine with the use of electronic medical advice are developed. New inter-

disciplinary research areas of bioecomedicine and digital medicine are considered.

Microelectronic digital medicine devices for early diagnosis of cardiovascular

disease, diabetes, and rehabilitation of patients with motor function disorder are

described. Supersensitive magnetometric systems for research in cardiology

(magnetocardiography) and for the distribution analysis of iron compounds in

biological objects are created based on superconducting quantum interference

device (SQUID). A feature of these SQUID magnetic systems is their noise

immunity, which allows carrying out research in unshielded premises. Magnetocar-

diographic systems were used to develop a new screening information technology

for early diagnosis of heart disease. It was shown for the first time that a harmful

liquid introduced intravenously into a laboratory animal yields iron overload in the

liver. Smart sensors were developed for biomedical purposes. These are noninva-

sive hemoglobin meter, a device for the assessment of the peripheral blood flow, a

pulse wave recording device, gas analyzers, and biosensors based on surface

plasmon resonance.

I.V. Sergienko, Topical Directions of Informatics: In Memory of V. M. Glushkov,
Springer Optimization and Its Applications 78, DOI 10.1007/978-1-4939-0476-1_8,

© Springer Science+Business Media New York 2014
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8.1 The Role of Bioinformatic Methods in Decoding

the Human Genome

Modern bioinformatics appeared at the end of the 1970s with the development of

efficient methods of DNA decoding. The Human Genome Project completed at the

beginning of our century became an important landmark in the establishment and

development of bioinformatics. Exactly since then bioinformatics has already

become not only an auxiliary instrument of biological science. Computer methods

of information analysis, which were used to study entire genomes, became so

important that this research transformed into an independent scientific field.

Genomes contained a large number of genes such that no experimental data was

available about them. Genes that were not studied had to be found in a genome and

their functions had to be predicted. This is supposed to promote finding the most

interesting regions of the genome for further study.

A progress in computer engineering and numerical methods played an important

role in the development of the technology of analysis of genetic information. It is no

wonder that intensive development of bioinformatics coincided in time with the

triumphant march of computer technologies. It confirmed once more that the depth

of scientific knowledge strongly depends on the engineering potential. The origin

and propagation of Internet technologies became another major landmark in the

development of bioinformatics. A great number of different databases and software

are available now on the Internet. Bioinformatics is one of the fields of science that

depends to a great extent on the Internet and successfully develops due to it.

Today scientists are at the initial stage of the use of genetic information for

studying the living matter; however, in the development of bioinformatics methods,

more efficient methods for decoding of biological data hold out a hope of substan-

tial progress in understanding of the structure and mechanisms of functioning and

control of living systems. The development of informatics has added immeasurably

to fundamental knowledge in various fields of science, especially in biology and

medicine, where new pharmaceuticals and therapies for genetic diseases have

already been created. At the same time, considerable part of genetic information

is to be decoded, and new possibilities of using this knowledge for the benefit of

men will be opened by advancing useful and interesting hypotheses.

In 2003 the International Human Genome Project was completed, and the new

ENCODE (Encyclopedia of DNA Elements) project started the same year. Genetic

information about thousands of genomes of different living organisms is currently

obtained. The necessity to analyze very large databases of biological information

necessitated the use of new approaches in informatics such as computer learning

methods based on inductive approach. Its key idea is inductive output of the results

on the basis of available empirical information. There are strong reasons to believe

that it is an inductive approach on the basis of Bayesian procedures that will play an

important role in revealing important mechanisms of living nature, in the subse-

quent development of biology and genetics.
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Beginning with 2003, statistical analysis of genomes of humans, other higher

organisms, plants, bacteria, and viruses was conducted at the Institute of Cyber-

netics in order to discern patterns in encoding of genetic information at the level of

DNA of chromosomes. The symmetry in DNA was the first significant result. New

symmetry correlations are established at the record of nitrogen bases in DNA of a

human and other investigated genomes. They are represented as short formulas,

which considerably simplify the perception of the result and make the basis for

construction of mathematical tools necessary for new achievements [142].

Recall that DNA is a double helix, with information encoded in a four-letter

alphabet of nitrogen bases (nucleotides): adenine (A), cytosine (C), guanine (G),

and thymine (T). It is known that C-G and A-T are complementary base pairs

linking the two chains. In the Watson–Crick model, the bases are encoded from left

to right in one complementary strand and from right to left in the other strand

(Fig. 8.1).

Computer analysis showed that the number of each of the nucleotides calculated

along the first and second chains approximately coincides. Thus, the symmetry with

respect to nucleotides encoded along each DNA strand takes place. This leads to the

important conclusion that the weights of two chains coincide. Moreover, calcula-

tions revealed also that the quantities of each pair of nucleotides along the first

and second chains coincide. The same is true for triplets and even for longer

sequences. Thus, the symmetry takes place for pairs, triplets, and short sequences

of nucleotides.

The symmetry reduction rule was derived. It was mathematically proven that

from the symmetry of sequences of nucleotides, the symmetry of their shorter

sequences follows by induction, for example, the symmetry of pairs follows from

the symmetry of triplets and the symmetry of bases follows from the symmetry

of pairs.

Since the symmetry in nucleotides encoded in DNA was revealed empirically

and there is no explanation of this natural phenomenon, it was important to find a

mathematical model that would confirm the reverse principle of symmetry increase.

Markov chain was such a model. Its application has shown that the symmetry for

triplets, quads, and other short sequences of nucleotides follows from the symmetry

of nucleotides and symmetry of their pairs.

Note that the symmetry of nucleotides and the symmetry rules can hold also if both

complementary DNA strands are encoded in the same directions. However, such a

model is not implemented in living organisms. Thereby, the model with identical

directions of both DNA strands was compared to the Watson–Crick model with

respect to the number of constraints in encoded words of certain length, which consist

of nucleotides. It turned out that for short words, the number of constraints for the

Watson–Crick model is less than for the model with identical directions of chains.

5′ AC GT 3′

3′ TG GA 5′

first strand

second strand

Fig. 8.1 Watson–Crick

model
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Therefore, genetic information in living nature is encoded based on the optimal

Watson–Crick model.

Another phenomenon is the symmetry found in proteins that are synthesized

along DNA strands.

All the information about the structure of proteins in an organism is known to be

found in region of DNA called genes. An amino acid that is a part of a protein is

encoded by a сodon, i.e., a sequence of three nucleotides. More than one codon

usually corresponds to each of 20 amino acids found in proteins. Three codons

(TAA, TAG, and TGA) do not encode amino acids and mark the place where

protein synthesis stops.

Since nucleotide sequences in DNA encode all proteins of the organism, the

presence of symmetry with respect to nucleotides should undoubtedly affect

the patterns in protein structure. However, for higher organisms such as higher

plants and animals, the transition from the analysis of sequences of nucleotides in

DNA to the analysis of protein amino acid sequences is complicated by the

presence of noncoding DNA regions. Only a small part of a gene (exons) is used

to encode proteins, and genes have a complex structure that includes introns not

used for encoding. Therefore, the most suitable object for the analysis of symmetry

in proteins is bacteria. Its gene has a relatively simple structure and contains no

introns.

On the assumption that protein-encoding regions occupy a large portion of the

DNA sequence, the symmetry with respect to individual amino acids and their

sequences follows from the symmetry for nucleotide triplets. The genetic sequences

of bacteria and round worm C. elegans from the NCBI data bank were used to

verify the symmetry hypotheses. To evaluate the accuracy of the implementation of

the hypotheses, the absolute and relative differences between the number of indi-

vidual amino acids and their pairs encoded along each DNA strand were calculated.

Numerical calculations showed that the symmetry along individual amino acids and

their pair was executed with several percent accuracy [143]. One of the reasons that

explains the existence of the symmetry is that all of the biochemical reactions in a

cell take place at a certain concentration of amino acids and other substances in the

solution, and it is symmetry that provides similar conditions for the synthesis of

proteins located on different DNA strands. The absence of symmetry in DNA and

proteins, in our opinion, would make it impossible to obtain regular estimates of

transition probabilities in amino acid sequences of proteins; therefore, efficient

Bayesian procedures on Markov chains could not be used to predict the spatial

structure of proteins [54].

Checking the symmetry of amino acids for more complex organisms, including

humans, and revealing the causes of the symmetry and the role it plays in the

structure of proteins are promising fields for further research.

Revealing the features of the genome structure of living organisms and first of all

human beings is a fundamental problem. Its solution will lead to far-reaching

changes in many fields of biological science and medicine. Nowadays, almost all

methods of the investigation of genome structure use mathematical statistics and

computer training, often in the form of Markov chains and models. In particular,
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they are used to determine the location of genes in DNA as well as their structure.

Preference is given to generalized hidden Markov models (GHMM), where indi-

vidual hidden states are associated with gene regions of variable length (e.g., entire

introns or exons).

Regions of DNA associated with genes of higher organisms are known to have

rather complex structure (Fig. 8.2). The main components of genes are as follows:

• Initial (50 UTR) and final (30 UTR) noncoding regions (these regions are not used
directly for protein encoding but may affect it)

• Exons, which are DNA regions that directly code protein amino acid sequence

• Introns, which are DNA regions located between exons and not participating in

the synthesis of protein

The synthesis of proteins takes place in several stages: (1) an RNA molecule is

formed, which is a copy of a gene; (2) introns are cutout from this RNA as a result

of so-called splicing, and all the exons are united in a so-called matrix RNA

(mRNA); and (3) a sequence of amino acids of proteins is formed with the use

of a universal genetic code, which associates certain amino acid with each triplet of

nucleotides in the mRNK, except for the initial and final parts of the latter.

Employees of the Institute of Cybernetics, under the leadership of A.M. Gupal,

corresponding member of NASU, have developed simple and efficient computa-

tional procedures, where hidden variables in Markov models are associated with

gene regions of small fixed length [144]. Each hidden variable is defined by an

observed sequence of nucleotides of constant length and by hidden states, which

indicate whether the nucleotides belong to exons or to introns. The following

problem was solved: determine the division into exons and introns of a sequence

of nucleotides located between the initial and final noncoding regions of a gene, i.e.,

for each nucleotide from a specified sequence, determine whether it is an exon or an

intron. The dependence of the hidden variable on a fixed number of the previous

hidden variables was also taken into account.

To test the efficiency of the proposed procedures, which use hidden Markov

models, we analyzed the genomes of three organisms: roundworm Caenorhabditis
elegans, Arabidopsis thaliana plant, and Melanogaster melanogaster fruit flies

from the NCBI data bank. Testing of these genomes has confirmed the high quality

of the procedure: the number of exons and introns correctly selected by the

procedure amounted to 80 %.

Protein coding sequence

Splicing

5′ UTR Exon 1 Intron 1 Exon 2 Exon n 3′ UTRIntron n − 1

5′ UTR Exon 1 Exon 2 Exon n 3′ UTR

Fig. 8.2 Gene structure in DNA and in matrix RNA
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Creating the mathematical model of a cell that contains information about

genetic networks and describes intercellular processes will play a crucial role in

the further development of biology and medicine. Living organisms are either

single cells or multicellular formations. Any cell contains proteins of different

types: enzymes, which act as catalysts for various metabolic processes; structural

proteins, which are building material of the cell; antibodies of the immune system,

hormones, etc. Proteins are complex, highly molecular compounds with a wide

range of chemical and physical characteristics. The lifetime of most proteins in

living nature is about several days. They are built from amino acids of 20 types

and are chains of length from several dozens to several thousands of amino acids.

As a result of internal interactions between amino acids of the protein chain and

interactions with molecules of the environment, a stable three-dimensional protein

structure is formed, which is considered to determine its functions in the cell. Due to

the complexity of their functions, proteins are compared with molecular machines

or mechanisms. Proteins and RNA molecules are the regulators of intracellular

reactions. They control all the processes occurring in a cell. Such a system of

regulation makes cellular processes extremely stable. As for today, a significant

collection of experimental data concerning intracellular processes is obtained.

Under the guidance of A.M. Gupal, methods were developed for the mathe-

matical modeling of biological processes in cells of living organisms using a set of

locally interacting particles that have internal structure [10]. The modeling envi-

ronment implemented in Java as a class library allows flexible overriding of the

types of particles and related interaction. This modeling environment provides

the use of the general scheme of system dynamics, according to which transitions

between system states are carried out using active particles. As a mathematical

model, a Markov model is considered: the configuration of particles is defined by

the Gibbs distributions. In this case, the Markov property is satisfied, according to

which the probability of a particle appearing at a particular position depends only

on the neighboring particles and does not depend on all the remaining parts of the

configuration.

It is assumed that particles can form (by collecting) complex structures in the

form of binary trees and at the same time complex particles may disintegrate. The

particles are active, due to which a finite number of local alterations of their

configurations are carried out. These changes include identical transformation,

random walk, collection of a complex particle from base particles, and disintegra-

tion of a complex particle.

The dynamics of the modeled system is implemented by an algorithmically

randomized procedure, which carries out the abovementioned transformations

and is based on Monte Carlo methods and Markov chain models. Computer

modeling showed that after some time of operation, the model of the system

under study achieves an equilibrium where processes of particle creation and

disintegration are counterbalanced. It turned out that theoretical results that follow

from the ergodic properties of Markov chain models confirm the results of

computer modeling.
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Modern methods of crystallography allow establishing experimentally the

protein structure and even finding the coordinates of all its atoms. However, a

reliable method to predict protein functions based on its structure has not been

found yet. The main difficulty is that implementing the protein functions are

accompanied by a cascade of internal structural transformations, which are difficult

to examine experimentally.

It is proposed to model processes of protein creation by locally interactive

particles and to set the relations algorithmically. Such an approach allows analyzing

intercellular processes without regard for the nature of protein interactions.

Additional possibilities for modeling of intracellular processes are provided due

to the use of potentials, which allow defining the probability of different configu-

rations of particles.

Methods of modeling of intracellular processes controlled by proteins are

implemented as a software environment for the Java language. The developed

tools were used to analyze the process of formation of hydrophobic kernel of a

protein globule in water.

Prospects for research. Almost all human diseases are known to be genetic; they

are associated with changes of nucleotide composition in certain genes. Modern

databases contain information about tens of thousands of genetic diseases.

For example, mutations in a gene, which is located on chromosome 4, cause a

severe neurological Huntington’s disease and lack of this gene causes Wolf–

Hirschhorn’s syndrome. These mutations are associated with a large number

(over 40) of duplicate CAG nucleotide triplets. Some diseases, such as

Alzheimer’s disease, are characterized by the presence of certain copies of several

genes. There are diseases that are caused by changes in dozens of genes.

Beginning of the project on decoding the genomes of one million of people in the

nearest 5 years is announced in the USA. English physicians declared that the

genomes of all their patients will be decrypted. The Beijing Institute of Genetics

plans to decrypt 15,000 of human genomes per year. The obtained information will

be used for early diagnostics, primarily cancer.

The main current task the world scientific community faces is determining of

genetic propensities to complicated systemic diseases such as cardiovascular dis-

ease, cancer, diabetes, and schizophrenia. For each disease there is a specific set of

genes, where perturbations increase the risk of occurrence and development of the

disease. Mass DNA sequencing in patients and healthy people will identify all of

the genes associated with specific diseases. It is necessary to develop efficient

computer techniques for the diagnosis of genetic diseases; the methods should be

universal and the possibilities of their application should not depend on the specific

changes in the genes. In our opinion, Bayesian recognition procedures on Markov

chains possess such properties. These procedures have already proved their effec-

tiveness in the prediction of the spatial structure of proteins and recognition of

encoding and noncoding fragments of genes.
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8.2 Trends in the Modern Development of Biological

and Medical Cybernetics

Biological and medical cybernetics as research fields in cybernetics originated in

Ukraine in the early 1960s. Noteworthy is that Ukraine pioneered in these fields.

The outstanding Ukrainian scientists V.M. Glushkov and N.M. Amosov conducted

pioneer research in biological and medical cybernetics. An outstanding surgeon

Amosov was interested not only in medical problems but also in a human as a

whole. This system-wide approach to the study of human nature was reflected in the

academic fields initiated by Amosov in cybernetics. These are modeling of phys-

iological functions of human body (physiological biocybernetics), modeling of

human mental functions (psychological biocybernetics), and modeling of a

human as a social being (sociological biocybernetics). The Ukrainian school of

biological and medical cybernetics and informatics was created, which gained wide

recognition both in Ukraine and abroad. The success of this school is also mainly

due to the studies by Yu.G. Antomonov and his followers. They defined biological

and medical cybernetics and computer science as cybernetics research fields,

determined the components of biological and medical cybernetics, and substanti-

ated the principles of acquiring new knowledge in biology and medicine with the

use of mathematical models of different complexity.

A considerable progress in the development of biological and medical

cybernetics and informatics has been achieved over the last decade. It is mainly

based on the results of scientific research and practical developments obtained at

the International Research and Training Center of Information Technologies and

Systems of the National Academy of Sciences of Ukraine and Ministry of Educa-

tion and Science, Youth and Sport (MESYS) of Ukraine. The decade from 2000 to

2010 can be called digital because digital information technologies have become a

major driving force of science during these years. A new phase in the introduction

of information technologies in biomedicine began at this period in Ukraine. This

required understanding of the need for the synthesis of a global medical information

space; development of methodological approaches for telemedicine, intelligent

information technologies, and electronic medical advisory service; and formation

of new interdisciplinary research fields such as bioecomedicine and digital medi-

cine. We will dwell on the problems faced by scientists.

Telemedicine technologies. During the last 10 years, the methodological principles

are being developed for the application of telemedicine technologies in distant

medical advice and their introduction into public health practice. The current

development of telemedicine is characterized by the transition from mostly theo-

retical to practical implementation of the achievements in health care. One of such

developments is online medical advice, which is aimed at primary diagnostics and

premedical consultation via Internet [86]. Telemedicine covers medical knowledge

gained through any communication channels, including telecommunications,

with the purpose of diagnostic, prevention, treatment, and rehabilitation [81].
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It is believed that telemedicine is the use of telecommunications and computer

technologies combined with the experience of health professionals to provide

remote health care. The efficiency of telemedicine depends on how successfully,

on the one hand, purely technical problems and, on the other hand, problems

associated with the human factor are solved. An approach to solving these problems

is to create an integrated medical information space as a collective intelligence. It is

intended to make the experience of highly qualified medical experts available for

the common use.

Information index of human health. Amosov believed that developing a quantitative

measure of health was important. He wrote that defining health only as a set of

normal indices was insufficient, and real scientific approach to health should be

quantitative [2]. The current idea of a healthy person is closely associated with a

harmonious, all-round person. At the current stage of the analysis of this problem,

one should use the idea of health as an integral system that is aimed at performing

the basic function of the organism and life in society. A healthy person is that who is

able to adequately react and adapt to constantly varying ecological, biological, and

social conditions and capable to moral self-improvement and maintain high

personal performance [81]. Further effective resolution of the health problem is

based on new approaches to its study, among which the application of information

technologies takes a special place.

In the era of globalization, man and his health are subject to the research in a

wide range of scientific disciplines. Health is considered as a complex information

system of biological, psychological, and social nature, which has at least five

hierarchical levels: (1) individual integral health, (2) health statuses (physical,

mental, social), (3) individual components of health statuses, (4) constituents of

the components, and (5) individual indications of all health components. The

information aspect of the health problem allows representing health as a complex

system and synthesizing a hierarchical system of information assessments of health

in general, with respect to individual statuses, components, constituents, and

indicators, and providing the information estimates with verbal and qualitative

sense. The developed information technology for testing and standardized unifica-

tion of various information allowed formalizing the input information at all the

hierarchy levels and operating in a global information space. This made it possible

to synthesize a quantitative information measure of integral health, the so-called

health index, as a linearly weighted sum of estimates for all hierarchy levels of

the health structure. A computer program for online instant diagnosis based on the

health index is implemented.

Noteworthy is that the information quantitative health index is mainly health

oriented in contrast to disease-oriented modern medicine. Using the health index

in monitoring and screening for a large group of population allows classifying

individuals into two groups: apparently healthy and those who require medical

examination. Health index allows more accurate identification of target groups for

the formation of systems of recreational rehabilitation.
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Bioecomedicine. People live in the natural, spiritual, and informational environ-

ments. Global environmental pollution, “pollution” of the internal information field

of a human by mass media, and the influence of many other factors adversely affect

both the human body and the environment. The need for generalization and

systematization of the modern ideas about human health led to the formation of

bioecomedicine as a new interdisciplinary scientific direction. It purposefully

synthesizes information from the subject areas of biology, ecology, and medicine

and transforms them into a system of knowledge aimed at solving problems related

to human health and the formation of his harmoniously developed personality in the

environment, including information environment [52]. Unlike the complex

approach, which can be considered multidisciplinary, the interdisciplinary scientific

field of research does not just accumulate knowledge from different subject areas

but synthesizes an integrated wholeness with its inherent characteristics. This

implies establishing a relationship among different properties of the object studied

in various scientific disciplines with their specific subjects, methods, and

approaches to research. Establishing the relationship allows formulating a qualita-

tively new systematic knowledge about an object or a phenomenon. Thus, inter-

disciplinary research implies not solving specific issues but bringing the systematic

approach to the complex problem under study by generalizing the information

fields of knowledge from different subject areas. The interdisciplinary research

vector is directed from differentiation to integration, from multidisciplinary to

unity. It is interdisciplinary approach that defines the vector of the future develop-

ment of biological and medical cybernetics and informatics, which is aimed at

obtaining new knowledge. It is clear that efficient solution of complex and

multidimensional bioecomedical problems is possible through the use of intelligent

information technologies (IIT), which model conscious actions of a human who

uses his intelligence to solve certain problems [53].

Bioecomedicine as a field of practical activity will allow forming a new (distinct

from purely medical) idea about health and the causes of a disease and creating

optimal technologies to support and expand the concept of human health, including

through the improvement of all kinds of ecological environment.

Digital medicine and its information technology content. All the history of biolog-

ical and medical cybernetics allowed conducting a research that led to the creation

of so-called digital medicine. It involves the digitization of medical care and

diagnostic, preventive, curative, rehabilitative, and consultative assistance to pop-

ulation provided by various public health institutions at home or elsewhere, directly

or virtually, or using portable electronic devices that form an intelligent mobile

environment and are based on new IIT for processing and transmission of complex

physiological signals.

The health of population in Ukraine can significantly be improved by creating

and implementing modern digital medicine that can be used not only in clinics but

also by average citizens at home under the supervision of family physicians.

Medical IIT have been first created at the International Research and Training

Center of Information Technologies and Systems of the National Academy of
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Science of Ukraine and MESYS of Ukraine. They are aimed at reducing losses from

socially significant diseases and can be used in cardiology, neurology, and endo-

crinology. Among them are:

• IIT assessment of the cardiovascular system. This technology is based on the

analysis of a cardiographic signal in the phase space intended to detect early

signs of coronary heart disease that cannot be identified by traditional

methods [159].

• IIT for training and restoring motor functions. This technology uses the program

and threshold electrical stimulation of muscles and biofeedback, which are based

on a special method of processing electromyographic signals to create an

“electromyographic image.” It is perceived as visual and auditory formal “infor-

mation patterns” of a movement. The technology allows complex activation and

normalization of brain activity associated with muscle movements [26].

• IIT for the early diagnosis of the carbohydrate metabolism system. This

technology meets the new concept of health care associated with the implemen-

tation of personalized medicine. It is based on the image of prognostic individual

glycemic profile as core information to develop new system information tech-

nologies for personal monitoring, diagnosis, and prognosis of a patient’s carbo-

hydrate metabolism system [102].

• IIT for maintaining diabetological data- and knowledge bases. The technology is

based on additive data storage and synthesis of specialized databases supported

by relational modeling. It supports decision making on a phenotype- and

activity-oriented diet and insulin dose.

The aforementioned IIT underlie national competitive microelectronic devices

for digital medicine such as FAZAGRAF, TRENAR, and DIABET PLUS intended

for early diagnosis of cardiovascular diseases and diabetes as well as rehabilitation

of patients with motor function disorder.

FAZAGRAF is a device that implements a computer technology to assess the

functional state of the cardiovascular system. This technology involves the analysis

of electrocardiograms in the phase space. This portable electronic device uses finger

electrodes to detect early signs of coronary heart disease, which are overlooked by

the traditional methods.

TRENAR-1 and TRENAR-2 are autonomous personalized devices for electrother-

apy and biological training to train human movements by executing various artificial

and natural programs according to various modes of training. These devices allow

working out forced movements by executing artificial stimulation programs as well as

programs based on the contraction of own healthy muscles or the instructor’s muscles

online by using an electrostimulation software. TRENAR-1 allows training your

muscles by the original method of copying healthy muscles’ activity or copying the

activity of the muscles that are being trained. TRENAR-2 offers:

• To train arbitrarily forced movements by executing artificial electrostimulation

programs that are started up by the patient’s minimal arbitrary movements

according to threshold (trigger) stimulation
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• To train arbitrary movements according to the method of biological training with

visual and auditory control

The functions of the device TRENAR-2 are extended with a built-in function

module for pulse rate monitoring during exercise movements.

Application of stand-alone portable devices such as TRENAR to provide

individualized rehabilitation and training services, including at home, extends the

capabilities of practical medicine and allows cancelling expensive rehabilitation

services at the hospital and continuing the treatment at home.

TRENAR-like devices can be used not only to restore motor functions but also to

maintain the tone, endurance, and high performance of muscles in apparently

healthy people and athletes.

DIABET PLUS high-tech portable electronic device enables self-monitoring

and maintaining the glycemic status of diabetic patients in compensated state. This

device has two components:

• “Energy balance” module that supports decision making on phenotype- and

activity-oriented diet and insulin dose

• “Diabetes + diagnosis” module intended to detect early disorders of the regula-

tion system, which is responsible for the carbohydrate status of the organism

Broad functionality and a variety of diagnostic and control software make the

electronic devices easy to use in hospital, on outpatient basis, or at home.

8.3 Information Measuring Systems and Intelligent

Sensors for Medical and Biological Studies

and Diagnostics

December 2011 was the 50th anniversary of the first (in the Soviet Union)

semiconductor electronic computing machine Dnipro developed under Glushkov’s

supervision. At the time it was a “state-of-the-art” computer housing in many

cabinets. The performance of modern microprocessors measuring less than a square

centimeter in size leaves no chance to the Dnipro. For example, their memory is

256 kB against 1.5 kB, and their frequency is 20 GHz against 15 kHz. The capacity

of an ordinary USB drive is millions of times higher than the Dnipro’s memory. The

progress is unbelievable, but unfortunately it has passed by our computer technol-

ogies, and we now use mostly foreign computers and computer components.

However, the Glushkov Institute of Cybernetics has not avoided the global

evolution of microelectronics, optoelectronics, and computer science. This made

it possible to develop intelligent sensors of new generation. They are small, very

sensitive, and capable of operating with animate beings.

Such a sensor has one or several microprocessors, each having a computer

output. This allows the sensor not only to receive signals but also to do a compre-

hensive signal processing and to produce results in user-friendly form.
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Within the framework of the program of the National Academy of Sciences

“Sensor Systems for Medical, Environmental, and Industrial Purposes” supervised

by Academician G.V. El’skaya and funded by three STCU projects, the Institute of

Cybernetics has developed, under the guidance of I.D. Voitovich, several modifi-

cations of such sensors, obtained a number of patents, and published three

monographs.

Figures 8.3, 8.4, 8.5, 8.6, 8.7, and 8.8 show some of the developments to be

discussed below in more detail.

One is a magnetocardiograph (MCG). It is not just a sensor. Rather, it is a very

comprehensive system using supersensitive sensory devices (SQUIDs) operating in

liquid helium (�270 �С).
Regardless of the fundamental achievements in studying the development of

cardiac pathologies and the abundance of medicines, cardiac diseases are still the

primary cause of death all over the world. The prescription of modern medicines is

required to follow a client-centered approach. It is necessary to choose a medicine

or a combination of medicines that is the most efficient for the patient. It is obvious

that individual treatment can be chosen, and its efficiency can be assessed only after

several highly informative noninvasive diagnostic examinations with high repeat-

ability of results. We believe that magnetocardiography best answers this purpose,

because by recording and processing magnetic signals over the thorax, MCG can

analyze the changes of the electrophysiological substrate caused by diseases and

medical treatment.

Fig. 8.3 Magnetocardiograph
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Glushkov incidentally took a great interest in the supersensitive biomagnetic

research initiated by the Institute of Cybernetics. It was him who initiated the

examination of magnetic fields from the people with psychic abilities. Such exam-

inations were accomplished at the Institute of Cybernetics, and their results were

published.

Nowadays there are many laboratories in the world conducting biomagnetic

studies with supersensitive SQUID magnetometric systems. To alleviate the impact

of the persistent noise that is many thousands of times greater than the useful signal,

foreign laboratories use such systems along with expensive shielded chambers.

Fig. 8.5 Noninvasive

hemoglobin meter

Fig. 8.4 System to introduce magnetic nanoparticles
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That was the reason why the wide implementation of magnetocardiography in

Ukrainian clinical practice was hindered for several years. Our efforts, therefore,

were to develop an MCG system capable of operating in an ordinary hospital

without a shielded chamber and in the noise environment of an industrial city.

The operation of the developed MCG system at the M.D. Strazhesko Cardiology

Institute and the examination of hundreds of patients resulted in significant expe-

rience that enabled a major upgrade of the system. The new model of the MCG

system installed at the Defense Ministry Central Hospital features unique technical

solutions and optimized magnetic mapping procedure, which has became more

user-friendly, reliable, precise, and noise immune.

Fig. 8.7 Gas analyzers

Fig. 8.6 Device for noninvasive assessment of peripheral blood flow
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In cooperation with medical doctors, we use these twoMCG systems to study the

possibilities of combining the early high-sensitive instrumental diagnostics of

health problems and the effective medicament prophylactics of cardiac diseases.

We developed such an MCG information technology that can analyze the

condition of electrophysiology of myocardium and further formulate special indi-

cators and markers enabling the identification of heart diseases at a very early stage,

including ischemias, as well as analyzing the mechanisms of ventricular arrhyth-

mias, which can be used in the future to stratify risks of heart failures.

By examining the dynamics of shifts and locations of an electric activity source

within myocardium by means of magnetic mapping, clinical specialists can identify

in which case such shifts can be considered as either adaptive mechanism being

activated or a pathological process being revealed.

The studies we carried out in magnetocardiography were recognized by a

magazine published by the innovation society of the University of Oxford. The

MCG system was exhibited at the international medical fair MEDICA in Germany

in 2010 and also in Hannover, Germany, in 2011. The results of the latest

magnetocardiographic examinations conducted by the Institute of Cybernetics

together with the M.D. Strazhesko Cardiology Institute were published in several

foreign magazines and in many issues of the Ukrainian Journal of Cardiology.

We are proud of the fact that Academician of the Ukrainian National Academy of

Medical Sciences V. Kovalenko stated in one of his latest papers in Health of Ukraine

magazine: “We take our special pride in developing a new diagnostic technique—

magnetocardiography—in cooperation with the Institute of Cybernetics.”

The developers of magnetocardiography were awarded the State Prize in

Science and Technology in 2007.

Oncology diseases are one of the primary causes of death all over the world.

Cases of malignant tumor in Ukraine are growing in number as radioactive and

other cancerogenic substances are polluting the environment. However, existing

antitumor medications are highly toxic for normal cells and have other drawbacks.

Fig. 8.8 SPR biosensor
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Therefore, it was an urgent task to develop a system that would deliver medications

directly to the tumor zone and hold such medications there as long as needed.

The idea is to immobilize medications on magnetic nanoparticles being injected

into a body and concentrate them in a given area by means of high-gradient

magnetic field. Figure 8.4 shows a system intended to examine the distribution of

magnetic nanoparticles in biological objects.

The supersensitive SQUID magnetometric system, whose development was

funded by the STCU, is capable of visualizing the passing of magnetic

nanoparticles and their distribution in the animal under examination. Experiments

showed that SQUID magnetometry can do noninvasive monitoring of magnetic

nanoparticles in rabbits. It was found that the system is capable of detecting

magnetic nanoparticles in the concentration range up to 0.1 mg. The concentration

areas correspond to the rabbit’s organs, whereas the application of a constant

magnetic field causes magnetic nanoparticles to accumulate in the target organ.

Together with the National Cancer Institute, we recorded and analyzed weak

magnetic fields generated by iron nanoparticles introduced in biological models

(mice) and determined the attainable sensitivity of the system that was sufficient for

further experiments on mice with cancer tumors.

Our joint studies with the Institute for Occupational Health of the Academy of

Medical Sciences of Ukraine used the developed system for the noninvasive

determination of the iron content in the liver caused by some occupations, air, or

environment pollutions. In cooperation with the Institute for Occupational Health, it

was found, for the first time, that after a harmful liquid (lead acetate solution) is

introduced intravenously into a laboratory animal (a rat), the mechanism of iron

metabolism fails, which results in iron overload in the liver. Thus, the iron excess in

the liver of a human or an animal can easily be identified with the developed

technology and can be used as a marker of adverse environmental impacts,

low-quality food products, and damaging labor conditions.

Another device (Fig. 8.5) is a noninvasive hemoglobin meter. It measures

general hemoglobin concentrations without taking blood samples. The device can

also noninvasively measure the blood saturation level, which is necessary to

diagnose and treat traumas, burns, tumors, erysipelatous inflammation, and other

skin diseases.

The operating principle of the device is based on the ratio between hemoglobin

absorbing radiation and radiation wavelength. A two-channel optoelectronic system

with wavelengths of 523 and 850 nm is used. The device was demonstrated at

numerous exhibitions, and it was the only noninvasive device among those

exhibited.

The device has been tested for about 2 years at the Chernihiv Radiation Protec-

tion and Public Rehabilitation Center, which gave the following feedback:

“Portable device for non-invasive measurement of hemoglobin concentration and

blood saturation of biological tissue has good prospects to be applied in practical

medicine for screening examination of rural people to diagnose at an early stage

anemic conditions and further diagnosing accompanying pathologies, including

oncology. Considering positive outcomes of prior medical tests of the device and

8.3 Information Measuring Systems and Intelligent Sensors for Medical. . . 267



social significance of the above problem it is intended to resolve, further studies in

that direction have good prospects.” License agreement was concluded with

company Rost to launch serial production of the device.

The forthcoming development that we are going to present is dedicated to the

noninvasive examination of the peripheral blood flow. Sugar diabetes is known to

be third among the causes of death after cardiac and oncology diseases. Affected

blood vessels and blood circulation failures are its gravest consequences. For that

reason, techniques for examining blood flow and identifying its stability reserves

under pressure became of vital importance. The microcirculatory blood flow, which

is the first to react to possible failures, requires special attention. Its condition

allows assessing the level of threat and applying precautionary measures, monitor-

ing efficiency of treatment, and assessing the reserves of the body.

The Institute of Cybernetics developed the device for a noninvasive assessment

of the peripheral blood flow. The operation of the device is based on the unique

capability of hemoglobin to absorb light energy of certain wavelength. Owing to a

computer control and processing of the measurement data, it is possible to assess

the parameters of hemodynamics and visualize them in real time in graphic

and digital form. We are talking about the identification of the elasticity of

microvessels; assessment of blood filling dynamics under the programmed change

of external conditions, including the change in transmural pressure, about the

measurement of the initial speed of blood flow restoration; and evaluation of

the time of complete blood flow restoration.

The device was successfully tested at the Institute for Occupational Health

(Fig. 8.6 shows the results) and V.P. Komisarenko Institute for Endocrinology

and Metabolism of the Academy of Medical Sciences of Ukraine. It has been

patented in Ukraine. Working on the device encouraged researchers to develop an

innovative device for pulse diagnostics that could be helpful in assessing the

psychophysiological condition of people working in difficult ergonomic environ-

ment and in identifying the signs of pathologies and controlling the patient’s

condition.

Moving from the mouth of the aorta to the periphery, a pulse wave is somewhat

distorted. It overlaps with oscillations of various frequencies and reflected waves.

An analysis of these processes prompted the design of a sensor and measurement

technique. As a result, a prototype was developed that can receive data on the nature

and parameters of the digital pulse wave in different parts of the body. The shape of

a pulse wave is visualized, which can be critical for diagnostics.

Figure 8.7 shows gas analyzers. Some of them analyze human breath. It is

natural that a healthy individual’s breath consists of oxygen and carbon dioxide.

Certain metabolic disorders or pathology in organism, hard physical work are

immediately bringing about shifts in ratios of these gases in breath. Certain diseases

cause human breath to contain so-called marker gases such as acetone (diabetes),

ammonia (gastric), nitric oxide (bronchial asthma), etc.

Prior noninvasive medical diagnostics of breath has progressed significantly

over the last years when there appeared more sensitive, selective, and inexpensive
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sensors along with the new microelectronic basis and intelligent technologies of

data processing and analysis.

The last device shown in Fig. 8.8 is SPR biosensor. Its operating principle is

based on the phenomenon of surface plasmon resonance. It is thus super sensitive to

various biochemical processes. Such devices will enable routine mass control of

food products and environment to identify harmful substances, pathogens, etc. By

changing sensor chip and adjusting microprocessor’s software, such biosensor can

be quickly adapted to identify retroviral infections, hepatitis, and other diseases;

detect hazardous contaminants in food products such as salmonella or traces of

antibiotics or antibodies in milk; detect leukemia in cows; monitor gaseous

media, etc.

SPR biosensors have good potential in pharmaceutics. Their advantages are high

speed of testing and real-time analysis of biomolecular reactions. Numerous foreign

pharmaceutical firms are equipped with SPR biosensors used to detect certain

substances and to develop medicines.

Unlike the well-known designs, our biosensor is completely lacking moving

parts. Therefore, being reliable and portable, it will be able to operate in the field.

Production of plasmon-carrying metal films is an important prerequisite for the

deployment of SPR sensors. Typically, such films are made of gold, which does not

have sufficient adhesion. We resolved this problem by using other metals and

multilayer thin-film structures and innovative technologies.
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Biography of Victor Mikhailovich Glushkov

Victor Mikhailovich Glushkov was born on August 24, 1923, in Rostov-on-Don.

In 1941, he graduated from high school with a gold medal. He received his higher

mathematical education in Novocherkassk Polytechnic Institute and Rostov State

University. After graduating from the University, he was a lecturer at the Ural State

Forest Engineering University.

In 1951, V.M. Glushkov defended his candidate thesis, and, in December 1955,

he defended his doctoral thesis at the Lomonosov Moscow State University.

In August 1956, V.M. Glushkov became the head of the Laboratory of Computer

Engineering at the Institute of Mathematics of the Academy of Sciences of the

Ukrainian SSR in which the first computer in the continental Europe was created in

1951 under the direction of Sergei Alekseyevich Lebedev and was called a Small

Electronic Calculating Machine (MESM in Russian). In 1957, the laboratory was

reorganized into the Computer Center of AS of UkrSSR.

In 1961, V.M. Glushkov was elected a full member of the Academy of Sciences

of Ukraine, and, in 1962, he became a vice-president of the Ukrainian Academy of

Sciences.

In 1961, the Institute of Cybernetics was created on the basis of the Computer

Center of AS of UkrSSR and was headed by Victor Mikhailovich.

I.V. Sergienko, Topical Directions of Informatics: In Memory of V. M. Glushkov,
Springer Optimization and Its Applications 78, DOI 10.1007/978-1-4939-0476-1,

© Springer Science+Business Media New York 2014
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Over the two further decades, Victor Mikhailovich was at the head of the

Institute of Cybernetics that now bears his name. During these years, the Institute

has turned into a large scientific and technical complex that occupies established

scientific positions in a number of directions of informatics and computer

engineering.

In 1964, V.M. Glushkov was elected an academician of AS of UkrSSR.

V.M. Glushkov is an eminent scientist of the twentieth century, the author of

fundamental works in the fields of cybernetics, mathematics, and computer engi-

neering, initiator and organizer of implementing large research programs of crea-

tion of software–hardware systems designed for the informatization of economic

and defense activities of the country. His name is associated with the time of the

flowering of these scientific directions in Ukraine. He headed the development of a

whole series of computers of different classes, a number of specialized minicom-

puters, and the supercomputers ES 2701 and ES 1766 with macroconveyor archi-

tecture. He published more than 800 scientific works including 30 monographs.

Victor Mikhailovich Glushkov departed this life in January 1982. His life is a

remarkable feat of a scientist for the sake of the advancement of science.
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