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METHOD OF SEMANTIC APPLICATION VERIFICATION
IN GPGPU TECHNOLOGY

S.L. KRYVYIL, S.D. POGORILYY, M.S. SLYNKO, A.A. KRAMOV

Abstract. An application development and verification method for massively paral-
lel systems using NVIDIA GPUs is proposed. The method allows creating models at
different levels of abstraction using the apparatus of marked transition systems. The
compositions (product) of such systems are transformed into a Petri net, which are
then analyzed by appropriate means. The proposed method allows specifying model
properties by temporal logic formulas. This allows studying the properties of mas-
sively parallel systems which is almost impossible to analyze manually, since the
number of execution threads in the latest NVIDIA video adapter architectures (Pas-
cal, Volta, Turing, Ampere) is measured in hundreds of thousands or millions.

Keywords: CUDA, graphical processing units (GPU), General Purpose Graphics
Computing (GPGPU), transition system, Petri net, model design.

INTRODUCTION

The main feature of the latest graphical processing units (GPU) is the availability
of a set of streaming multiprocessors (SM) that were used previously in image
processing algorithms and tasks only. General Purpose Graphics Computing
(GPGPU) technology is based on the use of a combination of GPUs working in
parallel to process data using general-purpose algorithms (scientific or other, but
not necessarily related to image processing). The latest graphics architectures
from NVIDIA include Pascal, Volta, Amper, Thuring [1]. For this day, Volta is
one of the most powerful GPU architectures, which is an indicator of achieve-
ments in the field of high-performance artificial intelligence calculations (the
GTX TITAN Z graphics adapter, built on the top of two powerful GK110 cores,
can provide peak performance up to 8 teraflops, and each core can implement
2880 stream processors, which in total gives 5760 stream processors).

NVIDIA, in addition, develops a series of video adapters focused on scien-
tific applications and use in high-performance (cluster) computing. These GPUs
lack some graphic-specific features and are widely used in the scientific field.
This led to a significant increase in the number of supercomputers included in the
TOPS500 world most efficient computers [2] that utilize NVIDIA video adapters.

Nowadays high-performance computing (HPC) trends get shifted from using
clusters consisting of general-purpose modules to more specialized accelerated

© S.L. Kryvyi, S.D. Pogorilyy, M.S. Slynko, A.A. Kramov, 2020
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components (in other words, from universal CPUs to other units — GPU, FPGA,
etc.), that is, to less functional and less power consuming modules. Accelerators,
unlike universal CPUs, can not run an operating system, and rely on external sys-
tems for I/O operations or task scheduling. Their advantage in productivity lies
solely in the fact that these elements are used in large groups simultaneously. The
article proposes methods of modelling the properties of GPU accelerator architec-
tures at different abstraction levels.

In terms of programming, success of the most common GPGPU technologies
(CUDA in particular) lies in the fact that they encapsulate the SIMD nature of
GPU hardware. In most cases, the developer deals with individual streams that
work with scalar data instead of warps [1] working with vectors.

Development of the complicated, massively parallel systems that utilize
video adapters requires new scientific methods to justify both the architecture of
the system and applications for them. Since modern multi-threaded applications
have hundreds of thousands and millions of threads, solving parallelization tasks
for such systems makes impossible to use traditional engineering design ap-
proaches and requires the use of a mathematical apparatus and formalization
methods to substantiate the decisions made. Model justification is an effective
way of algorithmic study of the parallel algorithms properties. One of the options
for implementing such a justification is the use of the apparatus of algorithmic
algebras [3], which allow formulating schemes of algorithms in the form of
algebraic expressions that depend on various parameters, including software and
hardware platforms, paradigms of parallel programming, etc. This paper focuses
on using the transition systems (TS) [4] and their compositions as the main
mathematical model, which allow creating models at different abstraction levels.
Their properties can be investigated by translating in Petri networks (PN) [5] and
can be specified by temporal logic formulas [6].

MODERN NVIDIA GPU ARCHITECTURES

CUDA (Computational Unified Device Architecture) is a parallel computing ar-
chitecture developed by NVIDIA to facilitate the GPGPU programming by using
high-level APIs. Since the pilot CUDA platform had been introduced more than
10 years ago, each new generation of NVIDIA GPUs provided better application
performance (for example, in floating point operations), increased energy effi-
ciency, added important new computing capabilities, and streamlined graphics
processor programming. Today, NVIDIA GPUs are leading computing devices
that have, in some way, defined the artificial intelligence revolution (Al). Nowa-
days GPGPU technology accelerates deep learning; high-precision text, voice,
and other media data recognition systems; are used in the areas of molecular mo-
deming, modelling of medical products, medical diagnosis, financial modelling,
and others.

Application instructions that are executed in a GPU-based heterogeneous
environment can be logically decomposed into the following parts:

e “host” instructions — blocks which are executed on the CPU;

e “kernel” functions — instruction blocks which are executed on the GPUs.

Host blocks define the context of the kernel functions execution, transferring
data between the computer’s RAM and GPU memory.

8 ISSN 1681-6048 System Research & Information Technologies, 2020, Ne 3
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All NVIDIA GPU architectures execute instructions in groups of 32 thread
(known as warps) using the SIMT model (Single Instruction, Multiple Thread),
that is, one instruction is executed by many threads simultaneously, although be-
haviour of each individual thread is not limited by anything. However, architec-
tures prior to Pascal include, among others, a software counter and a mask com-
mon to all threads of the warp that determines which threads are active at any
given moment. This means that in the case of a execution ow branching, each
execution path uses only a subset of all threads, while the rest are deactivated.
Once execution paths are converged, threads of a warp start being executed simul-
taneously again.

Such an implementation model gets rid of the necessity to track each indi-
vidual thread state separately. However, tracing only a warp in general means re-
ducing the level of parallelism if branching is present, as described above. In turn,
this prevents the data exchange between the threads within a single warp, if those
threads are at different execution stages, or if they execute the instructions in dif-
ferent branches. That means that threads of different warps may execute instruc-
tions in parallel, but threads of a single warp sometimes have to execute instruc-
tions sequentially. Thus, algorithms that require data sharing at a high level of
detail or that utilize synchronization tools (such as mutexes) can suffer from dead-
locks. Therefore, developers have to rely on algorithms with minimal blocking
support while using the NVIDIA GPUs of Pascal architecture or earlier (that is,
more than 60% of devices, because Volta architecture was released only in 2017
and Turing — in 2018).

More modern architectures, starting from Volta, include independent flow
planning, which stores instruction counters and call stacks for each thread sepa-
rately, which can be utilized for optimal resource usage or to allow one thread to
wait for data from another. To increase the level of parallelism, Volta includes an
optimizer that defines how to group active threads within the warp within the
SIMT module. This maintains the high performance of the SIMT approach, as in
previous NVIDIA GPUs, but with much greater flexibility: the threads can now
perform various branching paths within a single warp. The verification methods
proposed are illustrated on a simple system model analysis example.

MODEL JUSTIFICATION AND VERIFICATION

Testing process has always been the main method of increasing the reliability of
programs, developed using traditional methods. Edsger Dijkstra once said: “Pro-
gram testing can be used to show the presence of bugs, but never to show their
absence!”. In addition, testing can not detect typical synchronization errors of
parallel programs. Parallel programs may for years retain errors that manifest
themselves after a long usage period as a reaction to a specific combination of
numerous factors that have arisen (for example, due to the unpredictable rates of
individual threads/processes execution in parallel programs). However, if any of
the system properties can be expressed formally, for example, in the form of a
mathematical logic formula, then analysis of this property can be performed by
verification methods. Normally process of the system verification consists of the
following parts:
1. Construction of a mathematical model of the system under analysis.

Cucmemni docnioxcenna ma ingpopmayivini mexuonoeii, 2020, Ne 3 9
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2. Definition of the properties to be checked in the form of a formal text (al-
so known as specification).

3. Building a formal proof of the presence or absence of the property being
verified.

Usually, mathematical model of a system is a graph whose vertices are
called states and represent situations (or situation classes), in which the system
may be present at different times; whose edges can have labels depicting the ac-
tions system can perform. The functioning of the system in this model is repre-
sented by transitions along the edges of the graph from one state to another. If the
passable edge has a label, then this label represents the action of the system,
executed when passing from the state at the beginning of the edge to the state
at its end.

The choice of the abstraction level for the system modelling depends on
many factors (algorithmic solvability, astronomical dimensions of the model, the
absence of effective methods of formal analysis of properties etc.). In this regard,
the informal rules of this choice are reduced to the following: system model
should not be over-specified, because the excessive model complexity may cause
significant computational problems during its formal analysis. On the other hand,
system model should not be oversimplified: it should reflect those aspects of the
system that are relevant to the properties being verified, and preserve all the
properties of the simulated system which are of interest for analysis.

Model checking (MC, [7]) approach is used to find a formal proof that the
model does not meet its specification. In this paper we propose a new method of
justifying that the model satisfies the specification. This paper focuses on the
method of checking the conformity of a model an its specification, which uses the
apparatus of TS and PN. Definition of a simple and labeled TS is given below,
while definition of PN is well known and can be found in [7] if necessary.

Definition 1. A simple transition system is 4 = (S, R, o, ), where

S — finite or infinite set of states;

R — finite or infinite set of transitions;

o, B — two mappings from S to R, which make a correspondence between
a transition ¢ € R and two states a(¢) and B(¢) , which are called respectively the
beginning and end of the transition ¢.

The transition ¢ with beginning s and end s'is written as follows: s — s'.
Sometimes transitions may have a common beginning or end or both. This means
that the pair o, 3: R —> S is not necessarily an injective function. TS A is called
finite if sets S, R are finite. If the set of states defines an initial state, such TS is
labeled as 4 =(S,R,a,B,s,) and is called initial TS. Such model as a simple TS
may be enough to study properties of a model at a certain level of abstraction, but
when it is necessary to carry out a more detailed analysis, labeled TS is more ap-
propriate.

Definition 2. Let X be an alphabet. The labeled transition system (LTS) is
an ordered six 4=(S,T,a,B,sy,7) where (S,7T,a,B,s,) represent a TS, and % is
a mapping from 7 to X, which makes a correspondence between each transition
¢t and its label A(¢) € X. LTS is finite if sets S, 7, X are finite. Transition label

h(t) may also be called an action, and the transition itself is written as follows:
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(s,h(t),s") ors—" 5 ¢ Transition label set is often accompanied by a special

label T, which represents an internal action of the system that is not visible at
a given level of modelling.

Using LTS as a model of a real system allows analysing properties of actions
associated with transitions, which is impossible by using a simple TS. Analysis
and verification of the applications for graphic video adapters (NVIDIA in par-
ticular) was chosen as a subject of the study, because this area perfectly illustrates
the impossibility of manual verification, as the number of threads allocated for
solving the problem is measured by hundreds of thousands (in Pascal/Volta archi-
tectures). The use of LTS to construct a high-level model for substantiating the
properties of a CUDA application was described in [8].

CUDA APPLICATION EXECUTION MODEL

A generalized execution model in the NVIDIA CUDA architecture, based on LTS
and Petri nets was presented in [9]. The main emphasis was put on obtaining a
high-level model without a detailed examination of the labels semantics of each
transition system. The following briefly recalls the main details: three LTS were
emerged as a result of CUDA application decomposition:

LTS A4=(S,={ay,a;,a5,a3},R;,0,,B,ay,/) — represents the warp that
contains a set of instructions and sequentially executes them, where
Xy ={n.rp.13,143;

LTS B=(S, =1{by,b,,b,,b3,b4,b5},R,y,0,85,by,h,) — represents a
generalized information instruction, where X, ={p,, p,, D3, Ps> Ps> Ds )

LTS C=(S;={cy,c,cy,c3},R3,04,B5,¢9,h3) — represents a thread block
execution process (warp scheduling) on the SM, where X5 =1{q,,9,.93,94}-

Transition label functions Ay, h,, h; are shown below in the charts (Fig. 1, 2, 3).
The main activities modelled at this level of abstractions include planning, choos-
ing warp and instruction for it and providing exclusive access to computational
resources for the execution time of each warp-instruction tuple. This paper shows
creation of a model of the lower level of abstraction, which will allow us to ana-
lyze the properties of actions associated with transitions, and the properties of the
model in particular states.

Fig. 1. LTS B of the information instruction
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Definition 1. General TS (GTS)isa TS 4=(S,X,R,s,,AP,L), where
S — set of states;

X — set of actions associated with transitions;
R < S x X xS — transition relation;

s, — initial state from S';
AP — set of propositional formulas associated with states;
L:S — B(AP) — state label function, where B(AP) is the power set

of AP.

We introduce a set of Boolean variables:

| = {instrAr,instrMem, instrArExec, instrMemEXxec,instrArFin, instrMemFin} ,

where

hy(t) = {instrdr = 0,instrArExec = 0,instrArFin = 0,instrMem = 0,
instrMemExec = 0, instrMemFin = 0} ;

h(p,) = {instrAr =1} — arithmetical instruction selection;

h(py) = {instrMem =1} — global memory access selection;

hi(p,) = {instrArExec =1} — arithmetical instruction execution;

h(ps) = {instrMemExec =1} — memory access execution;

hi(p3) = {instrArFin =1} — retrieving results of an arithmetical operation;

h(pg) = {instrMemFin = 1} — retrieving results of memory access operation.

We define the state label function Z; :

Li(by) = {instrdr v instrMem = 0};

L (b)) ={instrAr =1};

L, (b)) = {instrArExec =1};

Li(by) = {instrMem =1};

Li(by) = {instrMemExec =1};

L,(bs) = {instrMemFin v instrArFin =1}.

We introduce a set of Boolean variables V, ={warpActive,warpBusy,

warpFin} that are set by the following transition labels (Fig. 2):

Fig. 2. LTS A of the instruction execution within a warp

h, () = {warpActive = 1} — warp activation — given warp gains access to

SM resources to execute a single instruction;

12

hy(ry) = {warpBusy =1} — instruction is being executed by a warp;

hy(r3) = {warpFin =1} — instruction execution is finished,
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hy(ry) = {warpActive = 0, warpBusy = 0,warpFin = 0} — warp deactivation.

State label function L, is defined as following:

Ly(ay) = {warpActivev warpBusy v warpFin=0};

L,(a)) ={warpActive=1};

Ly(ay) = {warpBusy =1}

L,(a3) = {warpFin =1}.

We introduce a set of Boolean variables V; = {warplnstrSel, warpInstrExec,
warplnstrFin} that are set by the following transition labels (Fig. 3):

44

Fig. 3. LTS C of the warp scheduler

hy(q,) = {warplnstrSel =1} — warp and instruction selection;

hy(q,) = {warplnstrExec =1} — execution of the selected instruction by a
selected warp;

hy(q3) = {warplnstrFin =1} — confirmation of instruction execution finish;

hy(q4) = {warpInstrSel = 0,warpInstrExec = 1,warpInstrFin =1} — transi-
tion to the next iteration.

State label function L; is defined as following:

Ly(cy) = {warplnstrSel v warpInstrExec v warpInstrFin = 0}

Ly(¢;) = {warplnstrSel =1}

Ly(cy) = {warplnstrExec =1};

Ly(c3) = {warplnstrFin =1}.

Integration of multiple TS into a holistic system that orchestrates the joint
work of all subsystems is performed depending on the requirements of the com-
ponent interaction model (synchronous, asynchronous, parallel, sequential). These
interaction methods are introduced using different TS composition types and the
general notion of TS. To analyze the model properties, we consider the concept of
parallel composition of the TS.

There are several options of TS composition that model parallel functioning
of multiple TS. The simplest one is the composition in which TSs work in paral-
lel, but do not interact with each other. Such a composition is based on the con-
cept of alternating actions (interleaving), which are performed by different sub-
systems of the composition. In this case, the order of actions performed by each
TS is preserved. This is a common way of modelling parallel interactions, which
is based on the assumption that the result of a parallel execution of operations
coincides with the result of their sequential execution. The formal definition of
this composition is as follows.

Let 4, = (Si,Xi,Ri,siO,AB,Ll.) — transition systems, where i=1,2,...,n.
Parallel composition of TS 4,4,,...,4

, with interleaving is TS
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A= 4|4

A =(S,X,R,s,,AP,L), where S=8x8,x..x8,, s5=

=(slo,s20,...,s"o), X=X,uX,uU..uX,, and transitions from R are defined
as follows: transition ((s,...,S,),%,(s,...,s,,)) € R if and only if state (s,,...,s))
differs from (s,,...,s,) by the value of not more than one component, that is there
exists i € {l,2,...,n} such that (s;,x,s;) € R;, where x € X; U {1}.

Note that in this composition TS can be repeated, that is, a given 4; may be
included in TS A4 more than once. In addition, some of the TS 4; may be compo-
sitions of other TS: 4; = A,-1||A,-2||...||A,-n. Therefore one can describe the whole sys-

tem in a structured from by using a parallel composition. However, there may be
achievable states in the resulting TS which are not desirable. Therefore a parallel
composition with alternating actions does not always reflect the real situation
when the TSs should interact with each other. Handshaking composition concept
is a more adequate approach to describe parallel interaction. Such option describes a
situation when different TS are synchronized by the actions in which multiple TSs
participate simultaneously (data exchange etc.). Those actions are indicated by the
same symbol in alphabets of all TS which take part in the interaction.

Definition 2. Let 4, =(S,, X, i,Ri,siO, AP, L;) — transition systems, where
i=12. Parallel composition of TS 4,4, with handshaking is a TS
A=A4||4,=(S,X,R,s5,,AP,L),  where  S=8xS,,  5,=(s,5%),
X =X, U X,. Transitions that belong to 7 are defined as following:

if  xeX, NnX, and  (s,,x,8)) €R, (8,,X,8,)€R,,  then
((5,,8,),%,(s,8,)) ER;

if xe X;\ X, and (s,,x,s;) € R, then ((s,,5,),x,(s,5,)) €R;

if xe X, \ X, and (s,,x,s,) € R,, then ((s,,5,),x,(s,,5,)) €R.

The following composition summarizes both previous concepts and is called
a synchronized parallel composition or a synchronous product of TS (Fig. 4).
So

G
o N fs

Fig. 4. GTS A of synchronous product of LTS ,x LTSz x LTS,
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Definition 3. A4=(S,,X,R,,50,A4P,,L;)= A4 x..x 4,, where S;=5]x...
xS, 8, =(s"y,...,s",) is called a synchronous product of TS 4, 4,,...,4,
where 4, =(S,,4,,R,,s',, AP, L,). Set of transitions is divided into two classes:

asynchronous and synchronous. When synchronous transition from state s,...,s,

occurs, some of its components change simultaneously while the rest remains un-
changed. To describe this the symbol ¢ is added to labels of each transition set

R; (i.e. X, U{¢g}) along with a corresponding transition (s;,&,s,). Such a sym-
bol shows that state does not change during a particular transition. Subset R of
Ry x...x R, is called the synchronization constraints set. If TS is labeled, then the
set of global transitions R corresponds to the set of transition labels X. In other
words, X < X, x...x X,,, where X, is an alphabet of LTS 4;, i=1,...,n. An arbi-

1
trary element 4 =(4,,...,4 ,R) of the set X is called the LTS synchronization
vector.
We build a model of application execution in the CUDA architecture in the
form of synchronous product with the following global transitions (initial and fi-
nal states of the transitions are omitted, since they are present in the model):

R={t; =(&,n,q1),t, =(P1,12,92): 13 = (P2,8,€), 14 = (P3,8,€) ;

Is :(p4’r2’q2)9t6 =(p5,8,8),t7 :(p6a898)’t8 =(‘C,I"3,Q3),f9 2(8,7’4,(]4)}.

DETERMINATION OF SEMANTIC CORRECTNESS OF THE MODEL ACTIONS

Definition function of L; allow to find the context of correct system functioning
at each transition in each state. For example, if L7Sy is in state b,, values of
both instrAr and instrMem should be 0. If system was moved to a state b after

a number of allowed transitions and instrMem flag is set, this will mean that sys-
tem is not semantically correct, even if the corresponding PN meets all reliability
criteria.

To analyze the semantic correctness of a model, it is necessary to determine
the context of each global state and consider its conformity to the system under
analysis. As shown above, transition system state context is specified by the state
label function L;, and the global state context can be retrieved by combining lo-

cal state contexts of the components of the synchronous products. Each of the
global states can be described as follows:

L(s1) = Ly (b) A Ly (ag) A Ly (co) =
= {instrAr v instrMem = 0} A {warpActive = 0} A {warpinstrSel =0} —
instruction is absent, warp is not active, scheduler is ready for planning;
L(sy) = Li(by) A Ly (a) A Ls(cp) =
= {instrAr v instrMem = 0} A {warpActive =1} A {warplnstrSel =1}, —
warp and instruction are selected, but instruction type is not yet determined;
L(s3)=Li(b) A Ly(ay) A Lsy(cy) =

= {instrdAr =1} A {warpBusy =1} A {warplnstrExec =1} —
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arithmetic instruction is selected for a given warp;
L(s4) = Li(by) ALy (ay) A Ly (cy) =
= {instrArExec =1} A {warpBusy =1} A {warplnstrExec =1} —
given warp executes arithmetic operation;
L(ss)=Li(b3) A Ly(ay) A Ls(cy) =
= {instrMem =1} A {warpBusy =1} A {warplnstrExec =1} —
memory access instruction is selected for a given warp;
L(sg) = Li(by) A Ly(ay) ALz (cy) =
= {instrMemExec =1} A {warpBusy =1} A {warplnstrExec =1} —
given warp executes memory access instruction;
L(s7) =L (bs) A Ly(ay) A Ls(cy) =
={instrArFin v instrMemFin =1} A {warpBusy =1} A {warpInstrFin =1} —
current instruction is executed regardless of its type;
L(sg) = Ly (bo) A Ly(a3) A Ly(c3) =
= {instrAr v instrMem = 0} A {warpFin =1} A {warpIlnstrFin =1} —
instruction is absent, warp and scheduler finished their work.
All received contexts are semantically correct in accordance with the materials
[1], thus, the set of global transitions of synchronous products is defined correctly.
In addition to the above, the semantic correctness of the model is provided

by the following properties:

o mutual exclusion: a single instruction can be of one type only — either
arithmetic or memory access;

e fairness: if the warp is active, scheduler must provide an instruction to be
executed;

e liveliness: if the warp is active, one of the available types of instruction
should be executed;

o deactivation: warp scheduler does not activate the warp if there are no in-
structions for execution.

Sequence o =sy05,0,,...0,,5, 1s called a finite execution in GTS, where
(s,,a;,8,,) €T for i=0,1,.,n-1.
The following finite execution paths exist in the received LTS:

Path, = (s,t,5,t,8,t,5,t,5,1:SstyS,) *;
Path, = (s5,1,5,1,55t,St;S:t.SteS, ¥,

where denotes the iterative operation of regular language. The language that cor-
responds to the paths above is:

L(Path) = (L(Path))~ L(Path,))* = (t,(,t,¢, v t.t4 )tty) *.

And this language must correspond to the formula:
L(s,)L(,)L(s3)L(sy) v L(85)L(s5)L(s;) L)
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Let's check the semantic correctness properties of the model:
o mutual exclusion: the following expression is always true:

L(sy)v Lis;) = Ly(ay) Ly (e, XL, (b) v L, (b))
e fairness: always L,(a,) = L,(c;);
e liveliness: always L,(a,) > L,(b))L,(a,)L,(c,)Vv L,(b;)L,(a,)L,(c,);
e deactivation: L,(c,) = L,(b,)L,(a,).

FORMALIZATION OF THE GTS ANALYSIS PROCESS

Analysis process presented in the previous section can be generalized and reused
for any GTS.

Definition 1. The subset of a set B(AP)*, where B(AP) is the power set
of the set AP, is called the linear-temporal property P over the set of atomic
propositional formulas 4P. Consequently, P < (B(AP))*.

In our case set (B(AP))* is a set of words of finite length constructed from
concatenated formulas of B(AP). Assume there is 4=(S,X,R,I, AP,L) and
T =SyS,...5, 1S a sequence of states. Such sequence is called a path fragment
if s,,, € Post(s;) where Post(s;)=UPost(s,,x), and Post(s;,x)={s"eS:
(s;,x,5")e R}, xeX. Sequence T =ss,...s, for which Post(s,)=O is called
the maximal path fragment.

Definition 2. Word L(s,)L(s,)...L(s,) is called a trace (trace(n)) of a fi-
nite sequence m. Consequently, the set of traces is a set of finite words over the
alphabet of the propositional formulas B(AP) which are executed in states of this
sequence. Denote trace(IT) = {trace(n)|n eIl}, trace(s)=trace(Path(s)) and
Traces(A) =
begins in state s.

In our case, the set of AP propositional formulas includes the following items:

trace(s) where Path(s) is maximal fragment of path n that

sel

AP = {instrAr,instrMem, instrArExec,instrMemExec,instrArFin, instrMemFin,
warpActive, warplnstrSel, warpBusy, warplnstrExec, warpFin,warpInstrFin} .

The following words are traces of GTS 4:
D =L(s, )L(S3 )L(s, )L(S7 )L(Sg )L(s,);
P> =L(s,)L(s5)L(sg)L(s;)L(s5)L(s,).

Let's define bad prefixes in these words as prefixes that violate the truth of
L(s;), which mean the following words:

P = L(sy)L(s3)...L(s)) ;
Py = L(s5)L(s3) ... L(sy) ;
Py = L(sy)L(ss)...L(s)) ;

Pi = L(sy)L(sy) .
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Therefore language BadPref(A)=(p, Vv py)*(p| V...V p;) is regular and
is accepted by a finite automaton B =(Q, AP, f,Q,,F) where Q) N F =& that
is shown at Fig. 5.

* *
P15 P

90

Fig. 5. Automaton B that accepts bad prefixes, gy €y, qo &, q*eF

We will connect the GTS from Fig. 4 and automaton B with such a product
Ax B that produces GTS 4 as result so that:

S'=8x%0,
R’ — the smallest relation defined by the rule
s X N q L(s") | qr

(5,9)——(5".9")
I"={(s0,90)s0 €I A3qg € Oy : qo &)q},
AP' =0,
LS xQ — B(Q) where L'(s,q)={q}.
Then the correctness of GTS A functioning is expressed as a condition
Traces(A) N BadPref (A) = Traces(A) N L(B) =4,
where L(B) is the language accepted by the automaton B. Consequently, if P is
a property whose execution guarantees the correct functioning of GTS A4, then

Traces(A) N BadPref(P) = . Thus, GTS A will look as shown on F ig. 6. There

is a transition from each vertex, except for (s,,q,), to the state (s,,g*). Such

transitions represent one of the bad prefix traces. For the sake of clarity only 4
examples of bad prefixes are left in Fig. 6.

not(L(s))

Fig. 6. GTS of Ax B product, where g*e F
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DETERMINATION OF MODEL CORRECTNESS ON THE HIGH LEVEL OF
ABSTRACTION

In addition to semantic verification, it is important to check the redundancy of the
system, deadlock/trap balance etc. To do this, we use verification at the highest
level of abstraction, without need of transition label semantics analysis.

The translation of the received synchronous product into the PN gives the
network shown in Fig. 7. It is described in [10], [11] that the TS product seman-
tics and the semantics of the corresponding PN are consistent in the sense that a
sequence of global transitions represents the global history of the TS product A4 if
and only if it is an admissible sequence of transitions in the PN. Accordingly, el-
ements of the set R become transitions of the PN, and the global states of the TS
product (the set of states of each TS involved in the synchronous product before
or after the global transition) become the places of the received network. We
build a PN by using the synchronization constraints set, and such a network simu-
lates the interoperability of all subsystems. Recall that NVIDIA video adapters
operate with multiple warps at the same time, so there is a situation of synchro-
nous and asynchronous execution, since different instructions may have different
execution times and will not reach synchronization location at the same time.
Therefore using the Petri net apparatus is expedient.

to fg | * .

Fig. 7. PN that represents synchronous product LTS , x LTSz x LTS -

Let's analyze the presence and number of dead transitions in PN for
one warp case. To do this, we form a state equation A-x+M,—M; =
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=A-x+d=0 where M,=(1,1,0,0,0,0,0,0,0), M, =(0,1,0,0,0,0,0,0,0),
d=—(M;—-M,) (see Table 1).

Table 1. Petrinet state equation matrix

t
* h | |3ty |t | g | b | Iy | Dy (M, =M,)
so | -1 o 0ol o] o 1
s; | -1 o 0] o o |1 0
s, | 1] 4 a0 o0 o 0
83 0 1 -1 0 0 0 0 0 0 0
Sy 0 0 1 -1 0 0 0 0 0 0
S5 0 0 0 0 1 -1 0 0 0 0
S 0 0 0 0 0 1 -1 0 0 0
S5 0 0 0 1 0 1 -1 0 0
Sg 0 0 0 0 0 0 1 -1 0

Applying the TSS-algorithm [9] to solve the state equation with the above
matrix, we obtain the following solutions (Table 2).

Table 2. Petrinet state equation solutions

4 ty ty ty ts tg t; tg ty
1 1 1 1 0 0 0 1 1
1 0 0 0 1 1 1 1 1

As can be seen from the set of solutions, all transitions in the PN with the
initial and final markings given above are alive (the value corresponding to each
transition is positive at least in one of the solutions). In addition, the property of
mutual exclusion has been verified: transitions that correspond only to one of the
possible types of instructions are performed at each point of time.

The analysis of the properties of the received PN also showed the absence of
deadlocks, verified limitation and controllability [10]. As described above, this
analysis did not take into account the properties of actions in transitions and
properties associated with the states of the model.

CONCLUSION

This paper proposes the use of the TS mathematical apparatus to obtain a for-
malized system specification in the GPGPU technology. The advantages of the
existing model include the ability to reduce synchronous product to a PN, which
allows for further verification by automated means. The ability to study the char-
acteristics of the model created by the combination of LTS and PN apparatuses is
shown. The model was analyzed to verify there are no dead transitions and places
(without taking into account the semantics of the transition labels), and a separate
analysis was performed to verify the semantic correctness of the model actions.
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As aresult of these actions, the proof of the correct construction of the model was
obtained. The developed approach allows to simplify and reduce the processes of
verification and testing of multi-threaded applications in computer systems that
utilize video adapters.
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METOJI CEMAHTUYHOI BEPU®IKAIII 3ACTOCYBAHb Y TEXHOJIOI'TI GPGPU /
C.JI. Kpuswii, C.JI. [Toropinuii, M.C. Cinunbko, A.A. Kpamos

AHoTamisi. 3anpONOHOBAHO METOJ PO3poOieHHs Ta BepHdikalii 3acTocyBaHb IS
CHCTEM 3 MacOBHM Iapajeii3MOM Ha OCHOBI Bifeoanantepis Bix komnaHii NVIDIA,
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SIKMI JTO3BOJIIE CTBOPIOBATU aOCTPaKIii pi3HUX PiBHIB 3a JOIOMOTOIO amapara po3-
MI4eHUX TpaH3HLIAHUX cucTeM. KOMMO3WIii Takux cHCTeM TpaHC()OPMYIOTHCS B
Mepexi [letpi, siki mami aHami3ylOTHCS BiOMOBIAHUMH 3ac00aMu. MeToxI TakoX Jae
3MOTY CTBOPIOBATH MOJEJI Ha Pi3HUX PIiBHAX aOCTpaKiii, a IX BIACTHBOCTI MOXYTb
cnenugikyBatucs GopMylIaMH TEMIIOPANBHOI JIoTiku. Lle 1o3Bosie NOCIimKyBaTH
BJIACTUBOCTI CHCTEM 3 MAaCOBHM IapajeNnizMoM, sIKi Mai)ke HEMOXKJIMBO aHAi3yBaTH
BpY4YHYy, OCKIIbKHM KUIBKICTh HOTOKIB Yy HOBITHIX apXiTEKTypax BiJeoamantepiB
(Pascal, Volta, Amper, Tiopinr), BUAIICHUX A5 BUKOHAHHS KOJY, BUMIPIOETHCS
COTHSIMHU THCSY 200 MiIbiIOHAMH.

Karwuosi cnosa: CUDA, rpadiuni npouecopu (GPU), rpadiuni oGuncnenns
3aranpHoro npusHadeHus (GPGPU), tpan3uniiina cucrema, mepexa Ilerpi, mo0y-
JI0Ba MOJIEI.

METOJ CEMAHTUYECKON BEPU®HUKAIIMA MPUJIOXEHUA B TEXHOJIOIHMH
GPGPU / CJI. Kpsssrid, C.[. IToropemnsriii, M.C. Cnnabko, A.A. Kpamos

Annoramus. [IpemnoxeH MerTon pa3pabOTKM W BepUPHKAUNU HPHIOKEHUIN s
CHCTEM C MAacCOBBIM Iapaijeln3MOM Ha OCHOBE BHJEOAJANTEPOB OT KOMIAHHU
NVIDIA, xoTopslii M03BOISIET CO3AaBaTh aOCTPAaKLUUKM PA3IMYHBIX YPOBHEH C IO-
MOIIBIO anmapara pa3sMEYeHHBIX TPAH3UIMOHHBIX cucTeM. KoMmmosuimy Takux cuc-
TeM TpaHC(HOPMHUPYIOTCS B ceTH [IeTpH, KOTOphIE fallee aHATN3UPYIOTCS COOTBETCT-
BYIOIIUMH CpEACTBaMH. MeTox IO3BOJISIET CO37aBaTh MOJEIM Ha Pa3INIHBIX
YPOBHSX aOCTPAKIMH, a UX CBOMCTBA MOTYT CIIEHU(HIINPOBATECS (GOopMyIaMu TeM-
HOPaJbHOM JIOTMKH. DTO MO3BOJISET MCCIIEI0BATh CBOMCTBA CUCTEM C MAaCCOBBIM I1a-
paJuIeTM3MOM, KOTOpPBIE MPAKTHYECKH HEBO3MOXKHO aHAJIM3MPOBATh BPYUHYIO, TaKk
KaKk KOJMYECTBO MOTOKOB B HOBEHINIMX apXUTeKTypax Buieoamantepos (Pascal,
Volta, Amper, TelOpHHT), BBIICICHHBIX IS BBIIOJHEHUS KOAA, U3MEPAETCS COTHSA-
MH THICSY I MAJUTHOHAMH.

KnroueBbie cioBa: CUDA, rpaduueckue npoueccopsr (GPU), rpadudeckue BbI-
yucnenus obmero HasHadeHus (GPGPU), tpansunmonHas cuctema, ceth Ilerpw,
HOCTPOCHUE MOJEIIH.
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JOCJIIKEHHA KJIACY AJITEBPUYHUX ®YHKIIIHA
JIJISI THTEPTIOJISIIT MEKOBUX TPAEKTOPIH
KOPOTKO®OKYCHHUX EJIEKTPOHHHUX ITYUYKIB

I.B. MEJIBHHUK, A.B. IOYNHOK

AHoTamisi. JocmiPKeHO METOJ| IHTePHOJIALIT 3aJeKHOCTI pajiyca elEeKTPOHHOIO
MydYKa Bijl MOJOXKEHHS IUIOLIMHM 3pi3y IO MO3IO0BXKHIi KOOpIAMHATI, OCHOBaHIH Ha
BHUKOPUCTAHHI CIELiaJbHOro Kiacy iHTepnoysimiiux ¢yHkuiit. Sk kmac iHrepmo-
TMAMIHHUX QYHKLIN, SKi BIINOBIAAIOTE SPYKHUM 3QJISKHOCTSAM pajiyca KOPOTKO(o-
KyCHOTO €JIEKTPOHHOTO ITy4YKa BiJ BiICTaHi, 00paHO KOPEHi CTENEHs 71 3 MOJIHOMIB
TOTO X CaMoro crerneHs. Pe3ynpraTi TeCTyBaHHs MOKa3ally, 110, 3aJIeKHO Bi 0Opa-
HOTo HaboOpy BIAJIIKOBUX TOYOK, iX ITOJIOKEHHS BIZTHOCHO 0OJIacTi MIHIMyMy Ta
KIJIBKOCTI, BiIHOCHA 1MOXHOKa iHTepnoysiii gexuTs y Mexax 0,7 — 8%. Otpumani
pE3yJIbTaTH MaTeMaTHYHOTO MOJCITIOBaHHS (HOKAJIbHHX MapaMeTPiB EICKTPOHHHX
My4KiB € BKpail BOXIHBUMH It (axiBIiB, sIKi 3aHMaOThCsI PO3POOJICHHSIM Cydac-
HOTO BUCOKOE(EKTHBHOTO €JIEKTPOHHO-IIPOMEHEBOTO 00JIa/HaHHA Ta HOro BIIPOBa-
JDKEHHSIM Y TIPOMHCIIOBE BUPOOHHUIITBO.

Kiro4oBi cjioBa: €JEKTPOHHHMII Iy4OK, TPAHCIIOPTYBAaHHS EJIEKTPOHHOIO MyuKa,
(okanpHa 007IaCTh, IHTEPIIONALS, KJIAac areOpUIHIX (QYHKITIH.

BCTYII

CporofHi eJIeKTPOHHO-TIPOMEHEB]1 TEXHOJOTI] IIUPOKO BIPOBALKYIOTHCA y Pi3-
HUX Tay3sSX IPOMHUCIOBOCTI, 30KpeMa B MAaIIMHOOYTyBaHHI, aBialliifHii Ta KOC-
MIYHI TPOMHUCIOBOCTI, €NEKTPOHHIN MPOMHUCIOBOCTI Ta NMpUIano0yayBaHHI
[1-6]. ['onoBHUMH TiepeBaramMu eJeKTPOHHO-IIPOMEHEBUX TEXHOJIOTiH HaJ iHILIU-
MH CII0COOaMHU BHCOKOTEMIIEPATypHOro OOpOOJIEHHS pPEYOBHHH, 30KpeMa Jiasep-
HUMH Ta IIa3MOBHUMH TEXHOJIOTiSIMH, € Taki [1-3]:

1) BHCOKa 3aranbHa MOTYXKHICTh €IEKTPOHHOTO MyYKa, 3HAYCHHS SIKOT MOXKe
JOCSITaTH COTEHb KiJIOBATIB;

2) BHCOKa MUTOMa MOTYXKHICTH €JIEKTPOHHOT'O ITy4YKa, 3HAUCHHS SKOI MOXE
cranosut 10° Br/™m%;

3) mpoBeNieHHsT TEXHOJIOTIYHHUX OIepalliid, MoB’s3aHUX 3 HArpiBaHHAM peyo-
BUHH, y BaKyyMi, 110 3a0e3meuye BHCOKY XIMi4HY YHCTOTY 00poOmoBaHoi pedo-
BUHU;

4) mpocToTa KEepyBaHHA NPOCTOPOBUMH Ta €HEPIeTHYHHMHU I1apaMeTpaMH
CJICKTPOHHUX MYYKiB 3 BAKOPHCTAHHSM €JICKTPUYHUX Ta MarHiTHHUX ITOJIIB.

Kpim HaBeneHHX mepeBar eneKTPOHHO-IPOMEHEBUX TEXHOJIOTIH, BasKIMBOIO
€ TAKOX MOXKJIMBICTH 3a0e3meueHHs] poOOTH Kepes elIeKTPOHIB B iMITYJILCHOMY
peXuMi, SKa JO3BOJISE BHKOPHUCTOBYBAaTH pi3HOMaHITHI (iznuni edexTw,
NOB’s13aH1 3 0OpOOJICHHSIM PEYOBMHH TEIUIOBHUMH IMITYJIbCAMH 337]aHOT MOTYKHOC-
Ti, TpUBANOCTI Ta yacrotu [1-3].

Jlxepena eJIeKTPOHIB TEXHOJOTIYHOTO BHKOPUCTAHHS PO3POOIIOTHCS 3a
JBOMa IOJOBHUMHM HampsiMaMu: 1) yJOCKOHAJIEHHs Ta BIIPOBAKEHHS Y IPOMHC-
(
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JIOBICTh TPAOULIHHUX JKEpell eJIeKTPOHIB 3 po3KaploBaHUMH KaTonamu [1-3];
2) po3poOJICHHS JKEepeNl eICKTPOHIB, SKi MPamioIOTh 32 HOBUMH (i3HYHUMU
npuHimnamu. Cepell TakuX JHKEpel eIEKTPOHIB OKpeMe Miclle 3aiiMaroTh Kepe-
Ja, y AKUX eMiCis 3apsKCHUX YaCTUHOK 3/I1HCHIOETHCS 3 10HI30BaHOTO a3y, 30K-
pema JpKepelia eleKTPOHIB BUCOKOBOJIBTHOTO Tiitodoro pospsaay (BTP) [4-7].

3po3yMiJio, 10 PO3POOJICHHS Ta BIIPOBAIKCHHS Y TPOMHUCIIOBICTh CYYacHHUX
€JIEKTPOHHO-ITPOMECHEBUX TEXHOJIOT1H HEMOXKIINBI 03 €)eKTUBHOTO BUKOPUCTAH-
HSl METOJIB MaTeMaTHYHOI'O MOJAETIOBaHHA. 30Kpema, y mpausx [1, 8—11] Biami-
YaJach BaYUIMBICTh MPOBEJCHHS 1HTEPIONAIIl Ta ampOKCUMAIll eHepreTHYHHX 1
MIPOCTOPOBHX TMApaMETPIiB €ICKTPOHHMX ITydKiB. OI[IHKH IMapaMeTpiB eICKTPOHHUX
NYYKiB 3 BUKOPHCTaHHSM METOMIB IHTEpPIONSALIl Ta ampokcumalii € 0coOJIMBO
BYUIMBUMH JJI1 TAKUX TEXHOJIOTIYHUX IPOIECIB, K 3BapIOBaHHS, pO3MipHE 00-
poOeHHsT BUPOOIB Ta CydacHI aUTHBHI TEXHOJIOTII 3 HAIIABJICHHSAM METATIB Ha
IUTOCKY MOBEpXHIO. J[jIsi Takux mpoleciB nmepeadadeHHs] 3aKOHOMIPHOCTI po3mo-
Iy TYCTHHU CTPyMY €JIEKTPOHHOTO IMy4Ka Yy (OKanbHi{ MIOMIMHI 3 METOI OIl-
TAMi3aIlii TeIIOBOi il E€JICKTPOHHOTO IIy4YKa € BKpail BaKJIMBOIO HAYKOBO-
TEXHIYHOIO MPOOJIEeMOI0, OCOOJIMBO Ui JDKEPEN EJIEKTPOHIB, sKi MPaIfOIOTh
y cKIagHuX (i3MYHUX YMOBaxX HHM3BKOTO BaKyyMy, 30KpeMa AJsl JIKEpen eJeKT-
poHiB Ha ocHoBi BTP [9-11].

V 3arajgpHOMY BUTJISAL 3aBIAHHS 1HTEPHOJIALIT MEXKOBUX TPAEKTOPiil KOPOT-
KO(DOKYCHUX E€IEKTPOHHUX IyYKiB, SIKi POPMYIOTHCS €IEKTPOHHUMH TapMaTaMH
BTP, Ta BigmoBigHi MeTonu iHTEpHOSIl po3misaanucs y npamsx [9, 10]. YV uii
pOOOTI PO3TIATATUMETELCS OKPEMUN BaXKIIMBHIA KJac anreOpuIHuX (QYHKITIH, Bia-
CTHBOCTI SIKMX JIO3BOJISIIOTH 332 OJHY ITEpAIlif0 MIPOBOJUTH IHTECPIIOJAIIIO0 MEXKO-
BHUX TPAEKTOPINA €NEKTPOHHUX IYYKiB, MO (HOPMYIOTHCS KEperIaMH SICKTPOHIB
BTP, 6e3 po30UTTS X TPAEKTOPil HA OKPEMi BiIPi3KH Ta 3 HEBEIMKUMH ITOXHO-
KaMu. J{71s1 po3B’sI3aHHS TOCTABJICHOTO 3aB/IaHHS IHTEPIOJSAIIT K 0a30Bi TOUKH Ta
SIK TOCTOBIPHI YMCIIOBI JIaHi Opaiucs pe3yJbTaT YUCIOBUX PO3PaXyHKiB MPOCTO-
POBHX TIapaMeTpiB €IEKTPOHHUX ITYYKiB, MO (HOPMYIOTHCS JIKEpEIaMu EIEeKTPO-
HiB BTP, 3a yMOBM iX TpaHCHOPTYBaHHS y HU3BKOMY BaKyymi 3 KOMIICHCAIIIEIO
MIPOCTOPOBOTO 3apsTy €ICKTPOHIB i0HAMH 3aJIUIITIKOBOTO Tazy [12].

ITOCTAHOBKA 3ABJIAHHSA

VY 3aranpHOMY BUIIISAI 3aBAaHHS iHTEPIOJIIT MEXOBOI TPAaEKTOPii KOPOTKO(hO-
KyCHOTO €JIEKTPOHHOTO IyYKa 32 YMOBU HOTO TPaHCIOPTYBaHHS B HU3BKOMY Ba-
KyyMi Oyiio mocTaBieno y mparti [12]. Taka moctaHOBKa 3aBIaHHS IPYHTYETHCS
Ha 3arajlbHOTCOPETHYHHX IOJIOKCHHSX, CHOpMyIbOBaHMX HANpUKiHII XX CT.
y mpatsx [8, 13, 14], saki 3a1uIIarThCA aKTYalIbHIUMH JOTenep. 3a 0yab-siKux
(hi3nyHUX YMOB 3aBJIaHHS IHTEPIOJAIIl 3HAUEHHS pajiiyca KOPOTKOPOKYCHOTO
€JICKTPOHHOIO MyYKa # BiHOCHO TMO3/J0BXHBOI KOOPAWHATH A MOXHa (hopMmy-
JIOBATH TakuM 4MHOM. HeoOximHo 3HaiiTh Taky ¢QyHKUiO 7(/), SKa Ma€ OIHMH

DI00AIBHUH MIHIMYM 7iypin = 7(hy) 1 € CHMETPHYHOKO BIIHOCHO (DOKAIBHOI IIO-
WHA /1 = hy, , TOGTO 3a/10BONIBHsE YMOBY [8, 13]
dr(hg —h) dr(hg + 6h)
dh dh

e &h — HeCKIHYEHHO MaJia 3MIHA BEJIUYUHU .

, (1
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BaxnuBuM 3aBAaHHAM € TaKOXX BH3HAYECHHS ONTUMAalbHOI KUTbKOCTI 0a3o-
BUX TOYOK JUIS PO3B’S3yBaHHS 3aBJaHHS IHTEPHOALIl 3 Halepen 3aJaH00 TOYHi-
ctio [15, 16]. Hampuxnan, y npausx [9, 10] po3riasiHyTo Juiie oKpeMuil BUMagoK

n 3, a Tppox 0a30BHUX TOUOK 3a3BUYail MOKE BUSBUTHUCH HEOCTATHBHO IJIS

int —
JIOCATHEHHS MOTPIOHOT TOYHOCTI.

3aBmaHHsA IHTEpHOMALIiI 3 BHUKOpUCTaHHSAM Qopmynu (1) 3a3Buuaii
PO3B’S3yIOTh AJsl TOYHUX PO3PAXYHKOBHX JAHUX, SIKI HE MAIOTh JOAATKOBOI €KC-
nepuMeHTanbHO1 MoXuokH [15, 16]. Y podoTi BuKOopucTaHo (i3MKO-MaTeMaTHYHY
MOJENb MEXOBOI TPAEKTOPii KOPOTKO(POKYCHOTO EJIEKTPOHHOIO My4Ka, SKUH
TPaHCIOPTY€ETHCS B HU3bKOMY BaKyyMi 3a YMOBHM KOMIIEHCALlii POCTOPOBOIO 3a-
Py €NeKTPOHIB 10HAMH 3aJIMIITKOBOTO ra3y, onucany y mpari [12].

BaxnuBoio € TakoX OLiHKa TOYHOCTI iHTEPIOJIALIT 010 JaHUX YMCIOBUX
PO3paxyHKiB, 3TiHO 3 IKUMH B34TO 0a30Bi TOUKH [15, 16].

YK CJIOBI CHIBBIHOIIEHHS JIJI1 PO3PAXYHKY MEKOBOI
TPAEKTOPII EJJEKTPOHHOT'O ITYYKA TA PE3VJIBTATH UACJOBOI'O
MOJIEJIOBAHHA

Sk mokazaHo i oOrpyHTOBaHO y mpaui [12], [t Y4MCIOBOTO MOJETIOBAHHS MPO-
Hecy TPaHCIOPTYBAaHHS KOPOTKO(OKYCHOTO €JEKTPOHHOTO IMydYKa B HU3BKOMY
BaKyyMi He0OXiJHO BpaxoByBaTH Taki ¢i3uuHi edextu Ta npouecu [8, 13, 14]:

® iOHI3aIlif0 3aJHMIIIKOBOTO ra3y eJIeKTPOHAMH ITy4Ka;

® pO3CilOBaHHS €IEKTPOHIB Ha aToMax 3alMIIKOBOTO a3y 3a MOJEILTIO
Pesepdopna;

e neOKyCyBaHHS IMyYKa ITiJ] JIi€I0 BIACHOTO MPOCTOPOBOTO 3apsiIy EJIEKT-
POHIB;

e (JoxkycyBaHHS My4Ka Mg Ai€I0 BIaCHOTO MPOCTOPOBOTO 3apsAy iOHIB;

e MarHiTHe caMO(OKYyCyBaHHs €JEKTPOHHOTO Iydka B i0HI30BaHOMY rasi
a00 miHY-eeKT.

VY mpaii [12] Ha OCHOBI MPOBECHUX YMCIOBUX €KCIIEPUMEHTIB OOTPYHTOBA-
HO, [0 MarHiTHe caMO(OKyCyBaHHS iCTOTHO HE BILUTUBAE HA MEXOBY TPAEKTOPIIO
KOPOTKO(OKYCHOTO EJIEKTPOHHOTO Iy4yKa. TeOpeTHYHI OMIHKA Ta pPe3yJbTaTH
KOMIT IOTEpHHUX PO3PAaXyHKIiB MMOKA3aIH, 10 JJI My4KiB 3 KyTOM 301KHOCTI, OiJ1b-
mmM 3a 15°, enepriero enekrponiB 10-30 keB Ta crpymom 1,5-2 A BB MarHit-
HOro caMo()OKyCyBaHHS Ha MEXKOBY TPAa€KTOPilO MydYKa CTAHOBUTH He Oinblie
uix 0,1%.

PosrasiHeMo BiINOBIAHY CHCTEMY PiBHSHB, YUCIOBE PO3B’A3yBaHHA AKOI J0-
3BOJIAE 3HAUTH MEXOBY TPAEKTOPiI0 KOPOTKO(OKYCHOTO €NEKTPOHHOIO IyYKa 3a
YMOBH HOTO TPaHCHIOPTYBaHHS B HU3bKOMY BaKyyMi Ta KOMIIEHCAIlil IPOCTOPOBO-
O 3apsay eNEKTPOHIB I0HAMH 3aJIMIIKOBOTO rasy.

1. Cucrema anreOpo-audepeHiiaabHIX PIBHIHB IS MOZCIIOBAHHS MIPOIECY
BIJIBHOTO Jpeiidy eNeKTPOHIB MyyKa 3 YpaxyBaHHSM iX BIACHOTO MPOCTOPOBOTO
3apsay Ta KOMIIEHCAIlil i0HaMH 3aJTUIIKOBOTO Tasy [8, 12—14]:
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ge [, — CTpyM eNeKTPOHHOrO Iy4yKa; 7, — paliyC eJIEKTPOHHOTO IyYKa;
Uy, — TPUCKOpIOBANbHA HANpyra; f — piBeHb lOHI3aLli 3aIMIIKOBOTrO Trasy;
n, — KOHLIEHTpaLis €JIEKTPOHIB MIy4Ka; #;, — KOHLIEHTpawis 10HiB 3aJIUIIKOBO-

ro rasy Ha oci CUMeTpii ITyuKka; m, — Maca eJIeKTPOHA; & — JIeNEKTPUYHA CTa-
na; B=v,/c — BIAHOMEHHS yCepeAHEHOI MIBHIKOCTI €IEKTPOHIB MydKa Vv,
JI0 WMIBUOKOCTI CBITHA C .
2. AnreOpuyHe PiBHSHHS )1 BUSHAYCHHS KOHIIEHTPAIIIT 10HIB 3aJIUIIIKOBOIO
rasy Ha oci CUMETpii eIeKTPOHHOTIO Imy4Ka 7, [8, 12-14]:
[~ 2 Megn, Unp
nj =~Nmry Bipn, |—=—=exp| ————|, 3)
Mme p €071y
Jie p — THUCK 3aJIUILIKOBOro rasy; B; — piBeHb 10Hi3allil rasy.

3. Cucrema anreOpUYHUX PIBHIHB JJIsI PO3PAXyHKY CepelHbOro KyTa po3ci-
IOBAaHHS €JIEKTPOHIB ITyyKa Ha aTOMax 3aJMIIKOBOrO rasy 3rigHo 3 Moxeso Pe-
3ephopaa mae Burisa [8, 12—14]:

-4 54/3 3/2
tg[eminjzlo Za .tg(emaXJ_Za .

2 B 2
2 2vp 2 ) 2P
2 2
52 = 8nrinZ; afz1 0 max | @
4,2 0 . |
B Y min
ae 0in» Omax — MiHIMaIBHUI Ta MaKCHUMAaJIbHUN KYT PO3CiIOBaHHS BiANOBIIHO;
Z, — 3apsj A7pa aToOMiB 3aJIMIIKOBOTO rasy; 7 — KOHILEHTpAIlis aTOMIB 3aJIHILI-

KOBOTO Ta3y; dz — JOBXWHA IIPOOITY eIeKTPOHIB Y TTO3A0BKHEOMY HAIPSMKY Ha
noTOuHii iTepauii; § — cepeaHiii KyT PO3CilOBAHHS EIEKTPOHIB MyuKa; Y —
PEeNATHBICTCHKHUH hakTop.

Pesynpratu po3paxyHKy MeKOBOI TPA€KTOpil eNeKTPOHHOTO Iy4Ka AJs pi3-
HHUX 3Ha4€Hb [IPUCKOPIOBaIbHOI Hanpyru 3a ymoBu [, =0,5A1 p=0,1 Ila noka-
3aHO Ha puc. 1 [10].

SIK BUZIHO 3 OTpUMAaHUX pe3yJIbTaTiB KOMIT IOTEPHUX PO3paxyHKiB, 3aJI€KHO-
CT1 U1 MEKOBOI TPAaeKTOPil KOPOTKO(MOKYCHOTO ENeKTPOHHOIO IydYKa BiJ Bil-
craHi r(z) MalwTh OIUH TIOOATHHUM MiHIMYM y (DOKambHIA TUTONIMHI, a 32 Me-
JKaMH 00J1aCTi MaKCUMyMY IIi 3aJIeKHOCTI ONU3bKI 10 JTiHIHHKUX. 3TiIHO 3 TAKOIO
MOBEIIHKOIO (PYHKII1, 33/1aH0T JAaHUMH YMCIIOBOTO MOJIEITIOBaHHS, OyaeMo IIyKa-
TH BIATOBIIHY (QYHKIIIO IHTEPIOJIAII].
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Puc. 1. Pesynbratu po3paxyHKy MEKOBOI TPAaeKTOPii KOPOTKO(YOKYCHOTO EIEKTPOHHOTO
mydJka, c()opMOBaHOTO JKepernoM enekTpoHiB BTP, 3a yMOBH BHKOPHCTAaHHS a30Ty SIK
pobouoro razy

V3ATAJIBHEHA IIOCTAHOBKA 3ABJAHHSA IHTEPIIOJIALIII
TA BUSHAYEHHS KJACY IHTEPTIOJIAIIMHAX ®YHKIIA

3rigHo 3 rpadivyHUMH 3aJeKHOCTSIMU (pUC. 1) MEKOBI TPa€eKTOPii €1eKTPOHHOTO
My4yKa 32 YMOBH HOT'O TPaHCHOPTYBAaHHS B HU3bKOMY BaKyyMi 3 KOMIIEHCALI€IO
HPOCTOPOBOTO 3apsiy €IEKTPOHIB iI0HAMH 3aJIMIIIKOBOTO Ta3y MOKHA IHTEPIIONIO-
BaTH aNreOpMYHUMHU (YHKIISIMH, SIKi MalOTh OJIWH TIIOOaNbHHMI MiHIMYM, a 3a
MeXaMH 00J1acTi MIHIMYMy 3aJIeXKHICTh #(z) Mae JNiHIHHMN XapakTep. I3 Teopii

anreOpudHUX (YHKIA BiJIOMO, IIIO caMe TaKUM yMOBaM BiAmnoBigae kimac GpyHK-
ITiHA, sTKi POPMYIOTRCS SIK KOPEHIi CTETIEHS 7 3 TIOJMIHOMIB CTereHs 7, To0To [15, 16]

r(h)z’\’/Cnhi" +Cn,1hi"71 4+ Czh,-2 +Cih+C, , 5)

Je 1 — MOPSIOK PYHKIIT iHTePIOJISIIi.
Jnst BuKopuctanHs GyHKii inTepnonsii (5) HeoOXimTHO 3aaaTu Habip 6a3o-

BUX BIJUIIKOBHX TOYOK 7; TaKHMM YHMHOM, I00 OAHO3HAYHO BU3HAYNUTH 3HAUCHHS

xoedinientis C,...,C, . 3po3ymino, mo ansd QyHKLii anpokcuMalii nopsaKky #n
KUTBKICTh BIJUTIKOBUX TOYOK Mae Oyt n+1. Tomi ams Habopy 0a30BHX BiIUTIKO-
BUX TOYOK (7;,h;), i €[0,...,n] MOKHAa Ha OCHOBI CIIBBIAHOLIEHHs (5) 3amucaTtu

HECYIIEpPEWINBY Ta 3aMKHEHY CUCTeMY 3 7+ 1 piBHSHB, Y SIKil KUIBKICTh HEBiJO-
MHX TaKOX CTaHOBUTB 71 +1:

i =8 C b+ C B ek o2+ Cily + Cy L i €[0,..on). (6)
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[Ticnst migHECEHHS BCiX PIBHSHB CHCTEMU (6) JI0 CTENEHS # OTPUMYEMO Bifl-

HOBiIHY CUCTEMY JIiHIMHUX piBHAHB i KoediuieHTiB C,...,C, :
n n-1 2 no o

Ch +C,_ b +---+Cohi +Cih; +Cy =1, i €[0,...,n]. (7)

3a yMOBM BIIOMHX KoopAMHAT 0aszoBux TOuoK B (hy,n),P(hy,n),...

WA

Co,--.,C, ¢byHKuii inTepnosauii (5) sIK po3B’sI30K CUCTEMHU JiHIHHUX PiBHAHB (7),

oty) 18 P (h,.q,7,,1) MOXHA po3paxyBaTH BiANOBiAHI Koe]ilieHTH

1 Taka 3aj1a4ya, 3a YMOBH JOJATHUX 3HAYCHb KOOPJUHAT 77, ..., I';, 3aBXKIU MAE OJI-
HO3HAYHUI po3B’s130K. J{J1s1 po3B’sI3yBaHHS CHCTEMH PiBHSHB (7) MOXXHAa BUKOPH-
cTat OyAb-SKHiA 3 BIZIOMHUX METOMIB PO3B’SI3aHHS CHUCTEM JIIHIHHUX PiBHSHb, Ha-
MIPUKIIAJ METOJl BUKITIOUeHHs 3MiHHUX ["ayca—3eiinens. Tozai po3B’s30k cucteMu
piBHSHB (7) MOXHA IIYKaTH Y BUTJISIII aHATITUYHUX CITiBBIHOIIEHD sl KOeQilli-
enriB Cy,...,C, , 110 103BOJIsIE BUKOPUCTOBYBATU (PyHKII0 iHTEepriomsauii (5) as
Oy/Ib-SIKOTO BU3HAYEHOTO HAaOOpy 0a30BUX TOYOK.

PosrnssHeMo aHaNiTUYHI CITIBBIIHOIIEGHHS JJIs BU3HAYCHHS KOCQIIiEHTIB
Cy,-.-,C, g ¢yHKIiH, 3a7aHUX CHIBBIAHOMEHHAM (5) 3a yMOB n=2, n=3,
n=41n=>5.

AHAJITHYHI CIIBBIIHOIIEHHS 1151 PO3PAXYHKY KOE®IIIEHTIB
@®YHKIIHI IHTEPIIOJIALII MEKOBOI TPAEKTOPIi EJEKTPOHHOI'O
MYYKA BII IPYTOI'O 0 I’SITOrO MOPSJIKY

Dyukuist inTepnoJsinii Apyroro nopsiaky. Y pasi n=2 QyHKuis iHTepIonsuii
(5) mae Takuii BUTTIAA:

F(h) =Gl + Ch+C, . )

V3aranpHeHy cucTeMy piBHSHB (7) Uil aHATITHYHOTO CHiBBiZHOLICHHS (8)
MOJKHA TIEPENUCATH Y BUTIISAI CHCTEMH 3 TPHOX JIIHIHHUX PIBHSHB 3 TPhOMA HEBi-
JIOMUMH, BIIMOBITHO KUIBKICTh BiIJIIKOBHX TOYOK MOPIiBHIOE 3. SKIIO Ii TOUKH
MmaroTh koopausHatu B (hy,n), B (hy,r) 1 B(h,r3), cucreMy JiHIMHUX PiBHSHB

(7) nnsa BusHaueHHs koediuieHTiB Cy, C; 1 C, MOXHA 3riIHO 31 CHiBBIIHOLICH-
HsM (8) TiepenucaT y BUTIISAII

C2h12 + Clhl + CO = 1’12,
Cohy +Cihy +Cy =155 )

AHaITHYHAN PO3B’SI30K CUCTEMH PIBHSHB (9) MaTHMe BUTIIS;

i =r22—r12_ i :r32—r12 k _hpth
: hy—h’ 2 hy—h’ } hy—hy’
ky—k
sz_hz hl 5 o=k —(ky — ks 3
3=
ky—k
Co=1 _ﬁhlz_(kl_(kz_kl)l%)hl' (10)
3=y
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3a yMmoBH BinoMux noiiHomianbHuX koedimientiB Cy, C; 1 C,, ski BU3Ha-
4alThes chiBBiAHOMEHHAM (10), monosxeHHs (QoKyca €JIeKTPOHHOIO Iyuka /ip
MOYKHA BU3HAYUTH SIK TOUKY MiHIMyMy GyHKii (5), a (okanbHHN pajiyc eneKT-
POHHOTO Iy4Ka — SIK 3Ha4eHHsI W€l QYHKID (75,/;,) . OCKIIbKY QyHKIIs KBaj-

paTHOro KOpEeHs AJIs IOJATHHUX 3HAYCHb /1 3aBXKIH ICHYE 1 € MOHOTOHHO 3pOCTalo-
4yoro, MiHiMyM @¢yHKUIi 7(h), 3amaHoi cmiBBimHOWIEHHsSM (8), BimmoBigae

MiHIMyMy mapaOoiigHoi QyHKIii C2h2 +Cih+C,. Toni dokanbHi mapameTpu
€JICKTPOHHOTO My4YKa 32 YMOBH BHKOPHCTAHHS IHTEPHOJAMiHHOI GyHKITT (8) Ta
BiJJOMHX 3HAuU€Hb MMOJIIHOMIAIILHUX KOCS(II[IEHTIB, BU3HAYCHUX CITIBBIIHOIICHHSIM
(10), MmokHa po3paxyBaTH TaK:
2
__ G _ G
hfZ‘“_EZ?_’ Tra = Cb'-zzy‘-
2 2
DyHKIiA iHTEPNOJsIHii TPeTHOro MopsAaAKy. Y pazi n =3 (yHKIisS iHTEp-
noJsiii (5) Mae BUTIISA

(11)

r(h) =3 Cy* + o2 + i+ C, . (12)

VY3aranbpHeHy cucTeMy piBHsHB (7) IJisi aHAIITHYHOTO criBBigHOMEHHS (12)
MO>KHA TIEPETIHCATH Y BUTIIAI CHCTEMH 3 YOTHPHOX JIHIHHUX PIBHSAHB 3 YOTHPMA
HEBIJJOMUMU BiJIIIOBIIHO, KUTBKICTh BIJJIIKOBUX TOYOK TOJi JOpiBHIOBaTHME 4.
Axmo 1 Touku MaroTh koopmuHatéd B (1K), P (hy,n),B(h,r) 1 Bi(h,n),

cucTeMy JiHIMHUX piBHAHB (7) s BusHaueHHs koediuientis Cy, C), C, 1a Cj
MOJKHA, 3TiJTHO 3i criBBimHOMEHHM (12), mepenucaTi TAKUM YHHOM:
Cyhi + Cohi + Cly +Co =17
C3h3 + Cohy +Ciy +Cy =13 ;
Cihi +Cohd + Ciiy +Co =15 ;
C3hi +Cyhd +Cihy +Coy =15

(13)

Otpumana cuctemMa JiHIHHUX piBHSIHD (13) Mae Takuil aHANITUYHUHA
9
PO3B’SI30K:

b = hy—h  hy—hy e = hy =M hy=h k _ Iy =y —hyly + Iphy
: hy—hy 0 ° hy—hy hy —hs ’
k _ Y —hg —hyhy + oy k B k _k—k
4= s N5 — s e — >
hy —hy hy—hy ey — kg

ks — kg ks — Ky

Cy =ks —(h3 +hyhy + bl Ykg —(hy + h)(ky —kek3) ;s Co =1 —Cshi) —Cyh{ —Cyhy.

V pasi BUKOpHCTaHHS iHTepnosiniiHoi GyHkmii (12) 32 yMOBH BiIOMHX TIO-
JTiHOMIANPHUX Koe(IIlieHTIB, BU3HAYCHUX CHiBBiAHOMEHHIMHU (14), TOIOKEHHS
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(bokyca eIeKTPOHHOTO My4Ka /i3 MOKHA OOUHMCIIUTHU K KOPiHb KBaJPaTHOIO PiB-
asEas i3 3C3h° +2C,h+Cy =0 Toxi hoKanbHHHA pajiyc MydKa BH3HAYAETHCS

sIK (r;3,h;3) 3a cniBBigHOWeEHHM (12). BinnosixHo maemo:

26, GG,
27C7 3G

(15)

hf3 Z—f, rr3 =3 CO +
Dyukuis intepmossiuii yerBepToro mopsiaky. Y pasi n=4 ¢yHKUis iH-
Teprofsuii (5) Mae BUTTISA

am:ﬁcmﬁug#+cyﬁ+Qh+qy (16)

VY upoMy BUMAJKy cHCTeMa JIiHIMHUX piBHSHB (7) AN BU3HAUYEHHs Koediri-
eatriB.  Cy, C},C,,C; 1 C,4 3amucyerscst Juid IU'ATH  0a30BUX  TOYOK

B(hy,n), Py (hy,ry), Py(hy, 1), By (hy, 1) § Ps(hs,rs) y Takiii gopmi:

Cyhit +C3hi + Cyhl + Cihy +Cy =11

Cuh3 +Csh3 + Coh3 +Cihy +Cy =15 ;

Cyhy +Cshi + Cohi +Cihy +Cy =13 ; (17)
Cyhd +Cshy + Cohd +Cihy +Cy =1 ;

Jli1st cripotnieHHsT po3B’s3yBaHHS CHCTEMH JiHIHHUX piBHSIHB (17) yBeaemo
xoedimienTn @y ;, ne k — HOMEp iTepamii y pasi po3B’s3yBaHHs CHCTEMH PiB-
HsHb (17) meTonom ["ayca—3eiinens; /| — Homep piBHsHHSA B cucteMmi (17), skuit
BiAmoBimae iHaekcaM 3MiHHUX A 1 7. Toal MoXKHa 3amucaT BIAMIOBIAHI CITIBBII-
HOILEHHS JUIsl 1HAEKCIB a ; :

S 4 JA 4 A4 S
271 . 371 . _471 . 571
T T A T T S T
2~ 3~ M 4~ M 5 — M
u M3 —a 4 4 an a 15— a1 (18)
23—, 5 Mua=— 5 As=—"— -
hy —h, hy —h, hs —h,

Posristaemo Takox xoediuieHTa by, ;, 1€ JUCKPETHI 3MiHHI k 1 / MaroTh Ti
cami 3Ha4EeHHsI, 1O i Juist KoedimienTiB a; ; y criBBinHOmEHHX (18), a TUCKpeT-

Ha 3MIHHA M BIJTOBIJAE CTENEHIO 3MIHHOI / Yy CIIIBBIIHOIIECHHSIX CUCTEMH PiB-
HsHb (17). BianoBinHi aHaNiTUYHI CIHiBBiAHOIIEHHS Ul Koe]ilieHTiB by ,,;, a

TaKOXK IS TUX KOe(ILIEHTIB @y ;, AKi Oe3M0CcepeHbO 3anexaThb BiJ by ,, ; , MOXK-
Ha 3aIiCaT! TaKUM YHHOM:
33,42 2 2 2 22
= hy —hy +hyhy —hyhy +hihy —hih, | L ya = hy —hy +hyshy —hyhy |
s - > s &y - >
hy —hy hy —hy

hi —hi +hyhy —hyhy .
hy —h, ’

hy —h5 +hih —h3h +hih, — hih,
bz,3,4 = e —h
4 — M

3 byoa=
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3 3 2 2 2 2 2 2
2,3,5 — h h s ¥2,25 — h h b )
572 572
b _ b2,3,4 _b2,3,3 . _ b2,3,5 _b2,3,3 .
334 7 s D335 =—— >
b2,2,4 - b2,2,3 b2,2,5 - b2,2,3
P dr4—dr3 | e = dys5—dy3
34— s U35~ .
b2,2,4 - b2,2,3 b2,2,5 - b2,2,3

3 ypaxyBanrsiM criBBimHOmeHp (18) 1 (19) aHamiTeni BUpasu il Koedilli€HTIB
Co, €, C,,C3 1 C4 inTepnonamiiiHoi  ¢ynkmii  (16) BU3HAYAIOTHCA
PO3B’S3YBAaHHIM CUCTEMH JIHIHHUX piBHSIHE (17):

azs —azy | ar 4 — a3 bz,3,4 _b2,3,3 d3s5 —az4 |
Cyp=—""—":C5= - ;

; =
b3,5 - b3,4 b2,2,4 - b2,2,3 b2,2,4 - b2,2,3 b3,5 - b3,4

Cy=ay3—by33C4 —by53C55 (20)
. 3,2 2 3 2 2 )
Ci=aj, —Cyq(hy +hyhy +hihy + ) — C5(hy + by + i) — Cy(hy + hy) 5

CO :}"14—C4h14—C3h13 —C2h12 _Clhl'

@yHkuisa iHTepnoJsuii I’saToro nopsaaky. Y pasi n=>5 QyHkuis inrepno-
nttii (5) Mae BUTIIA:

F(h) =3 Csh® + Cyh* + 51 + Cyl> + G+ C 1)
Hns dyHKUiT iHTeprnonswii, 3anaHoi ciiBBigHOmEHHIM (21) y3arajabHeHa cu-
cTeMa JiHiiHuUX piBHAHB (7) a1 Bu3HaYeHHA koediuieHtiB Cy, Ci, C,, C3, Cy 1
Cs, 3ammcyeTbcss 1 1mectu  0azoBux Touok B (hy,n),B(h,n),
Py (hy,13), Py (hy, 1), Ps(hs,r5) 1 Fs(hs,75) :
Cshi + Cyh' + C3h + Cobf + Gy + Cy =17 ;
Cshy + Cyhy + Cyhi + Cohd + Clhy +Cy =15
Cshy + Cyhy + Gyl + Cohd + Cihy +Cy =15 ;
Cshy + Cyhy + C3hy + Cohi + Cihy +Cy =15 ;
Csh +Cyhd + C3hd + Cyhd + Cihs + Co =12 ;
Csh + Cyhg + C3h + Cohd + Cihg + Coy =1

(22)

[TepeBara BukopucTaHHS KOS(DIMI€HTIB a 1 b It TONTyKy KOediIlieHTiB QyH-
KIIii 1HTePHOJISII] HoJsITae He JIUIIE Y TOMY, IO CIPOIIYIOTHCS BiIOBIIHI aHATi-
TH4Hi BUpasu. Ockinbku cuctemMu piBHSHB (17) 1 (22) € ineHTHYHUMU 1 BCi 1X piB-

HSHHS BiJIPI3HAIOTHCS JIMINE TIEPITUM JTOJAHKOM Cshl5 , iTepamiiHuil Tporrec

metonay ['ayca—3eligens B 000X BUNaakax ofgHaKkoBHid. ToMy OinblricTs oOuncIe-
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HUX Koe(ilieHTiB QyHKIIl IHTEpHOISALii YeTBEPTOro MOPSAKY TaKOX € MPaBUIIb-
HUMH 1 s QyHKOIi m°sitoro nopsaky. Hacamnepen BinpisaaTucs 0yayTs xoedi-
MIEHTH @ JUTS TIepInoi iTepamii a;;, OCKUTPKH y TIpaBiii YaCTHHI CHCTEeMH PiBHSHB
(22) 3amicTb 3HauUCHb 174 CTOATh 3HAUEHHS ;75. BignoBigHo mepiui YOTHpPHU PiB-
HsHHA cuctemu (18) s popmyBaHHS PO3B 3Ky CHCTEMU PiBHIHB (22) HE0oOXia-
HO TIepenucaTy y Takui crnocio:
n-n . B - n-n B

al,zzh h’a1’3:h h’a1’4:h haal,szh h (23)

2~ 3 4~ 5=

AHani3 3aKOHOMIpHOCTi ()OpMYBaHHsSI OTPHMAHHMX AHATITHYHHUX CITiBBiTHO-
mrens (18) 1 (23) cBimuuTh Ipo Te, W0 y 3aralibHOMY BUNAAKY A1t PyHKIIT iHTEp-
HOJIALIT NOPSAKY 7 Koe(ili€HTU @; ; MOKHA OOUMCIUTH 3 BUKOPUCTAHHSAM TaKOI'0

YHIBEpCAITHPHOT'O aHAJIITHIHOTO CITiBBiTHOIICHHS:
rln _ rln
by —hy
[Ipore iHmn anamiThyHi Bupa3u cucteM piBHAHB (18) i (19), orpumani mis
3HaueHb k=2 1 k=3, [=1,...,5 ta m=1,...,4, € npaBwIbHUMH 1 JUIs PyHKITLT

ay = (24)

ampoKcUMaIlil IT’ITOro MOPSAKY, OCKIJIBKYU iTepamiiHuii npouec [ayca—3eiimens
JUIsL pO3B’sI3yBaHHs cucTeM piBHSIHB (18) 1 (22) Ha mpyriii 1 TpeTiii iTeparisx Mae
OJJHAKOBI KPOKH. IHIII aHamiTHYHI BUpa3u AJs KoeQilieHTiB a; ; 1 by, ;, AKi Ha-
JTaJTi BUKOPUCTOBYIOTHCS I (DOPMYBaHHSI PO3B 3Ky CHCTEMH PIiBHSIHB (22), Ma-
I0Th TaKUil BUTTISIA:

d = r65 —r15 C g = A6~ 412 , U e = re —d23
b he—h~ 20 he—hy ~ >0 byr6—br23 ’
hg —h3 + hghy — hyhy
byre= ’
"~ he —hy
b M =R+ hsh = hohy + BShY — oy + iy — By
2,43 — h3 _ h2 )
5 by b3+l — Bk + hihE —hyhE + by — B by
2,44 = Ty — 1y >
b B =B Sy — b+ hSH, — W3R + s — hih 25)
2,45 — h5 —h2 >
b hs —hy +hgh — oy +hghi —hshi + g —hihy
2,4,6 — h6 _ h2 s
h —h3 +hihy —hihy +hihg —hih,
by36= ;
” he — hy
_ b2,4,4 _b2,4,3 . _ b2,4,6 _b2,4,3 . _ b2,3,6 _b2,3,3
3,44 — — 346 =7 - > WB36=7 -
b2,2,4 _b2,2,3 b2,2,6 _b2,2,3 b2,2,6 _b2,2,3
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3a yMOBU BIIOMUX KOCDIUEHTIB ay ; 1 by, ;, SKI 33aI0ThCS aHATITHYHUMU
cruiBBigHomenHsMu (18) i (25), po3B’s130k cucTeMu piBHAHB (22) Ui 3HAYCHBb
koepinientis Cs, Cy, C3, Cy, C; 1 C Mae Takuii BUIIIAA:

46 —d45 |

g6 —das
y Cp=byys———

Cs —dy5,

b4,4,6 - b4,4,5 b4,4,6 - b4,4,5

C3=a34 =b344Cs —b334Cy5 Cy = a3 —52,4,3C5 —by33C,4 —b2,2,3c3§
Cy=ay, —Cs(h3 +hyhy + hyhi +hlhy + ') — (26)
C (B3 +h2 2 3 2 2 .
=Cy(hy +hyhy+hihy + 1) = C3(hy + hyhy + i) = Cy(hy + hy)

Co =1 —Cshi —Cyhft = C3h® = Cyh? — Cihy.

Pesynbratu iHTEpHONAIi, 3 BHKOPUCTAHHSAM OTPHUMAHHUX CIiBBIIHOIICHB
(8)—(26), MexxoBUX Tpa€eKTOpiii KOPOTKOGOKYCHUX €IEKTPOHHUX IyUKiB, 32 YMO-
BU iX TPAHCIOPTYBAaHHS B HU3bKOMY BaKyyMi 3 KOMIEHCAIIIE€I0 BIACHOTO MPOCTO-
POBOTO 3aps/y €JIEeKTPOHIB 10HaMH 3AJIMIIKOBOTO Tra3y, YHMCIOBI JaHI IS SKUX
3a7al0THCSl YHCIOBUM DPO3B’SI3KOM CHCTEMHU PiBHSHB (2)—(4) Ta rpadidHumu 3a-
nexHocTsMH (puc. 1), po3risgayTo maii. Tam ke Oyme oriHeHa MoXuoKa iHTepIIo-
Jsuii SK BiZHOCHA PI3HHULS MK pe3yJbTaTaMHM YWCIIOBOIO MOJENIOBAHHS, SIKi
B I[bOMY BHIIAJIKy BBAXXAIOTHCS €TAJOHHUMHM, Ta 3HAYCHHSIMH (QyHKIiH iHTEp-
nossuii (8), (12), (16) 1 (21), koediuieHTH AKX PO3PaxOBYIOTHCS 3a CIHIiBBiJ-
nomenusmu (10), (14), (18-20) 1 (18, 19, 23, 25, 26) BianosigHO.

PE3YJbTATH IHTEPIIOJISIIIT MEKOBOI TPAEKTOPIi EJTJEKTPOHHOI'O
IIYYKA TA AHAJII3 TIOXWUBKU IHTEPITOJIALIIT

Pe3ynbpTaty iHTEPHOSIIT MEXKOBOI TPAEKTOPii KOPOTKO(DOKYCHOTO €IEKTPOHHOTO
My4YKa JJIs JaHUX YUCIIOBUX PO3PAXyHKIB, MOJAHUX Y BUIJISAL TpaiuHUX 3aJIeK-
HoOcTel Ha puc. 1, moka3aHo Ha puc. 2. 3aJeKHOCTI /IS BIIHOCHOT OXUOKH 1H-

TepronAnii 300pakeHo Ha puc. 3. BimHOCHY MOXMOKY iHTEPHOJIALil po3paxoBy-
BaHO TAKUM YHHOM:

|rlmc (h) ~ Nur (h)|
rtmc(h)

— pe3yJbTaTH YHCIOBHX PO3PaxyHKiB, sKi JUIsd 3aJaHHS 1HTEPIOJSIiT

e(h) = -100, (27)

A€ Typc

BBAXKAIOTHCSI IOCTOBIPHUMU; F,,, — PE3YJIbTaTH iHTepHoisLii. Sk BuaHO 3 puc. 2

1 3, iHTEpHOJIALIiS JaHUX YUCIIOBUX PO3PaxyHKIB BUKOHYBaJIach AJIsl 3HAYCHD MIPHU-
ckoproBanbHO1 HanpyTw 10, 12 1 13 kB moniHoMamMu Ipyroro, TPETHOTO, YETBEP-
TOTO Ta I1’SITOTO MOPSIKIB 3 BAKOPUCTAHHSM CHiBBigHOIICHD (8), (12), (16)1(21).

I3 rpadiunmx 3anexxHocteit (puc. 3) YITKO BUIHO, IO TOYHICTH iHTEPIOJIS-
uii, y pa3i BUKOPHCTaHHS KJacy 3alpOINOHOBAaHMX (DYyHKIiH, € HaATO BHCOKOIO,
OCKITBKM MaKCHMaJlbHA IOXMOKAa IHTEPIOJIAIIi, SKa BHU3HAYAETHCS CITIBBITHO-
ureHHs M (27), He nepeBuinye 8%. HaliMenma moxuOka iHTEpoJslii, MeHIa 3a
0,6%, oTpuMmaHa g mpHcKoproBanbHOI Hampyru 10 kB, mo mMoxHa nmoscHUTH
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JNiHIKHAM XapaKTepOM MEXOBOI TPa€KTOpil EJICKTPOHHOTO IMyYKa 3a MEKaMu
o0J1acTi MiHIMyMY Ta BJAIAM BHOOPOM HA0OpY BIUTIKOBHX TOYOK, BiIMIYCHHUX Ha
puc. 2, a.

T T T T

r,mx10%

AMX10° I

5,0

4,5

40

35 |

30 L.

016 018 02 022 py

3,0

25
2,0

1,5

0,16 0,18 0,2 0,22 h,m
6

Puc. 2. Pe3ynpraty iHTepIosiiii MEKOBOI TPAEKTOPil €IEKTPOHHOTO MyYKa ISl pO3pa-
XYHKOBHUX JIaHUX, TIOKa3aHuX Ha puc. 1. JKupHa cyuiibHa JIiHIsI — pe3y/bTaT YHUCIOBO-
ro MOJIIIIOBaHHs. Pe3ynbTaTi iHTEpIosiLii: TOHKA CyLIbHA JIiHIS — (YHKI[sI APYroro
MOPSIIKY, LITPUXOBA JIiHISL — (YHKIISI TPETHOIO MOPSIIKY, MyHKTUPHA JIiHISE — (QYHKIIis
YETBEPTOTO TOPSIKY, INTPUXITYHKTHPHA JiHIA — (QYHKIS IT'ATOTO TOPSAKY. a —
U =10 kB, 6 — Uy =12 kB, 6 — Upp =13 kB. ba3oBi Touku (yHKIIH iHTEpIOIIALIL:
Koo — st QYHKIIT Jpyroro Mmopsiiky, KBaapar — Juis (QyHKIii TPEeThOro Mopsiiky,
poMO — i GYHKIIT 4YeTBEPTOTO MOPSAAKY, MECTUKYTHUK — IS (QYHKIIT T’ ATOTO TO-
panky. Ctpym enekrpornoro nyuka — 0,5 A, podouwnii Tuck — 0,1 Ila

Bucoka TouHICTh iHTEpHOMSLIT U1l OyAb-SIKUX 3HaYeHb MPUCKOPIOBAILHOI Ha-
NPYTU TOSICHIOETBCS TIEPEyCiM TPaBUIBHO OOpaHMM KiacoM (YHKINH, 3alaHux
criBBiTHOMEHASAM (5), OCKUIBKM IMi (YyHKITIOHAIBHI 3aJIKHOCTI MAalOTh Ti cami
XapakTepHi 0COOJIMBOCTI, 110 ¥ pe3yJbTaTH YUCIOBOIO MOJCIIOBAHHS, MOAaH1
Ha puc. 1. OQHAaKOBUI XapakTep 3ajJeKHOCTEH, AKi MiAJAraloTh IHTePHOALii, Ta
(yHKIiH IHTEPHOALIT MOJSATAE y TOMY, 110 BOHU MarOTh OAWH INTOOAILHUHA MiHi-
MyM, a 32 MeKaMH 00J1acTi MIHIMyMY ITi 3aJIEKHOCTI Ty»e OJTU3bKi A0 JTiHIHHUX.

I3 Bukopucrannsam criBBigHomens (11), (15) ouintoBanock noxoxeHHs (ho-
KyCa eJIEKTPOHHOI'O ITyuKa Ta #oro ¢oxaabHOTo paaiyca. [y npoBeaeHHs TaKUX
OLIIHOK uepe3 00paHuil Hadip YMCIIOBHX JaHUX, OTPUMAHUX Y pe3yJbTaTi BUKOHA-
HUX YHUCIOBUX PO3PaxyHKiB 3a cHiBBiZHOMmEHHSMH (2)—(4), 3 BUKOPHUCTaHHSIM
ANTOPUTMIB PO3B’sI3aHHS €KCTpeMalbHUX 3a1a4 [16] BU3HauaBCs MiHIMyM (QyHK-
uii r(hp)=ry. 3 ypaxyBaHHAM (opMaii3My JMCKPETHOI MaTEeMaTHUKH BITIOBI-
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HHUH aITOPUTM MOIIYKY MOJ0KEHHS eKcTpeMyMy (QyHKII JUCKPETHUX BiJUTIKIiB Ta
il MiHIMQJIBHOT'O 3HAYCHHS MOYKHA 3aIUcaTH B Takii dhopwmi [16]:

rp =min(r;), hy =argmin(r;), i =1,...,N, (28)

ne N — KINBKICTh TUCKPETHUX TOYOK y HaOOpI YMCIIOBUX JAHUX, KWW aHATi3y-
€THCA.
BiaHocHa noxubka, %

0,7

BinHocHa noxubka, % 4

3,0
25
20
1,5
1,0
05
0,0

0,5

0,3 pififeas

s 1

09016 018 02 022 hwm

Puc. 3. BigHocHa moxubka IHTEpIOJIAIIT MEXOBOT TPAEKTOPIi €EKTPOHHOTO My4Ka s
PO3paxyHKOBUX JaHHX, MMOKazaHUX Ha puc. 1. CyuinbHa JiHisE — (yHKLis Apyroro no-
PAAKY, IITPUXOBA JiHIA — (PYHKIIS TPETHOTO MOPSIKY, MYHKTUPHA JHIS — (QYHKIIiSA
YETBEPTOrO MOPS/KY, IITPUXIYHKTHPHA JIiHI — (QYHKIIS I1'SITOTO TOPSAKY; a —
Uyp =10kB, 6— Uy =12kB,6 — U, =13xB. CtpyM enekTpoHHOTO0 mydka — 0,5 A,

po6ouwnit Tuck — 0,1 Ia

UwncnoBi pe3ynbTaTd po3paxyHKiB, BHKOHAHUX 3a criBBigHOmeHHsMH (11),
(15), (28), HaBeneHO y TAOMHIIL.

Pesynbratn po3paxyHKy (POKaIBHUX MapaMeTpiB eIEKTPOHHOIO IyYKa yepe3 aHa-
T3 JaHUX YHCIOBOTO MOZEIIOBaHHS Ta 3a (PYHKIIsIMU iHTEpIOJIsLii 1oro MexoBoi
TPAEKTOPii IPYroro i TpEThOro MOPSAKIB

IMostoxkenns poxkyca myuka hy doxanbHUi pajiyc It
Ipuckopio- Oyukuis | DOyHkuis Oyukuis | DOyHKIiA
BalbHA | Eragonme = APYTOTO | TpeThOro | oo e | JAPYTOTO | TPETHOTO
Hanpyra, | sHaueHH, TOPAKY, | THOPARKY, 3HAYCHHS, TOPAZIKY, | TTOPARKY,
3HAYEHHS, | 3HAYCHHS, 3HAYEHH, | 3HAYCHHS,
kB M MM
M/TIoXHOKa, | M/TIOXHO MM / TI0- | MM / TIOXHO-
% Ka, % xuboka, % Ka, %
10 0,185 0,186/0,5 |0,184/0,5 6,71 6,73/0,2 | 6,72/0,15
12 0, 181 0,185/2,2 10,183/1,1 2,83 2,75/2,8 | 2,8/1,1
13 0,21 0,2/4,8 10,206/1,9 1,41 1,4/0,71 | 1,405/0,35

Cucmemni docniodcenns ma ingopmayivni mexnonozii, 2020, Ne 3 35



I.B. Menvnux, A.B. Ilouunox

OBI'OBOPEHHS OTPUMAHUX PE3YJIBTATIB

I3 3aranpHUX OCHOB TEOPii IHTEPHOALIT 3p0O3yMio, IO MaJie 3HaYeHHS! OTpUMa-
HOi MOXHOKW AJsl JaHWX YUCIOBOTO MOJENIOBaHHS MOXKHA OTPUMATH JIMILE 32
YMOBH TpaBHJILHOTO BHOOpPY HaOopy 0a30BHX TOYOK B 00jacTi (oKaabHOI IUIO-
HIMHY €JIEKTPOHHOTO My4Ka, e 3aJIeKHICTh (/) Aocsrae MiHIMaJIbHOI BEIUYMHU
[15, 16]. TecToBi eKCIEpUMEHTH TTOKA3aJIH, 1110, OCKIJIBKHU 3TiHO 3 y3aralbHEHUM
criBBigHOmeHHsM (1) 3anexHicts 7(h) € I3epKalbHO-CUMETPHUYHOIO BiJJHOCHO

miHii h=h,, A3epKaibHE PO3TALYBaHHs 0a30BMX TOYOK BIIHOCHO L€l JiHIi 3

JTOMAaTKOBOIO TOYKOIO B 00JIACTI po3TanryBaHHS (OKyca ITydKa 3a3BHUail € Haii-
KpaIiuM PIllIEHHsSM 010 OTPUMAaHHSA MIHIMAJIbHOT OXHOKY IHTEpHOsAIii. 3 iH-
I0ro OOKY, SIKIIO (POKYC EICKTPOHHOTO MyYKa pO3TAlIOBAaHUN HA MOYATKy abo B
KiHII YMCJIOBOrO iHTEpBaly 3a 3MIHHOIO A [/, i, |, IKUI pO3rasAaeTbes, 00-

CTaTHBO B3STH JIMIIE OAHY 0a30BY TOUKY Ha IHTepBAIl [/y4,,/] ab0 [hy,hy,],

OCKUIBKH 32 MexaMu (OKaIBHOI 00JIacTi 3anexHicTh 7(h) 3aBxkau Oyiu3bKa JI0
niniiiHoi. ToMy y BHUMNajaKy, Koiu (OKallbHA IUIOMIMHA €JIEKTPOHHOTO Ty4Ka JUIs
0o0paHOro Ha0Opy 4YHCIOBUX JIaHMX pO3TAIIOBaHA B CEPEAMHI IHTEpPBAILY
[My04sPiy ] » Kpate oObupaTu (YHKIIO IHTEPHOJSLii MapHOrO MOPSAKY, Halpu-
KJaJ apyroro abo yerBeproro. HaBmaku, QyHKUil iHTEpHOsLii HEMAPHOTO TO-
PAIKY, HAIIPUKJIAA TPEThOTO abo I’ SITOT0, Kpalie o0upaTH, Ko (HokagsHa IUI0-
LMHA eJICKTPOHHOIO Iy4Ka /i, pO3TallloBaHA Ha [I0YAaTKy abo B KiHLI iHTEpBaiy

KiH

[My0us Pin ] » KT posrasinaeTbes. ChopMoBaHi B pe3ysbTaTi IPOBEAEHHS TECTO-
BUX EKCTIIEpUMEHTIB peKOMEHAIIiT 10710 0OpaHHs MOPSAIKY HYHKIIT iIHTepHosIil
Ta PO3TallyBaHHS 0a30BUX TOYOK JIO3BOJIMIM CTBOPUTH MPOCTUH aIrOPUTM JJIs
pO3B’sI3yBaHHsI 3aBJIaHHs IHTEPITOJIALIT B aBTOMATUYHOMY pexuMi. ba3osi Toukw,
MOKa3aHi Ha puc. 2, pO3TAIOBYBAIUCH 3 BUKOPUCTAHHSAM I[LOTO AITOPUTMY. SK-
10 HEOOXIJIHO B3ATH JIMINIE OJHY 0a30By TOUKY, BOHA pO3TAlllOBYBajach BCEpe-
JIMHI 1HTEepBally, a SKIIO MOTPiOHA KUIBKICTh TOYOK N, BIIIOBIIHUI iHTEpBAJ Ji-
muThcs Ha N +1 gacTuHy.

Y Oynb-sSKOMY pasi TECTOBI €KCIIEPHUMEHTH ITOKa3ajy, 10 3 BUKOPUCTAHHIM
(hyHKIIOHATTFHUX 3aJIeKHOCTEH (5) BiJl IPyroro JI0 I’ ATOrO MOPSIIKY MOXKHA TOCSTTH
JIOCUTHh BHUCOKOI TOYHOCTI IHTEPIOJIAIII MEKOBOI TPaeKTOPil KOPOTKOHOKYCHUX
CJICKTPOHHHMX ITY4YKiB, @ BIIHOCHA MMOXHOKA IHTEePIOJIsLii cTaHOBUTH Bij 0,7% 1o 8%.

I3 po3rasiHyTOrO y poOOTI TEOPETHYHOTO MaTepially 3p03yMLJIO, MO0, OCKiIb-
KU iTepauiiiHuii npouec ['ayca—3eliiernsi MOBHICTIO MOBTOPIOETHCS NS MOIIYKY
koedimieHTiB GYHKUIH (5) pi3HUX MOPSIKIB, ICHYIOTh MEBHI 3aKOHOMIPHOCTI I[0-
0 GOpMyBaHHS aHAJTITHYHUX 3aJCKHOCTECH JUIsl OOYMCICHHS MOJIHOMIaTbHUX
xoediuientis C,...,C, . Hanpuknan, cnisinHomenHs (18) 1 (19), orpumani amns
(hyHKITII 9eTBEPTOTO MOPSIKY, Oy BUKOPUCTaHI I GopMyBaHHS aHATITHIHUX
BHpa3iB (25), Mpu3HAYCHUX I BU3SHAUSHHS MOJIHOMIIBHUX KOCeQiIlieHTIB GyH-
KIIi1 11’ ITOTO TOPSAIKY depe3 ciiBBigHomeHHS (26). ToOTO, 3 TEOPETHIHOI TOUKH
30py, MO’KHAa OTPHUMAaTH BIATIOBITHI aHAIITAYHI CITIBBITHOIEHHS 1 JUTS (QYHKITIH
(5) 6inpmn BucOKMX moOpsiakiB. [IpoTre minkoM 3po3ymisio, O B pa3i 30iTbIIEHHS
nopsAAKy # (YHKIII iHTEpIIoNALii 10 3HadeHb, Oimbmmx 3a 20, oOuucIOBabHA
CKJIaJIHICTh 3aBJaHHS IHTEPITONSAIIIT HETOMIPHO 3POCTaE, a TO/i BOHA BXKe HE OIPaB-
JIy€E€THCSI MOXKIIMBAM 3MEHIICHHSIM MOXHOKH, sTKe cTae HeicToTHuM [15, 16].

I3 mpakTHYHOTO TOMIIALY 3aNpPONOHOBAHMI METOJ IHTEPIIOSIIII MEKOBUX
TPAEKTOPIH KOPOTKOPOKYCHHUX E€IEKTPOHHUX IMYUKIB € Iyke e(PeKTUBHUM aHaJIi-
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TUYHUM 1HCTPYMEHTOM, 3a JOIOMOTIOIO SIKOTO MOKHA OLHIOBAaTH MO>KJIHMBOCTI
BUKOPHUCTaHHSI eNIEKTPOHHUX rapmatr BTP aist BUKOHaHHS BIAMOBIIHUX TEXHOJO-
riYHUX ollepaiil, MOB’sA3aHUX 3 €NEKTPOHHO-NIPOMEHEBUM HArpiBaHHSAM PEUOBH-
HU Ta BiJIIIOBITHUX BUPOOIB.

BUCHOBKH

OnmcaHo MeToJ IHTEPIOJIALil MEKOBOI TPAEKTOPil KOPOTKODOKYCHHUX €IIEKT-
POHHHX ITy4KiB 32 YMOBH iX TPaHCIOPTYBaHHS B HU3bKOMY BaKyyMi 3 KOMIICHCa-
LIi€F0 TIPOCTOPOBOTO 3apsilly CICKTPOHIB iOHAMH 3ATHIIKOBOIO razy. BukoHaHmuit
aHaJli3 pesyNbTaTiB YMCIOBOTO MOJCIIOBAHHS MEXKOBOI TPAEKTOPIi eleKTPOHHHX
My4KiB JUISl Pi3HUX 3HAYCHb IPHCKOPIOBAILHOI HAIIPYIH, THCKY 3aJIMIIKOBOIO Ia-
3y Ta CTpyMy IydKa MOKa3aB, IO IIi 3aJICKHOCTI MAaIOTh SIPYKHHH XapakTep
3 OJHUM TJI00aTbHUM MiIHIMYMOM Y IUTOIIMHI OKyca Mmydka, a 3a MexxaMu (o-
KaJIbHOI 00Js1acTi BOHM OJM3bKI 10 JiHIMHUX 3anexHocTed. [lomanpimmii aHami3
MOKa3aB, IO AJISl IHTePIOJILIIHOTO ONUCaHHs TaKUX (YHKLUIOHAIBHUX 3aJI€KHO-
CTEH 3 HEBHCOKOIO MOXHOKOI0 MOXKYTh OyTH BHKOPHCTAHI aHANITHIHI (HYyHKIIIT,
SIK1 y 3araJlkHOMY BHUIJIAII ONUCYIOTHCS CIiBBITHOMIEHHSM (5). 3 BUKOPHCTAaHHAM
Merony ['ayca—3eiinens oTpuMaHO aHATITHYHI CITIBBIAHOIIECHHS IS TOIIYKY ITO-
niHOMianbHUX KoediuieHTiB QyHKUii (5) Bix Apyroro 4o m’sToro nopsaky. Tec-
TOBI SKCIICPUMEHTH I10KA3aII, 10 N0XHOKa IHTEPHOIALIT /ISl JaHNX YHCIOBOrO
MOJIEITIOBAHHS 3AJICXKHUTh BiJl BI/I60py 0a30BUX TO4YOK i craHOBUTH 0,7-8%. Host
(yHKLUiii iHTEPIIONSLT APYToro i TpeTbOro HOPsAKIB OTPHMMAHO AHAIITHYHI CIIiB-
BigHomeHus (11), (15), ski 103BONSIOTH 663HOCGpeI[HI)O OIIIHIOBAaTH (OKaIbHI
ApaMeTPH EJICKTPOHHOrO Iy4Ka. IIpoBECHO OLIHKK TOYHOCTI BH3HAYCHHS (o-
KaJbHIX T1apaMeTpiB SIEKTPOHHOIO 1y4Ka 33 Pe3yJIbTaTaMi iHTepIIOIALi, BiHOC-
Ha MoxuOKa po3paxyHKiB 3a cuiBBigHomenHsamu (11), (15) He nepeBuiyBana 5%.
OTpumaHi pe3ynbTaTd iHTEPIOJALIT JO3BOJSIOTh Ha TOYATKOBOMY €Tarli MpoeK-
TYBaHHS JJOCUTb TOYHO OLIHIOBAaTH TEXHOJIOTiYHI MOXKJIMBOCTI €JIEKTPOHHUX Tap-
Mat BTP Ta y3romkyBaru iX 3 BAMOTaMH BiJIIOBIAHOTO TEXHOJIOTITHOTO TPOIIECY.
Taki pe3ynpTaTy € BKpal LikaBUMH U (axiBIiB, sKi 3aiiMaloThCs po3poOieH-
HSIM HOBITHBOTO €JICKTPOHHO-ITPOMEHEBOTO TEXHOJIOTIYHOT'O O0IalHAaHHS Ta HOTO
BIPOBA/DKCHHSIM Y TIPOMHCIIOBE BUPOOHHUIITBO.
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INVESTIGATION OF THE CLASS OF ALGEBRAICAL FUNCTIONS FOR
INTERPOLATION OF BOUNDARY TRAJECTORIES OF SHORT-FOCUS ELECTRON
BEAMS / L.V. Melnyk, A.V. Pochynok

Abstract. The method for interpolating the dependence of the electron beam radius
on the cutting plane position by the longitudinal coordinate, based on using the spe-
cial class of interpolation functions, was investigated in this article. The roots of n-th
order from the polynomials of the same order are used as the class of interpolation
functions, which correspond to the ravine dependence of the radius of a short-focus
electron beam on the distance of propagation. The results of testing have shown that,
depending on choosing the set of basic points, including its position relatively to the
minimum and their quantity, the relative interpolation error is between 0,7% and
8%. Obtained results of mathematical simulation of focal parameters of electron
beams have the significant practical importance for the specialists, involved in the
development and introduction into industrial production of modern highly effective
electron-beam technological equipment.

Keywords: electron beam, electron beam guiding, focal region, interpolation, class
of algebraic functions.

HNCCIIEJOBAHUE KJIACCA é.JIF EBPAMYECKHX ®YHKIWH 11 MTHTEPIOJISLIUH
TPAHUYHBIX TPAEKTOPUU KOPOTKO®OKYCHbBIX DJIEKTPOHHBIX IIYYKOB /
1.B. Menbnuk, A.B. [Tounnok

38

AHHOTAIHSA. HCCJ’ICZ[OBB.H METO UHTCPIIOIAIUN 3aBUCUMOCTH paJinyca 3JICKTPOH-
HOT'O ITy4YKa OT IIOJIOKCHUS IUIOCKOCTU Cpe€3a 1o HpOZ[OJ'IBHOﬁ KoopAauHaTe, OCHO-
BaHHBIM Ha MCMOJIb30BAHUH CICHAIBHOTO Kjacca HUHTEPIOJIAIUOHHBIX (l)yHKLlI/Iﬁ
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Kak kyacc HHTEpHONISIINOHHEIX (DYHKIHH, KOTOPbIE COOTBETCTBYIOT OBPA’KHBIM 3a-
BHCUMOCTSIM pajinyca KOPOTKO(OKYCHOTO JIEKTPOHHOIO IIy4YKa OT PacCTOSHHSA,
BBIOpaHbI KOPHU CTETICHHU /1 U3 TIOJIMHOMOB TOM )K€ caMoii cTerneHu. Pe3ybraTsl Tec-
THPOBAHUS TI0KA3alld, YTO, B 3aBUCUMOCTH OT BBIOPAaHHOrO Habopa OTCUETHBIX TO-
4eK, UX TOJIOKEHHSI OTHOCUTENBHO 00JIaCTH MHHIMYMA M KOJIHYECTBA, OTHOCHUTEIb-
Has omMOKa MHTepHouy JIexkuT B npepenax 0,7-8%. INomydennsie pe3ynbTaTsl
MaTeMaTHYeCKOr0 MOJEIMPOBaHHs (POKAIBHBIX MapaMeTPOB DJIEKTPOHHBIX ITyYKOB
UMEIOT OOJIBIIOE MPAKTHUECKOE 3HAUSHUE A CIIELUAINCTOB, 3aHUMAIOIIUXCS pa3-
paboTKOIl ¥ BHEAPEHUEM B TMPOMBIILICHHOE MPOU3BOACTBO COBPEMEHHOTO BBICOKO-
3¢ PeKTHBHOTO EKTPOHHO-IIy4€BOT0 TEXHOJIOTNIECKOTO 000PYIOBAHHS.

KrodeBble ci10Ba: 3JI€KTPOHHBIN ITy4YOK, TPAHCIIOPTHPOBAHHUE JIEKTPOHHOTO ITyd-
Ka, npudoxagbHas 00J1acTh, HHTEPIIONALMS, KJIaccC anredpandeckux GpyHKIUiL.
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AnnoTtamus. [TocBsiieHo npobieMaTiKe BeASHNs OTITyCKOB Ha IPEINPUSITHH U aB-
TOMaTU3alUH 3Toro mpouecca. ONUcaH THIOBOW >KU3HEHHBIH LUKI JIOKyMEHTa,
MPUBEIECHB OCHOBHBIE HEJJOCTATKU )KU3HEHHOTO LUKJIA OyMa)KHOTO JOKYMEHTO000-
pota. IlocTaBneno 3amaHue MOAPOOHO PACCMOTPETH CYNIECTBYIOMINII AITOPUTM Be-
nenust otmyckoB. [IpoBeneHa oreHka TpyI0€MKOCTH IIpoLecca U MPHBEAEHbBI HEI0C-
TaTKH JaHHOTO aJITOPUTMA, B YACTHOCTH HEONTHMAJIBHOE HCIIOIB30BaHIE pabodero
BPEMEHH M BO3MOXKHOCTH ITOSIBJICHHS OIIMOOK. J[eTalbHO OMHMCaHBI 9TANbI IPOBEJIe-
HHS aBTOMATHU3all{H, CIOCOOBI pelleHus OCTaBlIeHHOH 3anaun. [IpuBeneHs! Mexa-
HHU3MBI TOJYyYeHUs] HEOOXOMMMBIX NaHHBIX W IIPOBEICH aHAIU3 IOJyYEHHBIX pe-
3yabTaroB. [IpencraBieH NEpCNEKTUBHBIM IIaH JaJbHEHIIEH aBTOMAaTU3aLUU
npolecca BeIeHUs OTITYCKOB.

KiroueBble cjioBa: cucTeMa 3JIEKTPOHHOTO JOKYMEHTOOOOpOTa, HPHKIAIHAS pa3-
paboTKa, aBTOMaTH3alus IpoLiecca, BEACHUE OTITYCKOB.

BBEJEHHE

BonpmmHCTBO OpraHM3anuil MPUMEHSIOT B CBOEH paboTe KaHIENSPCKHHA TOKY-
MeHT0000poT. [Tonck u 3amomHeHne HEOOXOTUMOM HH(POPMAITUH IS PETYIISIPHO
COCTaBJISIEMBIX JOKYMEHTOB (©KCHEIEIbHO, SKEMECIYHO) OTHUMAOT MHOTO Bpe-
MEHH H3-32 OJHOTHITHON PYTHHHOW palbOTHI, MPH 3TOM HE MCKIIFOYAETCS] BEPOST-
HOCTh BO3HUKHOBEHHS OIMMNOOK B CBS3H C UEJIOBEYECKUM (PaKTOPOM.

TUMOBBINA XKU3HEHHBIM IUKJI JOKYMEHTA COJIEPKHUT TaKue dTarbl: CO3JaHUE
JIOKYMEHTA, COTJIACOBAaHHE C COUCITONHUTEISIMH, YTBEPKIECHUE PYKOBOIUTEISIMH,
03HAKOMJICHHE C JIOKYMEHTOM OTBETCTBEHHBIX WCIOJHHTENCH, Mepenava JJOKy-
MEHTa B OT/IEJNHI 7S IPOPAOOTKH.

B pamkax yka3zaHHOTO H3HEHHOTO IUKJIa OYMaKHOTO JOKYMEHTOO00OpOTa
BO3ZHHKAIOT CJICIYIONTUE HETOCTATKH:

— OoubIIMie BpEMEHHBIE 3aTPaThI ISl COCTABJICHUS JOKYMEHTOB BPYYHYIO;

— BO3MOXHOCTB ITOABJICHUSA OHII/I6OK B IOKYMCHTEC B CBA3U C YCJIOBCUCCKUM
(haxkTopowm;

— IPOJIOJKUTEILHOE BPEMsI COTIIACOBAHUS IOKYMEHTOB;

— yTeps TOKyMEHTOB B TPOIIECCE COTJIACOBAHUS I PACCBHUIKH B TIOJpasie-
nenus [1].

B cBsi3u ¢ ipuBeIEeHHBIMHU CIIOKHOCTSIMH MHOKECTBO OpPTaHM3AINN TTepexo-
IUT Ha 3NEKTPOHHBIA JOKYMEHTOO0OpOT. BHeApeHe mporpaMMHOT0 KOMILIEKCa
CUCTEMBI 3JICKTPOHHOT'O JOKYMEHTOOOOpOTa MO3BOJSET YMEHBIIUTh BpEeMs Ha
CO3/IaHNE U COTIIACOBAaHUE JOKYMEHTOB, HCKIIOYUTH MIJIN MUHUMH3UPOBATH BEPO-

© A.B. Myxouo, E.A. Kypuno, 2020
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SITHOCTh YTE€PU AOKYMEHTOB, CHU3UTh 3aTpaThl MPEANPHUATHSA Ha Ie4aTh, KOIUPO-
BaHHE U XpaHeHUE JokyMmeHTanuu [2]. Takoit croco6 mo3BoIsIeT YJKOHOMHUTH Bpe-
Ms U pecypchl. B HacTosimee BpeMsi HCIOTb3yeTCs MHOXKECTBO CHCTEM AJIEKTPOH-
HOTO JOKyMEHT000OpOTa, KOTOpBIE aBTOMATHU3UPYIOT TNIPOLIECC CO3IAaHUS U
COTJIACOBaHMS JOKYMEHTOB.

Paccmotpum cucteMy anekTpoHHOTO AokymMeHToobopora (COJ]) Directum,
ucnoas3zyemyto npeanpuatueM AO «BHUMADH». UncTpymeHTapuil cucTeMbl
MTO3BOJISIET ABTOMATH3UPOBATh MPOCTHIE 3aJaH, UCIONB3YS MPUKIaIHbIE (POPMBI
U Ia0JIOHBI, a TAaKXKe COTJACOBHIBATh JIOKYMEHTHI C TIOMOIIBIO 3apaHee 3aIpo-
TPaMMHUPOBAHHBIX MAPIIPYTOB.

W Bce xe cranmapTHEIN (yHKIHOHAN Directum He MO3BOJIIET aBTOMATH3H-
poBaTh Bce MOTPEOHOCTH NPEANIPUATHS IO BEJCHUIO JIEIOBOTO TOKYMEHTOO00PO-
Ta. IlosTOoMy cO BpeMeHEM C MOMOIIBIO MHCTPYMEHTOB CHCTEMBI CO3JaBAJINCh
HOBBIE THIIOBBIE MapUIPyTHl COTIACOBAHUS IOKYMEHTOB, KAPTOUYKH Pa3TMIHBIX
BUJIOB TOKYMEHTOB, CIPAaBOYHHKH, a TAaKXKe APYrue BCIIOMOraTeibHble (yHKIUU
U CIIEHAapHH, HAaCTPOEHHBIE MO AETIOMPOU3BOACTBO PEATIPUATHSL.

C nomompto C3J[ aBTOMaTU3UPYIOTCS BEIEHUE JOKYMEHTALMU 10 AOTOBO-
pam, JenoBasi epenucka MeXay OpraHu3alvsIMH U MOpa3AeIeHUIMH, KaJpoBas
paboTta — yder pabodero BpeMeHH, ITPHEM U YBOJIbHEHHE COTPYIHUKOB, BEJACHNE
OTIYCKOB [3].

Benenue oTnyckoB — TpYyJIOEMKHI ITpOLIECC, B KOTOPOM 3aJIeiCTBOBAHBI BCE
noJipaziefieHnst mpennpusitus. Llenpro sBisercs aBToMaTH3aIMs mMpoiecca Bejie-
HUSI OTIIYCKOB B IIEJIOM IYTEM CO3/JaHHs €JMHOro OOIIero MpOCTpPaHCTBa JaH-
HBIX — crpaBouHuKka «['paduk oTImyckoB» Kak 0a3bl HaHHBIX. JTa 0aza Oyxaer
WCTIOJIH30BAThCS COBMECTHO ISl (POPMHUPOBAHUS TOKYMEHTOB, CO3/1aBa€MbIX pa3-
JUYHBIMH TOJAPA3IENCHUSIMH — OyXranTepcKo-(pMHAHCOBBIM OTIEIIOM, OTIEIOM
TUIAHOBO-9KOHOMHUYECKOTO aHalli3a, OTAEJIOM Mo padoTe ¢ MepcoHaIoM. TakuMm
oOpa3oM, OyIyT yCTpaHEHBI Pa3HOUYTECHUS U BO3MOXKHBIE OMIMOKH, BOZHUKAIOIIHE
B pe3yJibTaTe CO3AAaHHSA U COTNIaCOBaHUS OTAEIBHBIX JTOKYMEHTOB, COAEPIKALIMNX,
M0 CYTH, aHAJIOTHYHBIE TaHHBIE. AJITOPUTM, KOTOPBIH HEOOXOIMMO PEan30BaTh,
MIpHUBEJICH Ha TUTAHOBOW CXeMe BeACHHUS OTITyCKOB (puc. 1).

PaccmoTpum cocTosiHue BeleHHUs OTIIYCKOB Ha MPEANPUATHH JI0 TPOBEACHUS
aBTOMAaTH3AIINH.

B koHue roma moapaszaeieHus] HaNpaBiSIFOT Ha COTJIAaCOBAaHUE CIy)KEOHbIE
3amucku 00 eXeroJHOM IIAHOBOM OTIYCKe Ha cienyromuit roa. Jaiee popmu-
PYETCsl U COTIIacOBBIBAETCS OOIIUI MPUKA3 Ha €XKETOMHBIA OTIyCcK. OCHOBBIBAsChH
Ha JAaHHBIX 00 OTIyCKaX, YKa3aHHBIX B OOIIEM MpHKa3e Ha TOJ, MOApa3AeieHus
(hopMHUPYIOT U COTIJIACOBBIBAIOT CITyKEOHBIE 3alMMCKH HAa TUTAHOBBIA OTITYCK €)Xe-
MecsYHO. B cilydae WM3MeHEHHus HaThl OTITyCKOB TMOAPA3ESIICHUS HAIPAaBISIOT
CITy>keOHBIC 3allMCKN Ha BHEIUIAHOBBINM OTITYCK, HA OCHOBAHWU KOTOPBIX OTAEN 110
paboTte ¢ mepcoHamoM (opMUpPYET MPHUKa3 Ha BHEIIAaHOBEIHN oTiryck. [locnemanm
ATAroM SBJISIETCS CO3/IaHUE OTAEIIOM IO paboTe C MEePCOHANOM OOIIero mpukasza
Ha OTITYCK €KEMECSYHO, YUUTHIBAS JAHHBIC U3 CITY>)KEOHBIX 3aIMCOK OT IO/pa3/ie-
JIeHUH.

AJTOpUTM TpelCcTaBieH B BUAC (PaKTHUECKOH CXEMbI BEICHHS OTIYCKOB Ha
npeanpusTuu (puc. 2).

Cucmemni docnioxcenna ma ingpopmayivini mexuonoeii, 2020, Ne 3 41



A.B. Myxouo, E.A. Kypuno

BuMllkHE
OJOMOOhHINOHONE
-OgOHRIIT
YLO

I9LHOWANOY
OMMOORHUIULBHY

XITHMOAILLO
BUHOINOUhBH
BI
I9LHOWANOT]

11O
H19900HeHHU D
-oxodarrreIxAq

worreHoddar o
aroged on
oL

TEOOW BH
XBMOAIILO QO
eexud[

GOMOAILLO KMHO/Od BINOXD KedOHRL]] '] ‘ong

701 BH XBIJAILLO
00 BYOUIIRE —

ERHOQINAL)
~ @

AMOAILLO
WOFOHBITIOHE O
BIOUIIRE
EBHI'RINO]] )
YOI BH XBIOAILLO
& QO BMOHUIIRE Al-
OMOAIILO ERHOIKAL)
WO9OHRIIIOHL O D
eexud] ]
Y01 BH XBMOAILLO
& 00 BMOHUIIRE Al-
«dOADAULO ) Y01 BH worreHoddan 9 BEHQKAILD) )
ANDVII» € XBMOAILLO QO a1oged on
AMHROA VLD eexudir HUImoQ i) iave) —
d YOI BH XBMOALLLO
QO BMOHIIRE .AI-
EBHOIXAIL)
—_ = =
SR

03

ISSN 1681-6048 System Research & Information Technologies, 2020,

42



Pacmupeunaﬂ unmezpayusl cucmemol 3J1eKmpoHHO20 OOKyMeHmoo(iopoma C nakemom ...

BEUIrRHE
OJIOMOOhHUINOHONE
-OdOHRIIII
iR)iarg)

(mBoON)
MOALILO BH
eexud]|

I3 Lo
UI19400HRHU(D
-ododaLireIxAq

worreHoddoam o
a1o9ed on
iz} iafg)

MAOAILLO
IWOFOHBLIIOHE O
eexud]|

worreHoddoam o
a10o0ed o
i)iarg)

MIOAILLO
WOSOHBITIOHE O
eexud]|

XBMOAIILO QO
BYOHIIBE
ERHONAI)

XBMOAIILO QO
L1 ®edoumee
EEHOOXAIL)

WorreHoddorr
o aroged
OII I[_ATL()

XBIOAIILO QO
eNOUIIeE
KEHOOXAL)

XBMOAIILO QO
eNOUIIRE
KEHOOXAL)

( rwAaaw v )
MEJ9N BH

=
( TEOOW BH )

e~
MBI BH

—
( YTEOOW eH

—

‘

QUIIDIQO
sowaddnenuvnwowsy

nuLEdIrodil BH 0MIAILLO BUHOTIE BNOXO BBXOORUINED 7 "IN

WorreHoddoa1r o
a1o0ed ou
i) ia g}

worreHooda1 o
a1o9ed ou
iiliarg)

XBMOALILO QO
eexudn uumo

701 BH

worreHoodon
9 aroged ou

-
MOAILLO HI990HRLIOHd

(&

BH BXOUIIRE BEHIRINIOY]
J

N

-
MOAILLO HI990HBLIOHE

G

BH BXOUIIBE BRHIRINO]]
J

~N

01 BH
XBMOALILO QO
eNOUIIeE
EEHOOXAL)

01 BH
XBMOALILO QO
eNOUIIeE
KBHOIXKAIL))

01 BH
XBMOALILO QO
eNOUIIeE
EEHOOXAL)

01 BH
XBMOAIILO QO
eNOUIIeE
EEHOOXAL)

T varen )
I

— =
T voren )
I

— =
 voren )
I

—
T voren )
I

— =

i, 2020,

OP,MQL!IMHII mexnoJocii

Cucmemni docnioxcenns ma ing

43

03



A.B. Myxouo, E.A. Kypuno

ITOCTAHOBKA 3AJAYHN

Y4uuThIBas MaccoBOE HCHONb30BaHHE HHQOpMAlUH 00 OTIycKax MHoapasaese-
HUSMH, OBUTO TIPUHATO PEIIeHe aBTOMATH3NPOBATh JaHHYIO 3a1a4y. [lockombky
MOJYJIsl BEJICHUSI OTIIYCKOB ¢ HEOOXOAMMBIMU XapaKTEPUCTHKAMHU M (DYHKIHSIMHU
B UCIONB3YEMOH CHCTEME SJIEKTPOHHOTO JOKYMEHTOO0OpOTa HE CYLIECTBOBAJO,
OH OBLI pa3paboTaH COTPyIHUKAMHU OTHENa HHPOPMAIIMOHHBIX TEXHOJIOTHI C T0-
MOIIBI0 TIPUKJIATHOTO MHCTPYMEHTapus cucTembl. [lepBbIiM marom ams mepexosia
HA TUIAHOBYIO CXEMY BEJICHHS OTIYCKOB ObLIa BRIOpaHA aBTOMATHU3AIUS CO3/IaHUS
CITyKeOHOM 3aIMCKU.

DTOT HOKYMEHT MOAAETCs Ha COTIACOBAaHUE €XKEMECSYHO PYKOBOAMTEISIMH
noapasneneHuii. CocTaBieHHe JOKyMEHTa 10 aBTOMATH3aIldH COCTAaBIsLIO OT 30
10 60 MHHYT B 3aBUCIMOCTH OT KOJIMUYECTBA COTPYTHUKOB KOHKPETHOTO MOJpa3-
nenenusi. Uto xacaercs HEOOXOAMMOI ISl COCTaBIEHHsI Cy»)eOHOU 3amucku 00
OTITycKax WH(OPMAIINH, TO OHA COJIEPXKUTCS B Pa3HBIX HCTOYHUKAX. JlaTel oTmyc-
Ka KaKJOT0 COTPYAHMKA 3a(hUKCHUPOBAHKI B 00OIIEM MpUKa3e Ha TOJ; TOJDKHOCTH,
TIOJTHBIC UMEHA U TaOebHBIC HOMEpa PA0OTHUKOB — B Pa3IMYHBIX CIPABOYHUKAX
cuctemsl. [locie morydeHuss HeoOX0aUMOW HH(POPMAITUH COCTABIIETCS CITYXKeO-
Had 3allMCKa Ha OTITYCK, ITPU 3TOM TCKCT CHy>Ke6HOﬁ 3aIllMCKHU 3aIlOJIHAJICA BPpYy4-
Hyto. Hemocratku py4HOTO 3amojHEHUS OCHOBHOTO TEKCTa CIIPOBOLUMPOBAIN
UJICI0 aBTOMATH3UPOBATh MTOJTOOHYIO PYTHHHYIO padoTYy.

B pesynprare mpoBeneHns padboT M0 aBTOMAaTH3AIMH OTITyCKOB ObLIa co3/a-
Ha MporpaMma, KOTopasi aBTOMaTHYECKH OTCIICKHBAET HACTYIUICHHE JaT OTIYCKa,
cobupaeT He0OXOAUMYIO HHPOPMALMIO TI0 KAKAOMY COTPYIHHKY H €KEMECTIYHO
1o 3ampocy (popMHUPYeT CBOIHBINA TOKYMEHT, B KOTOPBIA aBTOMATUYECKH TIEPEHO-
CUT HalJeHHyI0 HH(OpMaruio B mabioHHOM BHe. Tak Kak Ha MPEeINPUSTHU
€CTb HECKOJIbKO MOApa3AeicHui, HeOOXOANMO Pean30BaTh BEIOOP COTPYIHHUKOB
JUTSE KOHKPETHOTO TOIpa3/ieNIieHHs, YIUThIBast aBTOpa JOKYMEHTa, U (POpMHUPOBATh
CITYKEOHYIO 3aITUCKY JJIsT pAaOOTHUKOB BEIOPAHHOTO TIOIPa3ICIICHHUSI.

g cocTaBiieHus cayKeOHOM 3allMCKX Ha OTIYCK HEOOXOAMMO CO3/1aTh JI0-
KyMEHT B cucteMe Directum, 3aTeM 3aloiHUTh KapTOUKY TOKYMEHTA, B KOTOPOH
YKa3bIBAIOTCS ajipecaT U TeMa JokyMmeHta (puc. 3). Jlara, Homep ciyxeOHOM 3a-
MTUCKH, aBTOpP MUCHhMa, MOJIpa3/ie]IeHNe aBTOpa M MECSI] 3alOIHIIOTCS aBTOMATH-
YECKH.

B kaprouke Mo yMONTYaHWIO YKA3bIBACTCS CICIYIOIIUN MECSI], Ha KOTOPBIH
OyZIeT cocraBlieHa ciayeOHas 3almucka Ha oThyck. [Ipu HeoOXoauMOCTH MOKHO
M3MEHUTH MECSIl, Ha KOTOPBIH (OopMHUpyeTCS JOKYMEHT.

[Mocne coxpaHeHus: KAPTOUKH CO3/IaeTCs CITy>KeOHas 3aMMcKa Ha OTITYCK.

[Mpumep chopMHpPOBaHHOTO TOKYMEHTa C aBTOMATHYECKH 3aIllOTHEHHBIMU
MOJIIMU ¥ OCHOBHBIM TEKCTOM ITOKa3aH Ha puc. 4.

[ons ampecar, HOMEp CiTy’)keOHOW 3aIUCKH, JaTa, TeMa U aBTOp JOKyMEHTa
3aIONHAIOTCS ABTOMAaTHYECKH, TIepeHoCS NH(GOPMAITHIO U3 KAPTOYKH JOKYMEHTA.

OCHOBHOH TEKCT CITy:)KEOHOW 3alMCKU TPEACTABISET COO0W KOMOWHAIIHIO
JAHHBIX U3 PA3IUYHBIX UCTOYHUKOB. ABTOMATH3AIIMs 3aII0JIHEHUS] OCHOBHOM Yac-
TH U SIBISCTCS 3aJaueil, KOTOPYI0 HEOOXOIUMO PEILIUTb.

Jiis Hadama B COOTBETCTBHH C MPUKa30M 00 OTIyCKax Ha rojJ HEOOXOIUMO
3aMOJIHUTH CTIpaBOYHUK «Ipaduk OTIMyCKOB», B KOTOPOM OYyIyT 3alvCaHbl AaThl
OTITyCKOB BCEX COTPYAHUKOB (pHC. 5).
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IIJ'IH KaXA0To0 COTPYAHHUKA CO3JAaCTCA KapTO4Ka, KyAda 3aHOCATCA OaThbl OT-

ITyCKOB.
-
D ChyxefHble W JOKA3AHBIE 3aNUCKN | = 2
CnyK. 1 4OKNEAH, 3aNKCKN
*Bug 3n. 4OKyMEHTE: CrysebHan 3anncka |:| | CoxparuTs |
*NE gokymenTa: 054/11 *flata gowymenTta: 10042020 |:| | o |
*MHuymatop: KoBsapb M.B. E]
*Tema (o uEm?): Woao signycrok
Moapasaenerne: Bigain Ne11 E]
Mpumeuarne: N PKEK
-
*HanmeHosanne: C/3 NO54/11 Lloao signycrox A
-
*MpunoxeHne Microsoft Word I_l
— Mapiu|
*AsTop: Kobsape Makcum Bonogumaposny |_|
*MNata cosgaHna: 10.04.202013:12:24 |:|
fara noca, wsm.: 15.04.2020 7:47:48 |:| Ipagmk
OTMYCKOB
Mpusnak:
*Appecar: Nucax Banentha BiktopisHa E] Homenicnarypa:
(Mcnoanwtens) _—
Bribpate Heckoneko agpecartos 3anonHWTe oTnycka 11-09
*N2  *Agpecatbl TpaseHb -
Ilyck
Wi 222101 MpocmoTp

Puc. 3. Kaprouka 31eKTPOHHOTO JOKYMEHTa

3apigyeaw mizaimy Nell

AT «BHIIAEH»
Hayanbruky BYM ta CM
Nucak B.B.
CJIYXXBOBA 3AIIMCKA
10.04.2020
[lomo BimmycToK

A

n'fl:lnn*i.;mmm Baw npo magarms macTymHe] Eizmyeree Ba Tpasere 2020 pory:

- 3asigyeau cerropy bofme Amapik Onepcaraporwa Tabenerem N21039
204052020 mo 08.05 2020 sEmsommo;

- Immemsp-nporpasicr | gat. Jartaprors Onsma Musonsiera rabenemem Ne1621
212052020 mo 15.05 2020 sEmsommo;

- Immemsp-zomerpyeTop | Rar. Kimameperea Arma Bonogmumpiena rabenzmedt Ne1607
204.05.2020 mo 08.05.2020 exmsommo;

- Immemsp-nporpasicr 3 gat. Kypuno Onema Onercamapiena Tadamemet Ne1632
212052020 mo 15.05.2020 exnsommo;

- 3asigveas capropy Myxoiz Onspcamap BisToposea Tabanemso Ne1623
226052020 mo 29.05.2020 eEnrommEo;

- IIpoeizmen: imsegep-enserporis Crpota Onepcarap AmaTonifosss Tadeneemm N23030
\EZS.GS.EIDEID mo 29.05 2020 exmwoamo;

.

ME Kobdzaps

Puc. 4. ChopMupoBaHHBINA JOKYMEHT
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Puc. 5. Kaprouka «I['paduka oTIrycKoB»

3arem H€O6XOI[I/IMO MOJIY4YUTh JAHHBIC O pa6OTHI/IK€ — (I)aMI/IJ'H/ISI, nums, OT-
YCCTBO, JOJIKHOCTH U TaOeIbHBIN HOMCED.

PEIIEHMUE 3AJIAYM C IIOMOIIBIO CHEHAPHUA

Ha nepBom 3tane aBromMaruzanuu HHQOpPMAIHS pa3Mellanach HEMOCPEICTBEHHO
B CIICHAPUM KAPTOUKU JOKYMEHTA, ITPHU BBIMOJHEHUH KOTOPOTrO B MOMEHT CO371a-
HUS CITYXeOHOM 3amiCcKu (hOPMHUPOBAIHCH HEOOXOAMMBIC JaHHBIC 1T OCHOBHOM
yactu. MHpopmalyst Oblia U3JI0KEHA B CICIYIOIIEM BUIC U J0/DKHA YKa3bIBATHCS
B KOJIE CIICHAPHSI [T KAXKIOT0 COTPYIHUKA OPraHU3aInu:

if User.Name == ‘'kurilo e' FIO = 'Kypumo 0.0.' Dolgnost =
'THxeHep-nporpamicT 3 kar. Bimmismy N11' Tabel = '1632' endif

if User.Name == 'babak' FIO = 'Babax B.0O.' Dolgnost =
'ThxeHep-nporpamicT BigmimyNll' Tabel = '1633' endif

if User.Name == 'anischenko' FIO = 'Animenxo B.M.' Dolgnost =
'THxkeHep-nporpamicT 3 kar. Bimmisy N11' Tabel = '3004' endif

if User.Name == 'shifrin' FIO = 'lwudpin JI.M.' Dolgnost =
'TOJIOBHMII KOHCTPYKTOP 3 i1HbopMauimumx TexHoJjoTin' Tabel = '1600'
endif

Takoi moaxon MMeN psii HeNOCTAaTKOB. BO-NepBBIX, MPOrpaMMUCTY HY>KHO
OBUIO NOCTOSIHHO KOHTPOJIMPOBATh AKTYyalbHOCTh JAHHBIX B KOJE CLCHAPHs, OT-
CIIe)KMBATh MPUEM Ha pabOTy HOBBIX COTPYAHUKOB M 3alOJHITH COOTBETCTBYIO-
e AaHHbe. Bo-BTOPBIX, U3-3a O0JIBIIOr0 00beMa JaHHBIX U MHOXECTBA yCJIOB-
HBIX OIIEPAaTOPOB YBEJIMYMBAICA 00BEM KOJAA, YTO CYLIECTBEHHO YXYJIIANO €ro
YUTA0ENbHOCTh U BOCTIPHSTHE.

[Tockonbky HeoOX0onMMBIE TaHHBIE coAepkaTcst B cnpaBoyHukax COJl, Obl-
JI0 IPUHATO peLIeHne MOANGUIUPOBATh MPOOIEMHBIN Y4aCTOK KOAa.
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PEINIEHUE 3AJIAYM C IIOMOIIBIO API

Ha BTOpOM 3Tane aBroMaTH3alMH MOJIyYCHUE WH(POPMAIIMKA PEATU30BBIBATIOCH C
nmomomsio APl — ¢dyukmmit cuctemsl. IlporpaMMusiii mHTEpdENc TPUITOKESHUS
(API) DIRECTUM mnpenocTaBisieT HECKOJIBKO METOJIOB JJIsl pabOThI C UCTOYHU-
KaMU JaHHBIX cUcTeMbI [4]. OMUH U3 HUX — METOJI Il pa0OThI CO CIIPABOYHH-
KaMHd. 3a oCHOBY B3siTa mratHas QyHknus CreateReference(), ¢ moMomip0 KOTO-
poil OBIIO pealn30BaHO oOOpameHne K CHpaBoYHUKY «(Oco00Bi KapTKH
MIPALIBHUKIBY C LENBIO TONYYCHHS 3HAUCHUH TaKHUX PEKBU3UTOB, KaK JOJDKHOCTS,
TIOJTHOE UMS, TA0CNBFHBI HOMEP M HAa3BaHUE TOJpa3 IeIeHUI.
B xonme cuenapus oOpamieHre K CIIPaBOYHHUKY ISl TTONyYEHUS TOJHKHOCTH
COTPYAHHKA OBIIIO PeaIn30BaHO CIICAYIONAM 00pa3oM:
RefBook = CreateReference ('OcoboraKapTka')
text = ""
foreach Line in RefBook
tmp = Line.Requisites ('JomxHocTh') .Value
if tmp <<>> null
text = text & tmp & CR
endif
endforeach
EditText ( text )

[Tpu sTOM cnocobe u3 cipaBouHKKa HOPMHUPOBAJICS MACCHB JAaHHBIX, U3 KO-
TOpPOTO 3aTeM MH(OpMAaIHs BHOCHIACH B MIA0JIOH IOKYMEHTa, BEIOOP HEOOXOIH-
MBIX TaHHBIX TIPOUCXOJMII YK€ TIPU 3aHECEHNH HEeTIOCPECTBEHHO B IOKYMEHT.

31O penieHre IOMOTIIO W30aBUTHCS OT HEOOXOJUMOCTH KOHTPOJISI aKTyallb-
HOCTH JAaHHBIX B KOJE CIECHApHs, a TaKkKe yIy4YlIUTh YUTA0EIBHOCTh KOZAd, HO
BO3HUK 0Oo0Jiee CYIIECTBEHHBIH HEIOCTAaTOK — BpeMs pabOThI CKPHUITa MPSIMO
MPONOPIIMOHANBHO YBEIMYUBAIOCH B 3aBHCHMOCTH OT KOJIMYECTBA IOJH30BaTE-
Jiel B CTIMCKE OTIYCKHUKOB JJIsI TIEPHOAa, U ObUTo paBHO 20 ceKyHIaM Ui OJHO-
ro OTImycKkHUKa. Tak Kak B CpelHEM KOJIUYECTBO COTPYIHHUKOB TOJpa3/eeHUs
cocrasisier 10 4emoBek, IS MONYYEeHUS TAaHHBIX JJIS TOKYMEHTa MOoTpeOoBaIoCh
Oosiee TpeX MUHYT OKHIAHHSA. A €CIIM YYUTHIBATh, YTO B MEPCIEKTHBE TLIAHUPY-
eTcs co3JaBaTh OJUH OOMIMK JTOKYMEHT AJISl BCeX MOIpa3lelieHHid, TO B MEPUO,
KOTJIa KOJIMYECTBO OTIYCKHHKOB OyAeT cocTaBiATh 10 50 COTPYAHUKOB, BpeMs
Ha MPOrpPaMMHBIH cOOp MH(OPMAIIUU MOXKET COCTABUThL OoJiee 15 MUHYT.

PEIHIEHHUE 3AJAYH C IOMOIIBIO SQL-3AITPOCOB

[TockompKy Takoe OBICTPOJICHCTBIE IPOTPAMMEI SIBIISIETCS HETIPUEMIIEMBIM, 8 Me-
Ton ucnosb3oBaHusd APl ¢yHkimii okazancs HedI)PEKTUBHBIM B TaHHOW CHUTya-
UH, OBLIO MPHHATO pEIIeHHe O0TKA3aThCsl OT MPOTPaMMHOTO HHTepdeiica 10CTy-
ma K CIIPpaBOYHHKAM CHCTEMBI, & B3aMMOJICHCTBOBATh HEIIOCPEACTBEHHO ¢ 0a3oit
JMaHHBIX. 171 n3BNedeHns JaHHBIX U3 06a3bl ucnoib3yercs SQL — sA3bIK CTPYKTY-
PUPOBAHHBIX 3aIIPOCOB [5].

Janee npuBenen SQL-3ampoc ais monydeHus: He0OX0UMOTO MacCHUBa WH-
(hopmaruu u3 0a3bl TaHHBIX:

SQLQuery = "
SELECT DISTINCT
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ok.Dop + ' ' + ok.Dop2 + ' ' + ok.Dop3 AS FullNameUK,

d.DataS AS DateStart,

d.DataPo AS DateEnd,

ok.Tabelnyui AS PersonNumb,

pos.NameAn AS Position

FROM MBAnalit gr

JOIN MBAnvValR5 d ON (d.Analit = gr.Analit)

JOIN MBAnalit ok ON (ok.vid = 3443 AND ok.Polzovatel =
gr.RabotniklOtp)

LEFT JOIN MBAnalit pos ON (pos.vid = 3300 AND
pos.Analit = ok.Dolzhnost)

JOIN MBAnalit dep ON (dep.Vid = 446 AND dep.Analit

gr.Podr)
WHERE gr.vid = 3505
AND ( (d.DataS BETWEEN '" & dateBegin & "' AND '" &
dateEnd & "')
OR (d.DataPo BETWEEN '" & dateBegin & "' AND '" &
dateEnd & "') )

AND dep.Kod LIKE '$ " & subDivision & "'
"
Query = CreateQuery ()
Query.CommandText = SQLQuery
Query.Open

foreach Record in Query
position = Record.Fields ('Position') .Value
fullNameUK = Record.Fields ('FullNameUK') .Value
personNumb = Record.Fields ('PersonNumb') .Value
dateStart = Record.Fields('DateStart') .Value
dateEnd = Record.Fields ('DateEnd') .Value

vacationer = "- " & position & " " & fullNameUK & " Ta-
Benbumin N" & personNumb & CR
dateRange = "3 " & dateStart & " no " & dateEnd & " BxJOUHO;"

if Iin(buffer; vacationer; false)
buffer[0; 1] = ""

buffer[1l; 1] = dateRange
else
buffer[0; 1] = vacationer
buffer[1l; 1] = dateRange
endif
i =1+ 1
endforeach

JanHbI# ciocob mpeacTaBiseT co0oi monydeHrne nHGHOPMAIUH C TIOMOIIBIO
SQL-3anpoca, HeoOxonumast nHpopMalus Beioupaercs, Munyst AP unrepdeiic,
B3aMMOJICHCTBHE TPOWCXOJUT HEIOCPEICTBEHHO C TaOmuIaMud 0a3bl TaHHBIX
CO/1. B kozxe 3ampoca ObUI yKa3aH MOWCK M3 HECKOJBKUX TAONUI[ JaHHBIX —
«I'paduk otnyckoBy», «PaboTHuKW», «/lomkHocTHY, «[lompasnencHus». Jlns yc-
KOpEeHUS pabOTHI 3ampoca YKa3bIBaINCh TOUHBIEC TApaMETPHI MTOMCKA, KOHKPETHBIHA
BPEMEHHOM MPOMEKYTOK U TOJIpa3/ICICHHUE.

Bcenenctere BeICOKOH ckopocTr paboTel SQL-3ampoca 3To penieHne MoTHO-
CThIO M30aBUJIO0 MOJYJIb OT OIMKMCAHHBIX BHIIIE HEJOCTATKOB U TIOBBICHIIO €T0 OBI-
ctpoaeticteue. Ha monyuyenne napopmanuu u3 6a3bl BHE 3aBUCUMOCTH OT KOJIH-
YeCTBA COTPYNHUKOB YXOIHUT BCETO HECKOIBKO CEKYHI.
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BBIBO/IbI

Takum 00pa3oM, TNIaBHOW IENBI0 aBTOMATHU3ALWHU SBISUIOCH TOMYUYEHHE NaHHBIX
JUTSL CITY>K€OHOU 3alMCKU Ha OTHYCK U (hOPMHUPOBAaHKE MOJHOCTBIO O(OPMIICHHO-
ro gokymenrta. Co3iaHue | 3aloHEHHE JaHHOTO JTOKYMEHTA JI0 aBTOMATHU3allun
coctapisio oT 30 1o 60 MUHYT B 3aBUCHMOCTH OT KOJWYECTBA COTPYIHHUKOB
KOHKPETHOTO MO/Apa3/ieieHusl.

B xone aBromMaTn3anuu co3iaHus CykeOHOM 3amucKu 00 OTITyCKaxX U opra-
HU3aIUN PabOTHI MOy ¢ TIOMOIIEI0 SQL-3aIpoCcoB CYIIECTBEHHO MOBBICHIIOCH
OvicTponelicTBue mporpaMMbl. [locime mpoBemeHus aBTOMATH3AIMH JOKYMEHT
(hopmupyeTcs 32 HECKOJIBKO CEKYH/I.

3agady aBTOMATH3AllMM BEACHUS OTIYCKOB MOXHO CUUTATh YACTUYHO BBI-
nonHeHHOH. [lomydeHne wHQOpManUU Ais CITy’)KEOHOW 3amUCKH 00 OTIyCKax
MIPOUCXOJNUT B aBTOMAaTHYECKOM PEXHMME, YTO TO3BOJIIIIO CYIIECTBEHHO yMEHb-
HINTh BPEMsl Ha MOMCK WH(OPMAIMK W 3allOJIHEHHE JOKYMEHTa, a Takxke n30e-
JKaTh OMIMOOK MPU PyYHOM BBOJIC TAaHHBIX.

B nanmpHeiimem mmaHWpyeTcs yCOBEPIICHCTBOBAHHE MOJYIS BEICHUS OT-
MMyCKOB — HCITOJIb30BAaHUE JaHHBIX W3 EIHHOTO HCTOYHHWKA, KOTOPHIM OymeT
cnpaBoYHUK «['paduk OTIMyCKOB», BCEMH Y4YacTHHKAaMH IpoIecca, aBTOMAaTH3HU-
poBaHHOE (pOpMHUPOBaHUE AAHHBIX JJISI OYXTalITEpPCKOrO yUeTa u OT/IeNa IIaHOBO-
9KOHOMHYECKOT0 aHaln3a, opMHUpOBaHKE 00IIero MprKa3a Ha OTITYCK.
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EXTENSIBLE INTEGRATION OF THE ELECTRONIC DOCUMENT MANAGEMENT
SYSTEM WITH PRODUCTIVITY SOFTWARE (HR MANAGEMENT) / O.V. Mukhoid,
0.0. Kurylo

Abstract. This article deals with the vacation tracking in the company and the
automation of this process. A typical life cycle of a document and the main disad-
vantages of the life cycle of paperwork are given in the article. The authors’ goal
was to consider in detail the currently existing vacation tracking algorithm. The
complexity of the process was assessed. The article also summarizes the disadvan-
tages of this algorithm, such as the sub-optimal use of working time and the possi-
bility of a human error. Further, the stages of automation, methods of solving the
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problem are described in detail. The mechanisms for obtaining the necessary data
are presented, and obtained results are analyzed. It also provides a long-term plan
for further automation of the vacation tracking process.

Keywords: electronic document management system, application development,
process automation, vacation tracking.

POSIIUPEHA IHTEIPAIISA CHUCTEMM EJEKTPOHHOI'O JOKYMEHTOOBITY
3 MAKETOM O®ICHUX INPOI'PAM (POBOTA 3 IIEPCOHAJIOM) / O.B. Myxoin,
0.0. Kypuno

Anorauisi. [IpucBsdeHo npoOiemMaTHIli BEACHHS BiAMYCTOK Ha MiIIPHEMCTBI Ta aB-
ToMaTH3amii Iporo mpouecy. ONIcaHO TUIOBUI KHUTTEBUN LUK JOKYMEHTa, HaBe-
JICHO OCHOBHI HEIOJIIKM JKUTTEBOTO IHKIY IalepoBOro A0KyMeHToobiry. ITocTas-
JICHO 3aBJAHHS JETaJbHO PO3IITHYTH ICHYIOUHH aJrOPHTM BEICHHS BiIITyCTOK.
Bukonano OIiHKY TpyZOMICTKOCTI IIpoliecy 1 HaBeAEHO HEIONIKH JaHOTO aJITOpPHT-
My, 30KpeMa HEONTHMaJIbHEe BHKOPHCTaHHS POOOYOro 4acy i MOXKJIMBICTH IOSIBU
HNOMHJIOK. J[eTaJIbHO ONHMCaHO eTamny IPOBEACHHS aBTOMAaTH3alii, CIOcoOM BHpi-
IICHHS TOCTABJICHOrO 3aBAaHHs. HaBeleHO MeXaHi3MH OTpUMaHHS HEOOXiIHHUX Ja-
HMX, IIPOaHATi30BaHO OTPUMaHi pe3ynbraTu. [ofaHO NMEpCHEeKTHBHUH IUIaH Hoja-
JBIIOT aBTOMATH3AIII] MTPOIIECY BEACHHS BiITyCTOK.

Kii04oBi c10Ba: cucTeMa eeKTpOHHOIO JOKYMEHTO00Iry, IpUKIagHe po3po0ieH-
HsI, aBTOMAaTH3aLlisi IPOLECY, BEACHHS BiIITyCTOK.
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SYSTEMATICITY OF ORGANIZATIONAL MANAGEMENT

LN. DROGOBYTSKIJ

Abstract. Organizational management is the weakest element in the evolution of the
modern civilization. It creates a lot of problems at all levels of its hierarchy that have
not been solved for a long time. Overcoming these problems requires streamlining,
improving and enhancing the instrumental methodological arsenal of organizational
management, creating a system and thus guaranteeing results and efficiency of its
practical use. In this article, we make an attempt to formulate the ideas and content
for further studies. Integrating them in the systemizing stream, i.e. building/restoring
the systematic character of organizational management, this article addresses its ba-
sics, such as definitions, fundamental principles, the style difference and system ty-
pology that should create main landmarks in the field of a new scientific approach to
an interested reader.

Keywords: system, management, administration, science, art, skills, vocation, style
of management, systematic management typology.

INTRODUCTION

Imperfection of modern management is registered by many scientific, commercial
and political authorities. It penetrates the whole modern social structure and is
visible at all its levels. So, at a mega level, the level of human civilization, this
imperfection leads to a multitude of unsolved civilizational problems — poverty,
starvation, inequality, narcotic addiction, environmental problems, that we egois-
tically delegate to the next generations to solve.

At a macro level, the level of individual countries, imperfection of manage-
ment has a national touch that in every single case leads to a series of specific (na-
tional) problems. In Russia, for instance, it is the resource-based national economy,
challenging transition to the innovative trajectory, imbalance in the industry struc-
ture, low labor efficiency, horrendous social segregation, extreme bureaucratiza-
tion, all those are on the agenda for a long time and no solution is found.

The registered problems are transitioned to a meso level, the level of indi-
vidual industries and economic regions, get multiplied and intensified there and
lead to uneven and unbalanced growth of many industry-based and regional sys-
tems, their structural incompleteness and instability, limited internal options for
enhanced reproductive performance and many other problems calling for immedi-
ate solutions.

© I.N. Drogobytskij, 2020
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At a micro level, the level of business enterprises, such imperfection of or-
ganizational management is most notably shown as a imbalance of their internal
operational mechanisms, uncoordinated interaction with other entities that leads
to violation of their integrity, suppression of reproductive processes and growth of
social tension between staff, managers and owners. Besides, the dominance of
autocratic leadership style is a reason for highly subjective managerial decisions,
it leads to deconsolidation of workforce and doesn’t help employees to seamlessly
combine their mental abilities and their roles in the reproduction process [13].

Still, the most notable impact that the imperfection of organizational
management has is registered with the last participant of economic activities —
individual — that is positioned at a nano level and completes the economic
hierarchy. Individual is under a constant pressure of both their own problems
(discontent with the workplace, job conditions, financial remuneration, growing
qualification requirements) and the problems of all the higher economic levels.
Targeted actions towards individuals should take into consideration their current
mental state [6] and their established behavioral patterns. Besides, the following
pattern should be regarded: the lower the individual is at the socioeconomic
ranking, the more difficult it is to make him or her change their behavior. So, the
uncertainty of organizational management at each level of economic hierarchy is
the essential trait of the current situation.

As it is known, any appearing/existing problem is a direct consequence of
non-consistency (inadequate consistency) in the researched field [8, p. 12].
Hence, to alter the negative tendencies in the organizational management
dynamics, we need to add (restore) its consistency, i.e. systematize it. We need to
move to a new, higher level of consistency, give life to a fading system of
organizational management and provide its further self-development, self-
sustainment and self-education.

SYSTEM DEFINITION OF ORGANIZATIONAL MANAGEMENT

Before moving directly to consistency of organizational management, let’s start
with its definition — what does “organizational management” consist of? The
semantic analysis of this phrase instantly leads us to a following conclusion. As
“management” means “administration”, the word “organizational” should obvi-
ously mean the area of applying these administrative activities, or creating a spe-
cial environment where purposeful managerial decisions will be made, taken and
implemented. As for the first option, the adjective is associated with organization
as an economic system classified as an object, for the second — with organization
as an economic system classified as an environment. So, the phrase “organiza-
tional management” refers to a special type of professional activity aimed at
managing economic systems where the key role belongs to people. In that case
the concepts of organizational management and organizational administration can
be considered synonyms and used simultaneously [14].

Still, to systemize the management science and for practical purposes it is
necessary to have a clear definition of their subject. As it was already mentioned,
the concepts of “management” and “administration” used to define human in-
fluence on development of enterprises, production processes, innovative projects,
organized markets, creative communities, professional organizations — every-
thing that covers the variety of organizational systems — are quite obvious and
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don’t require further explanations. It is a reality for practicing managers, so they
don’t bother about definitions while creating new regulations and processes or
giving verbal directions to staff members. But for scientists that study the theory
and/or methodology of organizational management, the absence of a clear defini-
tion for the researched subject causes major problems. When the definition is ab-
sent, all regulations, requirements and recommendations don’t always have a
solid theoretical basis and more often remind theoretical fantasies than scientific
results. In order to find a generally acceptable definition for organizational
management we will try to define and analyze its main features that reflect the
subject of this purposeful type of human activity.

Firstly, organizational management is an information process aimed to re-
duce entropy of the managed system. Entropy is the feature of a system that
describes the degree of its order and inner organization: the higher is the level of
organization the lower is the entropy and vice versa. With no management ap-
plied, the entropy is increasing, the system loses its structure and order, turns into
chaos. Organizational management prevents the system from degrading and shifting
to ambiguity. Fig. 1 shows the classic contour of organizational management. All
arrows represent information flows. l.e. procurement, transformation, analysis and
usage of information are inherently connected to management through all its life
cycle. Information is both the “daily bread” for organizational management (flows
S(t), Syi(t) and AS(?)) and its final accord (flow u(z+1)). Therefore, organizational
management doesn’t just consume information but also produces it.

Management
Subiject

AS=S,/(1)-5(1)
u(t+1)

Management S(H
SN oy H@ Su(?)

Fig. 1. Classic organizational management contour: S () — planned system status at

the time point #; S(f) — actual system status at the time point 7#; AS — difference
between the planned and the actual system status; u(z +1) — administrative impact on

the system at the next (¢ +1) adsministrative step

Secondly, administrative activity is a manifestation of the manager’s/team’s
conscious desire to make a certain impact on the managed system, object, process,
project or background. Herewith they choose the most efficient (in their percep-
tion) instrument from a wide range of available administrative methods — issue
an order or an instruction, give verbal

directions, negotiate a contract for certain works or initiate a whole prear-
ranged action plan. Hence, management is a fruit of human brain. Emotions and
instincts that definitely accompany the processes of making, taking and imple-
menting administrative decisions are of a marginal significance.

Thirdly, the nature of organizational management is energetic. The ability of
a manager to influence the managed system can’t be explained other than by its
energy influence. Thus, if a person moves an item from one place to another, they
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perform a work; if they give a direction to another person to move the item —
they already perform a managerial activity. Administrative impact in this case is
similar to an actuated electric relay switch. Its momentum is energetically low but
leads to much more significant energetic results.

Despite not knowing yet the nature of managerial energy and the ways to
measure it, we still use it since long, in a rather efficient way. The energetic im-
peratives discussed on the pages of scientific publications — will, authority, en-
forcement and influence — are nothing else but certain types of managerial
energy [1, 7, 9]. Successful implementation of any managerial decision requires a
certain amount of each energy type and a proper combination of them. The ability
to concentrate a required amount of a case-specific managerial energy in a proper
place and at a proper time is the sign of high-level managerial skills that deserve
encouragement.

Fourthly, organizational management is a goal-oriented process. The goal of
the managed system is some kind of a beacon that a manager uses to organize and
drive other people’s efforts in order to continuously move towards that goal and
finally reach it. Management with no specific goal results in fruitless wandering
of the managed system in space and time, capable solely to fulfill the wannabe
manager’s maniacal ambitions. Lucius Annaeus Seneca has said once a great
phrase about this: “...When a man does not know what harbor he is making for, no
wind is the right wind”.

Those features of management — information, conscious, energetic and tar-
geting — are nothing else but signs of consistency. Looking at the seemingly con-
tinuous managerial process U from the point of the systems theory, we can see its
elements (managerial impacts) u; that are applied not randomly but in a very spe-
cific order

U=<uy,uy,....,u; >.
More so, each managerial impact is a symbiosis of three acts
Up =<y U Uy >, i=12,...,
where

u;, 1s an act of making a managerial decision;

u;, s an act of taking a managerial decision;

u;, 1s an act of implementing a managerial decision.

Such conscious, sequence-aligned and goal-oriented synergy of elements is
the most valid evidence of consistency [8]. Hence, managerial activity is
systematic, and this fact allows us to use the whole lot of the powerful system
methodology for its analysis. First, it can be used to restore the consistency of
organizational management at a certain enterprise in case it was lost.

The above-mentioned concepts related to organizational management are
quite enough to synthesize its new, system definition. It can be formulated as fol-
lows: organizational management is a cognitive, informational and energy impact
applied to the system and its immediate surroundings that pursues the goal to resolve
the problems preventing its harmonious functioning and dynamic development.

This definition explains that the goal of organizational management is to dis-
cover, configure, find solutions and directly eliminate problems arising on the
way of a functioning and dynamically developing economic system. Furthermore,
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a functioning system is associated with expanded production of goods and ser-
vices in accordance with its mission (intended purpose) while development relates
to modifying the inner structure of the system to make it better fulfill its mission
and reach assigned strategic goals.

No management is needed where no problems are registered, and no prob-
lems are registered when there is no dynamic development (life). So, to manage is
to set and clear a mission-life path in space and time for the managed system to
follow. Metaphorically speaking, managers in economic systems perform the
same functions as sweepers in curling, ice-breaking ships in winter navigation or
evangelists in religion. They should neutralize all inner troubles and outer turmoil
and provide comfortable conditions for the managed system, allowing it to func-
tion and develop. Such interpretation of organizational management explains why
management goes far beyond the physical boundaries of managed systems.

Organizational management is currently very popular. Each year new forces
are getting involved, managerial scope and complexity are growing, number of
educational institutions that produce managers for the national economy is in-
creasing. In order to provide the required methodological support for the latter,
many manuals, study guides, audio and video tutorials are produced. Being issued
by various authors that belong to different scientific traditions, those educational
materials sometimes contradict each other and blur the current situation instead of
clarifying it.

The point is, scientific world hasn’t reached the consensus yet about the na-
ture of organizational management. Some regard management as an art of finding
the right way to develop the managed system at the competitive market, others
interpret it as an act of force that makes the system strictly follow (function and
develop) a fixed path in space and time, while some connect it to the self-
regulation and self-development of the system, mediated by its managers. De-
pending on the author’s preferences about the nature of management, we get a
varying content that cannot be brought to a common standard. This is the reason
why knowledge in management is not codified, certified or measured, as it is in
engineering, medicine or military science. Teaching in management still uses
more qualitative references — authoritative, intuitive, balanced — than quantita-
tive. So, the first step in systematizing organizational management is to structure
and zone its domain.

FUNDAMENTALS OF ZONING IN ORGANIZATIONAL MANAGEMENT

Systematizing of organization management is a multifaceted process of adding
(restoring) consistency to the methods and instruments used in making, taking and
implementing managerial decisions. While doing so, we should take into con-
sideration the natural identity of managerial activities. Following the Henry
Mintzberg theory [15, p. 143), I dare assume that this identity is based on four
fundamental cornerstones — craft, science, art and vocation. The weight of each
cornerstone in different management entities, whether it is a team or a standalone
manager, is very individual, and it gives a distinctive charm to their managerial
activity. Such differences can be taken as a basis for structuring the management
domain.

Craft is present in those areas of human activity where production or
management knowledge is not subject to formalization and thus are unalienable
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from its bearer. Transition of knowledge, skills and experience in such areas is
possible only when master-teacher and apprentice-student work in tandem. It ap-
pears that all kinds of professional activities in various historical periods have
witnessed the crafting stage in passing knowledge, skills and experience. The
crafting period ended only when the required knowledge got described by algo-
rithms, standards and procedures in instructions, regulations, manuals and guides,
when professional trainings got concentrated in special educational institutions,
from trade schools to universities.

In management this transition from craftsmanship to professionalism isn’t
complete yet. While in manufacturing, military art and construction the human-
kind has already switched to professional management trainings, the same kind of
trainings in culture, sports, medicine, governmental and municipal administration
has started in the current millennium, while the politics, science and art still train
their managers and administrators through craftsmanship methods. Even the do-
mains of human activity where management trainings have been set to profes-
sional footing, “craftsmen” are still present, which is not legislatively permitted in
the other areas. For example, it is hard to imagine a person with no professional
background that would legitimately practice as a doctor or a lawyer.

Science in any domain is associated with systematization, development and
practical application of knowledge obtained while researching its subject. Hu-
mankind has been trying to understand the scientific nature of management during
the whole period of its history [14]. During the last 100 years these attempts have
acquired a specific purposefulness and materialized in a whole range of theoreti-
cal concepts, including the Frederick Taylor theory of scientific management, the
Chester Barnard theory of organization, the George Mayo and Fritz Roethlisber-
ger theory of human relationships, the Herbert Simon informational paradigm of
management, the Michael Porter concept of strategic management, The Thomas
Peters, Robert Waterman, Edgar Schein and Jeffrey Pfeffer theory of organiza-
tional culture, the integrational concept of management by Peter Draker, Peter
Senge, Coimbatore Prahalad, Gary Hamel, George Stalk, James Evans and Zi-
novy Shulman, the Ichak Adizes style theory of management, the concept of be-
havioral economy by Daniel Kahneman, Amos Tverski, Richard Tyler and others
[1, 5, 10, 16]. Such an impressive list of theoretical concepts in management is
another proof that this domain lacks of a generally acknowledged scientific theory
for its main subject — organizational management.

The absence of the general theory of management partially explains poor
condition of its practical part. Practicing managers that make, take and implement
specific managerial decisions can rely on anything: theoretical concepts of
management that are traditional for their company or call to them, main
commandments of their religion, utilitarian philosophy, their own intuition, their
current mood etc. As a result, organizational management is often chaotic, with
incoherent actions and absence of inner logic in administrative decisions.

Art plays a huge role in modern management; it is associated with inspira-
tion caused by the manager’s rising spiritual and physical energy. In turn, the art
of management is built on intuition that is perceived as a solution of a certain ad-
ministrative task through subconscious analysis of the current situation, with no
understanding of its inner logics and/or insufficient information and/or absence of
a standard search-for-solution pattern. Strong concentration, aggregation of all
available information, high level of knowledge and expertise in the activity field
of the managed entity form the triad of necessary conditions required for the

56 ISSN 1681-6048 System Research & Information Technologies, 2020, Ne 3



Systematicity of organizational management

search of an intuitive (creative) solution for any administrative task. Sufficient
conditions arise from the manager’s higher nervous activity as a result of a
heightened attention level, activated memory, broadened perception and new level
of consciousness, all referring to the field of psychology.

Intuitive management requires a high amount of knowledge in behavioural
science, human relationships, management ethics as well as ability to adapt this
knowledge to the context. Professional expertise in the field of the managed entity
is a must for a person in the managerial position, and the higher the level of ex-
pertise is, the better. Surely, intuitive management is referred as one of the new
types of human activity that lack of standard, formal algorithms of making and
taking administrative decisions, or one of the areas where such formalization is
basically impossible. Still, that doesn’t mean that traditional areas where such al-
gorithms exist and constantly develop, give no place for intuitive management. In
this case we should talk only about the balance of formal and intuitive, traditional
and creative, old and new, craft and art [7]. Wishing to make new steps in order to
improve the practical aspects of management, we have to not only address famil-
iar patterns and standard procedures but also perceive the hidden reality, making
scientific hypotheses and showing creative initiative.

Vocation in management is often considered as a desire to perform as
a manager. In my earnest belief, inner motivation to manage is just a necessary
condition of vocation. True vocation, along with the desire, should also include
sufficient conditions, namely specific abilities and required (at least basic) level
of knowledge.

Vocation-driven managers are always suitable for their position. Trying to
fulfill their ambitions, on the one hand, and justify the credit of confidence from
staff members/entity/executive who has appointed them to the position, on the
other hand, they have a creative view on their responsibilities, they experiment
and, at the end, achieve visible success. Such managers are usually not afraid to
take responsibility, are able to set balanced relationships between staff members,
create an enabling environment and, of course, are well regarded by both their
colleagues and external stakeholders.

It is not uncommon that in situations of extreme gravity the managing posi-
tion goes to a professional with huge expertise but no desire to manage. Such
members of management team are called “necessity managers” [19]. They usually
combine the managing responsibilities with the work they have done before being
promoted (for example, university president keeps teaching students and being the
head of department, director of a medical center keeps treating patients, film di-
rector keeps acting and performs one of the leading parts along with directing a
show or a movie). Considering the fact that management is not a job that can be
done without sincere desire, such “necessity managers” do not stay long in their
positions. They “bear the weight” of managing till they find someone suitable to
replace them and convince staff members/entity/executive who has appointed
them, of their choice, or eventually they stop being “necessity managers” and
fully dedicate themselves to management.

The worst case is when the managerial position goes to a person with “re-
duced” vocation — they have motivation to manage but lack of abilities and
knowledge — not unusual in the Russian practice. This self-assured know-
nothing is not just unable to provide further development of the managed system
but even can’t support its existing level of operations. The arrival of such
manager is usually the sign of a system starting to fade.
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MANAGEMENT STYLISTICS

It is reasonable to suggest that the four basic elements of management, mentioned
above, somehow define the stylistic focus of organizational management in each
single case. They, so to speak, create a certain stylistic circuit that encompasses
every existing and described, as well as unknown and undescribed styles (man-
ners) of practical management. Below you can find one of the options to organize
such circuit.

Consecutive analysis of different style dominants, set in pairings, makes us
assume that they all create certain continuous multitudes where one style feature
slips into another: “science — art”, “science — craft”, “science — vocation”, “art —
craft”, “art — vocation”, “vocation — craft”. Combining these continuous se-
quences, we get a certain closed area (circle), or better say, sphere that cuts the
space of organizational management from unorganized surroundings (Fig. 2).
Each corner — “craft”, “science”, “art”, “vocation” — is associated with a certain
gravity force that tends to give its style tinge to the style of management, typical
for the manager caught in the organizational management force field. So, the cor-
ners in the mentioned diagram refer to “pure” organizational management styles
that are almost never present in real life, while the whole closed space is dis-
tributed between existing practical styles of management in accordance with their
preference for one or another corner. Therefore, we can define 13 style variations
of management.

Science

Analytic Searching

T

Orange

Balanced Art

Craft

Conven-
tional

Authoritarian

Vocation

Fig. 2. Style space of organizational management

This diagram has a clear sectoral structure. The base of each sector is formed
by a curve with the center in the corner that refers to one of four fundamental
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elements of management — craft, science, art or vocation. All four sectors end in
the same point (or, better say, same area) that is associated with the balanced or
systematic style of organizational management. Each basic corner at the border of
the organized management space is adjoined by two style variations of manage-
ment, while another one, together with the cross-functional balanced variation of
management, marks the smooth transition of its style feature to the opposite sector.

So, the “science” corner is closely bordered on the analytical style where the
science methods are primarily used to define current achievements, development
trends in the managed entity that generally don’t cross the border of existing tradi-
tions and experience, and on the searching style where, along with the science
methods, there is a clear inclination to intuitive elements that work as indicators
of creative approach that gravitates towards arts. Transition to the opposite sector
is made through the intellectual style of management based on the mental model
of managerial activities [6], the model that reflects individual features of making,
taking and implementing managerial decisions.

The “art” corner is closely bordered on the creative and artful styles of
management. In creative management art works as an instrument for searching
unconventional, unorthodox approaches to management that still have a scientific
base and a practical application in other domains of human activity. The artful
style of management implies synthesis and implementation of managerial deci-
sions “from scratch”. It doesn’t suppose any inherent scientific ground for these
decisions. Such ground may appear later as a result of a theoretical conceptualiza-
tion of the managerial decision made by a talented creative person with the voca-
tion. The intuitive style of management is a derivative of creative and artful and
serves as a first step of transitioning to the opposite sector, it tends to fit the deci-
sions already made, to the Procrustean bed of the traditional (craft) approach.

The “vocation” corner is bordered on authoritarian and amateur styles of
management. The authoritarian style is defined by a highly centralized executive
team, disregard of staff opinions, strict discipline, rejection of subordinates’ initia-
tives. The amateur style of management is bordered with the artful style but it
doesn’t require from the manager to have a mandatory methodological back-
ground and a solid knowledge base. This style is included in the general style dia-
gram to reflect the existence of people who serve as managers without any profes-
sional managerial education. The ambitious style of management takes an
intermediate position at the “vocation — science” axis. It is typical for high-tech
enterprises. Ambitious leaders that rarely disclose their thoughts, so their subordi-
nates frequently have to guess what exactly they have to do usually lead them.

The “craft” corner is bordered with the conventional and the innovative
styles of management. The conventional style of organizational management is
typical for many traditional areas of business. The etymology of the word speaks
for itself: making, taking and implementing managerial decisions is performed in
accordance with existing conventions and doesn’t suppose creative break-
throughs. It is not by chance that this style of management stands close to the au-
thoritarian style that is considered the standard of management. The innovative
style of management is effected within the borders of the traditional pattern of
making, taking and implementing managerial decisions but allows (and stimu-
lates) improvisation targeted to increase the efficiency and effectiveness of
management. As every managerial decision is based on three acts (making, taking
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and implementing the decision), the abilities of the innovative style of manage-
ment are almost unlimited. The Orange style of management takes the intermedi-
ate position at the “craft — art” axis and defines the highest level of conventional
and innovative styles. It unconventionally interprets the conventional pattern,
using both scientific approaches and elements of creativity (art).

The central position of the diagram is taken by the balanced, or systematic
style of management that seamlessly combines all four fundamental basics —
craft, science, art and vocation. In managerial activities it should be associated
with the ideal reference that all managers must strive to achieve. It requires a
radical revision of study plans to provide such managers for the national economy.
A decent place should be given to new courses — management psychology,
management culture, theory of organizational systems, theory of practice etc. —
many of those are to be created yet [7, p. 134].

Unfortunately, in real life we have to deal with a highly unbalanced
management. Some cases show total predomination of a certain element, and the
management gravitates towards degenerative styles that can affect the managed
entity in a negative way: a degenerative science style can lead to excess mercan-
tilism; a degenerative art style — to narcissism (self-admiration); pure vocation
can degenerate into “absolute monarchy” while pure craft — to conservatism,
when the manager refuses to go beyond their personal managerial experience.
Even a combination of just two elements leads to a troubled management. Science
and art without craft and vocation lead to distracted style of management, out of
synch from reality. Science and craft without art and vocation mean withered
(spiritless) style of management. Craft and vocation without art and science can
lead to the fading style of management, while a combination of art and vocation
without science and craft creates the adventurous style of management that can
bring disasters and terminate the business at any moment.

Success is available only in case of a more or less balanced management,
based on all four management dominants. In this regard, it is strongly recom-
mended to evaluate the balance of organizational management, performed by each
manager and the managerial team as a whole [12].

SYSTEM CLASSIFICATION OF ORGANIZATIONAL MANAGEMENT

As it is known, axiomatics and content of organizational management are defined
by the management body and the management subject. Consistency levels of or-
ganizational management are discerned depending on their structuredness, or-
ganization and systematization.

Management body is an agglomeration of all components of the managed
system that require managerial actions: elements, their interconnections, outbound
connections, factors that influence the system and its surroundings, technological
processes, financial flows etc. All mentioned components must be bound in a
general operated agglomeration or connected to the managed domain. Certain
moments from the list can move the boundaries of the domain far beyond the bor-
ders of the managed system. If the elements are not connected, at least partially,
or their connection is not holistic, we are dealing with a non-systematic domain of
various levels of non-consistency.
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Management subject is usually formed by a group of people who have been
delegated the authority to make, take and implement managerial decisions for the
managed system. There are various levels of the management entity consistency,
depending on how their executive authorities for certain elements of the managed
domain are distributed, the way they interact with each other while making,
taking and implementing managerial decisions, and the frequency of applying for
external services. The highest level of consistency is attributed to the complemen-
tary management team able to be flexible and adaptable to the changes in activi-
ties and growth of the managed system. Not hard to guess that the main responsi-
bility for the consistency of the management subject goes to the organizational
structure [5, 15]. This is where each member of the management team gets their
specific area of management, their authorities, instruments of coercion and
influence, as well as determines relationships with other team members.

Certain system types of management are defined, depending on the level of
consistency in the management subject and the management entity. The Table
presents a basic typology of organizational management consistency that can be
significantly extended in both directions if needed.

Basic Typology of Organizational Management Consistency

Management Entity
Management Subject . ,
Non-systematic Systematic
Non-systematic Manual management Institutional management
Systematic Strategic management System management

If a non-systematic Subject is managed by a non-systematic subject, we can
see manual management. For every specific problem arising throughout the func-
tioning and development of the system, an individual decision is made by one of
the members of the disconnected management team who can yet be affiliated to a
certain group of people. Should the same problem arising again, the team member
and the decision can be completely different.

If a well-structured and systematically organized subject takes the decision
for a problem arising in a non-systematic management entity, we are dealing with
institutional management. That means that decision-making is delegated to a cer-
tain member of the management team, and they take it in accordance with exist-
ing rules, regulations, traditions and other institutions shared with other partici-
pants of the management process. There is a strict navigation of problems in the
management subject (team), defined by the manager authorities appointed
through the distribution of rights and duties within the management team.

If a problem arises in a well-structured management subject but the manage-
rial decision leading to its elimination or reduction of its negative influence on the
managed system and/or its surroundings is made by a not completely structured
management team (management entity), based on the principles, rules and pat-
terns traditional for their strategy of growth, we witness strategic management. It
is not hard to guess that the detailed strategy for the foreseeable future is a result
of the properly structured and systematized management entity.
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Finally, if a problem arises in a systematized subject and an integral manage-
ment team “packed” in a flexible organizational structure takes the decision, we
can see systematic (balanced) management. In that case the decision-making per-
son (DMP) has credible resources to consider all nuances of the current condition
of the system, predict desired values of managed parameters for the foreseeable
future and find the solution that will allow it to function and develop harmoniously
at the current stage.

In order to implement system management it is essential to ensure that re-
viewing and systematization of the management subject, on the one hand, and
creation and system structuring of the management team, on the other hand, are
effected concurrently and stay harmoniously united throughout the whole life cy-
cle of the managed system. The practical implementation of this rule requires its
further elaboration to a certain set of rules (principles) that should be taken in
consideration while adding consistency to the management subject and manage-
ment entity. We will briefly mention its key moments.

Organizational management subject should be planned very thoroughly, con-
sequently drawing its parts with consideration to every element, connection, fac-
tor, technological process, financial flow, social aspect that will be subjected to
management afterwards. At this stage it becomes obvious that some parts need to
be expanded (broadened), others, to the contrary, are to be reduced and made
more compact, while some will need to be built from the scratch. As a result of
connecting all parts into an integral entity, we get the expected systematic man-
agement subject that will become the scene for the management entity’s activities
in the foreseeable future.

Depending of the entity that requires management, we need to create a team
of managers and build an adequate organizational management structure. We
should take into consideration not only professional requirements for the managers
that will be responsible for this or that element (subsystem) of the management
subject but also the desired style of management that depends on the subsystem
type and on the management subject. Such two-dimensional specifics of the man-
agement team members (their profiles and management styles) allows us to create
a holistic, functional team where the weaknesses of some members are compen-
sated by the strengths of others, and their joint efforts are goal-oriented and sys-
tematic [7, 9].

With the task of matching the management subject area and the management
team’s powers of authority, timelines of their life cycles are to be taken into con-
sideration. If the management team’s (management entity’s) life cycle is signifi-
cantly shorter than the management subject (managed system) life cycle, there is a
risk of time-servers who will care only about their own interests at the expense of
the managed system and its surroundings. In that case management designers
should implement strict formalized procedures for recruiting, arranging and rotat-
ing executives. If the management team’s life cycle is significantly longer than
the life cycle of the managed system — a typical situation for project and process
systems [11, 12, 13], then we should think about properly using the highly quali-
fied executives after the life cycle of the system is over.

Systematization of the management subject and the management entity cul-
minates into the system synthesis, or coherent integration of those essential com-
ponents of organizational management into a holistic management system. De-
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pending on its system type, on the one hand, and predominant trends in its super-
system, on the other hand, a general prognosis for the management system is
made for the foreseeable future, principles (rules) of interaction with external en-
vironment are formulated, strategic vision perspectives are defined.

The objects with the system management have a real opportunity to delegate
management activities to external, highly professional companies that focus on
remote services. Remote system management supports long-term consistency,
balance and integrity of the managed system, allowing it to switch from total
monitoring and control of the area to discrete management that implies sampling
analysis of key parameters and managerial actions in certain control points. In the
interim the distantly controlled system is left to its own devices that allows it to
fully deploy its inner reserves of self-education, self-improvement and self-
development.

CONCLUSION

The main reason of numerous unsolvable problems that accompany the develop-
ment of the modern civilization is the non-consistency of organizational manage-
ment. To overcome it, we need to systematize methodology, instruments, tech-
nologies and processes that are used in making, taking and implementing
managerial decisions. Our humble attempts to draw a picture of the future sys-
tematization, made in this article, convince us that it is a very hard and bold scien-
tific task that requires many intellectual, material and financial resources. Still,
the studies on the systematization of organizational management are to be started
immediately, so that we could find faster the ways to solve unsolvable tasks.
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OCHOBHU CUCTEMIBAIIIi OPTAHIZAIIMHOIO MEHE)KMEHTY / 1.M. JIporo6uuskuit

AHoTtanisi. OpraHizaiifHuii MEHEIDKMEHT € HalCIaOUIo JTaHKOI0 B PO3BUTKY CY-
YyacHOI LUBIJII3aLlil, 110 HOPOPKYE HU3KY MPoOiIeM Ha BeixX piBHX ii iepapxil. s 1x
BUPIIICHHS] HEOOXIMHO BHOPSAKYBATH, yJOCKOHAJIUTH i PO3LIMPUTH HASBHHUN iH-
CTPYMEHTAIEHO-METOJUIHUH apceHall OpraHizallifHOro MeHePKMEHTY, HalaTH ifo-
MY CHCTEMHOTO XapaKTepy, 3a0e3MeUHBIIH PE3yJIbTATUBHICTh Ta €PEKTUBHICTD HOro
MPaKTUYHOTO BUKOPHUCTAHHS. 3po0JIeHO cpo0y OKPECIHTH MEPemiK 1 3MiCT OYiKy-
BaHMX poOiT. I[HTerpyroum ix 3 MeTo0 cmcTeMmisalii, TOOTO Ipolecy HamaH-
H1/BiJHOBJICHHSI CHCTEMHOCT] OpraHi3aliiHOro MEHEPKMEHTY, PO3TJISIHYTO BHUXIiIHI
MOJIOKEHHS IIbOTO TPOLIECY — BU3HAUCHHS, (yHIaMEHTaJIbHI OCHOBH, Pi3HOMAaHIT-
HICTh CTWJIIB Ta CUCTEMHA THIIOJIOTiSI — SIKI OKJIMKaHi 30piEHTYBATH 3alliKaBICHOTO
4pTaya NPeMETHOIO raly33t0 HOBOTO HaAyKOBOTO HAIIPSIMY.

KirouoBi ci10Ba: cucrema, MEHEDKMEHT, YIIPaBIIiHHS, HAyKa, MUCTELITBO, PEMECIIO,
HNOKJIMKAHHS, CTHIIb yIIPaBIiHHS.

OCHOBBI CUCTEMHU3AIINA OPTAHU3AIIMOHHOTI'O MEHEJI)KMEHTA / U.H. [Ipo-
TOOBILIKHAN
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AHHOTanus. OpraHu3aldOHHBI MEHEKMEHT SBISETCA CaMbIM CJIa0bIM 3BEHOM
B Pa3BUTHH COBPEMCHHOW IUBIIIH3AINH, YTO IOPOXKIAET MHOXKECTBO MpoOiieM Ha
BCEX YPOBHsX e€ uepapxuu. sl UX pelieHus HeoOXOAUMO YIOPSIOUUTh, COBEp-
[ICHCTBOBATh U PACIIUPUTH UMCIOIIUICS WHCTPYMEHTAIbHO-METOI0IOTHYECKHIN ap-
CeHaJl OPraHM3aLHOHHOT0 MEHEKMEHTA, IPUIATh €My CHCTEMHBIN XapakTep, odec-
MEYUB TEM CaMbIM pE3yJIbTATUBHOCTh M S(P(PEKTHBHOCTH €ro MPAKTHYECKOTO
npuMeHeHus. [IpeAnpuHsITa MOMBITKA OYEPTUTh COCTaB M COACPKAHHE MPEACTOSI-
mmx pabot. WHTerpupys ©ux ¢ I[EJIbI0 CHCTEMH3AllMH T.C. Ipoliecca MNpuaa-
HHSI/BOCCTAHOBIICHUSI CHCTEMHOCTH OPTaHM3al[HOHHOMY MEHEKMEHTY, PACCMOTpE-
Hbl €r0 HMCXOJHBIC MPEANOCBUIKH — OMpeAeiCHUE, (YHIaMEHTAIbHBIC OCHOBBI,
CTHIJIEBOE Pa3HOOOpa3ne W CHCTEMHasl TUIOJIOTHS — KOTOPBIE MTPU3BAHBI COPUCH-
THPOBAaTh 3aHHTEPCCOBAHHOTO YUTATENs B MPEAMETHONW 00JIACTH HOBOT'O Hayd-
HOTO HaIpaBIICHUSI.

KuroueBbie ciioBa: CUCTEMAa, MCHC/IPDKMEHT, YIIPpAaBJICHUE, HAYyKa, UCKYCCTBO, pEMEC-
JIO, MIpU3BaHUEC, CTUJIb YIIPABJICHUA, CUCTEMHAs TUIIOJIOTHS YIIPABJICHUS.
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MULTILAYER GMDH-NEURO-FUZZY NETWORK BASED ON
EXTENDED NEO-FUZZY NEURONS AND ITS APPLICATION
IN ONLINE FACIAL EXPRESSION RECOGNITION

Ye. BODYANSKIY, Yu. ZAYCHENKO, G. HAMIDOV, N. KULISHOVA

Abstract. Real-time image recognition is required in many important practical
problems. Interaction with users in online mode requires flexibility and adaptability
from applications. The Group Method of Data Handling (GMDH) allows changing
the model structure and adjusting the system architecture to the characteristics of
each task under consideration. Moreover, the approximating properties of neo-fuzzy
neurons used as elements of the system provide the high recognition accuracy under
conditions of short data samples. This paper proposes a multilayer GMDH-neuro-
fuzzy network based on extended neo-fuzzy neurons. The learning algorithm has fil-
tering and tracking properties, guarantees the required speed important for real-time
applications. The effectiveness of the proposed system is confirmed for the human
emotions recognition.

Keywords: Group Method of Data Handling, extended neo-fuzzy neuron, online
image recognition, facial expression recognition.

INTRODUCTION

Information technologies are actively being introduced into education, business,
healthcare, entertainment and other spheres of human life. This requires tech-
nology interactivity, to conduct continuous two-way cooperation between person
and computer or mobile device. One of the promising areas for such intellectual
interfaces’ development is the approach that uses the recognition of people, their
age, sex, state of health, emotional status on the real time video. This complex
technical problem already finds its own solutions [1-9]. Frequently, these deci-
sions use the machine learning and neuro-fuzzy approach.

As a technical problem, the task of a user emotional status recognition by
video is reduced to characteristic features detecting, and to the collected data clas-
sification. This problem is related to the fact that machine learning algorithms in
this task require the training data sets in which the samples number can be tens or
even hundreds of thousands. The forming of such sets is a serious, time-
consuming task, significantly increasing the projects developing cost and imple-
mentation duration.

The prospective methods of recognition by short datasets are fuzzy systems
and GMDH. Earlier it was proved that neural networks are universal approxima-
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tors and have some remarkable properties, such as parallel information processing,
ability to work with incomplete noisy input data and learning possibilities to
achieve the desired output.

The GMDH, from the other side, uses the principle of self-organization that
allows constructing an optimal structure of the mathematical model during the
algorithm operation. It’s very promising to combine advantages of these both
approaches for the solution of the problem — development an efficient model
structure. GMDH-neural networks whose nodes are active neurons [10-12],
N-adalines [13], R-neurons [14—16], Q-neurons [17] are known. At the junction
of the fuzzy GMDH [18] and neural networks, the GMDH-neuro-fuzzy system
[15, 19] and the GMDH-neo-fuzzy system [20] were created. These systems have
proven their effectiveness in solving a wide range of problems, but have lost the
main advantages of the original GMDH: a small number of evaluated parameters
in each node. In this regard, it seems promising to develop a GMDH-neo-fuzzy
system that combines the advantages of traditional GMDH and hybrid computa-
tional intelligence systems, and is trained using simple procedures to ensure high
speed of online image recognition.

The goal of the present paper is a synthesis of the GMDH neo-fuzzy system
for the online image recognition.

THE EXTENDED NEO-FUZZY NEURON AS A NODE OF GMDH-NEURO-
FUZZY SYSTEM

Takeshi Yamakawa and co-authors in [21-23] proposed the architecture of neo-
fuzzy neuron (NFN). The authors of the NFN admit among its most important
advantages, the high learning rate, computational simplicity, the possibility to find
the learning criterion global minima in real-time processing. Besides, NFN is
characterized by fuzzy linguistic “if-then” rules. The neo-fuzzy neuron is a non-
linear multi-input single-output system shown in Fig. 1.

It realizes the following mapping

h
Ji(x;) = ijiﬂji(xi)
j=1

and implements fuzzy inference

IF x; IS x; THEN THE OUTPUT IS w,

where x,; is a fuzzy set with membership function p ;(x;), w;; is a singleton

synaptic weight in consequent [2]. As it can be seen nonlinear synapse in fact
actualize Takagi—Sugeno fuzzy inference of zero order. The membership
functions p ;(x;) in the antecedent could be B-splines or triangular functions, for

example, like this

X:—C: 1:
i Jj-Li . .
, i x;ele; 05,0
Cji = Cj-Li
C:i1:—X:
_ J+Li i . .
Wi=y—"""—" if x; e[cj,i:CjJrl,i]:
Civli —Ci
0, otherwise,
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where ¢ ji the centers of membership functions, usually distributed on interval

[0, 1]. This contributes to simplify the fuzzy inference. An input signal x;

activates only two neighboring membership functions simultaneously and the sum
of the grades equals to unity, providing Ruspini partition:

Moo () + () = pj () + () =1

e fi(x,(0)

Al) Y y0)

xa(k) =

flxu(K))

:

Fig. 1. Neo-fuzzy neuron

The inference result can be produced by arbitrary defuzzyfication method.
Center-of-Gravity method gives output in the simple form:

JiGx) =wn i () +wipg k().

It is possible to improve approximating properties of such a system by using
a structural unit, called by authors as “extended nonlinear synapse” (ENS;) (Fig. 2)
and synthesized on its basis the “extended neo-fuzzy neuron” [24-27] (ENFN).
ENFN contains ENS; as elements instead of usual nonlinear synapses NS,.

|
|

| ] g 0 1 2.2 p.p
:—_.l pu | Wy + WX F WX+ WX
|

|

1

filxi(k))

y . 1 2.2 2
x,(k)ﬁ_l__.l Hai I Wy + WX, + WX+ + Whx

|

|

! H

|

! _i | g O 1 2 2 7P
: H.nl | Whi + Wy Xy + WX+ Wy X;
|

Fig. 2. Extended non-linear synapse
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By introducing the additional variables:

0, .1 2.2 .
Vi () = 1y O )Wy +wyx; +wipxy +..+wixlP)
b 0 1 2.2
Ji(x) = ZH/i(xi)(Wli + WX, + WX+ wixl) =
=1
0 1
= wyty () + wyxpg () + oo+ whix g (x) +
0 .
AWyl () e WX L, () + o+ Whx 1, (X;) 5
0 1 0 T,
Wi = (Wijs Wigseeos W s Wojaes Whs s W)
o) = (e Ge ) v (6 P e tem () P () P (e )T
M (xz) (le (xz)’xzull (xl)"""xi My (xl )’“21 (xl)"""xi Mo, ('xl )""3xi My (xl)) b

we can write
T~
Ji(x) = w1 (x;),

5= i) = 3wl EGy) = W),
i=1 i=1

~T T T T T.
where W' = (W ooy W, s W, ) s

B = (7 (0B Gy (5, )
It’s easy to see that ENFN contains (p+1)hn adjusting synaptic weights and
fuzzy output, implemented by each ENSI, has the form:

IF x; IS x; THEN THE OUTPUT IS  wj +wjx; +...+whx?, [=12,..,h,

i.e. essentially coincides with p-order Takagi—Sugeno inference.
Fig. 3 shows the architecture of an extended neo-fuzzy neuron.

fi(x1(k)

xl(k)ﬂ—- ENS]

f2(x2(k))

x>(k) o———w| ENS,

f(xa(K)

Xp(k) (el ENIS,

Fig. 3. Extended neo-fuzzy neuron

THE NEO-FUZZY NEURON LEARNING ALGORITHM

As a goal function for NFN learning the local quadratic error function is used:

2
n h
E(k) =%(y(k> (k) = %ez (k) = g[y(w—z RITES ("))] :

i=1 j=1
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where y(k) — external reference signal.

It is minimized in the gradient stepwise algorithm in the form:

wji (k) =wj; (k=1) +me(k)u ;; (x; (k) =

n h
=w;(k—=1)+n yik)=3, iji(k _l)uji(xi(k))Juji(x[(k))’

i=1 =1
e(k)— learning error; n — the scalar learning rate parameter.

To increase the speed of training process Kaczmarz—Widrow—Hoff one-step
learning algorithm [28—32] can be used:

y(k) = w' (k = Dp(x(k))
(x|
where L(x(k)) = (11 (X1 (6))senns By (6 (B))sees B (6 (K)o
ceer B (5 () Py (2, (OODT
w(k —1) = (W (k=1),...,wy, (k=1),...

w(k) = wk —1) + n(x(k)),

s Wy (K =D),ecow i (k =1),c, Wy, (K — 1)) -

(nhx1) — vectors generated by input variables.
The learning algorithm exponentially weighted form:
w(k) = wlk =1)+ 7~ (k) (y(k) = w (k = Dp((R)u(x (k)
r(k) = or(k =) +||pxh)|, 0<a<l,

which has filtering and tracking properties can be effectively used in stochastic
and nonstationary situation.

THE NEURO-FUZZY SYSTEM AND ITS ARCHITECTURE OPTIMIZATION
USING THE GROUP METHOD OF DATA HANDLING

The neuro-fuzzy system under consideration is a multilayer feedforward architec-
ture that consists of extended neo-fuzzy neurons and shown on Fig. 4.

A (nx1)-dimensional input signals vector Xx = (xl,xz,...,xn)T arrives at
system zero receptive layer, and is transmitted then to first hidden layer containing
n, =C. neuron nodes with only two inputs. At the outputs of first hidden layer

nodes N [1], output signals )A/El], / =1,2,...,%(n—1)=C3 are formed. Further,
these signals are sent to selection block SB 1 of first hidden layer, which selects
from output signals set )7,[1] the most accurate nl* (nik <n;) of them in the ac-

%
cepted criterion sense, most often the mean square error 02[1] . From these »;
Vi

[11*

best outputs of first hidden layer )711 , h, (n<n,<2nusually) pairwise combi-

70 ISSN 1681-6048 System Research & Information Technologies, 2020, Ne 3



Multilayer GMDH-neuro-fuzzy network based on extended neo-fuzzy neurons ...

nations are formed, which are fed to second hidden layer formed by neurons

N2 gimilar to neurons N From output signals of this layer 5/1[2], the selec-

tion block of the second hidden layer SB (2] selects only those that exceed the

A %k
best signal of the first hidden layer yl[l] , for example, in terms of accuracy 02[2] .

A[2] ) A[2]% cam

() ol
X1 {] y2

Y

X2

A[1] ~[1]* ~[2] ~[2]*
Xp Vg Yy Z t : iy Yy o

R N — D

SB[I]
SB?
spt!

Fig. 4. GMDH-neuro-fuzzy system based on extended neo-fuzzy neurons

The third hidden layer generates signals that are superior in accuracy to the

best signal )71[2]* etc. The process of system forming occurs until the selection

block SB generates at its output only two signals f/{s_l]* and fzgs_l]*. These

signals that are applied to a single output neuron N [T are used to calculate the
single system output signal 7**/.

As the nodes of the GMDH system, one can use various neurons types with
necessary approximating capabilities. However, at the same time, the main advan-
tage of the original GMDH method — the ability to real-time work in the pres-
ence of short training sets — may be lost.

This paper proposes to use the extended multidimensional neo-fuzzy neurons
[24-27] as GMDH system nodes. Its architecture is a Takagi—Sugeno—Kang neu-

ro-fuzzy system [33-35] with two inputs x; and x,, five sequentially connected

information processing layers and one output j, . A two-dimensional vector of

input signals x(k) = (x;(k),x, (k))T to be processed is fed to the input of the node
(k=1,2,...,N — the observation number in the training set or the current discrete
time). The node first layer contains 22 membership functions p ,; (x;), u,; (x;),

p=12,.,h and implements fuzzification of input variables. The second layer
provides aggregation of membership levels calculated in the first layer, contains /
multiplication blocks and forms two-dimensional radial basis activation functions
B (x;), 1, (x;) . The third layer is a layer of synaptic weights to be adjusted

during the training process, while layer outputs are values wl’fnu pi (X1 () s

and weights number is determined by number of membership functions at each
input h. The fourth layer is formed by two adders and calculates the sum of second
and third layers output signals. Finally, in the fifth neuron output layer normalization

is performed, as a result of which the node output signal y, is calculated.
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Thus, when a signal x(k) is fed to the neuron node input, elements of the
first layer calculate membership levels 0 <p , (x)<1L0<p ,(x;)<1. As

membership functions, bell-shaped constructions with a not strictly local receptor
field are usually used. They avoid the appearance of “holes” in the fuzzified space
when using the scattered partition spaces of input variables [35]. The membership
functions of the first layer are Gaussian

: k — . 2 . k _ ) 2
“’p[ (xi (k)) = exp(— (xl()chl)J s up] (xj) = exp[_ (xj()chj)] N
2c 2(‘5]»

i
where ¢, , ¢, — parameters defining the centres of membership functions;

G, , 6; — width parameters of these functions.

The / aggregated signals appear on second layer outputs

fp (k) = le‘(xi(k))upj (x](k)) »

where

N (x, (k) — )’ (x;(k)—c,;)’
X, (k)= exp[— Tizp] exp[— #J -

o bo-a )
262

The third layer outputs are the values

Wi i (o () (o (K)) = i) %, (k)
the fourth layer calculates the following two sums:

ZW;pMpz(x (RN (x (k) = Z (k)

Zup,- (e (k) (x (k) = zxp ()

p=1 p=1
and finally, at node output (fifth layer), a signal is formed

h B h )
> Wi (5 () (x;(K)) 2wl E, (k)

P =2 =5 _
Zup, (kDR O (0) Y%, (k)
p=l p=1

— $ ij Np(k) _ & k ii\T l] k

=2 I 2 Wl (x(k) = ()T o (x(k))

TS w i
p=1

where

-1
. h
@ (x((k)) = i (x; (k) (x (k))( oM (e (R (x5 (k))] ;
p=1
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W?Z(Wnswzza th)

@ (x(k)) = (@] (x(k)), @5 (x(k)),.., 0% (x(k)) -

It can be noticed that the node implements a non-linear mapping of input
signals to output.

THE EXPERIMENTS

The task of a person's facial expression recognition is complex and multi-stage. It
includes pre-processing of the image and searching for the face area within the
image. After the face area is distinguished, it is possible to recognize the emotion
by the face features set. In the practice of faces expressions recognition, several
descriptor principles are used. The most common are adaptive appearance
models, which use the descriptions based on face image feature points and con-
tours. It is established that such descriptions convey complete information about
the person emotional state, even if it is expressed weakly.

Under the emotions influence, the facial muscles reduction leads to the dis-
placement of feature points and this movement can serve as an indicator of basic
facial actions. The most commonly used facial expressions are some basic emo-
tions (fear, sadness, happiness, anger, disgust, surprise) and neutral state.

As a base for the feature vector, it is proposed to use a set of 35 characteris-
tic points that can be localized in the facial area using contour detectors (Fig. 5).
The neo-fuzzy neurons has one output as the dimensionality of the output data
vector. Seven basic emotions were selected for recognition: anger, disgust, fear,
surprise, happiness, sadness, neutral expression. Therefore, the output values are
{1; 2; 3; 4; 5; 6; 7}. The character features vector contains the two-dimensional
coordinates of feature points position (fig. 5). So, the system input is vector
{xi }1><70 . The order of the polynomial in nonlinear synapse membership function
was chosen equal to 4, the number of synapses in the neo-fuzzy neuron was
equal to 5.

The proposed architecture ability to recognize individual emotions was in-
vestigated using photographs from two open bases — Psychological Image Col-
lection at Stirling (PICS) [36], partly from the Extended Cohn-Kanade (CK +)
database [37]. Some images are in public use as objects for recognition.

In this set of photographs, those were selected differ in the person emotional
state expression degree — from weakly noticeable to very noticeable.

Fig. 5. Examples of training images and position of characteristic points
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In this task, special attention was paid to a learning data set small size. To
examine how the proposed architecture and learning algorithm will recognize fa-
cial expressions, small photo sets are used. Their dimensions are given in Table 1.

Table 1.Dimensions of training sets of photos for individual emotions

Emotion | Anger | Disgust Fear |Happiness| Sorrow | Surprise | Neutral

Data 49 66 35 45 19 50 80
set size

Then the architecture ability to learn from a mixed set was examined, and
sets total size was 344 photos. The number of unrecognized emotions is given
in Table 2.

Table 2. The number of unrecognized emotions as a result of GMDH-neuro-
fuzzy system based on extended neo-fuzzy neurons learning from a mixed set

Recognition Primary emotions
accuracy Anger | Disgust | Fear |Happiness | Sorrow | Surprise | Neutral
The percentage
of unrecognized| 2,04 0 5,71 4,44 0 0 2.5
images,%

A GMDH-neuro-fuzzy system based on extended neo-fuzzy neurons con-
figured a task model from two rows. Learning error change is shown in Fig. 6.
x1 03 The system second row error

4 %107 The system first row error

5 8
E 5-0,5
g £ 1
3 S
‘ ‘ ‘ - -1,5 S S
1 2 3 4 5 6 7 1 2 3 4 5 6 7 8 9 10
Learning epochs number Learning epochs number

Fig. 6. A GMDH-neuro-fuzzy system based on extended neo-fuzzy neurons learning error

CONCLUSIONS

The article proposes the GMDH system with extended neo-fuzzy neurons as
nodes. The system architecture allows modifying the process model structure in
real time due to proposed neo-fuzzy nodes-neurons synaptic weights adjusting. A
feature of the proposed architecture and its learning algorithm is the ability to
work with small training samples.
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BATATOLIAPOBA MI' YA-HEﬁPO-®A33l MEPEXXA HA OCHOBI PO3IIUPEHMX
HEUYITKUX HEHUPOHIB TA II BUKOPUCTAHHS JJIsI OHJIAUH PA3III3HABAHHS
BUPA3IB OBJINYYS / €.B. bonsucekuii, FO.I1. 3aituenko, I'. [aminos, H. €. Kymimosa

AHorauisi. Po3mizHaBanus 300pakeHb B peajbHOMY 4Yaci moTpibHo B Garathox
MpaKkTUYHUX 3a7jadax. B3aemomis 3 KOpPHCTyBauaMH B PEXHMi OHJIAH MOTpedye
THYYKOCTI Ta ajanTaiii BiA MpUKIaTHUX HporpamM. MeTox rpymoBOTO ypaxyBaHHS
aprymenTiB (MI'YA) no3Bossie 3MiHIOBaTH CTPYKTYPY MOJIENI Ta HAJAIITOBYE 11 ap-
XITEKTypy BIIITOBITHO 10 XapaKTEPUCTHK KOXKHOT 3a/adi. binbim Toro, anpokcumMariii-
Hi BJIacTUBOCTI Heo-(pa3i HEHPOHIB SK CTPYKTYpPHHX €JIEMEHTIB CUCTEMH 3abesre-
YyIOTh BHCOKY TOYHICTh DO3Mi3HABaHHS B yMOBaxX KOPOTKHX BHOIPOK [aHHX.
3anponoHoBaHo GararorrapoBy MI'VA-Heiipo-ha33i Mepexxy Ha OCHOBI pO3IIHpeE-
HHUX Heo-(a33i HeHpOoHiB. AJIropuTM HaBYaHHI Mae (QUTBTPYBaJbHI Ta BiICIiIKOBY-
BaJIbHI BJIACTUBOCTI Ta rapaHTy€e HEOOXiHY IIBU/KICTh /TS 3aCTOCYBaHb PEabHOTO
yacy. EQeKTHBHICTD 3ampOIOHOBaHOI CHCTEMH MIATBEPDKEHO B 3a1adi Po3mi3Ha-
BAHHS JIFOJICBKAX EMOLiii.

KirouoBi ciioBa: MeTon rpynoBOro ypaxyBaHHS apryMEHTIB, PO3LIMPEHHUH HEo-
(ha33i HelpoH, OHJIAlH Po3Mi3HABaHHs 300paXKeHb, PO3Ii3HABAHHS BUPa3iB 00INYYs.

MHOTI" OCJIOI?‘IHé}I MI'YA-HEMPO-®A33U CETh HA OCHQBE PACHIMPEHHBIX
HEYETKHUX I:’IEI/IPOHOB U EE IPUMEHEHHUE JJIs1 OHJIAUH PACIIO3SHABAHUA
BBIPAKEHUWMU JIMLA / E.B. boasiackwmit, FO.I1. 3aituenko, I'. Tamunos, H.E. Kynumosa

AHHoTanus. PacnozHaBanue n3o00paxeHuil B peaJbHOM BpeMEHH TpeOyeTcsl B MHO-
THX NPaKTUYECKHX 3ajJadax. B3zamMozeicTBHE C MOIB30BATENISIMH B PEXHME OH-
naiH TpeOyeT rMOKOCTH M aJanTallii OT NMPUKIAAHBIX IPOrpaMM. MeToj rpymmo-
Boro ydera aprymeHtoB (MI'YA) mo3BoisSeT H3MEHSTH CTPYKTypy MOJENIH H
HACTPaMBaET €€ apXUTEKTYPy B COOTBETCTBHU C XapaKTEPUCTUKAMHU KaKIOH 3a1a-
4yu. Bosee Toro, anmpokCUMaIMOHHBIE CBOWCTBA HEo-(a33u HEHPOHOB KaK CTPYyK-
TYPHBIX JJIEMEHTOB CHCTEMBI O0ECHEeYMBAeT BBHICOKYIO TOYHOCTH PACIIO3HABAHUS
B YCJIOBUSX KOPOTKMX BBIOOPOK naHHBIX. [Ipemnoxkena muorocioitHas MIYA-
Helpo-(ha33u ceTb Ha OCHOBE PacIIMPEHHBIX Heo-(a33u HEHPOHOB. AJTOpHTM 00Y-
YEeHUs UMeeT (PrIbTPYIONINe U OTCIEKMBAIOIINE CBOMCTBA U TapaHTHPYET HEOOXO-
IUMYIO CKOPOCTB ISl MIPHWIOKEHUH pearbHOrO BpeMeHU. D(P(PeKTUBHOCTD Ipeasa-
raeMoil CHCTEMBI ITOATBEPK/ICHA B 3a/[aUe PACIIO3HABAHUS YEIOBEYECKUX EMOLIUH.

KimioueBble cji0Ba: METOZ TPYMIOBOrO ydeTa apryMEHTOB, PacHIMPEHHbIH Heo-(a33n
HEHpOH, OHJIAWH pacro3HaBaHIe H300paKEHHH, pacliO3HABaHHE BBIPAKCHUI JIHLIA.
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METOIU MAIIMHHOT'O HABYAHHSA B CEHTUMEHT-
AHAJII3I TEKCTOBOI IH®OOPMAIIIL HA ITPUKJIAJI
HACTPOIB KOPUCTYBAYIB CTOCOBHO KAH/IUJIATIB
Y NPE3UJEHTH YKPATHH 2019

A.-M.IL. PYI3EBUY

AHoTanisi. OnKcaHO OCHOBHI METO/M MAIIMHHOTO HABYAHHS IS QHAITI3y TOHAb-
HOCTI TEKCTY 1 BUKOHAHO MOPIBHIbHUI aHami3 iX edekTuBHOCTI. Po3risiHyTO eranu
MONEePeIHBOr0 0OPOOICHHS TEKCTY, TaKi sIK CTEMIHT, BUAAJICHHS CTOM-CIIB, al-
TOPUTMU TIepEeBEICHHS TEKCTY Y BEKTOpHY GopMmy: Mimiok ciiB (Bag-of-Words),
TF-IDF Bekropaiizep Ta Word2Vec. [locmimKeHHs NONSTaNo y BU3HAYCHHI TOHAIb-
HOCTI TEKCTy KOMEHTapiB Iif myOiikamissMu kaHaupatis y Ilpesmmentn Ykpainn
(B. 3enencekoro Ta II. [Topomenka) y nepiox nepensubopunx meperoHis 2019 p.
Jliist BU3HAYCHHS TOHAIBHOCTI TEKCTY BUKOPHCTAHO TPU alrOPUTMHU: HaiBHUI Oaite-
ciBchkHil KitacudikaTop, METO/I OOPHUX BEKTOPIB Ta 3rOPTKOBY HEHPOHHY MEPEXKY.
Jnst koxHOrO KaHauaara moOyZOBaHO OKpeMi MOAENI Ta BHKOHAHO IOPIBHSHHS
skocti knacudikamii (3a merpukoro F1). Haiikpamioro mozgesnro st 060x BUGIpOK
JTAHMX BHSBHJIACH 3rOPTKOBA HEHPOHHA MEPEXa.

Kuio4oBi cjioBa: MalllMHHE HaBYaHHS, CCHTHMEHT-aHai3, aHalli3 TOHAJIBHOCTI TeK-
CTy, IHTENIEKTyaIbHUH aHaJIi3 TEKCTY.

BCTYII

I3 po3BuTKOM iH(OpMALIHHUX TEXHOJOTIH Ta CTPIMKOTO HAIPOMAXKEHHS BEJIH-
KUX MacHUBIB JIaHHX TOIIMPEHHS Ha0yJla Taka rairy3b KOMIT I0TEpPHO JIIHIBiCTHKH,
SK CEHTHMEHT-aHawi3. CTajJo MOKJIMBUM aBTOMAaTHYHO BUTATATH 3 TEKCTY BHpa-
KEHY aBTOPOM IyMKY, a TaK0>K OL[IHIOBATH TEKCT K MO3UTHBHUH, HETATUBHUM, a
3a HEOOXITHOCTI — BHOKPEMIIIOBATH KOHKpPETHI eMouii (pamicTs, THIB, CyM
Tommno). JI7s BHOKpEMIICHHS EMOIIIMHOI OIIHKK aBTOpa 3aCTOCOBYIOTH ITiIXOIH
3 BUKOPUCTAHHSM TOHAIBHHUX CIOBHHUKIB 1 NMpaBHI a00 METOIW MAIIUHHOTO
HaBYaHHS.

CeHTHUMEHT-aHali3 (aHATI3 TOHAIBHOCTI TEKCTY) — II€ PO3IiI TIHOMHHOTO
aHani3y gaHux (data mining) i ramy3p KOMI IOTEpHOI JIHTBICTHKH, 10 3aliMa€Th-
CsI BWIyYEHHSIM JTyMOK Ta €MOIIiH 3 TEKCTOBHX JOKYMEHTIB.

Xoua miHrBicTHKA Ta 00poOienHs npupogHux MoB (NLP) maroTs naBHIO
icropito, 1o 2000-x pokiB maike He OyJIO JOCHIIKEHb, IO CTOCYIOTHCS CEH-
TUMEHT-aHai3y. AJe BiITOMI 110 Taly3b YUYeHi Mmovally Jay’e aKTHBHO BHBYA-
tn [11, 12].

Tepmin «sentiment analysis» ymepine OyB 3raganuil y mpaui [1], a Bupas
«opinion mining» (aHami3 QyMok) — y mparti [2]. Baromuii BHECOK y PO3BUTOK
CEHTHMEHT-aHaji3y 3po0eHo y mpariisx [8, 9].

Yci 3aBmanHs 3 00pOOJICHHS MPUPOJHUX MOB € CKJIAIHMMHU 1 HEOJAHO3HAY-
HUMH. 3arajoM 3aBJaHHS BH3HAUCHHsS €MOLIMHOI OIL[HKH TEKCTy € Cy0 €KTHBHHM,

© A.-M.I1. Pyozesuu, 2020
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OCKUIBKH Pi3Hi JFOJM MO-PI3HOMY OLIHIOKTH OJIHI U Ti caMi MoJii, a BiAMOBIAHO
OJIMH 1 TOW caMui TeKCT. TeKcT Moxke MicTUTH opdorpadiuai TOMHIKH, CKOPO-
YyeHHsI, abpeBiaTypH, capkasMm, eMopki. OHAKOBI CJIOBa, BXKHTI B Pi3HOMY KOH-
TEKCTi, MOXYTb MaTH JiaMeTPalbHO MPOTHJICKHE EMOLiHEe HaBaHTa)KEHHs. Yce
I[e TIepPeIIKO/PKae€ CTBOPEHHIO €IMHOI MOJIeli, SKa MPaBMIIbHO KiIachu(iKyBaTuMe
TOHAJBHICTh TEKCTY HE3aJIeKHO BiJl TEMATHUKH.

CentuMmeHT-aHaii3 Ha0yB IUPOKOTO BUKOPUCTAHHS JUI MapKETHHTOBHX ITi-
Jield, 30KpeMa Uil BU3HAYCHHS JYMKH KIIi€HTa PO NeBHUN ToBap abo mociyry, Ta
KpaIlloTo OPi€EHTYBAaHHS CBOTO MOBiIOMJICHHS Ha IUTLOBY ayauTopiro. Takox Ha-
OyJI0 TOIMYJISIPHOCTI aHaJi3yBaHHS TBITIB, OJIOTIB, TEKCTIB HOBWH, OTJISAIIB, KO-
MEHTapiB U1 BU3HAUEHHs CTaBJICHHS aBTopa N0 cy0’ekTa HOro BUCIOBJICHHS.
JJ11 IbOTO 3aCTOCOBYIOTH Pi3HI METOIWKH, BKIIOYAIOUN AITOPUTMH OOPOOIICHHS
npupogaux MoB (NLP), craTHCTHKY Ta METOIM MAIIMHHOTO HABYAHHSI.

VY poboti 3acTocyeMo CEHTHMEHT-aHami3 AJisl BU3HAUCHHS HACTPOIB KOpHC-
TyBayiB CTOCOBHO KaHaunatiB y Ilpesupentn Ykpainu 2019. AHamizyBaTUMEMO
KOMEHTapi KOPHCTYBaUiB y COIialIbHIN Mepexki iHCTarpam MpoTIroM YChOTO 4acy
MepeIBUOOPUNX TEPETOHIB Ha TIPEIMET MTO3UTUBHOTO a00 HETaTUBHOTO CTAaBJICH-
HS 10 KaHJIUJaTa i 3MOXEMO OIIHUTH SK 3MIHIOBAJIMCSA HACTPOi B CYCHUIBCTBI.
Ockinbky yKpaiHIli 3aJIMIIAI0Th KOMEHTapi K YKpaiHCBKOIO, TaK i POCIHCHKOIO
MOBaMH, OyZIeMO aHaJIi3yBaTH Ili B MOBH.

TEOPETHUYHI BITIOMOCTI

Haisnuii 6aiieciscokuti kiacugikamop € AMOBIPHICHIM aJlTOPUTMOM MAIIMHHOTO
HaBUYaHHS, 3aCHOBaHMI Ha TeopeMi baiieca, sIKuii MUPOKO BUKOPUCTOBYETHCS IS
3a1a4 Kiaacudikarrii.

Jlnst 3a7a4ui BU3HAYCHHS TOHATBHOCTI MPOTHO3YEMO HMOBIPHICTH TOTO, IO
JOKYMEHT d HaleXuTh J0 Kiacy c¢. TyT JOKYMEHT € BEKTOPOM:
a={w;,wy,...,w,}, 16 W; — Bara i-ro TepMiHa; # — po3Mip CIOBHHKA. Tomy
3rifiHO 3 TeopeMolo balieca Maemo opmyiry
P(c)P(d]c)

Py

3a miero GopMyIIor0 OOYUCITIOETHCS YMOBHA HMOBIPHICTD ISl BCiX KJIACIB.
SKmo yMoBHa WMOBIPHICTh HAJNEKHOCTI JIOKYMEHTa d JI0 KJlacy ¢ MakCHMaJlbHa,
1o C € HalOLIBII IMOBIPHUM KJIACOM, JI0 SIKOTO HAJISKUTh JTIOKYMEHT d.

P(cld)=

C =argmax, P(w,wy,...,w, | c)P(c) .

3HaMEHHUK MOXKe OyTH BUITYIEHHUH, OCKIJIBKU JJI OJHOTO 1 TOTO X JIOKY-
MeHTa d iMOBIpHICTE P(d) Oyme 0IHaKOBOIO, a OTXKe, 1l MOJKHA HE BPaXOBYBaTH.

HaiBHuii GalieciBchknii KiacuikaTop CUpaeThCS HA MPHITYIICHHS, IO BCi
O3HAaKH X,X,,...,X, JOKyMEHTa d He 3aJekaTb OfHa BiJ omHOi. [Ipumyckaerscs,
IO TMO3HWIisl CIiB y PEYEHHI HE Ma€ 3Ha4ueHHS. ToMy yMOBHY WMOBIpHICTH AJIs
O3HAaK X|,Xp,...,X,, MOXHA ITIOJIaTH SIK

P (wy |e)(wy [€)x...x (w, |c)=II; P(w;c).

TakuM YUHOM, JIJIs 3HAXOJ/PKCHHS HaWOUIbII IMOBIPHOTO KJIacy JUIsl JOKY-
MeHTa d = {W;,W,,..., W, } 3a JOIOMOIr00 HaiBHOro 0all€CiBCHKOro KiIacu@ikaro-
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pa HEoOXiTHO BH3HAYHTH YMOBHI WMOBIPHOCTI HAJIEXKHOCTI MOKyMeHTa d I
KOJKHOTO 3 TOJaHUX KJAaciB OKpeMO 1 BHOpaTu Kiac, SIKHH Mae MaKCUMallbHY
HMOBIpPHICTB:

PETTIP(wile )]
Jlam oriHnMO HMOBIpHICTH Kiacy P(c). BoHa € BiTHOMIEHHSIM KiTBKOCTI
JIOKYMETIB KJIacy ¢ y HaBUYaJbHIM BUOIpI MO 3araibHOI KiIBKOCTI TOKYMEHTIB:
D, . . o
P(c)=—%, ne D, — KinbKiCTb JOKYMEHTIB KJIacy ¢ ; D — 3arajbHa KUIBKICTb
JOKYMEHTIB Y BUOIpIIi.
1106 owuinnTH yMOBHI HMOBIPHOCTI Ui 03HaK P(w; |c;), BUKOPHCTOBYBa-

TAMEMO (OPMYITY
count(w;,c) +1

2. (count(w,c) +1) ’

ne P(w; |c j) — BIJIHOLIEHHS KIJIKOCTI CJIIB W; y KJIacl ¢; 10 3arajbHOi KiJbKOCTI

P(w, |¢)=

CIIB y IbOMY KJaci; V' — KiTBKICTh CJIiB y CIIOBHUKY HaBUYaIbHOI BHOipkH [14].

Memoo onopnux ekmopig 1yKae TINepILIONIMHY, sSKa HalKpalie po3aiInTh
BHOIPKY Ha 1Ba KiacH. JlomyckaeTbes OaratokiacoBa Kiacudikallis CTpaTerissMu
one-vs-all i one-vs-one.

Hano BuOipky enemeHTiB x; € R, 1 3icraBmeni im kmacu y; € {-11}.
006’extn BUOipKU mogaHo TouykaMu. OMOpPHI BEKTOPH — II€ TOYKH JaHUX, PO3Ta-
IIIOBaHi sIKOMOTa OJF>KYe IO TIMEePIUIONINHY, Y pa3i iX BHIAJICHHS 3MIHUTHCS T10-
JI03KEHHS TiMepIUIONMHY. [X BBAkKAIOTh KPUTUUHUMHU eJleMEeHTaMH Habopy JaHMX.
VY mpocriii 3amadi 6iHapHOI Kinacudikarii 3 BUOIPKOIO, M0 JIHIHHO PO3ILISAETHCS,
TITIEPIUIONIMHY MOYKHA TIOJIaTH Y BHUTJISAL JIiHII, IO PO3AUIIE BUOIPKY HA IBa Kia-
cu. Uum nmami nmaHi Bij TiNEPIUIONIMHM, THUM KOPEKTHIIIE BOHH Kiacu(iKOBaHI.
Kpaimoro rinepriionHo0 BBRXAEThCS Ta, Bigctanb 1/ || wll Bix sikoi 1o kKoxxHOTO
KJIacy € MaKCHUMAJIBHOI, I¢ W — HOPMAJIbHUH BEKTOP IO PO3ALIBHOT riMepruio-
IIMHY, Ky MOYKHA 3allUCaTH K MHOXKUHY TOYOK X , IIIO 33JI0OBOJIBHSFOTh PIBHSHHS
wx—b=0, ne b — nONOMiXKHUIA TapameTp.

Sxio HaByalibHA BHOIpKa JIIHIMHO MOJIIbHA, MOJKHA BHOpATH JBI mapalie-
JbHI TIMEPIIOMIMHY TakK, 1100 BOHU PO3AUIMIIM L0 MHOXKHMHY Ha JBa KmacH. Mi-
JISTHKA MK HUMH Ha3WBa€ThCs 3a30pOM, Mapketo. 11i MIonmHu OnUCcyOThCS PiB-
HSHHIMU: wx—b=1; wx—b=-1.

Minimizytoun Bigctans || wll i ogHOYAaCHO BHMKITIOYAIOYM TOTPAIUITHHS JIa-
HHX y 3a30p, OTPUMy€eMO 3axady Minimizauii | wll> — min ;

yi(wx;=b)21, g 1<i<n.

Taky 3agady BBaXKalOTh €KBiBAJIEHTHOIO TOIIYKY CIIUIOBOi TOYKH (PYyHKIIT
Jlaarpamka; 1 3BOMATH O 3a1adi KBaJIpaTHYHOTO NpPOrpaMyBaHHS, JI€ HasBHI
JMIIe IBOICTI 3MiHHI A; .

Po3B’s13aBmy 1110 3a/mavqy, MOYKHA BHpasuTH w i b popmymamu:

n
i=1
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KinneBwuii kaacugikaTop 3auCcyeTbes K

n
a(x) sign| D Nex; x—b |. (1)
i=1
SAxmo BuOipka JiHIHHO HEPO3MAiIIbHA, BEKTOPH BiJOOpaXKalOTh y MPOCTIp
6inp1roi posmiprocti. [lpu npomy y dopmymni (1) ckamsipHuii 100yTOK 3MIHIOETh-
cs Ha ofiHy 13 (yHKuii HemiHiiiHOTrO AApa K (X;,x) 1 OyayeThes Haikpama po3mi-
JIbHA TINePIUIONIMHA,
3eopmkosa nevipouna mepesica (3HM). ApxitekTypa 3ropTKOBOi HEHPOHHOT
Mepexi i kiacudikamii TekcTy Oepe 3a ocHoBy 3pumuaitHy 3HM, ame nemio
cripomeHy. Ha BXij momaeTsess MaTpHIls, KITBKICTh i PAIKIB JOPIBHIOE KUTHKOCTI
CIIiB n y pedeHHi (a00 JOKyMEHTI), KiTbKICTh CTOBIIIIB — PO3MIPHOCTI k BEKTOp-
HOTO MOJaHHA ciiB. 71 OTpUMaHHSA HOBOi O3HAaKU C¢; BUKOHYETHCS OIEpaLis
3TOpTKU. 3rOpTKa IOJIATaE B 3aCTOCYBaHHI (inbTpa 3 BaramMu w Ha BiKHI 3 A
ciiB. O3HaKa ¢; TeHepyeThCs 3 BIKHA CIIIB X;.;, ;_; 3a (OPMYIIOI0

;= (Wxijyp1+0) s

ne x; € R — HelipoH 3MimeHHs; f — HeNiHIAHA QyHKIIS; W — BEKTOp Bar;
X;.i 4+ p—1 — KOB3HE BIKHO.

QinpTp Oynme 3acTocOBaHWi O BCIX MOXJIMBHX BIKOH CIIB Yy pEuYeHHI
{x;:h,...,X,_;,1 : n} IJIA OTPUMAHHA KapTH O3HAK: c¢(W) =[c|,C,...,C\_ps1]-

[Morim 3actocoByeThes GinbTp Max Pooling (Makcumizaliiiine arperyBaHHs),
TOOTO IIYKAE€THCS MAKCUMYM Y BCil mociinoBHOCTI. Moro ines monsrae y BUOK-
PEMJICHHI HalBaXJIMBIIIOT O3HAKU 3 HAHOIIBIINM 3HAYCHHSAM 33 KOXKHOIO KapTOlO
o3HaK: ¢=max (c(w)).

OTpuMaHi TaKMM YMHOM 3HAYCHHS IEPEJAl0ThCs B MOBHO3B S3HUHN miap i3

¢dyHKUiErO akTUBaLii softmax; Ha BUXOZ1 MAEMO PO3MOALT IMOBIPHOCTI 3a KJlacaMu:

T
X w; +bj

. e
P(y = j]x)=——.
K xw; +b;
DI
Jns 3amo0iranHs nepeHaBYaHHIO HA LbOMY IIapi BUKOPUCTOBYETHCS METOX
BUKJIFOUEHHSI HEMPOHIB (IpomayT) 3 iIMOBIpHOCTIO p 1 /2 -perymspusauisi.

3a3Bruail HABYAHHS MEPEXKi BIIOYBAETHCS 3 BUKOPUCTAHHSIM CTOXACTUIHOTO
IPafieHTHOrO CIYyCKy. BukopucTaHHs ApomnayTy BHIy4ae 3 HEHPOHHOI Mepexi
JIesIKy KUTBbKICTh HEHpOHIB (Ha eTami HaBYaHHS) Ui 3amo0iraHHs KoajamTarii
HEHPOHIB 1 B Pe3yJIbTaTi OTPUMAHHS Kpalloi y3arajJbHIOBAIBHOI 3aTHOCTI Mepe-
xi. JlponayT Tako MPUCKOPIOE MpOLleC HABYaHHS. BUXIiX Micis BUKOPHCTaHHS
JpONayTy MOXHA IOJaTH y BUIIAAl y=w(zr)+b, ne z=[¢y,...,¢,,], r — Bek-
TOp, o mictuthb 0 i 1.

Sk rinepriapamMeTpu Mepexi BUIAUIAIOTh po3Mip (imbTpa, IMOBIpHICTH IpoO-
nayty p, [2-perynspuzanito i po3mip 6atua. /2 -perynspusauis mrpadye Baru
Mepexi, SMEHIITYFOUH 1X 3HaYEeHHS, 1 BAKOPHCTOBYETHCS JJIs 3an00iranHs ii mepe-
HaBYaHHIO. baTy BHUKOPUCTOBY€TbCA MAJsl NPUILBUALICHHS HAaBYaHHS, SBISIOUU
c00010 «IaKeT» BHUITAIKOBO OOpaHUX O3HAK Y METOJi CTOXaCTHYHOTO TPaJli€HTHO-
'O CITyCKY.
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METPUKHN OIIIHIOBAHHSA AKOCTI AJITOPUTMIB

Emnipuyni nanHi mokasyrTh, 110 MOKa3HUK TOYHOCTI JYXKE 3aJICKUTH Bij 30a1aH-
COBAHOCTI JaHUX. Y BHITAIKY, KOJHU NaHI He30aaHCOBaHi, TOIIJILHO TIEPEBIPHUTH,
HACKIUTBKU e(eKTHBHO KiIacu(ikaTop KIacHU(IKye JHIIe YaCTUHY JAHUX — T03HU-
TUBHI a00 HETaTWBHI KjiacHu NaHuX. [IpukiagamMu TakuxX METPHK € YyTJIMBICTh
(precision) Ta moBHOTa (recall).

UyTnuBiCTh AOIIIBPHO BUKOPUCTOBYBATH, KOJH ITOMIJIKOBO MTO3UTHBHA KJla-
cudikamis HeOakaHa. BoHa po3paxoByeThcss 3a Takow  (OPMYIIOFO:
Precision=7P — (TP + FP), ne TP — TpaBWIbHO BH3HAYCHHWHA ITO3UTHBHHA

kinac; FP — xuOHUI NO3UTUBHMI KJIac.
MeTpHKy MOBHOTH BUKOPHCTOBYIOTh, KOJIH TpeOa YHHKHYTH TOMUIJIKOBO He-
ratuBHOI Kiacudikariii. I o6uucirooTs 3a hopmyrnoro Recall=TP / (T P+FN ), e

TP — mpaBWIbHO BU3HAYEHUH MO3UTUBHUHN Kiac, N —— XuOHO BU3HAUEHUU
HETraTUBHUH KJIac.
Takoxx € MOKa3HUK, KU € TApMOHIYHUM CEpEeIHIM JIBOX IMOMEpPEaHIX OIli-

. 2*Pr ecision * Recall . . .
HOK — [ -mipa: F| = — . lle 3aranpHa Mipa TOYHOCTI MOJENI,
Pr ecision + Recall

AKa IOENHY€E B OOl UyTAMBICTH Ta MOBHOTY. TOOTO MOKa3sHUK [| O3Ha4ae Maiy
KUTBKiCTh XHOHHMX TO3UTUBHUX Ta XHOHUX HETaTUBHUX Kiacu]ikarliii.

JIOCJIIKEHHS

JocnimkeHHs MoJsrae B aHali3i eMOLIHOTO HAaBaHTaXXEHHS! TEKCTY KOMEHTapiB
i3 comiampHOi Mepexi [HcTarpam y mepioa mepeaBHOOpPUYMX IMEPErOHIB Ha TOCT
IIpesunmenta Ykpainu B 2019.

Jlist ipoBeeHHs TOCHTiKEHHS 310paHo KOMEHTapi mix myOsikamisiMi KaH-
munatiB y [pesunentn Ykpainu 2019 p. B.O. 3enencekoro ta [1.0. ITopomrenka
B Tepiof 3 MoyaTKy mnepeaBuOOpUoi KaMIaHii 1O APYroro Typy HNpe3uAEeHTCHKHX
BHOOpiB. 3araioM 3i0pano 0nm3pko 70 THC. 3ammciB, a HaBYAIbHA BHOIpKa Mic-
TUTh 0113bK0 20 THC. 3amuciB (110 10 THC. I KOKHOTO KaHIUaTa).

Jnst KOXKHOTO KaHIuAaTa HaBUMMO OKPEMY MOJENb, 3aCTOCOBYIOUH KPOCBa-
Jigarito Ha AT (OJIIaxX, a SK METPHUKY SIKOCTI BuKopuctaeMo F1-mipy. Ilotim
3aCTOCYEMO HaWKpallly 3 HaBYEHHUX MoJenei i Kiacudikaii KOMEHTapiB 10
myOJTiKaIii y mepioa 3 MoYaTKy MepeaBUOOPIHNX IEPETOHIB 10 IPYroro Typy BH-
0opiB (0;m3bko 50 THC. 3amUCiB) 1 3 OTPUMAaHMUX PE3YJBTATIB AOCIIAUMO 3MiHY
rPOMaJIChKOT JYMKH 3aJI€KHO BiJl TOJIIIHIX TTOJIM.

Jlnisi BU3HAYEHHS TOHANBHOCTI TEKCTY OyIyTh BUKOPUCTAHI TPH ITOPUTMH:
HaiBHUI OaifeciBChkmil Kiacu(ikaTop, METOJ OMOPHHX BEKTOPIB Ta 3rOPTKOBA
HEeMpOHHa Mepexa.

Hns Toro mo6 nani Oynu NpUAATHUMHU AJS QITOPUTMIB MAllMHHOTO Ha-
BUAHHS, 1X HEOOXITHO MEPETBOPUTH y BeKTOpH. [l BeKTOpHM3allii TEKCTy 3acTo-
cyemo Taki anroputMmu: Bag-of-Words 1 TF-IDF Bextopaiizep [13] — anst nep-
mux ABoxX anroputMiB Tta Word2Vec — mms 3HM [7]; mopiBHSIEMO iX
e()eKTUBHICTb.

Jyis mpakTUYHOT peatizallil MoCTaBICHOI0 3aBIaHHs BUKOPUCTOBYBATHMEMO
MOBY TporpamyBaHHs1 Python, ockiiapku s MOBa HaHOINIBINE MiAXOAUTH IS Ma-
MIUHHOTO HaBYaHHA. Bukopucraemo 6i6miotexu sklearn myis Bekropm3altii TEKCTY
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ta nodynoBu mozeneit (HBK 1 SVM) T1a keras nist moOynoBu 3ropTKoBOi HEHPOH-
HOT MEpEeXKi.

Bynemo BupimyBatu 3aBmanHs OiHapHOi kinacuikamii, OCKUTBKH 3p00JIeHO
MIPUITYIIEHHS, 0 JIIOH, SKi 3QJIMIIAI0Th KOMEHTApi, He € TOJITUIHO HEUTpaTh-
HUMH, TOMY HEHTpaJbHHX KOMEHTapiB abo 30BCiM He Oyne, abo ix Oyae 30BciM
MaJio, i HUMU MOKHA 3HEXTYBAaTH.

Knacu € nezbanancoBanumu. s B. 3e1eHChKOT0 MMO3UTHBHUN KJIac CTaHO-
BuTh 83%, a ms I1. Ilopomenka — 38%. [Ipo e BapTo mam’sTaTH MijJ 4ac Ha-
BYAHHS MOJIEI.

s 3i0paHuX MaHUX PO3CTABIEHO MITKH KiaciB: 0 — HEraTuBHUN CEHTH-
MeHT, 1 — mo3uTuBHMi. HaBuanpHa BHOIpKa MICTHTH Taki MOJS: aBTOp, Jarta,
KOMEHTap Ta CEHTUMEHT.

[Tepm HiXkK TTOYaTH BUKOPHUCTOBYBATH TEKCT KOMEHTAapiB, 3 HHOT'O MOTPIOHO
BIWJIYYHUTH HENOTPiOHY iH(popmartito, a came [10]:

® BHJAIUTH 3raJK1, OCKUIBKA BOHU HE MICTSATh EMOLIIHOTO HABAHTAXXCHHS;

® BHJATUTH 3HAK XEIITETa, ajie He caM XeIlTeT, OCKIIbKH BiH MOXKE MICTUTH
iH(popMmartito;

® TIEPEBECTH BCi CJIOBA JJO HIKHBOTO PETICTPA;

® BUJAJIUTH BCi PO3IIOBI 3HAKHU, BKIIOYAIOUM 3HAKU 3alMTaHHS Ta 3HAKU
OKIIUKY;

e Buganutu URL-aapecu, ocKiNbKH BOHU HE MICTATh KOPUCHOI iH(pOpMALii;

® KOHBEPTYBAaTH EMOJKI B OJJHE CIIOBO;

® BHUIAIUTH LU(PH;

® BHUJAJUTH CTOI-CIIOBA;

® 3aCTOCYBaTH CTEMIHT, MO0 30eperTh OCHOBY cioBa Oe3 3aKiHUYCHHS YU
cyikcib.

OcCKiJbKM KOMEHTapi HalWcaHi YKPailHCBKOIO Ta POCIHCHKOK MOBAMH, TO
BHIIAJIATUMEMO POCIMCHKI 1 YKpaiHCBKI cTOm-ciioBa. [l 1bOTO 3aCcTOCYEMO IBa
CTEMEpU: CIIOYATKy POCIHCHKUH, MOTIM YKpaiHChKuii [4].

SIKIIo micis TaKOTO OYMILEHHS 3’ SBISATHCS KOMEHTapi 0e3 yKOJHOTO CJIOBa,
ix Oyne BUAaNeHO, OCKUTBKY BOHHM HE MiCTATh iH(OpPMALii PO CEHTUMEHT.

[epeiinemo no HaBuanHs Mozeneil. L1006 mimiOpaTu Halikpalll mapaMeTpw,
OyaeMo BHKOPHICTOBYBATH IEpPEXpEeCcHY MepeBipKy (KpocBamifalliro) Ha I STH
¢domgax. HlykarumeMo Taki mapaMeTpu: KiTbKICTh N-gram, MaKCUMAaJbHUHN TOPIr
BIJICIBY, KOS(IIIEHT PETyJIIpU3aIIii.

Jnst 3HM 3apano taki mapamerpu: GyHkiito aktusanii: ReLU, perynspusa-
uito (/2): 3, apomnayt: 0,4, po3mip 6atua: 100. Bynemo mykatu: KilbKicTh IapiB
3TOPTKH, PO3MIp SApa 3TOPTKH Ta KUTBKICTE (iTBTPIB.

3BeneMOo pe3yIbTaTH HAaBYaHHS aJrOPUTMIB A0 TAaOJHIIi:

Pesynbrartu pobotu anropurmis, %

AjropurmMu B. 3enencexnii I1. ITopowmenko
HaiBHuii GaiieciBcbkuil kiacudikarop
(Bag-of-Words) 93,9 2
HaiBuuii GaiieciBchkuit kimacudikaTop
(TF-IDF) 93,2 92
SVM (Bag-of-Words) 93,5 90
SVM (TF-IDF) 93 94
3ropTKOBa HEHPOHHA Mepexa
(Word2Vec) 95,6 9,5
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OTxe, BCl aNTOPUTMH AOCHTH TOYHO KJIAacH(iKyIOTh JaHi 3a MpaBUJIBHO IIi-
nMiOpaHUX TTapaMeTpiB.

IMopiBHsIEMO HaMKparli MOJENT A KOXKHOTO KaHIWAaTa 3a JOTOMOTOK0 KO-
pobkoBoro rpadika (boxplot). Sk BuaHO 3 puc. 1, 2 Halikparioro mozaesto € 3HM.

0.95
0.94 i
et
o
(=)
IJ'I‘
03
0.92
NB BW NB TFD CNN'W2V SYM BW SYMTFD
model

Puc. 1. Boxplot mis Haiikpammx moaeneit (B. 3enercbkuii)

0.96

0.95

0.94 —

0.93

fl_score

0.92

0.91

0.9

0.89

NBBW NB TFD CNN W2V SVM BW SVM TFD
model

Puc. 2. Boxplot mnsa Haiikpammx moxeneit (I1. ITopomrernko)

84 ISSN 1681-6048 System Research & Information Technologies, 2020, Ne 3



Memoou mawiunnozo HaguanHs 6 ceHMUMEHM-AHANI3] MeKCmogoi inghopmayii Ha nPUKIAoi ...

NB BW — naiBHwuit OaiieciBchkuii kinacudikatop 3 Bekropaiizepom Bag-of-
Words.

NB TFD — mnaiBHmit OaiteciBchkuil Kiacudikatop 3 BeKTOpai3epoM
TF-IDF.

CNN W2V — 3ropTkoBa HelipoHHA Mepeka 3 Bektopaiizepom Word2Vec.
SVM BW — meron onmopHUX BEKTOPIB 3 BekTopaiizepom Bag-of-Words.
SVM TFD — metoz onopHux BekTopiB 3 Bekropaiisepom TF-IDF.

Yci Mopeni MaroTh ToUHICTh ToHa 90% (3a metpukoro F1). Haiikparuii pe-
3ynbTaT Uit 000X BUOIpoK JaHux mokasaiga 3HM 3 ogHuM IapoM 3ropTku —
TOYHICTE 95,5%.

Bu3HauuBim HaWKpally MOJeNb, MPOaHANI3yeMO 3a i JOMOMOIOK 3MIiHY
MPUXUIBHOCTI TPOMAJCHKOCTI 0 KaHIWAATa 3a 4ac MepenBuOOpdoi KamIraHii.
JI71st TTHOTO BUKOPHUCTAEMO HEPO3MIUCHI KOMEHTapi Mif My OJTiKaiiMi KaH/IHIaTiB
y TmepioJl 3 TMOYaTKy NPE3HJCHTCHKUX TMEPEroHiB J0 JAPYroro Typy BHOOpIB
(03.01.2019-21.04.2019) — o6mu3pko 50 THC. KOMeHTapiB. Jlanxi BUKOpHCTaEMO
panime HaByeny 3HM s knacudikamii komeHTapiB. PesynbpraTi knacudikamii
(BiICOTOK MO3WMTHBHOrO Kiacy) 300pa3umMo Ha rpadiky (puc. 3). Ha rpadiky Ha
oci X Tmo3HaueHO JaTy IyOJiKamii mocTa y corianbHil Mepexi (00upanoch Ta-
KHM YMHOM, 1100 00M/1Ba KaHIUAATH MaJIH IyOJIiKaIlilo B 3a3HAYCHUN JICHb), a Ha
oci ¥ — BiZICOTOK MO3UTHBHUX KOMEHTApIB.

PeifTUHI NPUXMABHOCTI 40 KaHAWMAAETIE B nepiog,
303.01.2019 no 21.04.2018%
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Puc. 3. I'padix npuxuibHOCTI 10 kanauaatiB y nepiox 3 03.01.2019 no 21.04.2019:
1 — B. 3enencekuii, 2 — I1. Ilopowenko

I'padix no3Bonse BiACHiIKOBYBAaTH Ta aHANIi3yBaTH PEaklil0 rPOMaIChKOCTI
Ha TOmii B aBTOMAaTHYHOMY pexuMi. Hampuknaa, ma puc. 3 Ha rpadiky
B. 3enencekoro y toumi 3a 18.01.2019 cnocrepiraeTbecsi pi3Kuil cnaa, KR
IMOBIPHO 3yMOBJICHHH ONPWIIOJHEHHSIM JKypHAJICTCHKOTO PpO3CIiAyBaHHS,
y IKOMY HaeTbes mpo Te, mo B. 3emeHchKHi depe3 KipcehKy (ipMy BOJIOIE Ki-
HokommaHisiMu B Pocii. Ha Tomy x pucyHnky na rpadiky I1. [Topomenka crocte-
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piraeTbes piskuii cnan micns 26.02.2019. Ls nara npunagae Ha BUXiA KypHATICT-
CHKOTO PO3CIIITyBaHHS PO KOPYMIIiIO B «YKPOOOPOHTIPOMIY.

BUCHOBKH

JochimKkeHo MeToan MAallMHHOTO HaBUaHHS U aHAJ3y TOHAJIBHOCTI TEKCTY.
JlociKeHHST TOJISITAIO0 Y BU3HAYEHHI TOHAJIBHOCTI TEKCTY KOMEHTapiB ITiJ
nyOmikamisiMu - kanauaatrie y Ilpesupentun Ykpainm (B. 3eneHcbkoro Tta
I1. Ilopomenka) y nepiof nepenBubopunx meperonis 2019 p.

Jlns BU3HAa4YeHHSI TOHAJIBHOCTI TEKCTYy BUKOPHCTAHO TPH AITOPUTMH: HAiB-
HUN OalieCiBCHKUN KiacudikaTop, METOM OIOPHUX BEKTOPIB Ta 3rOPTKOBY HEWM-
pouHy Mepexy. OnTuMaibHI MapamMeTpu s MOJCNCH MiAOUPATUCs MUISIXOM
KpOCBaJIiaarii.

Jiis mepeBeieHHsI TEKCTY Y BEKTOp OyJI0 BUKOPUCTAHO TPU BEKTOpai3epu —
Bag-of-Words i TF-IDF — s HaiBHOTO OaiieciBchKoro Kiacudikaropa Ta Me-
Toay omopHux BekTopiB; Word2Vec — mns 3HM. [[ns K0KHOrO KaHaujaTa
moOyI0BaHO OKpeMi MO i IOPiBHSAHO SAKiCTh Kinacuikarii (3a meTprkoto F1).

VY pe3ynbTaTi AOCHIIKEHHS BCi MOJIENi MOKa3allid IOCHTh BHCOKY TOYHICTB
knmacudikarii. HaiOiIpIr TOYHIM alTrOpUTMOM Ul JaHUX 000X KaHIWIATIB BH-
siBiack 3HM 3 oTHUM 3rOopTKOBUM IIapoM (TO4HICTh 95,5%).

[IpoBeneHo mocimimkeHHs 3MiHU IpoMalchkol nyMku B niepioa 3 03.01.2019
mo 21.04.2019. Hdns mporo 3i0pano 0xm3pko 50 THC. KOMEHTapiB 3 myOmikariil y
COITiaNTBHIN MepexXi iHcTarpaM KauauaatiB y [Ipesunentrn Ykpainu ta kiracudiko-
BaHO ix 3a momomorolo panime HaByenoi 3HM. 3a pesynbratamu anainizy moOy-
noBaHO Tpadik, KU Jgae 3MOTY OIIHIOBAaTH 3MiHY I'POMAJICBKOT JYMKH y pea-
JHLHOMY Yaci, BIICTIAKOBYBATH PEAKITiI0 ayUTOPii Ha MOAIT i BIAMIOBITHO IIBHUIKO
pearyBaTH Ha HUX.

3arajoMm IMojaHO KOMIUICKCHUHW MiJXiJ O PO3B’SI3aHHS 3aj]adi CCHTUMEHT-
aHalizy, BKJIIOYAIOUU €Tald MONEePeIHhOr0 0OpOOJIEHHS TEKCTy, BUKOPHCTAHHS
PI3HUX BEKTOpaif3epiB UId HAJAHHA TEKCTYy BEKTOPHOTO BHUTJISAY, HABYAHHS MO-
JieJied Ta OIIHFOBaHHSI 1X SIKOCTI.
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MACHINE LEARNING IN SENTIMENT-ANALYSIS OF TEXT INFORMATION ON THE
EXAMPLE OF USER ATTITUDES REGARDING CANDIDATES FOR UKRAINIAN
PRESIDENTIAL ELECTIONS 2019 / A.-M. P. Rudzevych

Abstract. The main methods of machine learning for the sentiment analysis of the
text are described and a comparative analysis of their effectiveness is performed.
The stages of pre-processing of the text, such as stemming, deletion of stop words,
algorithms for converting the text to vector form, such as bag-of-words (Bag-of-
Words), TF-IDF vectorizer and Word2Vec, are considered. The goal of this study
was to determine the sentiment of the comments under the publications of Ukrainian
Presidential candidates (V. Zelensky and P. Poroshenko) during the 2019 election
campaign.Three algorithms were used to determine the tonality of the text: the naive
Bayes classifier, the support vector machine, and the convolutional neural network.
Separate models were built for each candidate and a comparison of the classification
quality was performed (according to metric F1). The most precise model for both
data samples was a convolutional neural network.

Keywords: machine learning, sentiment analysis, text mining.

METOJbl MAIIMHHOT'O OBYYEHUsI B CEHTUMEHT-AHAJIM3E TEKCTOBO
HNHO®OPMALIMU HA ITIPUMEPE HACTPOEHHUMU I1OJIb30BATEJIEH 11O OTHOLLEHUIO
K KAHIAUJATAM B TIPE3UJIEHTBI YKPAUHBI 2019 / A.-M. I1. PynzeBua

AunHoTtaus. Onucansl OCHOBHBIE METOABI MAIIMHHOTO O0YYEHHMS ISl aHAIIU3a TO-
HAJIBHOCTH TEKCTA W MPOBEJCH CPAaBHUTENbHBIH aHamu3 ux 3¢ dexruBnoctu. Pac-
CMOTpPEHBI JTaIbI MIPEABAPUTEIILHON 00pabOTKM TEKCTa, TAKHEe KaK CTEMMHUHT, yla-
JICHUE CTOII-CJIOB, aJITOPUTMEI IIEPEBOJIa TEKCTa B BEKTOPHYIO (JOpMy: MEIIOK CIIOB,
TF-IDF Bektopuzatop u Word2Vec. HccnenoBanue 3akiit04aioch B OMPEACICHUN
TOHAJILHOCTH TEKCTa KOMMEHTApHeB I10]] ITyOnuKanusiMu KanauaatoB B [Ipesunen-
1ol Ykpaunsl (B. 3enenckoro u II. Ilopomenka) B mepuox npeaBsIOOpHON TOHKU
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A.-M.I1. Pyozesuu

2019 r. [l onpeneneHus TOHAIBHOCTH TEKCTa UCTIONB30BaHbl TPH AJITOPUTMA: Ha-
WBHBII OaifecoBCKUil KilaccH(UKATOP, METOJ] OTIOPHBIX BEKTOPOB M CBEPTOYHAS HEH-
poHHas ceTb. st KaXKIOoro KaHAUAaTa HOCTPOCHBI OTJETbHBIC MOAEIN U IPOBEICHO
CpaBHEHHE KadecTBa Knaccudukanuu (o Merpuke F1). JIyumeit monensio st oGe-
UX BBIOOPOK JJAHHBIX OKa3aJach CBEPTOYHAS HEHPOHHAS CETb.

KiaroueBble cjioBa: MalliHHOE 06y‘ICHI/I€, CCHTUMCHT-aHaJIn3, aHaJIN3 TOHAJIbHOCTH
TEKCTA, I/IHTEHJ'IEKTyaJIBHHﬁ aHaJIn3 JaHHBIX.
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MULTICRITERIA CONDITIONAL OPTIMIZATION
BASED ON GENETIC ALGORITHMS
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Abstract. This article takes on solving the problem of multicriteria conditional op-
timization. This problem is one of the most key tasks of the current time and has its
application in many areas. Reuse of various existing algorithms for solving uncon-
strained optimization is proposed. Different methods of multicriteria unconditional
optimization are reviewed. The advantages and disadvantages of each algorithm are
analyzed. The algorithms modified to take into account the constraints. Additional
algorithms of transition from solving an unconditional optimization problem to a
conditional optimization problem are developed. A genetic algorithm SPEA2 was
used to test the developed algorithms. Examples of solving the problem at hand
using the aforementioned algorithms are presented. A comparative analysis of the
final results was conducted.

Keywords: multicriteria optimization, conditional optimization, genetic algorithms,
repairing algorithm, SPEA2, Pareto optimization.

INTRODUCTION

There are a lot of applications in existence that require solving a problem of mul-
ticriteria optimization (MCO). One of the fields used for this goal is artificial
intelligence (Al) studies. An example of this is a process of neural networks
“learning” [1].

At this point in time there are a lot of algorithms for solving multicriteria op-
timization problems. The majority of them are geared towards solving uncondi-
tional optimization problems. One of the most effective ways for this is the usage
of the genetic algorithms (GA). Those stochastic methods, with a condition of
alot of individuals and learning epochs, allow for reaching good solutions.
Because of modern computational methods it’s possible to effectively parallelize
the evolutionary algorithms. It allows for easy usage in solving a broad specter
of different problems: pattern discovery, signal processing, neural network
learning, etc.

The majority of GA are oriented towards solving unconditional problems of
MCO, but actual, real problems always have a plethora of constraints that need to
be considered, and that results in solving a problem of conditional optimization.
This consideration of constraints also requires a modification of the classic GA.

© V. Sineglazov, K. Riazanovskiy, O. Chumachencko, 2020
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This article is dedicated to development of GA modifications to allow for
consideration of constraints and solving problems of conditional MCO.

PROBLEM STATEMENT

A set of allowed vector values of X variables is a limited and an enclosed set (eq. 1).
Dy ={X:G(X)20}c {X} =R",

where G(X) is some limitative vector-function; R" is an n-dimensional arithmetic
space, where n equals the power of a set X — | X].
The target vector-function F(X) = (f;(X), f5(X),..., f x| (X)) with values in a

space of targets {F} is described in a rangeDy. A problem of minimizing
F(X)in this range, which means minimizing each of the individual target func-

tions f;(X), f5(X),..., fjx|(X) (optimality criteria) (eq. 2).

min F(X)=F(X )=F",
XEDX

where vector X~ is the solution for a problem at hand.

REVIEW

The solution to the problem of conditional optimization is based on the solution to
the problem of unconditional optimization, so it is worth considering methods of
unconditional optimization. At this point in time there are two main classes of
algorithms: genetic and swarm algorithms. The first class has an advantage in
computational difficulty and the amount of learning epochs [11], for this reason
genetic algorithms are used in this study.

There are different kinds of GA for solving multicriteria optimization prob-
lems. They can be divided in two following groups [5]: lexicographical selection,
alternating criterial functions algorithms and algorithms that use Pareto domi-
nance.

The first kind includes a lexicographic tournament selection algorithm and
its numerous modifications. This algorithm is also sometimes called “naive”

It is reasonably fast and simple, but it requires classification of criteria in re-
gards to their importance.

The second kind includes altering objective functions algorithms, which re-
alizes VEGA algorithm (Vector Evaluated Genetic Algorithm) [16]. It is similar
to “naive” algorithms in terms of evaluating of fitness being reliant on corre-
sponding values of various target functions.

This type of GA also includes predator-prey algorithm. It’s more compli-
cated in terms of computing than lexicographic selection, but the results are more
accurate. It’s empirically proven that with the number of generations rising, the
population of prey is moving towards the Pareto front [14]. A drawback of this
algorithm is a chance of losing optimal solutions. There is a number of modifica-
tions of this algorithm to remove the drawbacks [9].

90 ISSN 1681-6048 System Research & Information Technologies, 2020, Ne 3



Multicriteria conditional optimization based on genetic algorithms

The third type includes agent ranging algorithms that is based of Pareto
dominance. One of the realizations is a well-known NGSA algorithm (Non-
dominated Sorting Genetic Algorithm) and its modification, NGSA-II [10].

The third kind also includes the Pareto-power algorithms, that utilize agent
power and it’s wimpiness.

Pareto-power algorithm realizes SPEA (Strength Pareto Evolutionary Algo-
rithm), which evolved into SPEA-2 [4].

The latest agent ranging algorithms based on Pareto-dominance allow for re-
ceiving decent approximation of the Pareto front, leaving the level covering and
rarefaction untouched, which gives more possible choices of the appropriate
solution.

SPEA-2 method is unique and advantageous in the following:

o it includes all of the listed approaches in one algorithm;

o fitness of each individual of the population in this method is decided only
in relation to the individuals of the outside set, with no correlation to dominance
of individuals in the population;

o despite “the best” individuals of the previous generations being stored in
an outside set, all of them are legible for the selection process;

e to prevent premature convergence, SPEA uses a special mechanism for
creating niches, where dividing on the basis of fitness is done not because of the
distance between individuals, but by Pareto-dominance.

Because of reasons stated above, this study utilizes SPEA2 algorithm.

The provided evolutionary algorithms are good at managing unconditional
problems of multicriteria optimization, but during solving problems with con-
straints, the results are not always decent enough [2, 3]:

e it is possible for them to not include the point of conditional maximum;

o the resulting points may be separated in the search area;

e a part of the solutions may lay beyond the margins of the allowed area.

Based on this, the conclusion would be that the evolutionary algorithms
aren’t fit enough for solving problems with constraints and require some modifi-
cations to be made, those modifications taking into account the specifics of the
conditional optimization problem.

Going forward to the problem of conditional optimization, it’s possible to
single out the following methods of solving it [12].

The first method is based on translating the problem of a conditional optimi-
zation to the problem of an unconditional optimization:

e penal functions algorithm [13]. For GA, special algorithms for this meth-
od, there is a method of “lethal” penalties, a method of statistical penalties and a
method of dynamic penalties;

e algorithm based on sliding admittance [12].

The second method includes algorithms that do not use reduction of the
problem down to a problem of the unconditional optimization:

e cach restriction is transformed into a separate target function [6-8];

o the procedure of “repairing” using the local search [17, 18, 20];

e Orvosh-Davis reduction method [15];

e modified complex algorithm [19].
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There are also hybrid methods. For example, method of the behavioral
memory, “repairing” + lethal penalties [12].

The quality of the chosen solutions is dependent on choosing the period of
multicriteria optimization algorithm, where the procedure of “repairing” is used.

PROBLEM SOLUTION

To solve the problem of a conditional MCO, the following algorithms were de-
veloped and researched:

1. Removal of unfit solutions after the algorithm completed.

2. Removal of unfit solutions after each generation of the population.

3. Taking into account the amount of violations by individuals in Pareto-
dominance.

4. Transforming the constraints into additional criteria and solving a multic-
riteria problem with additional criteria.

5. Solving a multicriteria optimization problem without taking the con-
straints into account and “repairing” the unfit solutions after the algorithm com-
pleted.

6. Transforming the constraints into criteria, solving the multicriteria prob-
lem with additional criteria and “repairing” the unfit solutions after the algorithm
completed.

7. Solving a multicriteria optimization problem without taking the con-
straints into account and “repairing” the unfit solutions after each iteration.

8. Transforming the constraints into criteria, solving the multicriteria prob-
lem with additional criteria and “repairing” the unfit solutions after each iteration.

For more extensive research and comparison between the aforementioned
algorithms, the following is a detailed description of each algorithm.

1. Removal of unfit solutions after the algorithm completed.

This method is the simplest and the easiest. After all the generations of
populations, the deletion of unfit individuals follows. But because of the simplic-
ity the amount of fit solutions is not high.

2. Removal of unfit solutions after each generation of the population.

This method is a modification of the former one. The deletion of unfit indi-
viduals after every generation is assumed, but, with the usage of the selection
operator, a new population is generated with the same size. This way a new popu-
lation is only generated using the feasible solutions. With large amount of
iterations, the amount of fit end-results will be close to the starting population
size.

3. Taking into account the amount of constraints violated by individuals in
Pareto-dominance.

After every iteration, before computing the fitness-function each individual
of the population is checked for fitting in the constraints. If the individual is unfit,
it’s marked not feasible, and the amount of constraints that it’s not fit for is saved.

Then, the modification of Pareto-comparison during the formation of fitness-
function follows. The change is, initially the comparison between two individuals
their fitness is checked. If one of them violates the constraints, and the other one
does not, the former is considered dominated by the latter, without taking into
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account it’s values of criteria vector. If both of them are unfit, the dominated one
is chosen on the basis of the amount of constraints it’s unfit for. If both are
feasible, Pareto-comparison between their criteria vectors follows.

In the process of generation of generations, the amount of individuals that
are unfit is reduced, and in large amounts of generations are geared towards 0.
But after the learning process, there may be unfit individuals left, so they are
marked as unfeasible and simply removed from the end solution.

4. Transforming the constraints into additional criteria and solving a
multicriteria problem with additional criteria.

In this method, the transformation of constraints into additional criteria is
used. This way, the problem of multicriteria optimization is transformed and takes
the following form:

The initial problem: Target functions — F(X)— opt, constraints —
G(X)<B.
The transformed problem: Target functions — F(X)— opt,

(G(X)~-B)* —opt.

Next, the basic SPEA2 algorithm is used.

5. Solving a multicriteria optimization problem without taking into account
constraints and “repairing” the unfit solutions after the algorithm completed

This method uses the unfit solution “repairing” algorithm. The “repairing” is
conducted using the Pareto local search method [17, 18, 20]. In this method of
solving the conditional multicriteria problem utilizes learning all of the popula-
tions without taking into account the constraints, and “repairing” all points that
are unfit after.

6. Transformation of constraints into criteria, solving the multicriteria prob-
lem with multiple additional criteria and “repairing” the unfit solutions after the
algorithm completed.

This method also utilizes “repairing” the points at the end, but the learning

functions not only for the target criteria, but also with the transforming the con-
straints into criteria, as it is described in method 4.

7. Solving a multicriteria optimization problem without taking the con-
straints into account and “repairing” the unfit solutions after each iteration.

This method utilizes learning only on the target functions, but the “repairing” is
used after each generation.

8. Transforming the constraints into criteria, solving the multicriteria prob-
lem with additional criteria and “repairing” the unfit solutions after each iteration.

The last method uses the “repairing” procedure after every iteration, the con-
straints are converted into additional criteria.

RESULTS

To analyze the results and to compare the a for ementioned methods, the fol-
lowing conditional multicriteria optimization problem was solved:

[ =2+(x-2)" +(y-1)%,
f(x,0)=9x—(y 1)

Minimize =
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g1 (x,») = x? +y2 < 225;

Constraints =
g(x,y)=x-3y+10<0.

. . -20<x;
Variables constraints =
y<20.
Real Pareto front looks as shown on Fig. 1.
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Fig. 1. Real Pareto front of the solved problem

Firstly, consider the detailed results and examples of SPEA2 algorithm
working using the 3" method, Taking into account the amount of constraints
violated by individuals in Pareto-dominance, to solve the current problem. The
amount of individuals in the population is 5, the amount of generations — 20. For
each variable memory allocated is 5 bits. Integer numbers are coded into bits, and
then into Grey code.

The following is the work of one iteration of the SPEA2 algorithm. For some
of the following generations there will be a table of values of some individuals.

Initially, the following random population was generated:

10100 11111 01110 11001

11101 00001 00010 01100

11111 00101

Firstly, each iteration is allocated a “parent” for new populations, using
a selection operator, that is presented in SPEA2 with a binary tournament.

Binary tournament #1.

Two individuals are consecutively, yet randomly chosen:

11111 00101 u 11111 00101. In this case, the individuals chosen are the
same, so there’s no better one among them. This individual will be the first “parent”.

Binary tournament #2.

The chosen individuals: 11111 00101 u 00010 01100.

The first individual is dominated by the second, so it is chosen as the second
“parent”.

Using the operator “crossover” we get two descendants: 01111 01100 and
10110 00101.

This way, repeating the aforementioned algorithm, 6 more descendants are
generated and, with a certain probability, mutated. Then, the values of the target
functions and constraints are calculated. The intermediary results are in Table 1.
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Table 1. Results of the 1™ generation offspring

Variables Objectives Constraints
10001 00111 102 54 125 35
10100 11101 127 -85 160 -22
01000 01110 51 -45 26 2
10101 11101 132 -76 169 -21
11011 00101 43 -43 20 20
00100 00101 252 -142 185 9

Those are added to the current population. The result is a sum of 11 indi-
viduals. Next step is to calculate the values of fitness-functions, which are lower
than 1. Going forward, if the size of the population is lower than the preassigned
value, the dominated elements with the best fitness-function are added, else — the
worst individuals are removed. The new population is shown in Table 2.

Table 2. Details of the 2™ population

Gray Gray
binary| x |binary| y | fi(x,») |2 (x,»)|RG)| D@G) | F(i) |g(x,y)|g,(x,y)|Passes
x y
10100 | 4 |11111]11 106 -64 0 0,013 |0,013| 137 -19 True
01110| -9 |11001| 7 159 -117 0 | 0,013 |0,013| 130 -10 True
11101| 2 |00001|-9| 102 -82 8 | 0,015 | 8,01 85 39 False
00010 |-17|01100| -2 | 372 -162 9 | 0,003 {9,003 293 -1 False
11111] 1 |00101| -4 28 -16 6 | 0,009 | 6,01 17 23 False

After the operations and generation of the new generations, as well as SPEA2 algo-
rithm usage are concluded, the resulting individuals are only non-dominated. The ex-
amples of populations on 5™ and on the last 20" generations are shown in Table 3 and
Table 4 respectively.

Table 3. Details of the 5™ population

Gray Gray
binary| x |binary| y |fi(x,»)|/2(x,¥)| RG) | DG) | FG) |g1(x,)|g2(x,y)|Passes
X Y
11110 0 | 11100} 13 | 150 -144 0 [0,026|0,026| 169 -29 True
10100 | 4 | 11111} 11 | 106 -64 0 0,5 | 0,5 137 -19 True
10100 | 4 |11110( 10 87 -45 0 [0,034]0,034| 116 -16 True
10100 | 4 |11101| 12 | 127 -86 0 [0,031]0,031| 160 -22 True
10100 | 4 | 11111} 11 | 106 -64 0 0,5 | 0,5 137 -19 True
Table 4. Details of the 20" population
Gray Gray
binary | x |binary|y |fi(x,»)|f2(x,») |RG)| DG) | F@i) |g1(x,»)|g,(x,y)|Passes
X y
11010 | -1 | 01011 | 3 15 -13 0 {0,081 | 0,081 10 0 True
11000 | -4 | 11001 | 7 74 =72 0 10,046 | 0,045 65 -15 True
11010 | -1 | 11001 | 7 47 -45 0 10,038 0,038 50 -12 True
11101 | 2 | 11101 (12| 123 -103 0 |0,015(0,014 | 148 -24 True
11000 | -4 | 11101 |12] 159 -157 0 10,008 | 0,008 | 160 -30 True
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It should be noted that, after using this method, every individual fits.
A graphical illustration of the real Pareto front and 5 points, the trained indi-
viduals, are on Fig. 2.

0 ' 2 Real Pareto front
8 ®  Result point
-50
< *s, o
100 ® .
T ‘ -
-150
. i !.
-200 =
0 50 100 150 200

f1{x)

Fig. 2. Real Pareto front and five result individuals

As it is shown, even a small amount of iterations allows for great resulting
solutions to a multicriteria optimization problem.

The following is an example of work and the results of each described
method on the problem. Each algorithm initially used 100 individuals.

1. Removal of unfit solutions after the algorithm completed.

After learning a population of 100 individuals, only 27 fitted. Fig. 3 shows
all of the individuals, and Fig. 4 shows only the fit ones.

0 Real Pareto front
Not feasible
-100
=200
———
X
w2300
-400
.
-500 L
L
0 200 400 600 800

Fig. 3. Unsatisfactory individuals for the 1¥ method

2. Removal of unfit solutions after every generation of the population.
In the end, 43 unique solutions are correct. Fig. 5 is visualization.
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Fig. 4. Resulting individuals satisfying constraints for the 1* method
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Fig. 5. Resulting individuals for the 2" method

3. Taking into account the amount of violations by individuals in Pareto-
dominance.

This method allows us to get a population with all points being fit, but only
42 of them are unique. The data is shown on Fig. 6.

4. Transforming the constraints into additional criteria and solving a multic-
riteria problem with additional criteria.

A simple transformation of constraints into criteria shows bad results. Only
19 non-dominated points under 4 criteria (2 real + 2 constraints) have passed.
Of them, only 7 are non-dominated by two target criteria. In the end, 93 results
were removed. Fig. 7 visualizes the full population, and Fig. 8 shows the end
results.

5. Solving a multicriteria optimization problem without taking the
constraints into account and “repairing” the unfit solutions after the algorithm
completed.
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In this case the “repairing” procedure allows us to get the fit points, but all of
them are not better than the original set of fit points 9 unique results were ac-
quired. Fig. 9 and Fig. 10 contains the visualization.
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Fig. 6. Resulting population for the 3™ method
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Fig. 7. Resulting population for the 4™ method

6. Solving a multicriteria optimization problem without taking the con-
straints into account and “repairing” the unfit solutions after the algorithm com-
pleted.

In this case the “repairing” procedure allows us to get the fit points, but all of
them are not better than the original set of fit points. 9 unique results were
acquired. Fig. 9 and Fig. 10 contains the visualization.

7. Transforming the constraints into criteria, solving the multicriteria prob-
lem with additional criteria and “repairing” the unfit solutions after the algorithm
completed.

In this case of an additional transformation into criteria the procedure of “re-
pairing” allows for better results: 34 cured solutions, 11 of them are unique,
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19 satisfactory solutions and overall result is 12 solutions. Fig. 11 shows the unfit
individuals, and Fig. 12 shows the end results.
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Fig. 8. Resulting non-dominated individuals for the 4™ method
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Fig. 9. Not feasible and repaired individuals for the 5™ method

In this case of an additional transformation into criteria the procedure of “re-
pairing” allows for better results: 34 cured solutions, 11 of them are unique, 19
satisfactory solutions and overall result is 12 solutions. Fig. 11 shows the unfit
individuals, and Fig. 12 shows the end results.

8. Solving a multicriteria optimization problem without taking the con-
straints into account and “repairing” the unfit solutions after each iteration.

Learning without taking constraints into account and “repairing” after each
iteration allows for decent results: 42 unique end solution. Fig. 13 is a visuali-
zation.

9. Solving a multicriteria optimization problem without taking the con-
straints into account and “repairing” the unfit solutions after each iteration.
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Fig. 11. Not feasible and repaired individuals for the 6" method

Learning without taking constraints into account and “repairing” after
each iteration allows for decent results: 42 unique end solution. Fig. 13 is
a visualization.
10.Solving a multicriteria optimization problem without taking the con-
straints into account and “repairing” the unfit solutions after each iteration.
Learning without taking constraints into account and “repairing” after each
iteration allows for decent results: 42 unique end solution. Fig. 13 is a visualiza-
tion.
11.Transforming the constraints into criteria, solving the multicriteria prob-
lem with additional criteria and “repairing” the unfit solutions after each iteration.
This method allows to get the whole population non-dominated by 4 criteria,
but by the target criteria only 24 individuals are non-dominated. (Fig. 14)
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Fig. 12. Non-dominated resulting individuals for the 6™ method

These results suggest that of the methods used, the best one is also one of the
simplest: removal unfit individuals after each iteration. This method also does not
require major SPEA2 modifications.

50 x {3 Real Pareto front
»® #  Feasible points

f>(x)

50 100 150 200

f(x)

Fig. 13. Resulting non-dominated individuals for the 7" method

The same results were achieved using a method of saving the amount of vio-
lated constraints for further dominance checking during the computing of the fit-
ness-function. This method requires some modifications to SPEA2, but those are
minor and do not complicate the algorithm too much.

Another method got results, similar to the aforementioned ones. It’s
a method of “repairing” the individuals after each iteration. It requires much more
intermediary computations that complicate the algorithm quite a bit, but the re-
sults are better.
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Fig. 14. Resulting individuals for the 8" method

By the means of all gathered data, we are able to come to a conclusion that
transforming the constraints into criteria does not give an advantage, and the “re-
pairing” method requires more computational time that does not give high-quality
results.

CONCLUSION

The results showed that using the SPEA2 algorithm allows to accurately solve the
problem of multicriteria optimization. The methods considered above showed that
by modifying SPEA?2 it is possible to easily switch from solving the unconditional
optimization problem to solving the conditional optimization problem.

The result analysis allows for a following conclusion: the best method for
the problem at hand is a simple method of removing the unfit individuals after
each iteration as well as the algorithm with repairing after each iteration. Of 100
initial individuals, 43 of the resulting ones were unique and formed a resulting
Pareto front of solving the conditional multicriteria optimization problem.
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BAI'ATOKPUTEPIAJIBHA YMOBHA ONTUMI3ZAIISA HA OCHOBI TEHETHYHUX
AJITOPUTMIB / B.M. Cusnernasos, K./I. Pszanoscekuii, O.1. UymadeHko

AHoTanisi. PosrnsgHyTo mpobnemy OaraTokpuTepialbHOI yMOBHOI ONTHMI3arii,
PO3B’sI3aHHS SKOi HATENep € HaWBaXKJIMBILIMM 3aBIaHHSAM Ul 0araTboX rajyseil.
3anponoHOBaHO MOBTOPHE BUKOPUCTAHHS iCHYIOUHX aJTOPUTMIB pO3B’SI3aHHS 0e3-
yMOBHO{ ontuMizauii. PO3ristHyTO pi3Hi aJiropuT™MH GaraTokpuTepiabHOI 0e3yMOB-
HOT onTuMi3auii. [IpoaHanizoBaHo mepeBary Ta HEJONIKM KOXKHOTO AJITOPUTMY. AJ-
roputMu  MoAu(iKOBaHO Uil BpaxyBaHHS oOOMeXeHb. Po3po0ieHo 101aTKOBI
AITOPUTMH TIEPEeXOy BiJ pO3B’s3aHHs 3aadi Oe3yMOBHOI omTUMI3alii g0 3amadi
YMOBHOI ONTHMi3allii, Ul TECTyBaHHs SKUX BUKOPHCTAHO I'€HETUYHUH aJIrOpHTM
SPEA2. HaBeneHo mpuKiIagy BUPIIIEHHS MOCTABICHOTO 3aBJaHHSA 3 BUKOPHC-
TaHHSAM 3raJIaHUX aJrOPUTMiB. BUKOHAHO MOPIBHSIBHUIA aHAN3 OCTAaTOYHHX pe-
3yJIBTATIB.

KiouoBi cioBa: OaratokpurepianbHa ONTUMI3allisg, YMOBHA ONTHMIi3allisl, TEHETH-
YHHUI aNTOpUTM, alnroput™ JikyBanHs, SPEA2, [Tapeto ontumizamis.

MHOTI'OKPUTEPUAJIBHASI YCJIIOBHASI OINTHUMHU3ALIMSL HA OCHOBE
TEHETHUYECKUX AJITOPUTMOB / B.M. Cunernazos, K.JI. Ps3anoBckuii, E.1. Uymauenko

AHHoOTanus. PaccmoTtpena npobiemMa MHOTOKPUTEPHATIBHOM YCIIOBHOW ONTHMM3a-
LMY, PEeLIEHHE KOTOPOH SBISETCS OJHOM M3 Ba)XKHEHIIMX 3a/1a4 HACTOSILIEro BpeMe-
HHU A1 MHOTHX oOnactei. IIpeanoskeHo MOBTOPHOE HCIIONB30BAHHE CYIIECTBYIO-
KX AJTOPUTMOB peUIeHHs 0e3yCIOBHOH ONTMMH3anuK. PaccMOTpeHSB! pas3imdHbIe
QITOPUTMBI MHOTOKPHTEPHAIBHOH Oe3ycioBHOH ontumum3anuu. IIpoananusupoBa-
HBI JJOCTOMHCTBA U HEIOCTATKH KaXKAOTO ajJropuT™Ma. AJITOPUTMBI MOAU(DHIPOBA-
HBI JUIs y4eTa orpaHudeHuil. Pa3paboTaHbl JOMOIHUTENBHBIE aJrOPUTMBI IIEpexoa
OT pellIeHHs 3a1a4n 6e3yCIOBHON ONTUMH3ALHUK K 3a/[aue YCIOBHOH ONTUMM3AINY,
IS TECTUPOBAHUS KOTOPBIX UCIONIB30BaH renernyeckuii anroput™m SPEA2. Ilpuse-
JICHBI TIPUMEpPHI PEIICHUsS] MOCTABICHHOH 3a/auil C HCIIOIb30BAHHEM YIOMSIHYTBIX
anroputMoB. [IpoBesieH cpaBHUTENBHBIN aHATH3 OKOHYATEIbHBIX PE3yIbTATOB.

KiioueBble cj10Ba: MHOrOKpUTEpUAIbHAS ONTHMH3ALMs, YCIOBHAS ONTHMH3ALU,
TeHETHYECKUI alIropuT™, anroputm jgeuenus, SPEA2, [lapero ontumuszanusi.
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PEI'YJISAPHBIE BBIPAKEHUA J1JIS1 HEKOTOPDBIX A3bIKOB
CETEM IETPU B 3ATAUYE O ITIPOU3BOJIUTE.JIE
N ITIOTPEBUTEJIE

B.M. CTATKEBNY

AHnHoTanus. Paccmotpens! cets Ilerpu B 3a1aue 0 Ipou3BoAUTEINIE U TOTpedUTENe
(omHOM M3 KJIaCCHMYECKUX 3a/1a4 CHHXPOHHU3ALMH) C OrpaHHYCHHBIM Oydepom pas-

Mepa 1 U peryisipHble (opMalibHble SA3bIKM L, , KOTOpble OHa mopoxzaaer. s

n°’
9THX SI3BIKOB HAWACHBI PEryJIsAPHBIC BEIPOKECHUS B PEKYPCHBHOM BHIE, a B CIydasx
orpannyueHHoro 0ygepa pasmepa ot 1 10 3 — B Buze siBHBIX popmyit. Ilo rpady mo-
CTIDKAMOCTH TIOCTPOSH KOHEYHBI aBTOMAT, IPUMEHEH METOZ IMOCIeI0BATeILHOTrO
yaaneHus: BepiurH. st BBICOTBI UTepaliy (3BE3IHOM BBICOTHI) YKA3aHHBIX SI3BIKOB
JlaHa OLICHKa CBEpXY, a B CIIy4yasX OrpaHH4YeHHOro Oydepa pasmepa | u 2 HaiieHbI
TOYHbIC 3HaYeHHs. J[JIs yKa3aHHBIX S3bIKOB PACCMOTPEHBI ONEpali 00bEINHEHHUS,
nepeceueHust, 3aMbikanusi KIMHK, KOHKAaTCHAIMK M pa3sHOCTH. JIisl pa3sHOCTH S3bI-

koB L, \ L; MOCTpOEH KOHEYHBIl aBTOMAT M HAHJEHbI PETYIAPHbIE BHIPAKEHUA B

PEKYpPCHBHOM BHJE, a 11 pasHOCTH L, \ L; — B Buje ABHOIH HopMyIIbL.

Kuarouessble cioBa: cets Ilerpu, 3a1a4a o npousBoauTene U NoTpeduTene, s3blk ce-
tu [leTpu, popManbHBIi A3BIK, PETyISPHBIN S3bIK, KOHEYHBIA aBTOMAT, PETYISPHOE
BEIpaKCHHE, BEICOTA UTEPALNH (3BE3/IHAS BHICOTA).

BBEJEHHE

Ceru lletpu sBASIIOTCS YIOOOHBIM CPEICTBOM IUISi MOJCIMPOBAHUS Pa3INUHBIX
MPOIIeccoB, cUcTeM M ceter [1-3]. OmHol M3 KITacCHYECKUX 3a7ad CHHXPOHU3A-
UM SIBISIETCS 3aJada O TNPOM3BOAMTENIE W MOTpeOHTeNne, NpeAsoKCHHAs
9. Heiikerpoii [1]; cyliecTByeT HECKONBKO pa3IMYHbIX BAPUAHTOB ATOM 3a1auu.

Kaxnas cers Iletpu mMoxeT mopoxknath s3bik. B pabote [1] ompeneneHsr
12 K1maccoB sI3bIKOB M HCCJIEAOBAHA UX CBS3b C (POPMAJBHBIMU S3BIKAMH, OTIpelie-
JieMBIMH uepapxueil XoMcKoro (Teoprio GOpMaJIbHBIX S3BIKOB CM., HAIIPUMeEp,
B pabotax [4-7]).

B nanHoii paboTe paccMOTpeHBI HEKOTOPBIE PETYNIApHBIE A3BIKH L -TUTIa ce-
teit [lerpu B 3amade 0 MPOU3BOIUTENEC M TOTpeOUTENE ¢ OrpaHUYEHHBIM Oyde-
POM, COOTBETCTBYIOIIHE PETYIISIPHBIC BBIPAXKECHUS HAWIEHBI B PEKYPCUBHOM BUJE,
a B MPOCTEHIIMX cilyyasx — B BHIE ABHBIX (opmyn. B mpocreiimmx cimydasx
HalJeHbI BBICOTHI UTEPALIUU PACCMOTPEHHBIX SI3BIKOB, a B O0Jiee CIIOXHBIX JaHa
oLeHKa cBepXy. HekoTopeie pe3ynbraTel ObUTH aHOHCHPOBAHBI B Te3ucax [8-9].
Jns BapuaHTa 3a7ayll ¢ HEOTpaHHMYEHHBIM Oy(epoM M COOTBETCTBEHHO KOHTEK-
CTHO-CBOOOJIHOTO f3BbIKa L -THIa aBTOMAT C Mara3uHHOM MaMATHIO MpPUBEIEH
B Te3m3ax [§8], a 6ojee moTHBIC Pe3yIbTaThl MOAPOOHO U3JI0KEHBI B Te3ucax [10].

B pabote [11] paccMOTpeHBI 3aa4n YIIPaBICHUS U TPOSKTHPOBAHHUSI CIIOXK-
HBIX CHUCTEM W NpEIIOKEHA TEOpHs AMCKPETHO-HENPEPHIBHBIX CETel, MPUMEHHU-

© B.M. Cmamkesuu, 2020
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Masi B CITydasiX, Korja 00ObeKT onuchiBaeTcs auddepeHImansHbIMU YpaBHEHUSIMU
B HETIPEPHIBHOM BPEMEHH, a YIIpaBlIeHHE TUCKPETHO.

INPEJABAPUTEJ/IBHBIE CBEJEHUSA

B 3apmade o nmpomsBoauTene U MOTpeOHTENE MPOLECC-NIPOU3BOIUTENb 4 TPOU3-
BOJUT 00BEKTHI (puIIkN) U noMemmaer ux B Oydep (mo3unuo ps), a mpouecc-
noTpedutens B ynanser o0bekT u3 Oydepa u ucnoansyer ero (puc. 1). 3agaua
uMeeT crenyiomue BapuaHTtel [1, 3]: 1) ¢ HeorpaHwYeHHBIM OydQepom;
2) ¢ orpanndeHHBIM OydepoMm pasmepa
n, TOTAAa BBOAMTCS MOIOJHHUTEIbHAS
HO3WLMS  p5, HUMeomas 7  (QHIIeK;
3) C HECKOJIBKUMH TPOU3BOJIUTENSAMU U
HECKOJBKMMHU MOTPEOUTENIMH, TOTIa
B IO3ULUSIX p; U p3 B HAYAJIBHOH Map-

KHPOBKE [l UMEITCA s U ¢ (uiek

COOTBETCTBEHHO; 4) B CUCTEME C JABYMs
MIPOU3BOANTEISIMA U ABYMS TOTpeOHTE-
Puc. 1. 3anaua o IpOU3BOIUTENE U TIOTPe- JISMH OJMH W3 TOTpPeOUTENeld HMeeT
outene MPHOPHUTET IIEePEI APYTUM; TaKas CUCTE-
Ma peann3yeTcs MPHU MOMOIIY HHTHOUTOPHOM JTyTH.

*
IMycte A — andaButr, 4 — MHOXECTBO CIIOB, T.€. KOHEUHBIX [ETIOYECK CHM-
BOJIOB 3 A . ®opManbHEIM S3BIKOM L Hax andaBUTOM A Ha3BIBAIOT HEKOTOPOE

*
noamHoxkecTBo L < 4 [4-7]. KaxxaoMy mepexoqy U3 MHOXKECTBa repexonoB I
coroctaBuM cuMmBoJI andasuta A, 6:7 > A — dyHKOUA momedeHus. I[1o-

TOOHBIM 00pa30M KOHEYHOH IOCIIEIOBATEIBHOCTH MepexoaoB we T * comnocras-
JsieTcs CloBO G(w) € A [TycTh 3a1aHO MHOKECTBO 3aKIIOYUTEIBHBIX MapKUPO-
BOK F'. S3pikom cetu lletpu L -TWIa HA3BIBAIOT MHOXKECTBO TaKUX CIIOB G(W),
4YTO MapKupoBKa cetu [leTpu mocne 3amycka mocieaoBaTeNbHOCTH TEPEXOI0B W
SBISETCS 3aKmounTensHON [1]. B paccMmarpuBaeMoll 3amade  mojaraem
T ={t,t,t3,14}, A={ay,a5,a5,a4}, o(t;)=a;, i=1,...,4 (Takum obpa3om, ceTb
AByIAeTCs cBOOOHO moMeueHHOH [1]), F ={u,} .

MHOX€ECTBO PETyJIIPHBIX BRIpAKCHHUN Hal andaBUTOM A OIpeneiseTcs pe-
KypcuBHO [4, 5, 7]: 1) 0, 1 u 11000ii cUMBON @ € A SBIAIOTCS PETYISIPHBIMH BbI-
paXeHUsIMU; 2) €ClIM ¥ U S ABISAIOTCS PETYJISIPHBIMU BBIpAKEHUSAMH, TO (7 +5),

(r-s) m " TaKKe SBIAIOTCS PEryISIpHBIMU BBIPAXKEHUSMU; 3) UHBIX PETryJISIPHBIX
BbIpaxkeHUI HeT. Kaxmoe peryisipHoe BbIpa)K€HHE F 3aJaeT SI3bIK L[r]cA*,
ompenensembiii pekypcuHo: 1) L[0]=C, L[l]={¢}, Lla]l={a} nna mobdoro
cumBona a € A;2) L[r+s]=L[r]UL[s], L[r-s]=L[r]-L[s], L[r 1=(L[r])".

BeicoTa urepanny wiaM 3Be3Has BEICOTA PETYJISIPHOTO BBIpakeHHs shr om-
penensercs pekypcusHo [5, 12]: 1) shO=sha =0 musa moboro cumBosa a € 4,

shl1=1; 2) sh(r +s)=sh(r-s)=max(shr,shs); sh(r*) =1+shr . BeicoToii ure-

palyu peryisipHOTO S3bIKa L Ha3bIBaeTCS MHHHUMAJIbHAS M3 BBICOT UTEpPAIlUH pe-
TYJISIPHBIX BBIpAXKEHUMN, 3a1aI01TUX S3bIK L .
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Pezynapnuie gvipasicenus onsa nekomopuix sA3vikoe cemeii Ilempu 6 3adaue ...

A3BIKU, TIOPOXJTAEMBIE CEThIO C OTPAHUYEHHBIM BY®EPOM
PA3MEPA n

Paccmotpum cets IleTpu ¢ orpanndeHHEBIM OydepoM pasmepa 7, H300paKCHHYIO
Ha puc. 1. ['pad goCTIKUMOCTH ceTH, H300paXeHHBII Ha pUC. 2, IMEeT OJIOYHYIO

CTPYKTYDY.

[TopoXaaeMblii  CETBIO  SA3BIK (1,0;1,0:014’?)*1:‘7 (1,0,0,1,0,n) |6
L -tuna o6o3nauum L, . Ilo rpady t t {,‘
JIOCTUKUMOCTU CTPOMM KOHeuHbld (0,1,1,0,0,n) (0,1,0,1,0,n) E
aBTOMAT, JOMYCKAIOUMH s3bIK L, : t,
BEpIIMHAM rpa(ba (T.e. MapKHUpOB- (1"0’1,0’1'”_1) ,0, ,1,1,.‘?-1) 6
KaM CETH) COIOCTABIISIEM COCTOSIHUS ¢ g
aBTomara, pebpam rpada (T.e. me- ! K
pexonam cetn) — nepexomst asro- (0r1:1,0,1,n-1) 1,1,n-1) |1
Mara, HadallbHOH W 3aKITIOYUTENb- 4
HOH MapkupoBke L, =(1,0,1,0,0,7)
—  HayaubHOE M JOMYCKAIOIIEe g
cocrosiane gy (qoel, gqoeF). (1,0.1,0,n-1,1) 1,n-1,1) ﬁ
OTMeTuM, 9TO MOJO0OHBIN TPUHIIHII b E
noCcTpoeHuss Koueunoro asromara (0,1,1,0,n-1,1)-4 (0,1,0,1,n-1,1) |n-
no rpady AOCTHKUMOCTH HCHOIb- & t,
3oBajics B padore [13]. Iloctpoen- (1,0,1,0,n,0) by (1,0,0,1,n,0) |6
HBI aBTOMAT B JaHHOM CITydyae siB- t, t A
JSETCS JETCPMUHUPOBAHHBIM: t K

(0,1,1,0,n,0)~—"(0,1,0,1,n,0) n

Puc. 2. T'pad goctmwkumoctu cetu [letpu
({90~ Gans3}-{a1,a2,a3,a43.A4q0 1. 190 }) (1)
A={(q;,a1,9;41):1:2,0<i <4n+ 2} U{(q;,a2,q;43):0112,1<i<4n -1} U
ui{(g;,a3,q9;5):imod4 € {0,1},4<i<4n+1} U
U{(q;,a4,q;_5):imod4€{2,3}, 2<i<4n+3} 2)

(3mech u manee mod4 o3HadaeT OCTATOK OT JeneHus Ha 4). OTMETHM, 4TO B pa-

6ote [14] mpencTaBieH METOA HAXOKICHHS PETYJSPHOTO BBIPAKEHUS JUIA S3bIKA
Oe3onacHoii ceTn 0e3 MOIHOro MOCTPOCHUs rpada TOCTHKUMOCTH, a B Ka4eCTBE
HpUMepa pacCMOTPEHA 3ajada O MATH oldenarommx Myapenax. [IpencraBieHHbII
METOJI OCHOBaH Ha peAyKuuu cetu [lerpu.

Ipumep 1. [Iycte n=1. Torma xoneunsrit aBTomar (1), (2) mpuHAEMaeT BUI

M, :<{QO’q1’q25Q39q47q5’q6’q7}:{alva2’a3’a4}’A1’{qo}v{‘IO}>’
A ={(q0>a1,91):(q2,@1,93)-(94,41,95),(46,1,97)>(41,2,94),(43,@2,96)

(94,93,92),(45,a3,93),(92,a4,90)-(43,24,91),(q654,94),(q7,a4,95) } -
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PerynspHoe BbIpakeHHE HAXOIUM, YAAJSS MO OYEPEIU COCTOSIHHS aBTOMa-
Ta M|; noagpoOGHO METOJ] U3J0XKEeH, Hampumep, B padorax [4, 5, 7]. Ynansas

B KQXXJIOM U3 JABYX OJOKOB (pHC. 2) JIEBOE HIDKHEE U MPABOE BEPXHEE COCTOSHUS,
T.€. COCTOSIHUA ¢, ¢, , 5 U (¢ , TOTydaeM 0OOOIICHHBINH aBTOMAT

M, =<{40=Q376147617}7{alaazaa3aa4}:{(40,alapQ4),(614:a3a4,‘10)7(44,a1a3 +

+ a3al 5 413)5 (‘h s (12(,24 + a4a2, ‘]4 )a (‘]3 s azal s ‘I7 ): (47 ) (14(13, q})}a {q()}a {‘Io}> .

amumeM q, ||ay =aja3 +aza;, a,||ay =aya, +asa,, UCNOIB3Ys ONEPATOP
napajuienbHON KoMno3uuu «||» [1, c¢. 165], a Takxke mocienoBaTeNbHO yAAIAM

COCTOSIHUSL q7 M 3

M, =<{6]0,6]4},{al,aza‘13,04},{(CIO,a1‘12,614),(614,¢13a4,(]o)a

(q4-(ay || az)aya1a4a3) (a, || 04),Q4)}a{(]o},{(]o}> .
CrnenoBaTelibHO, HCKOMOE PETYJISIPHOE BBIPAXKCHUE UMEET BUJT
1 =laay[(a) ||as)ayaasas) (a, ||ag)] azaq] ,

ero Beicota urepanuu shz =3 . [l HaX0XKAEHUS BBICOTHI UTEPAIMHU sA3bIKAa L; B

aBTomMate M, MOCIEIOBATENIBHO YIATIIeM COCTOSHUS ¢7 H ¢4 °
M =({40.q3}-{a1,a.a5,a4},{(90. 018203844 (q0- 0103 (@ || @3),93),
(93-(ay | ag)asay, q0),(q3,(ay [ as)ay || a3) + araia4a5,93)},190 ) » {(10}>~
COOTBETCTBYIOIIEE PETYIIAPHOE BHIPAKECHUE HMEET BU]T
[aazasay +aay (ay || a3)[(as [l ag)a |l a3) + aranasas] (a; [l ag)asa, ]

IOTOMY BbICOTa MTepanuu s3bika shL; =2.

Hpumep 2. [lycts n =2 . Toraa koneunslit aBTomar (1), (2) npuHUMaeT BUI
My =({qgs- . @11 }5401, 02,035,041, 01,400 3,490},
Ay ={(4i>41,9141) 1= 0,2,4,68,10y U{(g;,a2,4;43) 1 =1,3,5,7} U
U{(g;,a3,9;_5) i =4,589Y U {(g;,a4,q;_5) 1 =2,3,6,7,10,11}.

Kak u B mpumepe 1, yaaneHreM B KaxJJI0M U3 TPeX OJIOKOB JICBOI'O HUKHETO
U IIPaBOT'0 BEPXHErO COCTOSIHUH, T.€. COCTOSIHUHN ¢, q2, G5, G, g9 U i, 1O-

nmy4yaeM 00OOIIEHHBIN aBTOMAT

M, = <{‘]0a43:‘]4a‘]7a‘]8a‘111}a{alaazﬂ3aa4}aA2:{‘I0}a{‘10}>s
Ay =1(q0,41a2,94)-(q4, 012, 95)-(q4,a304,90)- (g3, 3304, 94),
(q3,a2a1,497),(q7,a2a1,q11),(q7,405,93),(q11,A4a3,97),
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(G491 11 a3,93),(qg, a1 || a3,97),(q3, a5 || a4.94).(q7,a5 || a4,q3)} -

[TocnenoBaTenbHO yiausieM COCTOSHHSA ¢, gg U g3
M; :<{Qan4:q7}:{al:a25a3’a4}:A3:{QO}a{QO}> s
Az ={(90,@1a2,94).(q4,304,90),(q4. q1aza3a4 + (ay || a3)(a; [| a4),94),
(qa-@ax(ay || az) +(a; || a3)aray,q7),(q7,a4a3(ay || ag) +(az || ag)azay, q4),

(q7,(ay || ag)ay || a3) + ayaaqas + agazazay,q7)} -

VYnanss cocTosiHUE ¢, a 3aTEM ¢4 , 10JIy4aeM HMCKOMOE PeryJIipHOE BbIpa-
JKEHUE

r =laglajayazay +(ay || a3)(a; || ag) + (@ay(ay || a3) +(ay || az)asa) -
*
[(ay [l ag)ay || a3) + aya1a4a5 + agazaya,] (aga3(a; || ag) +

* *
+(ay |l ag)azay)] asaq],
BBICOTA HTEpamMud KoToporo shr, =3. OaHako BBICOTA HTEpalUM  s3bIKA

shL, =2; B aToM yOexaaemcs, 3aMeHss1 aBTOMaT M ; Ha SKBHBaJEHTHBIH C 3I-
CHUJIOH-TIEPEXOIOM

Mé :<{q0,qb,Q4,Q7},{al,az,a3,a4},A’3,{q0},{Q(’)}>,

A5 =(A3\{(q4,a3a4,90)}) Y {(94,03040107,94),(q051,90)-(q4,a304,90) }

U TIOCJIEI0BATEIbHBIM yIaJIEHUEM COCTOSHUN ¢7 U ¢4 , NOIydas PeryJsIpHOE BbI-
paxkeHue

n =1+ aalaaaza4 + azagaa; +(a; || a3)ay | ag) + (@ay(a || az) +
+(ay | a3)aya))(ay [| ag)ay || as) + ayaaqa; +

* *
+tagazayar] (agas(a, [ ag) +(ay ||ag)asays)] azay

BBICOTHI uTepauuu shr, =2 . [TomoOGHOe mpeobpa3oBaHe aBTOMATa /i yMEHb-

IIEHNsT BBICOTHI WUTEPALMU PETYJSPHOTO BBIPAXKECHHUS TNPHUBEACHO, HANpUMEp, B
paborax [5, ymp. 5.4.10] u [12, c. 36].

pumep 3. [Iycts n=3. Ynanasa B aBTomare (1), (2) B KaXXI0M U3 YETHIPEX
0;10k0B (pucC. 2) JIeBOoe HIDKHEE M MPaBOE BEpXHEE COCTOSHHMS, ToiydaeM 0000-
LICHHBIA aBTOMAT

M, = <{‘I0’q3=Q4aQ7sQSa‘IIlaq12aq15}:{alsa25a3’a4}:A1a{q0}:{‘IO}>:
Ay ={(q;,01a3,q;44) 11 = 0,48 U{(q,44,0304,9;) i = 0,48} U

UA(G:,a2a1,G144) 1= 3,711} U {(G144,a4a3,9;) 11 =371 1} U
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Uigay |l as,q; 1) i=4812 Ui(q,_1,a; || ag,q;) 11 = 48,12},

OGo3HauaeM e =aja,, e, =asa,, e3=a, | a;, e; =a, | a, n nocnenosa-

TENBHO yIANAEM COCTOSHUSA ¢is, qiy ¥ )1
My = ({40,943, 94,97, 98} {a1, a2, 03,24}, 5,40}, {q0 }),
AZ = {(q()»el’q4)’(q47e1’Q8)’(q4762’qo)a(q89629q4)9
R R
(g3.€1 ,97):(q7,€3 ,93):(44-€3,93),(q3,€4,94),
R R x R, R R xR
(gs-e1e; +ejes(ey ey +eqe3) esey,q5),(q7,€) (€ €y +eqe3) €5,q7),

R R x R R, R R x
(gg.e3 tees(e; ey +eqes) e5,q7).(qr.e4 +e) (e €y +e4e3) eqe5,q3)}

(3mecwr U manee wk — oOpallieHre WM 3epKalIbHBI 00pa3 cioBa w [4, 5, 7]).
OTMmeruM, 4YTO YJalCHUE COCTOSAHMS  ¢s JO0aBIsSeT JHIIb  IIETIIO

(qll,elReée,qll) , He U3MEHss Apyrue Mepexojbl aBTOMAarta; yAaJeHHe COCTOSHUI
g1 U ¢, A00ABIISET NUIIb METJIN Y COCTOSHUN ¢; U ¢g M YCIOXHSIET IepPexobl
U3 ¢; B gg ¥ 00paTHO, TAKKe HE U3MEHsIs IpYyrHe Mepexoipl aBToMaTa. Y 1aiseM

TIOCJIE/I0BATEIBHO COCTOSIHUSA gy U (3 :

M, :<{CI0a‘14a‘I7}a{alaazaa3aa4}aA3,{(Io}»{(Io}>a
R R * *

Az =1{(q0-€1,94)-(q4,€2,90)-(44. 384 + €1 (€1€) +e1e5(€) €; +e4e3) esey) €3,44),
R R R * * R R * R
(94,6361 +ej(ee; +ees(ef ey +eqe3) eqey) (e3+ees(ef ey +eq4e3) €5 ),q7),
R R, R R * R R * *
(g7.ere4 +(eq +e (e €y teqes) eqer)(ee; tees(e) ey +eqes) esey) €5,94),

R, R R * R R * *
(97.(eq +ep (e €y +eqe3) eqer)(ere; +eez(e ey +eqe3) eqe;) -

R R * R\ R, R R * R RR
(3 tees(ef ey teqes) e))te (e ey teqes) e +eye,q7)}

Y;:[ansm COCTOSIHUC (7 , 4 3aTCM (¢4 , IOJTy4acM HCKOMOC pErysipHOC BbIpa-
KECHUC

rs =[elleseq +ey(ere; +eres(efies +eqe3) eqer) ey +
+[e3elR +e(eje, +ee; (elReéYe +e4e3 )*6462)*(63 + ele3(elkeée +e4e3)*e£e )]
T(es +eff (e ey +eqe3) eqer)erey +eres(efes +ese5) eger) -
(o3 taes(efe) +eges) e)) Hef(ef'e) +ege) ) +eel']
Teses +(eq +ef (effes + 6463)*9492)(6192 tees (ef'es + 9493)*6462 )*ez]]*ez]*
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BBICOTOI MTepammu shry =5. 3aMeHoii ke aBTomara M; Ha SKBUBAJICHTHBIN C
SIICHUJIOH-TIEPEX0A0M (CM. TIpuMep 2)

Mé :<{q07q67q47Q7},{alaa23a37a4},A’37{qo}ﬂ{q6}>:

A =(A3\{(94.€2,90)}) Y 1(q4.€2€1,94),(90,1,90),(q4,€2,90) }

U IIOCNIEN0BATENBHBIM YJAJ€HHEM COCTOSHHHA ¢; U ¢, TOIYy4aeM DPEryJsipHOe
BEIpaKCHHE

1 =1+e[ere +ese, +e(ee; +ee3 (elké’é2 + 6463)*6432)*62 +
+esel +e(ee, +ejes(efes +eqes) eqey) (e3 +ees(ef ey +eqes) €3]
T(eq +ef (e ef +eqe3) eser)erey +ejes(efied +eqe3) eqey)” -

(o3 +ees(efes +eses) e ) +ef (ef'e) +eqey) ey +esel] -

[efes +(eg + e (effes +eqe3) eser)ere; +ejes(efies +eqes) eser) €11 e
BbicOTON HTepaumu shry =4 . CrnenoBarenbHo, shly; <4, oIHAKO CyIIeCTBYeT
(cMm. nanee 3amevanue 1 u ouenky (17)) Gonee Tounas onenka shZ; <3, Ha oc-
HOBaHUU KOTOPOH C Y4YeTOM OYEBUIHOIO BIOXKeHHS L, C L; U paBeHCTBa
shZ, =2 (cMm. mpumep 2) aBTOp BBIIBUTAET CIEAYIOUIYIO TUTIOTE3Y.

I'unore3a. shZ; =3.

B obuiem ciyuae peryisipHoe BbIpakeHHe I L, MMeeT clieayroluil pe-
KYPCHUBHBIN BUJ.
Teopema 1. f3pik L, nmeeT BUI

L, = L(@,@y (S, + Tyoityil,) asaq) 1= (3)
= L[+ a0, (a3a4a,@y + S,y + Tty by a3ay], “4)

IJIe PEeryJIsipHble BIpaKeHUs s, 1, [,_|, t,_| U 1,_; OIPEIEIEHbl PEKyPCUBHO:

M) :0, lo =a ||a4, to =a,aqagas, 1y =a ||a3, (5)
% % % * %
Skl = A AySxazay + ayaysphy (G + Lespr) Lespazay, (6)
* *
tn = aqay (g + isgry) agas, (7
* * *
Ly =(ay || ag) + ayay (8 +Lisgry) Ipspasay, (8)
% % *
e = (ay || a3) + ayagsin (4 + Lespry ) aqas )

(3nech k=0,...,n—2).
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Joka3areabcTBo. Paccmorpum aBToMar (1), (2). AHaJIOTHYHO MpUMeEpaM
1-3 ynaneHueMm B KaxIoMm U3 n+1 OJOKOB pHUC. 2 JIEBOTO HMKHETO U MPABOTO
BEPXHEr0 COCTOSIHUH (T.€. cocTosHui ¢;, imod4 e {l,2}, 1<i<4n+2) nonyua-
eM 0000IIeHHBI aBTOMAT

M, =({G0:q3:94975- -+ QansGans3 10152, 03,04} A1 G0 1 {q0 )
A ={(q;, 10y, q;44) i =0,4,... .40 — 4y U {(q;14,a3a4,9;) 11 = 0,4,....4n— 4} U
U{(q;,a2a1,q;:4):1=3,7,...,.4n =1} U{(q;,4,0405,9;):1=3,7,...,4n -1} U
U{(g;,ai llas,q;-):i=48,...4n} U{(q;-1,a; || ay,q;) 1 i =4.8,....4n}.

y,Z[aJ'IHCM COCTOSAHHUEC qan+3 > TEM CaMbIM ILO68,BJ'I$IH INECTIIO

(94-1,02410405,44,_1) , RoOaBIsieM netmo (qy,.0,94,) ¥ BBOAUM O0OO3Haue-

HUA (5) MHO)KGCTBy Nepexoa0B IOJIYUYCHHOr0 aBTOMATa IMPUHAMJICIKAT, B TOM
YuCiIC, N€peXoabl

(9an-4>4192594,)>(Gan> 3045 G4n-4)5(qan>50>G4n)>
(Q4n S10-94n-1 )a (q4n—1 ’ IO » q4n) ’ (10)

(Gan—s5>9201,G4y-1)>(Gan—1493,Gap_5)>(Gan—15L0>Gan-1) - (1)

VnanseMm COCTOSHHE ¢y, . TOrza U3 MHOXKECTBA MEPEXO0B YIAISIOTCS Me-
pexonsr (10), a m06aBIAIOTCS TIEPEXO0IbI

* *
(qan—a>010250a3a4,q4p-4)s(Gap—a> G207 Gan-1)>

(Gan-1,L0509304>G4-4)>(Gan-1-10S070>9an-1) 5 (12)

0o0OBeIMHEHUE JBYX MapaJUICIbHBIX METEeNlb — TPEThEro mnepexonaa u3 (Gpopmyibl
(11) u uerBeproro mepexona u3 opmynsl (12) — nmaer merimro (qu,_;,%) +

P
+19Sory>qan—1) - AHATOTHYHBIMU PACCYXKICHUSIMH YHAICHUE COCTOSHUS (4,1,

0o0BbeIMHEHNE MapauUICNIFHBIX IEPEX0J0B M BBEICHHE PETYISIPHBIX BBIPAKCHUIH
S, 4, I} 1 1 cormacHo dpopmynam (6)—(9) TpUBOAMT K 10OABICHHIO IIEPEXOTOB

(9an-2-51-94n-4)>(Qan-5-11>94n-5)>(Gan—-a>11>9an-5)>(Gan—s:l1>qan-4a) -

Beimonnsis fanee moJoOOHYI0 MPONERYpY, T.€. YIS COCTOSHUS B MOPSIKE
Qan-a> Qan-s> ---» 7, NOTy4aeM peKypcuBHble hopMyisl (6)—(9) u aBToMar

M2 :<{q09q39q4}:{alaa29a39a4}:{(q()aa]az9q4)9(q49a3a49q0)9

(Q4asn—1’ Q4), (q3,tn—l’q3)a (CI4’ Ta-15 q3)= (Q3,Zn_1,Q4)}, {CIO}a {CIO}>

VYnanss cocTosiHUE g3, @ 3aTEM ¢, , IOJIly4aeM PETYJIIPHOE BhIpaKE€HHE, J0-
KaspiBaroniee Gopmyity (3). 3ameHoii ke aBTomata M, Ha SKBUBAJICHTHBIN C 3II-
CHJIOH-TIEPEXO0JIOM (CM. TIPUMEpHI 2, 3)

Mé :<{q0’q6’q3aq4}9{a15a2,a39a4}:{(qo’alaZ’q4)z(q49a3a4aq(’)):(q0919qz))7
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(94, aza4a,a + 5,_1,94)5(935 1,1, 93)5 (94> 12-1,93)- (43, 1,1, 94) 140 ) » {‘I(')}>

U TOCIENOBATEIbHBIM yNAJCHHEM COCTOSHUM ¢; W ¢4 TOJIYy4aeM pPETyIsIpHOE
BEIpaKEHHUE, AoKa3biBatomiee popmyiy (4). Teopema mokazana.
CaencrBue 1. Ynanenue coctossHui aBromara M, TeopeMbl 1 B MHOM IO-

PIIOKE Gapi3s Gan—ts> Dan> Dan—s»> Gan—as ---» g3 TPUBOAUT K SKBHBAICHTHBIM pe-
KYPCUBHBIM (pOPMYITaM:

So=50=0,lg=ly=ay || ag, ty =ty = ayaja4a3, 7y =1y = a || a3,

A A A AKX *
Skl = @Ay (g + 1y ly) azay, (13)
~ A~ AN N AR K A AR
L) = Gaaily agay + ayat by (Sy + 1y ly) 1t agas, (14)
~ AKD N AN
Lk =(ay || ag) + aqanti i (S + 1ty b)) azay, (15)
A A A AKX * A A
e = (@ | a3) + @ay (g + 17ty L) ritagas (16)

(k=0,...,n—2) nmpu coxpanenuu popmyn (3)—(5), T.e.
L, = Ly (§,y + Fyiilyr) a3a4) 1=
=L[1+aay(aza4aia; + 5, + ’;n—lf:—lln—l ) azay].

CnencrBue 2. YpaneHu€ COCTOSHHUH Gy, 3>GansTan—1>9an—as9an—5»---
“**,q12,41, aBToMaTa M, Teopemsl 1 ¢ mocieayromieil 3aMeHON aBTOMAara Ha K-
BHUBAJICHTHBIN C STICUIIOH-TIEPEX0A0M (CM. IPUMEPHI 2, 3) IPUBOIUT K aBTOMATY

Mg :<{‘]0a‘]6a‘]3,44,47a48},{ala‘12,03,‘14},A5,{40}a{qz)}>,
A; = {(q05alaz5q4):(q4aala2:qS)a(q4:a3a4aq(’))a(QS:a3a4aq4)a(qo:laq(,))a
(413,02611,‘]7)5(‘]79614613,‘]3),(‘]4:“1 || 039‘]3),(‘]39‘12 || a4aq4)’(q4aa3a4ala2’q4)a

(an Sp-2> qS):(q7 ’ Zn—Z’q7)a(q8’ rn—2,q7)a (Q7ﬁln—2>q8)};

HaﬂbHeﬁHlHM yYAaJICHUEM COCTOSIHUH g3 1 ¢, 1IOJIydaeM aBTOMAT

M, :<{QO>‘165‘I75‘18},{‘11:‘12:‘135‘14}>A3,{QO}a{fI(')}),

Az ={(qo,1 + may (aza4a1a; + (ay || az)(a, || a4))*a3a4 =e1,90),
(q0- a0 (33010, +(ay || a3)(a; || 44)) (@) || a3)az01 = €3,47),
(90, a105(azagaay +(a || az)(a, || ay)) aya, = €3,93),
(97,a4a3(ay || ag)azazara; +(ay || az)(a, || a4))*a3a4 =€4,90);
(q7:1y-2 + agazayay + azaz(a, || ag)azazaia; +
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*
+(a ||az)ay |l ay)) () || az)aza; =es,q7),
*
(q7:0y-0 + agas(a, || as)azasayay +(ay || az)(ay || ag)) a1a; = e4,43),
(g5, a3a4(asazayay +(ay || a3)(ay || ay)) azay = e7,qp),
*
(gg>1m—n + azag(azagayay +(ay | a3 )a;y || ag)) (a) || az)aya, =eg,q7),
k
(98> 8y-2 + azag(azagaay +(a) || a3)(a; || ay)) aja; = ey, qg)}
¥ COOTBETCTBYIOLIEE EMY PEryISPHOE BBIPAIKEHUE

* * * * *
€ + €,€5€4 + (63 + 626566)(69 + 686566) (67 + 686564) .

3ameuanne 1. Ouenum BricoTy uTepanu a3sika L, . [Tockonbky s, =0 co-
rnacHo Qopmyde (5), perymsipHbie BoipakeHus (6)—(9) mis cnyuas k=0 mnpen-
CTaBUMBI B BHJIE

s| = aja,aza, + ayasry(ty +lory) loazay,
i = aya, 1y +1g1y) asa,
I =(ay || ag) + ayay (ty +Lory) loasay,
K = (@ || a3) + ayayry (tg +1o7p) " agas.

CrnenoBarensro, shsj =sh# =shlj =sh#i' =1, a u3 popmyn (6)—(9) u cren-
cTBHsA 2 TIONyYaeM
Shsk = Shtk = Shlk = Shl’k =2k -1 (k >1 ),

Shel =Sh62 =She3 =She4 =She7 =1,
shes; =sheg =sheg =shey =2n-5,

shL,<2n-3 (n=3). (17)

OtmetuM, uto HU dopmyna (4) He yIaydlaeT MoJTydeHHYIo omeHKy (17), mo-
ckonbky shs, ;=sht, ;=shl,_,=shr,_=2n-3, shL, <2n-1, au bopmyms
(13)—(16), mockoIbKY

sh§, =sh#, =sh/, =shi =2,

Sh§n_1 = Shfl’l—l = Shil’l—l = Sh;’n_l = 2n _2 ,

shZ,<2n.B cnyuasx n=1 u n=2 Bblcora urepauuu s3bika shl; =shl, =2
(cMm. mpumepsl 1, 2), B cmyqae n=3 shl; <3 (cm. mpumep 3). Bonpoc ymyumre-
HUA oueHKH (17), paBHO KaK M BOTIPOC HaXOKAeHHs sh L, , mis ciaydaeB n >3 Ha

I[aHHBIfI MOMCHT OCTAaCTCs JIs1 aBTOpPa OTKPBITHIM.
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HEKOTOPBIE OIIEPAITAN HAJT ®OPMAJIBHBIMU A3BIKAMMU L,

I[J'IH ABYX A3BIKOB Ln u Lm (n>m) BBITIIOJIHACTCA OYCBHUJHOC BJIOXKCHUC

L,oL,,notomy L, VL, =L,, L,NL,=L,. N3 bopmynsl (3) cienyer pa-

m?

BeHCTBO (L, ) = L,.

Jlns KOHKaTeHaluy BEINONHAETCA paBencTso L, L, =L, L, =L, . JleicTsu-

TEJIBHO, UI1 W€ L, BBUAY NPHUHAMICKHOCTH €€ L,, U1 NPOU3BOJIBHOIO M

uMeeM w=w-g€L,L, , oTKyaa cienyer Bioxkenue L, — L, L, . Jlokaxem oOpaT-

Hoe Bioxenue. Ilycte w=ww, €L, L, ,tne wel,, w,eL, . Cerp Ilerpu ¢

m> no

OrpaHMYeHHBIM Oy(epoM pasMepa 7, NMOPOKAAIOLIAs CIOBO W, MOXKET IIOPO-
JUTh U CIIOBO W, , IOCKOJBKY [UIS €ro MOpOXKACHUs TpeOyeTcs MeHbIHi Oydep
pasmepa m <n. IloroMmy OHa MOXET IOPOAMTHL U CIIOBO W=WwWw,, T.e. WeL,,
L,L, cL,.Pasencrso L,L, =L, NOKa3bIBAETCS aHAIOTMYHO.

Paccmorpum pasHocTe si3bikOB L, u L, ana n>m. S3pik L, \L, =

=L, ML, perymsipeH, KaK IepeceUueHUE PETYIHIPHOrO sI3bIKa L, C PEryNsapHBIM

A3BIKOM L,, — JIOIIOJIHEHUEM K PETYJIIPHOMY sI3bIKY L, (CBOMCTBAa 3aMKHYTOCTH
PeryJSIpHBIX SI3BIKOB CM., HapuMmep, [4, 5, 7).

IIpumep 4. Paccmotpum si3b1K L, \ L; . IlocTpoum KoHeuHBIN aBTOMAaT M|,
JOIYCKAIOUIMK AaHHBIN S3BIK, COTIACHO CleAyloleMy npuHuuimy. bydep (mo3u-
sl ps) UMEeT OrpaHu-
YeHHbI pasmep 2 u Oy-
¢dep xoTa Obl B OAWH MO-
MEHT BPEMEHH COICPKHUT
ase ¢umku. Ilycts ¢t —

OROaOM
Oxoso

MOMCHT BpPEMCHHU, KOrJa
BIICPBbBIC BBITTOJTHUJIOCH

ycaoBue p(ps)=2. Mo
MoMeHTa ¢, (dopmanb-

HAO0OoO
AOoO

Hee: 0 COOTBETCTBYIOIIE-
ro takta) M, ¢yHkOHO-

=
-

HUpYEeT Kak aBTOMar M,
npuMepa 1, pgomyckaro-
KA A3BIK L) ; ¢ MOMEHTA

Nxoso

tp — Kak aBTomMar M,

npuMmepa 2,  JIOIyCKaro-

ui a3sIKk L,. ABTOMAT .
HI 2 Puc. 3. ABTOMAT, TOMYCKAOUMH S3BIK L, \ L;

M, wuMmeeT BHI, yKa3aH-
HBIH Ha puc. 3:

M, =<{(Io,---,Q7}U{(If),--~,(I{1}a{a1,azaa3’a4}aAi UA] UAT:{(IO}»{(J(')D )

Ai = {(QOaala‘]l),(analaqS)a(Q4aalaq5)a(QGaa1aCI7)7(QIaa2’q4)’(q3aa2aCI6),
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(94,93,92),(45-a3,93),(q25a4,90)- (4354, 91)- (96> A4,94)-(q7,a4,95) }, (18)
Ai/ = {(q59a2’qé)v(q7va2:QI’0)} ’ (19)
Ai”: {(qgaalﬂq;+l):i= 092’4a658910} U{(ql{’azﬂqlf+3):i= 1’3’5’7} v

Ui, a3,9; 5):i=4,589U{(qg},a4,9; 5):i=2,3,6,7,10,11}.

B mocTtpoeHHOM aBTOMATe COCTOSIHUS ¢y, ...,J7 W MEPEXOBI U3 MHOXKECTBA
A COOTBETCTBYIOT aBTOMaTy M, mpumepa 1, COCTOSHUSL ¢),...,q|; U MEPEXOIbI
U3 MHOXecTBa A| — aBTOMary M, mpumepa 2, mepexoibl U3 MHOXKeCTBa A

«CBSI3BIBAIOT» JIBE pa3iuuHble yacTH. [locTpoeHHBIN aBTOMAT SABIsETCA A€TEPMHU-
HUPOBaHHBIM.

PerynspHoe BelpaskeHHE HAXOJUM CIEAYIOIINUM 00pa3oM. B kaskaom u3 nsatu
0710KOB (IBYX OJIOKOB B JIEBOH KOJIOHKE pHC. 3 M TpeX B IMPABOH) yHaiseM JeBOe
HIDKHEE M TPaBO€ BEpPXHEE COCTOSHUS aHAJOTHYHO NMPUMEPY 2, T.€. COCTOSHUS

q15> 925 95> 96> 41> 92> 45> 6> 99 ¥ o :

M, =<{qo,q3,q4,q7,q(’),qé,qé,q%,qé,q{l},{al,az,a3,a4},A'2 i
UAS UAS g0} {a0}),
A5 ={(40-a2,94)-(94-304,90): (44,4 | 43.93),
(93,0 [l a4, 94),(93,a201,47),(47,a403,93) 5, (20)
A5 ={(44,118,48).(47,201,411),(q7.a; || ag.93)} » (21)
A3 =190, 012,94),(q4, 0182, 93),(q4, 304,90 ), (q3,A304, 94 )
(93,a,a1,97),(47,4241,911),(97,4443,93),(q11,2483,97),

(94, a1l a3,93),(q3.a, || a3,97),(q5, a5 | ag,q4),(q7. a5 || a4, q3)}-

3amensieM aBToMaT M, Ha SKBUBAJICHTHBIN, yAalsia nepexoabl (q4,ad3a4,90) »
! ! ! ’
(90,@1a3,q4) W 1OGABISA NETIH (q4,a3040102,4,) 5 (94,A30401G5,q4) - Tlocneno-
BATEJIBHO yIaIsieM COCTOSIHUS ¢, ¢3 U g3, @ Takxke yuuTbiBaeM dhopmys (5):

M5 =({q0-94-97:90-94-97- 9%} - 101, a2, a5, a4}, Ay U AS U AT {qo}.{q0}) »
A3 ={(q0.1a3,94):(q4,a3a4a,a5 +(ay | az)(a; | a4),94),
(94,(ay || a3)azay,47),(q7,a4a3(ay || a4).94),(97, a4a30201,47)},
A3 ={(q4,212,98),(q7, 02010403 =19, 47),(q7,a5 || ag =1y, q3)} ,
A3 ={(q4,a3a4,90),(q4,a3asaa, + (@ || a3 )(a; || a4),94),(q4,(a || a3)aa,,97),
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(97,a4a5(ay || a4),94),(q7,@,a104a5 + a4a3a70) =1t + a4a3a,a,,97),

(94> a5, 95),(95,a3a4,94),(q3, a1 || a3 = 15,97),(q7, a5 | ag =1y, q5)}. (22)

I[TocnenoBaTenbHO yAAIsieM COCTOSHUS (g, ¢7 U ¢4 ; TIPH yIAICHHH COCTOS-
HUSL ¢; OOBEIMHEHHUE BYX IapajUICIbHbIX IETEIb

(q4>aza4aia; +(ay || as)(ay || ag).q4)
(94,(ay | az)aza (asasaya,) asas(a; |l as),q4)

*
paer metmo (qy,a3aqaid; +(ay ||az)(axaa4a3) (ay |lag),q,); ¢ yderom sroro
OJTy4aeM aBTOMaT

My =({90-94-90- 94} {102, 03,04}, A4.490 {90 })
Ay =1{(90,@102,94),(q4,a3a4,90),
(94.a3a3a1a; + (ay || a3)(a2a1a4a3)*(a2 la4),94),
(44> 0020304 + (a) || a3)aya, (a4a30,01) (ay || ay)azay +
+(@ay(a || a3) + (a) || a3)ara(a4a30,0)) (araaza3 +(ay || ag)(a || a3))-
(ayaa4a3 + ayasa,a) +(ay || ag)ay || a3)) (agas(ay || ag) +(ay || ag)asay). qh),
(94, @ara3a4 + azagaia; +(ay || as)(ay || ag) + (@1a,(ay || a3) + (a4 || a3)aza)-

.
(aya1a4a; + agazara) +(ay || ag )@ || a3)) (agas(ay [lag)+(ay | ag)azay),q4)}-
Vianss COCTOSIHUE G4 U ¢ , IOIy4aeM UCKOMOE PETYJIAPHOE BBIPAKEHHE

1y = aalazagaia; +(ay || 03)(02‘11“4“3)*(% I 04)]* :

[aayasay +(a) || a3)ayay(aya30,4)) (ay || ag)azay +
+(a@ay(ay [l a3) +(a; || az)aya (04‘13“2411)*(412“1“4“3 +(ay || ag)a || a3)))-
(20,0405 + a4a30,01 +(ay || ay)ay || a3)) (asa3(ay || ag) +(a, || ag)azaz)]-

[ajayaza4 + azagaia, +(ay || as)(ay || ag) +(@ay(ay || az) + (ay || a3)ayay)-

(ayaa4a3 + agazaza, +(ay || ag)(a || 613))*(04“3 (ay [l ag)+ (ay || 04)0304)]*030’4
BbIcOTOM HTepauun shry, =2. Torma BeicoTa mTepanmu s3bika sh(L, \L;)=2.
Otmertum, uto sh(L, \ L;) =sh L, ¢ yderom mpumepa 2.

PerymnsipHoe BelpaxkeHue 11 L, \ L, UMeeT Cleayomuii peKypCUBHbIH BHI.

Teopema 2. S3pik L, \L;, n>2 numeer Bun L, \L; = L[r,], rae
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*

*
I = aalazagaa, +(a || a3)(ay@agas) (ay || ay)]
* *
[(amay +(a [l ay)azai(agasara)) 1,_5)s,_ra3a4 +
* * *
+(@ays,_aty—s +(ay | a3)aya (agasayra)) (8,_5 +1,_28,_21-2))"
* * *
(tyog + 1y 08y oty o tagazayay) (agas(a; || ag) +1, 55, ra3a4)]
* *
lasagaiay +(ay || az)(ay [l ag) + a1ays,_rasa, + (|| a3)aza; + ayays, o1, _5)-
* * * *
(tya 128y oly_p +asasaray) (agaz(ay || ag) +1, 55, ra3a4)] asay, (23)
as,o,t, o, 1, nr,,_, onpeieneHsl pekypcuBHo popmynamu (5)—(9).
HoxasareabcTBo. Crieppa OTMETHM, YTO Ui CIydas 7 =2 HENOCPEICT-

BEHHas nojcTraHoBKa (opmy (5) B popmyiy (23) 1oka3bIBaeT, 4To 7,,; COBIAJa-
€T C PeryJISIpHBIM BBIpaKeHUEM 7, pumepa 4. PaccMorpum aBTomar

Ml :<{q05'-'aq7}u{q(’)""9q21n+3}a{a1aa23a35a4}aA; UAi, i ,lﬂa{qo}’{q(,)» >
A'={(g},a1,q}.1):1:2,0<i<4n+ 2} U{(q},ay,q0,3):i12,1<i<4n—-1} U
U{(q;,a3,q;,_»):imod4 € {0,1},4<i<4n+1} v

U{(ql,aq,q, ) imod4 e {2,3},2<i<4n+3}

(3mece A} u A ompenenensl hopmyiamu (18), (19) coorBercTBeHHO, a A]' aHa-
nmorugHo opmyre (2)). PaccMarpuBaeMblii aBTOMAT SBIISETCS JETCPMUHUPOBAH-
HBIM. AHAJIOTHYHO TeopeMe | ynaaeHHeM B KaXIOM M3 72+3 GJIOKOB JIEBOTO
HIDKHETO U TIPaBOTO BEPXHErO COCTOSIHUM (T.€. COCTOSHUH ¢, 95, g5, ¢ U G,

imod4 e {1,2}, 1<i<4n+2 ) nomyuaem 0000IIEHHBII aBTOMAT

M2 = <{CI0,CI3,‘]4,(]7,‘]6aCIé,CIﬁ,CI;,---,(]z’tnaqzanr}},{alaazaa3,a4},Arz o

UA% UA,2”7 {CIo}a {Q(,)}> )

"

5 ={(q;,a105,q}.4):i=04,....4n -4} U{(q/,4,03a4,q;) i =0,4,....4n -4} U
u{(q;’GZGI’q;+4):i:3’7"'-’4’7_1}U{(q;+4’a4a3’q;):i=3a7a---,4n_1}u

Ui(g),ayllas,q;1):i=48,....4n} U{(q;_1,a; || a4,q}):i=48,....,4n}

(3mecs A, u A’ ompenenctsl popmynamu (20), (21) cooTBeTCTBEHHO, a A’ aHa-
JIOTMYHO MHOXECTBY A, M3 moKa3zareibcTBa TeopeMsl 1). IlocnenoBarensHo yna-

! ! ! ! ! !
JSICM COCTOSIHUA 45,43 > 94n s> 94n-1> D4n—-4> 94n-55 --+» 15 ¥ BBOOUM PCKYPCHB-

Hele (opmynel (6)—(9) To aHaNOrMM € pacCyXACHUSMH JI0Ka3aTelbCTBa
Teopemsl 1. OTMeTHM, YTO TaHHBIC IEHCTBHS HE H3MEHSIOT IIEPEXO0bl MHOKECTB
A, u A} . TloiyueHHbII aBTOMaT UMEET BUJL
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Mz :<{‘I0a413s‘]4:‘]7:‘]6:‘]&:‘]5:‘1'7:‘Iéa411'1a‘11'2}a{alsazsa3aa4}aA'2U
VAL URS g0} g},
A5 = (g}, 2,414) 1 = 048} U {(q] 4, 0304,47) i = 0,48} U
U1(93.a2a1,97),(97,a2a1,911)-(47,4493,93),(q11,a443.97),
(g5 la3,45), (g8, @, || a3,97),(95, a5 || a4,94),(q7, a5 || a4, 43),

! ! ! ’ ’ ! ’ ’
(912>80-3:4912)s(@11520-3, 9115 (91251035 911)> (1150535 912) -
3ameHsieM aBTOMaT M, Ha SKBUBAICHTHBIN, YAl nepexonsl (g4,d304,4)
! ! ! ’
(90, 0a,94) ¥ n00aBisAs MeTH (qy,d3040103,4,) > (94,03a4015,44) - Tlocneno-
BATEJIBHO Y[aJsieM COCTOSHHUS (|, U (||, UCIOIB3YeM pPEeKypcHBHBIE (HOpMy-

716l (6)—(9), 3aTeM yaansieM COCTOSIHHS g3 U g3 :
M; = <{q0,q4,q7,q6,q£‘,q'7,qé},{al,az,a3,a4},A'3 VA3 UAga{CIo},{%» ,
A3 ={(q0.1a3,94),(q4, 304005 +(ay | a3)(a; | a4),4),
(94,(ay [l a3)aza1,47),(q7,a4a3(ay || a4),94).(97, a4a3a,a1,47)},  (24)
A3 ={(44,@102,98):(47:1,-2,47)-(q7: 1,2, G8)} » (25)
A3 ={(q3,a3a4,90).(q4-aza4a1a, +(a, || a3)(a, || a4),93).(q4,(a, || a3)ara,,97),
(97,a4a3(az |1 a4),94),(q7.1,-2 + a4a3a,a1,97),(q4, 4105, 43),

’ ’ !’ ’ !’ ’ ’ !
(q8’ azay, Q4)a (q8’ Thw-2-47 )a (q7 > ln72 » qS)s (QS’ Sp-2> qS)} . (26)
CpaBHeHHE JaHHOTO aBTOMATa ¢ aBTOMaToM M ; mpuMepa 4 MOKa3bIBaeT:
1) B MHOXeCTBax A% Mepexo/ibl COBIANAIOT;

2) B MHOXKECTBax A% BTOPOW M TPETHil IEPEXO/IbI PA3INYAIOTCS JIUIIb HH/IE-
KCaMu;

3) B MHOXKecTBax A3 MATHINA, BOCBMON U JEBATHINA MEPEXObl Pa3IHIalOTCs
JWIG WHIACKCAMH, a JECATHIA Mepexo] MHOXecTBa (26) mpu n=2 Cc y4eToM
bopmy (5) sBisieTcst mycThIM TepexonoM (gg,sy = 0,gg) ¥ ero MoxHO 6e3 mote-
pH OOTITHOCTH NOOABUTH B MHOXKECTBO (22).

[Totomy, BBIMONHAS MpeIOKEeHHbIE B TpUMepe 4 mainbHeiue 1eicTBus, a
VIMEHHO IIOCJICZIOBATENIBHO YAl COCTOSIHHUA ¢g, 7, ¢7, s U ¢4, @ TaKKe
NPUHMAMAsi BO BHUMaHHE OTOBOPCHHYIO B I. 3) MeTIO (gg,S,_5,9g), MOIydaeM
HMCKOMOE peTyJIIpHOE BhIpaskeHue (23).

Teopema nokazaHa.

CaencrBue 3. f3pik L, \L; Takxke [OIMyCKaeT MNpPEACTAaBICHHE B BHUJIE
L, \Ly = L[], rae

% *
o1 = aaylazagaa, +(ay || a3 )aaa4a3) (ay || ay)] -
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* * * *
L8, +(ay || a3)azay(agazazay) (-0 +1, 98, _21y—2) 1, 2S,_2a3a4 +
* * *
(a8, o1,—o +(ay || az)aya (agazaray) (t,-5 +1, 58, 21,-2))

* * * * *
(tyon +HlyoSy_oty_2) agast,_il,_i1-[azasa1ay + 5, + 1,11, 40,11 azay. (27)

Joka3ateabcTBo. B 10Ka3zaTenbcTBE TEOpEMBI 2 PU TOCTPOSHUH aBTOMaTa
M5 mo aBTOMary M, He ypansgeM (B OTIMYUE OT JOKA3aTEIbCTBA TEOPEMBI 2)

COCTOSTHHE ¢4 , TTOTy4ast CIICAYIOIIHI aBTOMAT:
My = (10041507 0-05- 44-05 44} @1, 02,a5, 01, A5 U AT U AT, g0}, {ab})
A% = {(94a304,99), (4433040102, 44),(¢} a1 [ 03,63), (45, @5 || 4,44,
(93,a,a1,97),(47,4403,93),(q7>14-2,97)-(q4, 4102, G3)

(qéa asdy, qé'l)a (qéa Tn-2> C['7 )7 (qé ’111—27 Qé),(qéﬁsn—bqé)}

(3mecy A u A3 ompeneneHsl Gpopmyiaamu (24), (25) coorerctBeHHO). ITocienoBa-
TEJIBHO yJalsieM COCTOSIHUS gg U ¢4 , HCHIOIB3yeM PeKypcHBHBIE (hopMyIs (6)—9):

M4 :<{QO,Q45q79q(’)9qé’q4’l}a{a1a029a3,a4}aA,3 UA4’{qO}5{Q6}>a

~ % % *
Ay = (g4, 01038, 212 Ly + 1,28y 210-2) 403 #1,_1,93),(9455,-1,94),
* + ' * * * '

(q77(zn—2 +Zn—2sn—2rn—2) asa3,q3 )a(CI%(tn—Z + ln—2sn—2rn—2) Zn—2Sn—2a3a4’q4)a

(q:b a3a4’Q(,)): (q;;, asasaay +5, 4, qit)a(q;b rn—laqg): (qg’ln—la q:;), (qg’tnfls qé)}

~ &
(B TpeTheM mNepexojie MHOXKecTBa A, HCIOJIb30BaHa 3alluch e’ =e e, cM. Ha-
npumep, [4, 5]). IlocnenoBaTeNbHBIM yIaJCHHEM COCTOSIHUH ¢7 M g3 TOJNy4aeM
aBTOMAT

M5 :<{‘I0,514,4('),44'1}5{alaazaa3,a4}aA5,{QO}a{‘I6}>a
As ={(q0,105,44),(q4,a304,90) ,
*
(94, 03040105 + (ay || a3)(a@1a4a3) (a3 || aq),q4) 5
* * * *
(q4,8,-1 + (@ || a3)azay(agasayay) (t,_p +1, 58, 21y-2) 28, 0304 +
* * *
+(ayays, o1, o +(ay || az)aya(agazazay) (&, +1, 25, 27, 7))

* * * ’ ’ * ’
'(tn72 + ln72sn72rn72) a4a3tnflln71’q4)s(q4’a3a4ala2 8, t rnfltnflln71’q4)}

¥ UCKOMOE peryJiisipHoe Beipaxkenue (27). CieacTBue 10Ka3aHo.
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3ameuanue 2. opmyna (27), UCHONB3yOIMIAsS UHACKCH n—2 W n—1, BBIT-
nsauT 60Jiee KOMITAKTHOM IO cpaBHEHHIO ¢ Gopmyoi (23). Ilo cytu xe peryisp-
HOE BBIPAKCHUE 7, M3-3a JONOJIHUTEIBHOIO IIara PeKypCUH CIOXKHEE, YeM 7, .

HmMeHHO mOTOMY B mpuMepe 4 U B JJOKa3aTelbCTBE TEOPEMBI 2 COCTOSIHHE (3

yIansercs o0 COCTOSIHUN gg M g7 , XOTSI IIar peKypCUH IIpeAIoaractT ooOpaTHoe.
3ameuanue 3. [ BeIcOTHI UTeparmu s3vika L, \ L,, (7> m ) BBIIOTHACTCS

pasenctBo sh(L, \ L, )=shL,, mocKonbKy BBICOTY UTE€pALUH A3bIKA OIPEACIIET

UMEHHO 7 (MOJ00HO TOMY, KaK Ha PHUC. 3 BBICOTY WUTEpalXH SI3bIKa ONpENeNseT
MMEHHO IpaBasi, 00Jiee BHICOKas KOJIOHKA).

OtMmetuM, 9T0 B pabote [15] mpemiokeH IBPUCTHUSCKHA aNTOPUTM TIO-
CTPOCHUS 110 33JJaHHOMY KOHEYHOMY aBTOMATy PETYJISIPHOTO BBIPAKEHHUS, BEICOTA
UTEpalnru KOTOPOTo OJIM3Ka K BBICOTE MTEPAIlH COOTBETCTBYIOIIETO PETrYJISIpHO-
ro si3plka (Takoe peryjsipHOe BbIpakeHHe B pabote [15] Ha3bIBaeTcsl ImceBIO-
ONITUMAJILHBIM).

3ameuanue 4. Hamomuum, uto si3pikoM cet Iletpu 7 -Tuma Ha3bIBarOT
MHOKECTBO TaKHX CIIOB G(W), YTO MOCJe 3aIycKa MOCIeJ0BaTeIbHOCTH IepPexo-

JIOB W HHU OIHUH Iepexoj] HEBO3MOXHO 3amyctuTh [1]. Ilopoxxnaemslil ceThbro
Iletpu, m3o00paxeHHo Ha pHC. 1, s3pIK T -THITA HE COACPKUT HU OJIHOTO CJIOBA
L= xak 1uis BapyaHTa 331a4dl C OTpaHUYEHHBIM Oy(depoM, Tak U ¢ HEOTPaHH-
YEHHBIM.
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REGULAR EXPRESSIONS FOR SOME PETRI NET LANGUAGES FOR THE
PRODUCER/CONSUMER PROBLEM / V.M. Statkevych

Abstract. We consider a Petri net for the producer/consumer problem (one of the
classical synchronization problems) with the bounded bufter of size n and the regu-
lar formal languages L, , generated by the net. We propose regular expressions de-
noting these languages in the recursive form, in case of the bounded buffer of size
from 1 to 3 the explicit formulas are proposed. We transform a reachability graph in-
to a finite automaton and use the state elimination method. We give an upper esti-
mate for the star-height of the mentioned languages, in case of the bounded buffer of
size 1 and 2 the exact values are calculated. We also consider union, intersection,
Kleene closure, concatenation and set difference operations on mentioned lan-
guages. We give the finite automaton and propose regular expressions denoting the
set difference of languages L, \L; in the recursive form, for L, \L; the explicit
formula is proposed.

Keywords: Petri net, producer/consumer problem, Petri net language, formal lan-
guage, regular language, finite automaton, regular expression, star-height.

PETYJSPHI BUPA3M IJ1A JAESIKUX MOB MEPEX NETPI B 3AJAYI NIPO

IOCTAYAJIbBHUKA TA CITOKHUBAYA / B.M. CraTkeBuu
AHotauisi. PosrisinyTo Mepexy Ilerpi B 3a1aui Ipo mocTavdaibHUKA Ta CHOXKHBaYa
(omHiii 3 KJTaCHYHMX 3aJad CHHXPOHi3alil) 3 oOMexeHnM OydepoM po3mipy # 1 pe-
rynspHi GpopmanbHi MOBU L, , sKi BoHa mopokye. s MX MOB 3HaHIEHO pery-
JSIpHI BHpa3u B PEeKypCUBHOMY BUIIISIAI, @ Y BHIIAIKax oOMexeHoro oydepa po3mipy
Bix 1 10 3 — y Burmsiai siBHUX Gopmyit. 3a rpad)oM AOCSHKHOCTI MOOYAOBAHO CKiH-
YEHHHI1 aBTOMAT, 3aCTOCOBAHO METO/ IIOCJIiIOBHOTO BUIAJICHHs BepIuuH. J[ns BUCO-
TH iTepauil (3ipKoBOi BHCOTH) BKa3aHMX MOB HaJaHO OLIHKY 3BEpXy, a y BUIAAKax
obmexeHoro Oydepa po3mipy 1 ta 2 3HalieHO TOYHI 3Ha4YeHHs. J[s Bka3aHUX MOB
pO3TJIsIHYTO omepauii 00’eaHaHHs, MepeTuHy, 3aMukaHHs Kiini, KoHKaTeHawii
Ta pisEuni. [l pisauni Mo L, \ [; moOynoBaHO CKiHUEHHHIT aBTOMAT i 3HAHACHO

peryyisipHi BUPasd B PEKYPCHBHOMY BHIJIAMI, a JUis pisHuii [, \ L; — y BUDIAm
sIBHOT hopMyITH.

Kirouosi cioBa: mepexa Iletpi, 3agaya mpo mocrayanbHHKa Ta CHOXHBa4ya, MOBa
Mmepexi [letpi, popmanbHa MOBa, peryisipHa MOBa, CKIHUCHHUH aBTOMAT, pETysp-
HUI BUpa3, BUCOTA iTepalii (3ipKkoBa BHCOTA).
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SIMULATING THE ROTATION OF A BLACK HOLE
AND ANTIGRAVITY

Y. MATSUKI, P.I. BIDYUK

Abstract. In this article we show that rotation of a black hole can create antigravity
and anti-gravitational waves, given that there is a strong gravity in the black hole,
which distorts time and space. At first, we derived the curvature tensors upon Ein-
stein’s field equation, using spherical polar coordinates, and then calculated the co-
efficients of the curvature tensors to simulate the strength of each component of the
tensors. It is assumed that the stress-energy tensor, which is located outside of the
black hole, can reflect the strength of the gravitational field and the gravitational
waves. As the result, we concluded that, if the time and space are distorted in the
black hole, the rotation can create antigravity and the anti-gravitational waves. In
addition, the result of the simulation shows that the antigravity positively contributes
to the stress-energy tensor, which may expand the size of the Universe.

Keywords: antigravity, curvature tensor, stress-energy tensor, Einstein’s field equation.

INTRODUCTION (RESEARCH QUESTION)

In our previous two researches [1, 2], we reported as follows: the negative flow of
gravitational waves (anti-gravitational waves) must be described by the expres-

sion: —g"g ., =0, while Dirac [3] predicted that, g"’ =0, describes

g po, UV
the gravitational waves. This means that the negative waves move backward from
the direction of the positive flow of the waves. Usually the positive flow and the
negative flow should be balanced; therefore, neither of the positive flow nor nega-
tive flow of gravitational waves is observable. However, when a star moves, the
movement of the mass of the star breaks the balance; and then gravitational waves
of both positive and negative flows appear [1]. Upon this conclusion, we investi-
gated the curvature tensors of gravitational waves that are emitted from a black hole
and found that the tensors of the gravitational waves from a black hole share the same
mathematical forms with the tensors of gravitational field of the black hole [2].

And then, we made the next research to investigate the effect of rotation of
the black hole, assuming that the rotation of the black hole breaks the balance of
positive and negative flows so that anti-gravitational waves would appear. We
also examined, whether or not, the antigravity appears when the black hole rotates
and this antigravity creates the energy that may expand size of the Universe to
larger scale. This article reports the results of these investigations.
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Simulating the rotation of a black hole and antigravity

CURVATURE TENSORS FOR SIMULATION

Gravitational field

According to Einstein and Dirac [3], the gravitational field is described by the
curvature tensors:

re —re —rerb yrerd

uv — Lo,y pv,o uv of pup* va 2

R

where

o 1
ruv =& 0tl—‘otuv =5

2gka(gap,v+gav,p_gpv,a)‘ (1)

Here, g}‘a , are the fundamental tensors that describe the curvature of the

4-dimensional space in spherical polar coordinates, which is diagonal and sym-
metric as shown below:

gOO gOl g02 g03
gk(xz glO gll g12 g13 _
g20 g21 g22 g23
g30 g31 g32 g33
1 0 0 0 i
2m
0 - > 0 0
_ up-1)°
4
0 0 ~pi(p-1)3 0
4
10 0 0 ~u*(p-1)3sin 0.

And it makes the geodesic of the kind:

1
F;(lxv = gaar(xuv = Eg(xoc (gotu,v + gav,p - gpv,ot) :

Therefore, the equation (1) becomes like this: I =g*T ., =

puv ouv

1 8 . .
=—g% (Copy + Cavy — &uva) » Where go =—%% and x,, is the vector in

2
v -th coordinate.

v

Then, we derived all the components of, R ,,, and then according to Ein-

uv>
stein’s rule (R, = ZRuv ), summated them to obtain:
pv
-11 -4 20 11p
Ryy=——F i Ry=Ro=——""3, R = >t VER
Mp-1) p—1) 3p-1)° 18m(p-1)
28 140m 4

+cot26;

Ry = + +
20w (p-0'"" oul(p-v)* sin?0
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-28 140m 4 1lcot’0

+ + +
) 0 9l(p-1*sin?6 sin’6  sin’@
9u“(p—71)3 sin“ 0

R33 =

Here,u and m are constants, where, 1= (3/2+/2m )2/ 3. All other, R, =0.

The non-diagonal components, Ry;and R,,, appear because tand pare not

independent. However, in this research only the space components of the curva-
ture tensors, R;;, R,,,and R;3, are considered.

Gravitational waves

The curvature tensors of gravitational waves, which penetrate the boundary of
a black hole [2], are:

1 1
ggnpﬁsgﬂ + g,gc;1 (gpg,n _Eggn,p) + g’g';r] (gcg,n _Eggn,c) +

+l pS +l pPS +
2g 8ppEpc.pEne.po 2g EppEps.po8ne.p

+lgp<;g g +l pe n
5.0 Epp pc.BEne.B Zg Epp.c8pc.pENc.B

LR L1 N
& "Epp8oc,pEcn.pp 8 "Epp8oc,ppEon.p

2 2
> 80 EppEocpEnch T 5 E "EBP.pEocpEncs -
4 112 112
When ¢=1n=0: - - :
Imp-0*? 9l(p-113 9u2(p—1)""3sin’0
When ¢=n=1: _162— 2 5= 2u T H 7
Mp—-1)° 3(p-1)° 8lm(p—1) Im(p —1)

a 1! 2 N 224m N 224m )
omp-0*7 (- W (-1 W(p-v'sin’0’
When g:n=2:240289+ '82 ,when,gzn:3:L2—32cot29.

sin"0® sin“0O 9p—1)

Distortion of time and space in strong gravity

Using the curvature tensors, Dirac [3] invented a coordinate system that describes
the gravitational field from the center of strong gravity in a black hole, in which
time and space are distorted by affecting each other. He suggested that if we
travel toward the center of the strong gravity, it takes infinite time to reach the
center. Upon this Dirac’s prescription, we assumed that the time and the dis-
tance between the center of the gravitational field and the edge of the Universe
are as shown in Fig. 1 and Fig. 2.
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Fig. 1. Time and distance from the center Fig. 2. Time and distance from the center
of the gravitational field, Case-1 (non-linear of the gravitational field, Case-2 (linear

distortion): f(r)=lograndg(r)=e" distortion): f(r)=(1/4)and g(r)=r

In these figures, T is a relative time in the coordinate system, which expands
and shrinks depending on the distance », where t=¢+ f(r); and p is the rela-

tive distance, which expands and shrinks depending on the time ¢, where
p=t+g(r);and f(r), and g(r) are functions of r. For the simulation, we as-

sumed Case 1: f(r)=logr, and, g(r)=¢"; and Case 2: f(r)= 1 ,andg(r)=r.
r

Note: r is the distance from the center of strong gravity, ¢ is the time to travel on the
distance, f and g are given functions, and =7+ f(»);and p=¢+g(7).

ALGORITHM

Einstein’s field equation [3] that rules the motion of particles in the gravitational

field is as follows: (R —%g“VR),V =0. Then, R, —%guvR:kT, where T is

the stress-energy tensor and & is a constant [4]. Then, we propose the following

algorithm to calculate the relative intensities of the components of curvature ten-
SOrs:

H:kT_RHV:kT_(ClX1+C2X2 +'+CIXZ),
and
H2 z{kT—(ClX1+CzX2 +“'+CIX1)}2,

where c¢;,...,c; are the coefficients, that create a column vector, c.
And, X =[X; X,---X;], then H =kT—Xc. Then we set the con-
straint, XH =0, then X'(kT — Xc)=0, where X' is transpose matrix of X .

Then, X'Xc=X'kT, c=(X'X)"'X'kT,and =V (c)=0*(X'X)"", where
Vc)= o is the variance of the ¢, and o” = eelln—1), where e=MKkT,

M=1-X(X'X)"X"; n is the number of rows of each column of X (in this
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simulation n =23); /is the number of columns of X ; /is a 23x23 unit matrix
that holds 1 on all diagonal elements and O for the other elements; (X' X )71 is the
inverse matrix of X'X ; and e'is the transpose vector of e . By calculating ¢ and

V(c) , we estimated the relative strength of each component of, R, , to the stress-

u >
energy tensor in the system of spherical polar coordinates.

Rotation of the object that contains strong gravity

When an object rotates as shown in Fig. 3, its coordinate system will be trans-
formed by the transformation matrix D of the Euler’s angles [4]. For the rotation
around one axis, the tensors of the object’s coordinate system will be multiplied

cosqp sing 0
by: D=|—-singp cosep O0].
0 0 1
And then the curvature tensor will be transformed to the following form:
cosp sing O||R; O 0
DR, =|—=sing cos¢ 0|/ 0 Ry 0 |=
0 0 1 0 0 Ry

COSQOR;; sinoR,, O
=|—-sin@R;; cos@R,, 0
0 0 R33

The components of R, before

and after the rotation are shown in
Tables 1 and 2.

For the simulation, we used the
components, cos@R;;, cos¢R,, and

Rs3, which correspond to the coordi-

nates that describe the space coordi-
nates,p, O and¢@. The components of

R;; doesn’t change by the rotation,

under the operation of DR, , because

Dy; =1. We selected these three diago-

nal components for calculating the co-
efficients of the curvature tensors with
the algorithm mentioned above, which
simulates the relative strength of each
components of the curvature tensor to
the stress-energy tensor. However, we
didn’t use the non-diagonal components, —sin@R,; and sin@R,,, because these

Fig. 3. Rotation of an object

are perpendicular to the diagonal components, therefore do not contribute to the
stress-energy tensor.
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SIMULATION
Input data

Time ¢ is set as shown in Fig. 1 for Case-1, and in Fig. 2 for Case-2, with which
its slope to the distance, r, from the center of the gravitational field is a constant.
For simulating the spatial expansion of the gravitational field, we assumed as if 6
becomes larger in far distance. On the other hand, for simulating the flow of grav-
itational waves, we assumed that © becomes smaller in far distance, as shown in
Fig. 4. For simulating the rotation of the object, we set two cases, assuming ¢,

(Rotationl) and ¢, (Rotation 2) also as shown in Fig.4. With these settings,sin0,

cos0,cotB, and cosq of the gravitational field behave like as shown in Fig. 5.

Degree
450
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350

300
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200
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100

50

a

-80

0123458878 8101121314151617 123102021 2223 24

r

Fig. 4. Angles 0 and ¢ for simulating gravitational field and gravitational waves

Note: 6,: for gravitational field, 6, : for gravitational waves, ¢,: for the rotation 1,

¢, : for the rotation 2

cot, cotH,
12 12— cot 0,
]
1.0 ~—=— cos 0,
Al .
0.8 == sin 0,
08
cos @ &
I os |~ COS P,
COS ¢,
i a2 g sin O
sin 6, [=—=SIN U,
. oD
sin 0, ——-COS @,
cos 0, ™2
cos 0, B4 —rz cos 0,
8
0.8
10 ——+cot0,
1.2 -2
01234587 88101112131415161718 192021222334

t

Fig. 5. SinB, cosO, cotO, and cos¢ of the simulated gravitational field
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In addition, for this simulation, we set the stress-energy tensor k7 to be 1;
because, the purpose of this simulation is to measure the order of magnitude of

the relative strength of each component of, R

RESULTS

Gravitational field

pv o

to the stress-energy tensor.

The results of simulation for the gravitational filed are shown in Table 1 for
Case-1, and Table 2 for Case-2. The both Tables show the calculated coefficients
of the simulation with no rotation, with the rotation 1 and the rotation 2.

Table 1. Results of the simulation of gravitational field, Case-1

Components cand V' (c) Components cand /V(c) |cand [V (c)
of Ry, of Ry bef’ore of DR, (Rotation 1) | (Rotation 2)
the rotation
1 2,902-107> cos @ -4,255.10° | 1,783-10°
(p-1)° (1,875-10%) (p—1)° (5,078 -10%) | (7,302-10°)
I 3,496-107 _cosQ 1,390-10* | -6,495-10°
(p-1)"" (2.573-10%) (p-1*? 9.997-10%) | (2,272-10%)
1 -1,488-107 cosQ 2,768-107 | -2,996-10’
-0 | (1.064-107) (p—-1)'"" (1,608i -10%) | (1,004-10°)
1 -2,623-10° cos @ 2,676-10% | 1,351-10°%
(- (1,808 1 -10%) (p-v* (85771 -10%) | (4,202-10%)
1 1,000 cos P 0,7787 0,2913
sin” 0 (6,252:107%) sin® @ (0,3866) (0,4413)
, -1,000 5 -2,788 -0,7126
cot”8 (0,5245) cos-cot™ (0,7892) (1.432)
1 -55,86 1 « | -6454.10° | -6,129-10°
(p-7)*sin’0 [(3.877i-10°) | (p-1)*sin®® | (25941 -107) | (2,190-10°)
~ 1 3863 | 1 o -4436:10° | -1,686-10°
(P=0"""sin®0 | 2,6881-10%) | (p—1)'"sin*0 | (17361 .107) | (2.473-10°)
cot’ 0 2,773-1077 cot’ 0 N 2,057-1072 0,2367
sin2 0 (0,2009) sin 0 (0,2481 1) (0,1400)
The values in the brackets are W For example, 1,808 1 - 108=4-3.27-10"° .
* This component corresponds to the coordinate of the axis of the rotation, therefore
cos ¢ is not multiplied.
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In Case-1 (non-linear distortion of the time and space), the coefficient, ¢, of

cot’ 0

sin’ 0

changes its sign from minus to plus after the rotation of @, (the Rota-

tion 1) and of ¢, (the Rotation 2). The gravity must be negative, and it is so to

the stress-energy tensor when it doesn’t rotate, but it becomes positive to the
stress-energy tensor after the rotations. This result means that the antigravity ap-
pears after the rotation.

Table 2. Results of the simulation of gravitational field, Case-2

Components of cand V' (c) of Components of | . ,nd V(c) |cand /V(c)
R R, before the DR . .
v H ati uv (Rotation 1) | (Rotation 2)
rotation
1 -8,518-107° cosQ 1,278-10* | 5473-10°
2 2
(p-7) (1,896-1072) (p—1) (4,437-10%) | (3,900-10%)
1 1217-1073 cos 2,182-10° | -9,831-102
4/3 4/3
(p—1) (2,820-107%) (p-1) (7,573-10%) | (6,530-10%)
1 0,1086 cos @ 6,724-10* | -3,707-10%
10/3 10/3
(-1 (0,2162) (p—1) (2,833-10%) | (2,353-10%)
1 -0,2701 cos @ 9,317-10* | 4,968-10*
4 4
() (0.5121) (p—1) 4,145-10%) | (3,173-10%)
1 1,000 cos o 16,76 8,595
sin2 0 (1,864-107) sin2 0 (5.815) (4,914)
-1,000 -33,90 9,779
2 2 b 9
cot” 6 (2.679-1075) | Cos@-cot’® (9,405) (9,921)
1 2,229-107 1 « | -1,052-107° | -6,204-10°
4 .. 2 4 . 2
(P—1)7'sin"0 | (4083.10%) | (P—D'sin"0 | (5370.10%) | (4,183-10%)
1 -3 1 2 2
- 3371-107 |- 2,856-10% | -3,109-10
(5,829-107%) . (1,743-10%) | (2,104-10%)
cot’ 0 -1,707-1078 cot’ 0 . 0,1293 8,552-107°
sin2 0 (6,560-107%) sin2 0 (3.106-10%) | (4746-10%)
The values in the brackets are 4/} (¢) . For example, 1,808 i - 108=4/-3.27-10'° .
* This component corresponds to the coordinate of the axis of the rotation, therefore
cos @ is not multiplied.

In addition, the coefficients of

and

cot’ 0

(p-v*

sin’ 0

change these signs from

minus to plus, only for the rotation of ¢, in Case-1. And in Case-2 (linear distor-
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2
tion of time and space), only the coefficients of ! ! and cot 9

(p-0* (p-v*  sin’6
change these signs from minus to plus after the both rotations of, ¢;, and ¢, .

The summation of each of the positive coefficients and the negative coeffi-
cients are shown in Table 5, and in Fig. 6 for Case-1, and Fig. 7 for Case-2. In
case of non-linear distortion of time and space (Case-1), antigravity appears after
the Rotation 2 in Case-1; while in case of linear distortion of time and space
(Case-2), the antigravity appears after both of the Rotation 1 and 2.

M gravity

W antigravity RotatiorZ_ |

Mo rotation

-41.00E+08 -3.00E+08 -2.00E+08 -1,00E+08 O0.00E+00 1.00E+08 2.00E+08

Fig. 6. Gravity and antigravity (Case — 1: non-linear distortion of time and space)

M gravity
W antigravity

Mo rotation

-1,00E+05 -5.00E+04 0.00E+00 5. 00E+04 1,00E+05 1.50E+04

Fig. 7. Gravity and antigravity (Case — 2: linear distortion of time and space)

Gravitational waves

The results of simulation for the gravitational waves are shown in Table 3 for
Case-1 and Table 4 for Case-2. For the gravitational waves the coefficients of the
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curvature tensors are positive to the stress-energy tensor; while the negative coef-
ficients represent the anti-gravitational waves.

Table 3. Results of the simulation of gravitational waves, Case-1

Componentsof | V(c) | Components of

gravitational A cand /V/(c) |cand /V(c)
waves before of gravita- gravitational waves ] )
the rotation tional waves after the rotation Rotation 1 Rotation 2
1 1,200-10* cos 1,185-10% | -1,210-10°
2 2
(p-1) (6,038-107) (P-1) (3,619-10'%) |3,7721 -10%)
1 -84,48 cos 1723104 | 9.443-10°
(p-)*"” (5,520-10°%) (p-1*" (7.669) (8,600 -10°)
1 1,360-107 cos @ 1,450-10° | 9,839-107°
4 4
(P-1) (9,263i-10') (p—1) (6,839 -10"%)|(5,481i -10')
| 1,001 C0s @ 0,1496 | 2,997.107
sin? 0 (1,747-10%) sin? 0 (1,703-10%) | (1.422-10%)
) -1,001 ) 8,722-107% | g884.10">
—cot“ 0 —cot“0*
(1.877-1072) (6,337-107%) | (11,21)
1 -6,752-10° cos @ -7,830-107 | -8,148-107®
4 .. 2 4 . 2
(P—1)7'sin" 0 [4939i-10'")| (P—1)'sin"0 [4291i-10")4,387i -10')
B 1 1,476-107 | cos 1,293-10° | -3.424-107%
( —T)10/3Sin29 . 11 10/3 - 26 . 13 . 12
P (7,651 -10'| (P—7) " "7sin" 02,1331 -10"%)|(2,597 i -10'?)
1 -1,544-107 080 -1,335-10° | 4,209-107%
10/3
(p-1) 77831 -101h] (-0 (1,668 -10") (2,913 -10'?)
1 _ -4.509-10* cos @ -3,890-10° | 4.601.10°
(p—1) (1,953-10%) (p-7"" (1437-10'"y | (1,723
cos 0 2,996-10’ cos - cos0 2,889-107% | 1,859-10*
sin* 0 (0,1763) sin* 0 (11,36) (5,165)
1, 1,876-10* | 3,842-1072
- - 2
(P-7) 6.619-10%) | (5.644-10°)

The values in the brackets are /' (c) . For example, 1,808 i 108=4/-3.27-10' .

* This component corresponds to the coordinate of the axis of the rotation, therefore
COS ( is not multiplied.
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Table 4. Results of the simulation of gravitational waves, Case-2

¢ and
Compons et oy | Comentont et 70 < and 70
fore the rotation | gravitational | ~after the rotation Rotation 1 Rotation 2
waves
1 2.335.1072 cos @ -2,080-10* | 3,964-10°
(p-1)° (21,38) (p-1)° (7,251-10°) | (1,428-10%)
1 -1,708-1073 cos @ 1,220-10° | -5,052-102
(p-0*" (1,511) (P-0** | 4052-10%) | (9,136-10%)
1 1,217 cos ¢ -1,463-10° | 3,541-10°
(p-1)* (1,140-10%) (p-1)* (6,858-10°) | (2,.825-10%)
1 1,000 cos ¢ 0,8678 0,8594
sin% 0 (9,834-107) sin2 0 (0,3550) (0,7481)
s -1,000 o, 5,531:107 | 8384107
cot™0 (2,405-107) cot™0 (2318-107) | (6,984-107%)
1 -0,9864 cos @ 1,169-10° | -2,773-10°
(p-1)*sin?0 | (9,137-10%) | (p-1)*sin’O (5,448-10%) | (2,218-10°)
B 1 -0,1682 | cos @ 1,568-10° | -3,016-10°
(p—1)'"3sin? 0| (1,523-10%) | (p—1)'"’sin’ 0| (6,602-10%) | (2,612-10%)
B 1 0,2770 _ cosg -2,829.10° | 6,841-10°
(Pp-0'"7 | @517-10%) P-0" | (1292:10%) | (5,614.10)
1 -2.439.102 cosQ 2,115-10 | 2338.10*
p-v" (22,20) (p-1)" (8,154-10°) | (2391-10%)
cos0 8,679-1071° cosq-cosf 3,683:-107% | -1,286-1072
sin* 0 (1,092-107%) sin® 0 (6,707-107%) | (8,520-107%)
| 30,60 11,74
- a (p-1)* (8,602) (6,283)

cos ¢ is not multiplied.

The values in the brackets are /}V'(¢) . For example, 1,808 1 - 108=4/-3.27-10'° .

* This component corresponds to the coordinate of the axis of the rotation, therefore

In Case-1 (non-linear distortion of time and space), the coefficient, c, of,

cos0
sin 0
1

and, —>
(p—7)

and

1

C(p-1)

10/3 sin26

, changes its sign from plus to minus after the rotation of ¢, (the Rotation 1),

, change these signs from plus to minus

after the rotation of ¢, (the Rotation 2). And in Case-2 (linear distortion of time
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and space), the coefficients of and

5> ! 2 -5 change these
(P-1° (P-71) (p-1)

signs from plus to minus after the rotation of ¢; (the Rotation 1), while the
. cos0
coefficient of, ——

sin* 0

(the Rotation 2).

, changes its sing from plus to minus after the rotation of o,

Table 5. Strengths of gravity and antigravity

Case Case-1 Case-2
Gravity Antigravity Gravity Antigravity
No rotation -2,867- 10° 1,033 -1,282 1,110
Rotation 1 -3,066-10° 1,390-10* -7,079-10* 1,060-10°
Rotation 2 -3,060-10’ 1,353-10° -3,899.10* 5,516-10*

The summation of each of the positive coefficients and the negative coeffi-
cients are shown in Table 6, and in Fig. 8 for Case-1, and Fig. 9 for Case-2. In
both cases, gravity and antigravity are balanced without the rotation of the black
hole, but the balance is broken after the rotations, then antigravity appears with
the Rotation 2 in Case-1, and with both of the Rotation 1 and Rotation 2 in Case-2.
Also, gravitational waves and anti-gravitational waves are balanced without the

rotation, but they appear when the black hole rotates.

Table 6. Strengths of gravitational waves and anti-gravitational waves

Case -1 Case -2
Case Gravitational |Anti-gravitational| Gravitational |Anti-gravitational
waves waves waves waves
No rotation 2,838-107 -2,224.107 2,517 -2,181
Rotation 1 2,744-10° 2,122-10° 1,348-10° -1,766-10°
Rotation 2 1,409-10° -1,158-10° 4,252-10° -3,075-10°
o Grlavitatic:nal Iwaves
] W Anti-gravitational waves
[ Rofationd |
Ng mtation ]

-3,00E+05 -2 00E+05 -1 00E+0%0 00E+00 1,00E+0% 2 00E +0% 3 00E +05

Fig. 8. Gravitational waves and anti-gravitational waves (Case-1: non-linear distortion of

time and space)
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T
O Gravitational waves
W Anti-gravitational waves

Mo rotation

-4 0oE+08 -200E+08 O00E+00 2 00E+08 4,00E+08 & 00E+08

Fig. 9. Gravitational waves and anti-gravitational waves (Case-2: linear distortion of time
and space)

PHYSICAL MEANING OF THE RESULT

Here, R, —(1/2)g,,R+Ag=kT, is the equation of gravitational field of the
Universe [4], where R, are curvature tensors, named Ricci tensors, g, are fun-
damental tensors, Ruv =R, and, guw=8, where u=v, T is the stress-energy

tensor and k is a constant, and A <0 is the cosmological constant named “dark
energy”, which is a positive contribution to k7" . The above result of our simula-
tion shows that the rotation of the black hole makes positive contribution to the
stress-energy tensor, which may expand the size of the Universe, however it is
unknown if the antigravity is related to the dark energy.

Fig. 6 and Fig.7 show that the gravity and the antigravity are balanced with-
out the rotation, but balance is broken when the black hole rotates. Also, Fig. 8
and Fig. 9 show that the gravitational waves and the anti-gravitational waves are
balanced without the rotation, but the balance is broken when the black hole ro-
tates. This finding is consistent with our previous report [1].

CONCLUSIONS AND RECOMMENDATIONS

In this simulation, assuming that the coordinates of time and space can be dis-
torted in the strong gravity in a black hole, we investigated whether a rotation of a
black hole can produce antigravity and anti-gravitational waves, or not, by calcu-
lating the relative strengths of the components of the curvature tensors of the
black hole, which are measured by the stress-energy tensor that is placed outside
of the black hole, upon Einstein’s field equation. In order to simulate the curva-
ture in the strong gravity, we used the system of the spherical polar coordinates so
that we could simulate rotation of the black hole with Euler’s angles.

The results of the simulation show that the rotating black hole can produce
the antigravity and anti-gravitational waves, if time and space are distorted line-
arly and non-linearly. Also, the results suggest a possible explanation about the
expansion of the Universe.

Further investigations are needed about the process of the time-space distor-
tions and of the angular momentum of the rotation.

136 ISSN 1681-6048 System Research & Information Technologies, 2020, Ne 3



Simulating the rotation of a black hole and antigravity

REFERENCES

1. Y. Matsuki, P.I. Bidyuk, “Analysis of negative flow of gravitational waves (Part 5)”,
System Research & Information Technology, no. 4, pp. 7-18, 2019.

2. Y. Matsuki, P.I. Bidyuk, “Numerical Simulation of Gravitational Waves from
a Black hole, using Curvature Tensors (Part 6)”, System Research & Information
Technology, no.1, pp. 54—67, 2020.

3. P.AM. Dirac, General Theory of Relativity, Florida University, A Wiley-
Interscience Publication, John Wiley & Sons, New York, 1975, pp. 69 .

4. H. Goldstein, C.P. Poole, J.L. Safko, Classical Mechanics, 31 Edition, published by
Pearson Education, Inc., 2002, pp. 646; [especially Chapter 4 “The Kinematics of
Rigid Body Motion”, pp.134—183, Chapter 7.11 “Introduction to the general
theory of relativity”, pp. 324-328].

Received 02.07.2020

From the Editorial Board: the article corresponds completely to submitted manuscript.
INFORMATION ON THE ARTICLE

Petro 1. Bidyuk, ORCID: 0000-0002-7421-3565, Educational and Scientific Complex
“Institute for Applied System Analysis” of the National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute”, Ukraine, e-mail: pbidyuke 0OQukr.net

Yoshio Matsuki, ORCID: 0000-0002-5917-8263, National Technical University of
Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Ukraine, e-mail: matsuki@wdc.org.ua

IMITAL[IFIHE MOJIEJIIOBAHHSI OBEPTAHHSI YOPHOI TIPU TA AHTUTPABITAILI
/ U. Manyxi, [1.1. Bigtok

AnoTauisi. ITokazaHo, 110 00epTaHHs YOPHOI JipU MOKE CTBOPUTU aHTUTPABITALIIIO
Ta aHTHIPaBITalliiiHI XBWJII 32 YMOBH, 110 y YOPHIiH Jipi iCHye cuiibHa rpaBiTalis,
sIKa BUKPHUBITIOE 4ac i npocTip. OTpHUMaHO TEH30pH KPUBH3HU HA MiICTaBi PiBHIHHS
nouist EffHInTeiHA 3 BUKOPUCTAHHSIM CEpHYHUX IOJSPHUX KOOPAMHAT, PO3paxoBa-
HO KOoe(il[ieHTH TEeH30piB IS MOJIEIIOBAHHS CHIIM KOXKHOT'O KOMIIOHEHTa TEH30pIB.
3po0IIeHO MPHITYIIEHHS, 110 TeH30p €Heprii-iMITY/IbCy, PO3MIILEHHH 32 MEXaMH 4Op-
HOI AipH, MOXe BimoOpakaTH CHIIy TpaBiTallifHOrO MO i rpaBiTaliiHUX XBHIIb.
VY pesynbTaTi c(hOpMOBAHO TakKWil BUCHOBOK: SIKIIO Yac i HPOCTIP BHKPUBISIIOTHCS
Y YOpHiii aipi, TO 0OepTaHHS MOYKE CTBOPHTH aHTHIPABITALII0 Ta aHTHIPaBiTaliiHi
XBUIIi. Pe3ynbrar MonemoBaHHs NOKa3aB, 10 aHTHUTPaBiTalis pOOUTH MO3UTHBHUN
BHECOK y TEH30p €HEprii iMITyJIbCy, [0 MOXE PO3LIMPHTH po3Mip Beecsity.

KurouoBi cioBa: anTurpaBiTallis, TeH30p KPUBH3HH, TEH30p €HEpPril HaNpyKeHHs,
piBusiHHs EitHiurteiiHa asis mosst.

HMHUTAIIMOHHOE MOJEJIAPOBAHUE BPAIIEHHUSA 4YEPHOM JbIPBI U

AHTUTPABUTAIIUH / 1. Manyku, I1.H. Buiox
AHnHoTanus. Iloka3aHo, 4TO BpallleHHE YEPHOH ABIPBI MOXKET CO3JaTh aHTUIPABU-
TalUI0 U aHTUTPABUTALMOHHbBIE BOJIHBI IIPU YCJIOBHHM, YTO B YEPHOH JIbIpE CYILECT-
BYeT CUJIbHAsl TPAaBUTAIMs, KOTOpasl MCKaXkaeT BpeMs M mpocTpaHcTBo. [lomyuens
TEH30pbl KPUBHU3HBI HA OCHOBAHUM yPAaBHEHUs MOJI DHHINTEHHA C HCIONB30BaHUEM
cdepuyecKuX MONAPHBIX KOOPAMHAT, PACCUMTAHbI KOI(PQULUMEHTH TEH30POB s
MOZENNPOBAHMS CHIIBI KaXI0TO KOMIIOHEHTa TeH30poB. [Ipeamonaraercs, 4ro TeH-
30p SHEPIHU HMITyJIbCa, PACIIONOKEHHBIN 3a MpeaenaMy YepHOH ABIPHI, MOXKET OT-
paXkaTh CHJIy TPaBHTAlMOHHOTO IIOJII M TPAaBUTAalMOHHEIX BOJH. B pesynbrate
chOopMyIUpPOBaH BEIBOJ: €CIH BPEMsI M IPOCTPAHCTBO UCKPUBILSIIOTCSI B YSPHOU JIbI-
pe, BpallleHHe MOXET CO3JaTh aHTUIPaBUTALMIO U AHTUIPABUTALIOHHBIC BOJIHBL.
PesynbpTar MOIENUpPOBAHUS IOKA3aJ, YTO AHTUIPABUTALUS JejaeT I[O3UTUBHBII
BKJIaJ] B TEH30p SHEPTHM HMITyJIbCa, YTO MOXKET PAaCUIMPUTH pazmep BceneHHOI.

KiroueBble ¢10Ba: aHTUTpaBUTALUS, TEH30P KPUBU3HBL, TCH30p PHEPrUM HAIpsDKE-
HUsl, ypaBHEHHE DUHINTEHA IS 110,
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MODELING OF CONTACT INTERACTION OF A HEATED
PLANE RIGID ELLIPTICAL PUNCH WITH A TRANSVERSALLY
ISOTROPIC ELASTIC HALF-SPACE

V.S. KIRILYUK, O.I. LEVCHUK, V.V. GAVRILENKO, M.B. VITER

Abstact. On the base of a rigorous mathematical model, the problem of the contact
interaction of a heated flat punch of an elliptical section with a transversely isotropic
elastic half-space is investigated. It is assumed that the half-space surface is the
isotropy plane of a transversely isotropic material, and also that there is a smooth
(without friction) contact. Expressions of contact stresses and displacements of a
heated flat elliptical punch are found explicitly. In the form of a simple inequality, a
condition for separating the elastic material from the surface of a flat elliptical punch
is obtained. Numerical calculations are carried out. Contact interaction of a heated
flat punch is studied taking into account the separation of material from the punch.

Keywords: mathematical model, contact interaction, elastic half-space, transver-
sally-isotropic material, plane elliptical punch, heating, stress distribution, domain of
material separation.

INTRODUCTION

Currently, methods for solving spatial problems of contact interaction for iso-
tropic elastic bodies are quite well developed. Among the papers on this topic,
classical monographs [1-5], as well as articles [6—8], can be noted. However, the
solution of spatial contact problems for transversely isotropic bodies is associated
with significant mathematical difficulties, since the initial system of equations for
determining the stress state has a more complex structure. Contact problems of
thermoelasticity for a transversely isotropic half-space were studied in [8§—10]
and others. An approach was used in [9, 10] that allows one to investigate prob-
lems only for a circular contact region. In [8], the contact problem of thermoelas-
ticity is studied with a special distribution of the temperature field on the surface
of the punch, which is proportional to the contact pressure under the paraboloidal
punch. In the papers [11-15] and [16-21], spatial problems for transversely-
isotropic elastic and electroelastic bodies respectively were considered. At the
same time, analytical solutions of spatial contact problems for transversely
isotropic elastic bodies were not obtained when hard punch heated in an arbitrary
manner.

In this paper, the problem of thermoelasticity on the indentation of a heated
plane hard punch of elliptical cross-section into a transversely isotropic elastic
half-space is considered. Expressions of contact stresses and displacements of a
heated flat elliptical punch are found explicitly. In the form of inequality, the rela-
tionship between the values of the indentation force, the heating temperature, and
the thermoelastic properties of a transversely isotropic material is obtained, which
makes it possible to predict the appearance of a material separation zone under a

© V.S. Kirilyuk, O.1.Levchuk, V.V. Gavrilenko, M.B. Viter, 2020
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flat elliptical punch (for given force and temperature influences). The influence of
material properties, heating temperature, and indentation force on the distribution
of contact pressure is investigated. It is shown that the appearance of separation
(peeling) of the material significantly affects the type of the distribution of contact
stresses under the punch.

Formulation of the problem. Let us consider a transversely isotropic half-
space that occupies a region z <0 and into which a heated flat hard punch of el-
liptical section is pressed without friction. We assume that the axis 0z coincides
with the axis of symmetry of the transversely isotropic material. The boundary
conditions on the surface of the half-space have the following form:

0,,=0,,=0,2=0;0,=0, (x,))¢Q;
T(x,,0) =Ty(x, ), (x,¥) € LTy (x, ¥) 00 = 0;
T(x,,0)=0,(x,y) € R*\Q;
u (x,5,0)=38, (x,y)€Q, (1)

where Q:x*/a” +y?/b*<1; T(x,y,0)>0 — punch heating temperature; & —
unknown displacement value. The indentation force applied in the center of the

punch is related to the contact pressure by the ratio P = ” p(x,y)dxdy , where
Q
p(x,y) is the unknown contact pressure.

Basic relations. The equations of stationary thermoelasticity for an elastic
transversely isotropic medium in the absence of body forces and heat sources in
the body according to [8] can be written as

*u, 1 o%u o%u
-t (011 )/ tCu—— +
ox? 6y2 oz

b

0 1( )au ( ) ﬁ
+—| = + + .
x| 2 1 tepp oy C13 T Cyy o

2 2 2
1 o“u o“u o“u

—(c) —Cpp)—-+c Ztc L4
B 11 12 6x2 11 6y2 44 822

0
+—[ (eny +C12) +(cp3 +C44)—} B—:
Oox oz Oy

L2
O*u, d%u %u o(ou, Ou, oT
c L4 —= |+¢ Zt(epytep)—| —+—|=B—; @
44[ PP J B2 (c13 44)82 x oy P o (2)
O°T | ox* + 02T | oy* +ny0°T 1 62° =0.
In the above expressions, c; are elastic constants; f, B;, ny — constants

depending on the thermophysical properties (thermal conductivity and thermal
linear expansion coefficients) of the material. The solution of the system of equa-
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tions (2) can be represented by means of four potential functions ®; (i=1, 2, 3, 4)
in according to [8] in this way:
u, =00, /0x+ 0D, /0x+0D5/0y+0D,/0x;
u, =0®, /0y +0P,/dy —0®3/0x+ 0D,/ 0y; 3)
u, =mod,/0z+m,00,/0z+myod,/ oz,
where @,,D,, D, are functions satisfying the equations
(0% /x> +0% /ay* +n;0° 1822)D ; =0,
also ny =2cyy /(c;; —¢13); m,n, are the roots of the quadratic equation

2 .2 2 :
criCagn” —[cqy + e3¢ = (€13 + C4q) "N+ C33¢44 =0 “

ey —cyy ni(c+ey)

(j=12).
€13+ Cay C33 =N ;Cay

The function @, simultaneously satisfies two equations

o> 0? o2 o0°d
—_t——4n,— O :O,—4:mT
[ 4azzj 4 5 3

ox? 8y2 22

We use the notation z; =Zl’l]_-l/2 (7=1,2,3,4). Functions @,(x,y,z),

D, (x,¥,25), O3(x,y,23), DP4(x,¥,z4) will be harmonic functions in the corre-
sponding coordinate system. The constants ms,m, included in relations (3) de-
pend on the elastic and thermophysical properties of a transversely isotropic me-
dium and are written as follows:
_ p . _ Bileaq —nycy) +Bny(e3 +cyy)
my = ; My = .
Caq (€13 +Cqq)my —cpyny Blesz —n4caq) = Pr(cy3 +ca4)

Solution method. We write the temperature field in the form of the har-

monic potential of the double layer

T(x,y,z4):i 1 To(ﬁaﬂ)dﬁdﬂ

| 2m0 (e ey 423

It follows from the properties of the derivative of the potential of a simple
layer [3] that

TO(X,y),(X,y) EQa

T(xayaz4) |z4=z=0:{0 (x y) %Q

Harmonic function is a solution to the Dirichlet problem for the stationary
heat conduction equation for a half-space (for a given distribution of the tempera-
ture field inside a flat region and zero temperature outside this region on the sur-
face of the half-space [3]). Note that contact problems of thermoelasticity with a
known temperature distribution in the contact area and the absence of a tempera-
ture field outside it (in the contact plane) were also considered in [8, 24].
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Next, we present the solution of problem in the form of a superposition of
states, for the first of which we take the function @, in the form of one of the

Boussinesq potentials [2]

O (x,,24) = F(x,9,24) =

1
= [T In[ (&= x)? + (=) +2] +2, |dedn.
2n .
For the first state, we also set
q)gl)(xayazi) = aiF(xayazi) (l = 172) 5 q)(31) = O 5

where o, o, are the unknown constants.

Constants a;, a,, we define by means of this way:

1/2 1/2
g == (my —my) | , =" (my —my)
; :
n};/z (my —my) n}‘/z (my —my)

As a result, for the first state we get

chlz):csg/lz)zoa z=0;

ugl) |Z:0:0 ) (x:y) EQ:

O T T(y) (xy) e
cszz |z:0_ 0 ( )QQ
s X,y .

We find the value y"™® in the form

T
Y =By —my(c33my —nyep3) +

Feqman | T gyl TR 2] )
(my —my (my —m;

ny =k /k;B=(c;; +epp)a+ezon; By =2c300+c330,,

where k;/k is the ratio of the coefficient of thermal conductivity in the direction
0z to the coefficient of thermal conductivity in the direction Ox (or 0y); o,a, are

the coefficients of linear thermal expansion of the material in the direction of Ox
(or 0y) and Oz. In the transition from a transversely isotropic material to the iso-

Trans

tropic material, we obtain y — uo(l+v)/(1-v) (vis the Poisson's ratio,

is the shear modulus), which fully corresponds to the result [5] for an isotropic

Trans

material. Note that expression (5) for vy it was also used in the papers

[22, 23] to find the thermo-stressed state of a transversely isotropic material with
an elliptical crack.

For the second state of superposition, we choose the functions O j
(j=1,2,3,4) as follows:
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1/2

1 -n
P (x,y,2)=— 1 p(E)In(p; +z)dédn;
1 Y om (I my)cgq(m'? = ny? J;! s
2 né/z ”
D57 (x, y,zz)— p(Em)In(p, +2,)dEdn,
21 (14 my)egy (> =0y ) g
where

=\/(x—§)2+(y—n)2+z,~2 (j=12).

In this case we obtain

(j=12).

aﬁq)l@)(x’y,zi)_ Il p(&,y)dEdn :
Z Q- (x-8) +(y-m)+z;
Take also (13512) = CDgz) =0.

As a result of superposition of states, we obtain

GECIZ)+G§)=O'E}Z)+G§,2Z) =0 for z=0;

@ +ulP) |, o= T L e ” \/(xp(z)ﬂld(id?n)z

(0 +62D)|_= —p(e,y) =7 S T (x, ), (x,0) € Q;
0, (x, ) & Q.

The value 4™ is determined as

ATrans _ 1 |: m, —m :| —

caq (n'? =032y | L+ my) (14 my)

/2, 1/2
_on (m T Hm

)(c13 +¢44) ‘ 6)
Caq (crpmy +ep3)(Cq g +¢43)
From the obtained expression (6) for a transversely isotropic material, one
can easily obtain the case of an isotropic material. Let's put
m=ny=l;cp=A+2p;c3=h; cyy=p.
Then from formula (6) it follows
Trans A+20 :l—v .
2p(h+p)  p

Thus, for an isotropic material we obtain a coincidence of the results with
the known data [5].

Note that expressions (6) can be converted to a more convenient
form. Using Vieta's theorem for the roots of the quadratic equation, from (6) we
obtain

ATrans

Trans __ ASH! 2
4 = [\/01 1633 — €13 = 2C44C13 + 2C444/€11C33 } :
(11633 = i3 W Cas
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The obtained expression allows to find the desired value by directly substi-
tuting the elastic constants of the material into it without first determining the
roots of the quadratic equation (4), as in the case of formulas (6).

Correspondence between solutions of contact problems for isotropic and
transversely isotropic elastic half-spaces (in contact with heated plane rigid
punch of elliptical section). According to the results of [5], the solution of the
contact problem of thermoelasticity for an isotropic elastic half-space with
boundary conditions (1) can lead to a search for an unknown potential density of a
simple layer. It remains to satisfy the boundary condition

”z(xay,0)=6= (I—V) p(aan)dédn

Il : (7)
27 5 (x-&) + (v -1)?
Stress distribution has such form under the plane punch
1+v
0 Lea=pe) (T anTy ). (1) €@, ®)

As a result of a superposition of states for a transversely isotropic half-space,
we obtain

[ pEmded
0 (-8 +(y-m)’

The normal stresses under the plane punch in this case have the form

6. o= —pP(x, ) =7 ™™ Ty (x,¥), (x,»)eQ. (10)

All other boundary conditions (1) are satisfied. Comparing expressions (7),
(8) and (9), (10), we conclude that such contact characteristics as contact pres-
sure and displacement under the plane punch for a transversely isotropic half-
space can be calculated from the corresponding expressions for an isotropic
ATrans

©)

(6, ,0) = 8 = AT
27

half-space by replacing the values (1-v)/p  with and

A+ v)op/(1—v) by y ™

Solutions of new contact problems. When pressing a flat elliptical punch
(in the absence of the rotations around the axes Ox and Oy) according to the found
correspondence of expressions (7), (8) and (9), (10) and results [4, 5] we obtain
the values of contact pressure and displacement under the plane punch:

P Q 2 D) -1/2
— X
p(x.) =—1[1——2—g—2] FT T ()

2nab a
5= L= ymans gy (11)
2na

where a is the semimajor axis of the ellipse, e is its eccentricity;
P> =" [[Ty(x, ) dxdy . (12)
3

When inequality (12) is fulfilled, the contact stress under the flat punch are
compressive and have a root singularity when approaching the punch boundary,
which is determined by the first term in formulas (11).
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Consider the distribution of the temperature field under the plane punch in
the form

Ty(x,y)= T,(-x"/a* = y*Ib*)?, ¢>0.

Then, for a heated plane hard elliptical punch, the values of stresses and dis-
placements under the punch we obtain in the form

—0.,(x,y)= Z;—ale(l—xz a* —y* 1672y TS T (-2 Ja® - y? b)Y

5= P_Ql BlPiezoK(e) :
2ma

0 =" [[T,0-x*/a* - y* /b*) dxdy ; P2Q,. (13)
Q

Note that formulas (13) have the following physical meaning. When the ine-
quality P > Q, is fulfilled, the plane punch is pressed to the material over the en-

tire contact area and under it there is no area of separation (delamination) of the
material. After integration, we obtain the inequality

P>Q = LTQ y TS b (14)
qg+1

If the opposite inequality holds

P< LT y S b
g+1 1
tensile stresses arise when apprsoaching the punch edge (due to the first term in
the stress components in formulas (13)), i.e. a material separation zone appears.

In [7], for the problem of the contact of a heated plane circular punch with
an elastic isotropic half-space, it was proposed to search for a new contact zone,
which is smaller than the size of the punch itself, from the problem for a non-
planar punch, directing R — . The two-dimensional contact problem of ther-
moelasticity was considered in a similar way in [24]. Using this approach, and
considering for this the problem of a heated paraboloidal punch of elliptical cross
section, which is pressed into an elastic transversely isotropic half-space without
friction, we obtain

3 1/3
a__ _ Transq1/3 3 K(e)—E(e)
=100 ™) {—h(—ez ﬂ ,

where e is the eccentricity of the elliptical base of the punch. Directing R; — o0, we get

1
P=0 =——y" T nab.,
qg+1
where a«,b: are the semi-axes of the new contact area under the punch. They are smaller
than the corresponding semi-axes of the plane punch. However, contact zone remains el-
liptical and the relation remains b« / a« = b/ a Using the expression (14) we find further

a*:\/ P(q+1) 'b*:a*\/1—€2.
Y

b
Tranqu n\/l —62
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Contact stress under a heated plane punch in the case of separation of mate-
rial near the edge of the punch takes the form

—0, () =y T, (1-x7 /ai - y? b)Y, (15)

since the singular term disappears in formulas (13) at P =, . Therefore, an in-
crease in punch heating when a certain threshold value is exceeded, which de-
pends on the strength P and thermoelastic properties of the transversely isotropic
material, leads to the appearance of separation zone of the material under the
plane punch.

Note that for a plane circular punch (e=0), the radius of the contact area
when the material is separated from the punch according to formulas (15) takes

the form
P(g+1
asx = % ,b*=a*.
Vy I,n

Analysis of the results of numerical investigations. Consider the case of
the distribution of the temperature field under a plane circular punch of radius «

in the form TO(I—xz/az—yz/az)lM, where T;>0. We investigate next

three cases of punch heating: 1) 7 =%; 2) T, =% and
Y ransna y I'al‘lSTEa
LSP . . . .
3) Ty = =, - First, we verify the fulfillment of inequality (14) to find out
na

whether the material is peeling off. As a result, we obtain that for the first case
inequality (14) is satisfied, i.e. material separation under the punch does not
occur. At the same time, with increasing heating (cases 2 and 3), such a separation
of the material takes place.

After simple calculations for the first case of heating, the pressure expression
under the punch takes the form

c 1 _
——Z_=—(1-r*/a®) P+ (-1 1)
TO ,Y rans 60
For the second and third cases, the contact pressure has the same expression
O 42, 241/4
—TO ,YTI'anS = (1 r /(l* ) .

However, the radii of the new contact area for these cases are different. For
the second case of heating a« =5a/+/26, at the same time for the third case we

find that a« =a+5/6 .

Fig. 1 shows the change in contact pressure under the punch, while the
pressure curve for case 1 (without separating the material under the punch) is
shown by line 1, and for the second and third cases — by means of the lines with
corresponding numbers. It is seen that with increasing heating of the flat punch,
the contact area with the half-space decreases.

Consider a flat elliptical punch with the distribution of the temperature

field under the punch in the form To(l—xz/az—yz/bz)l/4 of 7, >0. Put

Ty = P/[(nab)y ™ B"]. We study cases of punch heating, assuming that it "
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takes the following values: 1) [3* =1000; 2) ﬁ* =4;3) B* =2;4) B* = 1. Since the
value T is inversely proportional to the value B* , in the latter case we get the
highest punch heating. For the selected parameter values B* , the material does not
separate under the punch, and the stress expression under the punch takes the form:
C., o 1

- =—[a* —i}(l—xz la® =x*/b*) V2 1 (1=x2/a? = x* 1bP)A
[P/(mab)] 2 5

—G0,

Trans
Y Ty

1
%
0,8 \3\

0,4

0 072 074 076 038 r/a

Fig. 1. The stress distribution under a heated flat punch, taking into account the separation
of the material

In fig. 2 shows the distribution of the contact pressure under a flat punch
with an elliptical section at different values of the heating of the punch.

—O

P/(rab) /ﬂ
1,5

4 J)
1.3 =

—1,

0,5

0 0,25 0,5 0,75 x/a
Fig. 2. Stress distribution under a plane elliptical punch

Lines /-4 in Fig. 2 correspond to punch heating options noted above. It can
be seen an increase of the temperature heating of a plane punch lead to the
stresses increase in the center of the punch and decrease when approaching its
boundary.

Thus, in the paper expressions of contact stresses and displacements of
a heated flat elliptical punch are found explicitly. By means of the inequality, the
condition for the occurrence of material separation under a flat heated elliptical
punch is obtained, which is pressed without friction into the transversely isotropic
elastic half-space. This inequality includes the values of the indentation force,
temperature heating, and thermoelastic properties of a transversely isotropic
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material. It is shown that with increasing heating, the region of complete contact
(with separation of the material) decreases. The famous results for an elastic
isotropic material follow from the obtained data as a special case. The influence
of heating on the distribution of contact stresses, as well as the appearance of
aregion of separation (delamination) of a transversely isotropic material under a
punch, is investigated.
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MOJEJIIOBAHHSI KOHTAKTHOI B3AEMO/Ii HAIPITOIO KOPCTKOI'O
EJIIITUYHOI'O IMTAMIIA 3 TPAHCBEPCAJIBHO-I3OTPOITHUM IIPYKHUM
HIBITPOCTOPOM / B.C. Kupuimok, O.1. JleBuyk, B.B. I'apunenko, M.B. Bitep

AHoTanisi. Ha ocHOBI cTporoi MaTeMaTHYHOT MOJENi JOCHTIIPKEHO 3aJady KOHTAKT-
HOI B3a€MO/IiT HArPITOTO MJIOCKOIO MITaMIIa SIINTHYHOTO MEPEpPi3y 3 TPAaHCBEPCATb-
HO-I30TPOIHKUM IIPY’KHUM HiBIPOCTOPOM. IIpHITyCKaeThes, 0 MOBEPXHs MiBIIPOC-
TOPY € IUIOLIMHOIO i30TPOMil TpaHCBEPCaIbHO-130TPOIIHOIO MaTepiaiy, a TAKOK Mae
raaakuii (6e3 TepTst) KOHTAKT. Y ABHOMY BUIJISII 3HAMICHO BUPAa3U KOHTAKTHUX Ha-
MpyXeHb 1 MEPEeMIIEHHs] HArpiToro IUIOCKOTO ENNTUYHOrO InTamma. Y BHUIIIAAL
NpocTOl HEpIBHOCTI OTPHMAHO YMOBY BIIJUICHHS IPY)XHOrO MaTepiany BiX
HOBEPXHI IJIOCKOTO ETINTHYHOTO LITaMIia. BUKOHAHO YHCIIOBI pO3paxyHKH. BuBue-
HO KOHTaKTHY B3a€MOJIi0 HArpiTOro IUIOCKOTO LITAMIIa 3 YPaXyBaHHSIM BiIIiICHHS
Marepiaity BiJ IITamIa.

KnrodoBi cioBa: maremaTHyHa MoOJeNb, KOHTaKTHa B3a€MOJis, IPYKHHUH
MIBIPOCTIpP, TPAHCBEPCATbHO-130TPOMHUIM MaTepiai, IUIOCKUI eMiNTHYHUI [ITaMm,
HarpiBaHHsiI, PO3MOALT HAMPYKEHb, AUISHKA BIAIIICHHs MaTepiaiy.

MOJIEJIJMPOBAHUE KOHTAKTHOI'O B3AUMOJENCTBUS HATPETOI'O IIJIOCKOI'O
KECTKOI'O 3JVIMIITUYECKOI'O IITAMIIA C TPAHCBEPCAJIBHO-U30TPOITHBIM
YOPYI'UM HNOJYINPOCTPAHCTBOM / B.C. Kupmmok, O.W. Jleuyk, B.B. T'aBpunenxo,
M.b. Butep

AnHotamusi. Ha ocHOBe cTporoil MareMaTH4ecKod MOJENH HCCIeOBaHA 3ajada
KOHTaKTHOTO B3aMMOJCHCTBHS HArpeToro IUIOCKOTrO IITaMia 3JUIHITHYECKOro
CEUCHHS C TPAHCBEPCAIBHO-M30TPOIHBIM YIIPYTHM IOJIyNpocTpaHcTBOM. IIpearo-
JIaraeTcs, 4To MOBEPXHOCTh MOJYMPOCTPAHCTBA SIBISCTCS IIOCKOCTBIO M30TPONUH
TPaHCBEPCATLHO-U30TPOITHOTO MaTepualia, a Takke MMeeT Iimaikuid (0e3 TpeHws)
KOHTaKT. B sSBHOM BHZE HaillcHbl BBIPAXKCHHS KOHTAKTHBIX HANPSHKCHUH U Iepe-
MEIICHUS HarpeToro IIOCKOT0 3JUIMNTHYECKOro IITamia. B Buae mpoctoro Hepa-
BCHCTBA IIOJYYCHO YCJIOBHE OTACJICHHS YIPYroro MarepHaja OT II0OBEPXHOCTH
IUIOCKOTO 3JUIMNTHYECKOro IITaMIa. BBINONHEHbl 4UCIIOBBIE pacueTsl. V3yueHo
KOHTaKTHOE B3aMMOJICHCTBHE HAIPETOrO IUIOCKOTO IITAMIIA C YYETOM OTACNCHHS
Marepuaia OT ITaMIa.

KiioueBble cjioBa: MaTeMaTHueCKas MOJIENb, KOHTAKTHOE B3aHMOJICHCTBHE, YIIPY-
roe MOJYHPOCTPAHCTBO, TPAHCBEPCATbHO-U30TPOIHBIH MaTepHal, IJIOCKUHA 3J1-
JUITHYCCKUH IITaMII, HArpeB, paclpeleieHue HanpsDKeHHi, 00JacTh OTIENICHUs
MaTepHaa.
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cucremHoro anainizy IIICA KIII im. Irops Cikopcbkoro, Ykpaina, Kuis

KpamoB Aprem AnjapiiioBuy,
acnipanT KuiBchbkOro HalioHaNbHOTO YyHiBepcuTeTy iMeHi Tapaca IlleBuenka,
VYkpaina, Kuis

Kpugnii Cepriii Jlyk’saHoBHY,
npoecop, MOKTOp (Hi3MKO-MaTeMaTHYHUX HayK, mpodecop Kadenpu iHTeNeKTyarsHUX
nmporpaMHUX cructeM KuiBCEKOTO HaIliOHANBHOTO yHiBepcuTeTy imeHi Tapaca I[lles-
4eHka, Ykpaina, Kuis

Kyaimosa Honna €BreniBHa,
JIOLIEHT, KaHAMJAT TEXHIYHUX HayK, npodecop Kadeapu MeaiacucTeM 1 TeXHOJIOT1H
XapKiBCHKOTO HalllOHAJIILHOTO YHIBEPCUTETY palioeNIeKTpOHIKH, YKpaiHa, XapKiB

Kypuio Onena OnexkcanapiBua,
imKeHep-mporpamict 3-1 kareropii By iHpopmaniiinux Texsomnoriii AT «BHIIAEH»,
VYkpaina, Cymn

Kupunrok Biradiii CemenoBny,
CTapIIMii HAYKOBUH CIIBPOOITHHUK, TOKTOP (hi3WKO-MaTeMaTUYHUX HAyK, TPOBITHHUN
HaYKOBHIl CHIBPOOITHUK By MEXaHIKM CTOXaCTHYHO-HEOIHOPIAHUX CEpeIOBUIL
IacturyTy Mexaniku imeni C.I1. Tumomenka HAH Ykpainu, Kuis

JleBuyk Oubra IBaniBHa,
CTapIINi HAYKOBUi CMiBPOOITHUK, KAHIUIAT (I3UKO-MAaTEeMaTHUYHUX HAYK, CTApLIMNA
HAYKOBHI CIIBPOOITHUK BiJIITy MEXaHIKH CTOXaCTHYHO-HEOTHOPITHUX CEPETOBHII
Incrutyry mexaniku imeni C.I1. Tumomenka HAH Ykpainu, Kuis
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Manyxki Momrio,
JIOKTOp TEXHIYHHX HayK, 3aBigyBad jabopaTopii eKOHOMETPHUKH 1 IPOTHO3YBaHHA
CBiTOBOrO LEHTPY JaHMX 3 reoindopmaruku i craioro po3sutky KIII im. Irops
Cikopcbkoro, Ykpaina, Kuis
Measnuk Irop BitaniiioBuy,
npodecop, JOKTOP TEXHIYHUX HayK, npodecop kadeapu eIeKTPOHHUX HPUIIAIIB Ta
npuctpoiB pakynbrery enekrpoHiku KIII im. Irops Cikopcebkoro, Ykpaina, Kuis
Myxoix Onexcanap BikToposuu,
3aBigyBau cextopy CAIIP Bimminy inpopmarmiiinux texnonoriii AT «BHIIAEH»,
Vkpaina, Cymu
Ioropiauii Cepriii lem’sinoBUY,
npodecop, TOKTOp TEXHIYHUX HayK, 3aBijyBau KadeIpu KOMII IOTEpHOI iHxeHepii
KuiBcbkoro HanionaiapHOTo yHiBepcutery iMeHi Tapaca IlleBuenka, Ykpaina, Kuis
IMouyunok Axnina BosogumupiBua,
KaHIUIAT TeXHIYHUX HayK, NOIEHT Kadeapu iHQOpMAamiHHUX CHCTEM i TEXHOJOTIH
HaBuasjabHO-HayKOBOTO IHCTUTYTY iH(OpMAIIfHUX TEXHOJOrIl Ta MEHEIKMEHTY
VYHiBepcuTety nepxaBHOl ¢ickanbHol ciryx6u Ykpainu, Kuis
Pyn3esnu Anna-Mapis IlaBiiBHa,
crynentka ITICA KIII im. Iropst Cikopcekoro, Ykpaina, Kuis
PsazanoBcbkuii Kupuio lenncosuy,

Marictp kadeapu TeXHIYHOI KibepHeTnKH (akynbreTy iHPOPMATHKN Ta 00UHCITFOBAIBHOT
texHiku KIII im. Iropst Cikopcwkoro, Ykpaina, Kuis

Cuneriazos Bikrop Muxaiinosny,
npodecop, TOKTOp TEXHIYHUX HayK, 3aBiyBad KadeapH aBiamiifHIX KOMIT IOTEPHO-
IHTerpoBaHMX KOMIUIEKCiB HarioHanpHOTO aBiallilHOTO YHIBEpCHUTETY, YKpaiHa,
Kuis

Cannbko Makcum CepriiioBuy,
acnipant KwuiBcbkoro HarioHaneHOro YyHiBepcuteTy iMmeHi Tapaca IlleBuenka,
Vkpaina, Kuis

CrarkeBu4 BiraJiii Muxaiijiopuu,

KaHIuIaT (i3MKO-MaTeMaTHUYHUX HAayK, HAYKOBHH CHIiBPOOITHHK BIAJMLTY MPHKIIAI-
Horo HeuniHifHOro anani3y ITICA KIII im. Irops Cikopckkoro, Ykpaina, Kuis

Yymauenko Ouiena LiniiBHa,

JIOLIEHT, JIOKTOP TEXHIYHUX HayK, AOLCHT Kadeapu TeXHIYHOT KiOepHETHKH (aKyIb-
Tery iHpopMaTukn Ta obOunciroBanbHOi TexHikn KIII im. Irops Cikopcbkoro,
VYkpaina, Kuis
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