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ABSTRACT

Context. The problem of synthesis a neural network model of operational processes with the determination of the optimal topol-
ogy, which is characterized by a high level of logical transparency and acceptable accuracy, is considered. The object of the study is
the process of neural network modeling of operational processes using an indicator system to simplify the selection of the topology of
neuromodels.

Objective of the work is to synthesis a neural network model of operational processes with a high level of logical transparency
and acceptable accuracy based on the use of an indicator system.

Method. It is proposed to use a system of indicators to determine the topological features of ANN, which is the basis for model-
ing operational processes. The assessment of the level of complexity of the task obtained on the basis of information about the input
data and the values of the criteria for assessing the specificity of the task allows to categorize the task to one of the types of complex-
ity in order to determine the approach to the synthesis of a neuromodel. Complexity category OS allows, based on analytical data
about the selection of input data, to obtain the exact number of neurons in the hidden layer for the synthesis of a neuromodel with a
high level of logical transparency, which significantly expands their practical use and reduces the cost of subsequent operational pro-
cesses.

Results. The obtained neuromodels of operational processes based on historical data. The use of the indicator system made it
possible to significantly increase the level of logical transparency of the models, while maintaining high accuracy. Synthesized neu-
romodels reduce the resource intensity of operational processes by increasing the level of previous modeling.

Conclusions. The conducted experiments confirmed the operability of the proposed mathematical software and allow to recom-
mend it for use in practice when modeling operational processes. The prospects for further research may consist in the use of more
complex methods of feature selection to fix the group relationships of information features for the construction of more complex
models.

KEYWORDS: modeling, operational processes, indicator system, neuromodel, sampling, training, error.

ABBREVIATIONS
ANN is an artificial neural net;
CTS is complex technical system;
IoT is Internet of Things;
MT is maintenance of technical system;

NUMgemtype is @ number of element types in the neu-
ral network4

NN is a neural network;

NNgtryct 18 a structure of neural network;

OC is organized complexity;
OS is organized simplicity;
NF is natural frequency.

NOMENCLATURE
J is informative weight of independent attribute;
n is a number of input features that characterize sam-
ple instances;
N; is a multiple neurons at the network input;

Nj, is a neuron at the network input;
N, is a multiple neurons at the network output;
NOp is a neuron at the network output;

Ny, is a multiple neurons of the hidden network layer;
Ny, is a hidden network layer neuron;

| is a number of neurons at the network input;
LeVacemeas 1S @ measurement accuracy level;

Levigr is a level of significant and less significant

and/or non-significant factors4
LeVmanag 1s @ level of possible control and manage-

ment;
Leviagk 1s a conditional difficulty level of the task;
LeVgmpifetn 1s @ level of possible simplification of the
structure;
m is a number of dependent (categorical) features of

sample instances;
p is a number of neurons at the network output;

g is a number of connections between neurons in the

network;
r is number of neurons in the hidden network layer;
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Sample is a data set;

W is a multiple of connections between neurons;
Wq is a connection between neurons in the network;

Xp is a independent attribute of the sample instance;
X is a set of independent attribute (variables);
Ym is a value of the dependent variable (attribute) of

the sample instance;
Y is a set of values of dependent variables.

INTRODUCTION

The quality of modern CTS is largely determined by their
reliability. One of the most significant factors of reliability
changes is the operating conditions and the adopted opera-
tion strategy, which should be understood as a set of organ-
izational and technical measures for maintenance and resto-
ration of serviceability or operability of failed objects. The
decrease in the intensity and volume of such measures nega-
tively affects the reliability indicators of the CTS To the
greatest extent, this trend is characteristic of systems that
operate autonomously, without the possibility of carrying out
preventive control and restoration (diagnostics and repair)
measures or with the possibility of carrying them out in a
reduced volume. Such features are inherent in road transport
objects, marine objects and special-purpose systems [1-5].

During the operation of the CTS of this class, periodi-
cally, after a while tg,; , they leave stationary points (bases,

airfields, airports, etc.) to perform tasks for their intended
purpose during the time t,, . In this case, the object can be
in conditions that ensure its immediate use with intensity
Aysng or it is in reserve (shelving). During this time, objects

can be monitored only superficially, in a small volume (con-
trol inspection, state check, etc.) with intensity Aggneysng and

duration tgonysng - During inspections and, possibly, based
on the results of continuous monitoring, failures that occur
with intensity are detected A . Failures lead to an inoperable
state before returning to a stationary point (base) where ser-
viceability or working capacity is restored during the time
trep - The intensity of the reserve demand is determined by
product failures and the intensity of successful completion of
tasks for the intended purpose, i.e. Aysng +24g [1, 3].
During CTS locate in a stationary point (base, airport)
at the facility, in addition to restoring serviceability, MT
is carried out with frequency tpyy and duration tyy .

MT is also carried out after making Ny, flights (exits)
(when the number Ny >2 ). Meanwhile MT, especially
in the case of a long stay on the base, the object may also
fail with the parameter ®(. The resulting failures are
eliminated during the next maintenance or during checks
before departure for the flight. The duration of these
checks tprp (tptm >trm ) has a significant impact on
the failure rate when performing tasks offline outside of
stationary points, i.e. Ag = f(tpTM) and A( =y more-

over, equality is achieved when tpry =try . In the sim-

trm

tptm

During modeling, it is convenient to represent the
considered process of CTS operation as a random process
in a discrete phase space. The phase space of the process
includes two states (the first MT and the second MT), as
well as indicators of natural oscillations. Taking into ac-
count the availability of historical experimental data, an
ANN will be used as the basis for the model [1-5].

ANN are statistical computational models applied to a
variety of practical tasks, including diagnostics (technical
and medical based on multimedia data about an object),
assessment, forecasting, etc. [6, 7]. During process of
supervised learning ANN trains on the example of already
known data, that is, so it is exist a predefined correct an-
swer for all the initial data. The main idea of training a
neural network is to set up a configuration in which the
model’s responses will be as close as possible to the cor-
rect ones. However, at the moment there are many ANN
topologies that can be used as a neuromodel. So some can
provide a context for each subsequent prediction (recur-
rent ANN). This helps the ANN to maintain the state in
which the decision was made. Therefore, it is so impor-
tant at the initial stage to correctly assess the complexity
of the problem for further selection of the ANN topology
and the choice of the training approach for the synthesis
of the most optimal model [6, 7]..

The task of studying the process is to obtain a model
that will reflect the behavior inherent in the source data.
Such a task can be attributed to the number of template
recognition tasks. Regarding the event log as training da-
ta, we will be trained to evaluate the results for each event
in the ANN log. The ultimate goal will be to synthesize a
model based on the ANN representing a neuromodel of
the operational process encoded in the event log

The object of study is the process of synthesis neuro-
models of operational processes with a high level of in-
terpretability and acceptable accuracy of operation.

Using the assessment of the complexity level, it is
possible at the initial stage to determine the approach to
the synthesis of the model based on the ANN.

The subject of the study is a neural network model of
operational processes, characterized by a high level of
interpretability and acceptable accuracy.

Using the information about the modeling task and the
evaluation of the input data, it is necessary to synthesize a
neuromodel.

The purpose of the work is to build and study neuro-
models of operational processes with the previous defini-
tion of structural features based on the assessment of the
level of complexity of the task.

plest case Ay = - [1-4].

1 PROBLEM STATEMENT
The operational process can be represented as a mod-
eling problem. Where, at the initial stage, a set of various
characteristics (features) of the operation of the object
(system) that is being studied is available [8, 9]. A set of
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characteristics is represented by a set of conditionally
independent features X = {Xl,xz,...xn} of an object con-

sisting of the n number of such. As a rule, such charac-
teristics are the values of the results of the operation of
the object measured using special sensors, sensor systems
or devices [6-9].

In accordance with these independent features, a set of
values of the dependent characteristics of the object is
compared: Y :{yl,yz,...ym} consisting of m elements.
It is assumed that to some extent each independent feature
X, affects the value of the corresponding one Y;. The
degree of this influence can be represented as the infor-
mation weight of an independent attribute [6-9].

Then the neuromodel of the operational process can be
represented as an ANN NN consisting of structural ele-
ments and a set of parameters NN = (struct, param). The
structure of such a neuromodel is determined by sets of
computational nodes: neurons and connections between
them: struct = {N,c},N = {Nj,N,,Ny},c={c}. In turn,
the aggregates of the set of neurons are divided into sub-
sets by layers: the neurons of the input layer
Ni = {Nj, Ni s Nj b1 =12, [N;|, the output layer

iy ees
No = No,No, s No, } P =1.2,.[No| and the hidden
one Ny = {N hlaNhZ yens Nhr },r = 1,2,...,|Nh|. The subset of
links consists of the links themselves and their weighting
coefficients: €= {Cl,cz,...ck }, k= 1,2,...,|C| , W= {Wk }
Accordingly, the task can be represented as a synthesis

of the ANN with optimal structure and accuracy
NN = (struct, param), based on a sample of initial data

about the object
Sample=(X,Y).

under study during operation

2 REVIEW OF THE LITERATURE

The idea of ANN is to model (repeat) the behavior of
various processes based on historical (experimental) in-
formation. The ANN itself is a set of special mathematical
functions with many parameters that are configured in the
process of learning from previous data. Then the trained
ANN processes the initial real data and gives its forecast
of the future behavior of the studied system. The essence
of ANN is the desire to imitate the processes taking place.
In its structure, the neural network is similar to the human
brain and is also capable of learning [6—8].

The main difference between models based on ANNs
and growth curves or regression methods is that if these
methods adjust a real process or phenomenon to a stan-
dard mathematical function, then ANNs select the pa-
rameters of a system of equations, bringing it to real life
[7].

Schematically, an artificial neural network consists of
a layer of input signals, an output layer and several inter-
nal layers (Fig. 1).

The processes of building and training a network in a
software package that supports the creation of neural net-

works are as follows: the values of input variables are fed
to the input, the type of connection and weight coeffi-
cients are selected randomly, then the values of the output
variable are calculated. The obtained values are compared
with the real ones, after that, the weights and the type of
network are adjusted, aimed at reducing the error. The
general scheme is shown in Fig. 2 [6-9].

> Choosing the model

) 4

Training model

Known
input data >
Model
Known »
output data

Accuracy assessment

Figure 2 — General scheme of training process

An important issue is also the organization of the
transmission of the same historical (experimental) data.
Thus, with the correct organization of data transmission
and storage processes, it is possible to organize a complex
system within the IoT technology, which will be aimed at
online diagnostics and MT the operability of the technical
system [10—11]. Such an organization involves the instal-
lation of deployed sensor networks on technical elements
and nodes. Sensor networks provide automated recording
of operational indicators with a specified time lag, which
can reach miles and microseconds. All recorded data is
transferred to the cloud, where a data bank is formed.
Wireless network data transmission technologies are used
for transmission. An external computing server or several
such servers have access to the accumulated data bank.
These installations can perform real-time analysis of con-
stantly updated data. Among the possible types of analy-
sis, the following can be distinguished [10-11]:

— data verification: checking the truth and correctness
of the received data (for example, filling in empty data or
tracking unexpected run-ups in indicators);

— statistical data analysis: identifying and visualizing
the simplest patterns and relationships between data. Data
normalization and standardization can also be included
here;

—data reduction: reducing the dimension of data is
sometimes necessary to optimize resource consumption in
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data analysis. Thus, the selection of informative features,
preliminary data mining and other operations help to
speed up the process of further processing (for example,
the synthesis of models based on data), and sometimes
also improve accuracy (by removing noisy data).

Also, an important task of the server in such systems
of the synthesis, updating (additional training) or mod-
ernization of new or pre-built models [10-11].

Such models, based on constantly updated data, can
more accurately diagnose, monitor, or make a forecast.
All the results generated by the models are redirected to
the workstation (this can be done via the cloud or di-
rectly), since in some systems the results obtained either
have to pass moderation, or may require the involvement
of the operator.

Thus, for the most part, such an organization of IoT
systems is aimed at maintaining the operability of techni-
cal systems: diagnostics, non-destructive control or fore-
casting of operability. The general principle is shown in
Fig. 3.

However, the organization of an IoT system or sim-
pler solutions is associated with an assessment of the
complexity of the simulated problem for choosing a mod-
el synthesis strategy based on the ANN and choosing the
appropriate topology.

3 MATERIALS AND METHODS
As it was given in the previous section, the modeling
task can be unified for a specific task after a certain com-
prehensive assessment of its complexity. Given that the
structure of ANN (NN = (struct, param)) allows to most
subtly encode the relationships between the input data
(X :{Xl,xz,...Xn}), it is necessary to accurately select

the synthesis option for such a non-network model. Based
on the values of the indicators to assess the complexity of
the task it can be choose a way

Levrask = {l Nfsample> L&Vsmplfctm> L€V fetr » L€Vacemeass L€Vmanag }

to synthesize the most acceptable structure [12].
In the case when a problem with input data

Sample:<X,Y> that is questionable can be modeled

(there is a question about the accuracy of the data, their
excess or a high degree of interconnectedness), it is nec-
essary to resort to input data preprocessing. Thus, the se-
lection of informative features will allow to exclude unin-

formative features Sample' = <X ‘,Y> , which will subse-

quently increase the level of logical transparency of the
neuromodel. By spending more time on data preprocess-
ing, it is possible to significantly reduce the time re-
sources at the stage of model synthesis based on the ANN
[12].

Stepwise regression methods can be used to feature
selection. Stepwise regression is a method that iteratively
checks the statistical significance of each independent
variable in a linear regression model [8, 9]. This is done
through iteration, that is, the process of obtaining results
or solutions by repeating rounds or cycles of analysis.

Automatic testing with the help of statistical software
packages allows you to save time and reduce the number
of errors. A bidirectional exception is a combination of
forward and reverse exclusion methods that check which
variables should be included or excluded [8, 9].

Firstly, it must be sorted X =argmax J(Xn - X),
xe X,. After that it
Xnop =Xp =X

must be update.
Such manipulation on the first step guarantees that it

where must be update6

Finally, internal iteration calculation

will be removed a feature, X~ from our feature subset

Xp - Moreover, X is the feature that maximizes our cri-

terion function upon removal, that is, the feature that is
associated with the best classifier performance if it is re-
moved from X, .

Secondly, pull must be update based on the rule
x* =argmax J(X, +x), where xeY — X, with special

condition:

(X +x)>3(Xp), (1)

so in this case have: X,,; =X, +Xx". And again internal

iteration calculation must be update.

Second manipulation search for features that improve
the classifier performance if they are added back to the
feature subset. If such features exist, we add the feature

x* for which the performance improvement is maxi-

mized. If internal iteration calculation came to the 2 or an

improvement cannot be made (i.e., such feature x* can-
not be found), go back to exclusion manipulation; else,
repeat the adding.

However, after the selection of features, the problem
can be considered already in the category of OS, when a
simple direct propagation ANN is sufficient for modeling,
and the number of neurons in the hidden layer is calcu-
lated based on the statistical characteristics of the data
sample [12]:

Levrask {’ LeVaccmeas = 1} —0C

i @)
LeVras Feature Selection ,{..., LeVacomeas = 0} 08,

4 EXPERIMENTS

The blades of the single stage compressor engine
TV3-117, made of alloy BT8 and having operational
damage to the feather of the engine blades, were selected
as the object of research. The studies were carried out on
two engines operated under the same conditions, but hav-
ing different operating hours and, accordingly, different
degrees of damage to the blades. Engine D1 have 1971 h
and D2: 990 h. Operational damage to the pen creates not
only a stress concentration, but also leads to a change in
the geometry of the blades. For research, 20 blades with
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no gross mechanical damage were selected from two en-
gines [13-16].

The study of the geometry of the blades consisted in
measuring the chord, C; and C, in sections from A2-A2
to A8—A8. The measurement results indicate that the
greatest change in the geometry of the blade parameters
occurs in the peripheral zone (sections A7-A7 and A8—
AB) [13-16].

The table shows that X1, X4, X7, X10, X135, X165 X19: B, the
value of the chord, in Table 1 in different sections; X,, Xs,
Xs» X11, X145 X17, X20: Cy, the thickness of the input edge; X3,
X6» Xo, X12, Xi5, X13, Xa1: C,, the thickness of the output
edge; Xy: HB, the hardness of the initial blade, HRC.

X1

X2

Xn

Hidden layer

=
o
>
=
=
=
2.
S
=

Reciprocal weight coefficients
Reciprocal weight coefficients

Hidden layer

X230 ©gp, yield strength of the starting material, MPa;
Xa4: Oy tensile strength, MPa; y;: T, total operating time;
Y»: T2 operating time up to first repair, h; y; is the fre-
quency of natural vibrations of the blades, Hz.

5 RESULTS

The table 1 shows the part of the sample that was used
for the experiments.

Table 2 presents regression models for different en-
gines and their aggregates. The models are based on a
reduced number of input features.

Table 3 presents ANN-based models in matrix form.

Hidden layer
Output layer

Reciprocal weight coefficients
Reciprocal weight coefficients

Figure 1 — General scheme of simple topology of ANN

© Subbotin S., Pukhalska H., Leoshchenko S., Oliinyk A., Gofman Ye., 2022

DOI 10.15588/1607-3274-2022-1-13

124



e-ISSN 1607-3274 PagioenekrpoHika, inpopmaTuka, ynpasminsas. 2022. Ne 1
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2022. Ne 1

Data
&
s
>
ANN
%%R’{ Server
Sensor data Solution
S Ho™ .
% Cloud $0\\>\‘ Solution
- Solution
Solution I E—
Work station Operator
Update state
Figure 3 — General scheme of interaction in IoT systems for operational process
Table 1 — General information about data set
Blade A2-A2 Blade A3-A3 Blade A4-A4 ... T, T, NF
B, Clys C2,5, B, Cly, C2,, Bys Clyy C244
X X2 X3 Xy Xs Xo X7 Xg X9 . Y1 Y2 Y3
26.50 1.33 0.64 27.00 0.00 0.00 590.00 0.97 0.48 0.00 0.00 590.00
27.10 1.35 0.66 27.60 0.00 0.00 620.00 0.99 0.50 0.00 0.00 620.00
25.90 1.31 0.62 26.40 0.00 0.00 650.00 0.95 0.46 0.00 0.00 650.00
26.53 1.39 0.54 2691 1971 621 647.3 0.89 0.42 1971 621 647.3
26.60 1.37 0.68 26.77 1971 621 646.7 0.90 0.44 1971 621 646.7
26.44 1.53 0.60 26.83 1971 621 642.4 0.98 0.40 1971 621 642.4
26.52 1.25 0.62 26.92 1971 621 643.1 0.81 0.45 1971 621 643.1
26.72 1.35 0.57 27.16 1971 621 648.5 0.91 0.38 1971 621 648.5
26.70 1.57 0.70 27.07 1971 621 668.6 0.99 0.45 1971 621 668.6
26.25 1.46 0.62 26.65 1971 621 645.2 0.96 0.44 1971 621 645.2
26.20 1.42 0.58 26.60 1971 621 649.4 0.97 0.50 1971 621 649.4
26.51 1.42 0.65 26.85 1971 621 648.8 0.93 0.44 1971 621 648.8
26.63 1.20 0.59 27.01 1.15 0.44 27.86 0.95 0.35 990 451 627.4
Table 2 — Regression models for engines after feature selection
Depended | Independent . Depended | Independent . Depended | Independent .
attribute feature Weight attribute feature Weight attribute feature Weight
Free 5493.3 Free 1730.8 Free 1015.7
member member member
X3 787.81 X3 248.21 X6 71.182
o X13 —174.09 X13 -54.85 X16 -0.85927
£ Xis ~15979 Xis —5034.5 X7 46.001
§ Yi X146 907.93 Y2 Xi6 286.06 Y3 X3 —160.38
g X17 -3533.5 X17 —-1113.3 X19 -11.27
= X1g 19309 X1 6083.6 X20 -161.8
X19 -735 X19 -231.58 X21 70.668
X20 —4496.7 X20 —1416.8
Xo1 —5967 Xo1 —1880
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Table 2 continued

Free 6329,7 Free 2883,5 Free 989,16
member member member
g Xs 104.18 Xs 47.46 X4 -3.2178
%D X16 577.55 X16 263.1 X16 -17.851
-é’ Yi X17 —887.97 Ya X17 —404.52 Y3 Xi7 —57.823
8 X18 —6417 X18 -2923.3 X18 -132.7
A Xi9 —-194.56 Xi9 —88.633 X19 10.239
X20 426.08 X20 194.1 X20 24.261
Xo1 -8265.3 Xo1 -3765.3 X21 -22.105
Free mem- 15976 Free 6146 Free 1236.9
° ber member member
E Xi3 111.95 Xi3 39.731 Xi3 —-31.607
é X14 1444.9 X14 -31.269 X14 58.769
L; § Xis -2869.8 Xis -1359.9 X15 —66.747
g Eﬂ Vi Xi6 213.64 Ya Xi6 38.801 Y3 Xi6 17.876
s 3 Xi7 -3010.7 Xi7 —472.48 X17 —64.156
£ Xis 3429 Xis 788.81 Xig 47.107
5 X19 —780.91 X19 -254.39 X19 —6.5416
© Xa0 2449.6 Xa0 411.03 Xa0 79377
Xo1 -1397 Xo1 -532.82 Xo1 51.834
Table 3 — Neural networks models for engines in matrix format
N Number of Number of input of neuron
umber
of layer | "GOn 0 1 2 3 4 5 6 7 8
ayer
1 0.4658 -1.5179 1.2285 | —0.3745 | —-1.3876 | 1.4247 0.8189 —-0.7037 —0.0544
1 2 1.1000 | -0.2338 0.1421 0.5441 | —0.5349 | -1.2274 | -0.3497 —2.2515 —2.1745
Vi 3 —0.8452 0.9026 -1.2838 | 0.1328 0.7307 2.2389 0.7699 0.3432 -1.4166
4 0.3374 5.4603 —2.0717 | 4.4364 | —9.3008 | 1.9159 —6.5536 —8.9370 —3.4884
2 1 —2.6817 | —0.0401 | —-1.2972 | 11.3049
) 1 1.5418 0.9468 1.8911 —0.8538 | —-1.6638 | 0.2718 -1.057 -3.2833 0.0146
‘B 1 2 0.9662 0.1809 -1.1613 | —0.6279 | —1.7703 | 0.2904 -1.172 —1.3198 0.9192
5 Y2 3 0.968 0.2189 1.5918 1.7624 —2.655 1.5395 -2.8073 —2.7069 —0.2501
§ 4 0.2781 0.2975 1.2749 0.8646 0.6666 09116 —0.7911 0.5896 —0.4745
= 2 1 3.0727 —0.618 4.0588 | —1.8339
1 0.9422 1.8965 -0.8817 | —1.287 1.7724 1.622 0.9202
1 2 -2.947 | -4.7925 2.8078 24996 | -4.2739 | -2.8727 | -2.5115
Vs 3 -1.199 0.6908 —1.5036 | —1.2848 | —0.8571 | —0.6933 1.133
4 —0.4857 | —0.5768 | —0.2348 | —0.1187 | —0.4004 | 1.2633 —0.3987
2 1 0.288 —2.7685 1.8958 | —-1.0539
1 0.4939 | -0.4511 1.4086 0.1413 7.6385 | —0.9269 | -3.1648
1 2 —2.6959 | —7.3992 | —2.4984 | 6.6421 | —0.9476 | 4.9028 —2.6633
Yi 3 0.2274 | —0.7406 1.3095 0.7900 | —0.4079 | —-0.6326 4.0847
4 0.9888 -5.0414 | -0.1517 5.6668 1.8127 | -2.8537 2.3601
2 1 —2.528 -3.8282 | —4.4303 | -5.4362
g 1 -0.0252 | -1.239 -0.593 | -0.4079 | —0.2391 | —0.2076 0.5937
%" 1 2 —0.7033 | -3.6831 0.6049 3.3973 1.3224 0.1675 5.3631
= Y2 3 -1.0152 | —0.1636 1.4365 1.9574 2.3268 | —0.3212 2.9033
S 4 0.2268 1.4866 -0.3067 | 0.1771 0.9589 | -0.5183 0.7572
A 2 1 1.7026 | -3.2254 -2.798 1.4379
1 1.0348 0.9792 -3.1372 | 0.9754 | -2.5656 2.457 —1.0045
| 2 5.2574 —6.495 —0.4098 | 3.5421 1.8056 | —-3.8595 | -1.2348
Ys 3 —5.4322 | -2.435 2.1287 | -1.3974 | —0.585 0.6515 5.4371
4 —-1.0328 5.7223 1.4171 1.3843 | -1.9217 | 0.2199 —2.1831
2 1 -3.6321 0.0455 3.8178 2.2159
1 1.5137 | —1.5685 | —-2.5358 | —0.7641 | 8.9924 | —6.6683 0.5498 9.3855 —2.607
| 2 —-12.005 1.4226 0.1941 -1.0293 | 36.1094 | —11.951 0.5653 16.5209 8.7779
g | 3 17.6653 0.7479 —17.545 | —12.728 | —6.4936 | —7.7768 | —8.5848 11.3728 -3.6221
'E) 4 —8.5863 5.8129 4.6873 —5.543 2.7865 11.7949 | -17.555 —12.495 1.3517
5 2 1 -4.3625 | —6.5875 | -1.5977 1.2776
§ 1 —1.1947 1.8355 —1.0277 | —0.9955 | —2.4798 | 3.4032 -1.4717 —4.0901 4.664
g | 2 1.3742 | —1.8717 | —0.0821 | —0.1832 | 4.4903 -2.391 1.5867 6.7386 -2.3275
S |y 3 2.1382 | —0.0421 | -2.9346 1.556 0.0176 | —3.4581 —0.6713 0.0464 —4.587
% 4 1.7524 | —1.8059 —1.381 1.121 1.8792 | -2.9072 | -0.2687 1.6761 -4.4536
g 2 1 —0.6609 1.7264 1.9347 2.0265
s 1 4.1667 0.7699 —0.0491 0.5137 3.3659 | -1.0307 0.9681 —2.0161 1.0408
% | 2 0.5733 1.4045 -0.3144 | 3.7791 0.2089 | —4.0823 2.4539 0.9196 2.6012
O |V 3 —0.1248 0.2645 0.5078 | —1.5247 | -0.127 1.0278 —-1.0693 —0.6277 —0.783
4 2.8772 3.0926 0.5896 | —4.3669 0.689 1.8098 -3.1684 -2.1971 0.1409
2 1 -1.3179 3.2033 —0.7647 1.5967
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6 DISCUSSION

At first, the task for modeling was assigned to the OC
category. However, after preprocessing the input data,
information-important features were selected. Accord-
ingly, after data reduction, the task was transferred to the
OS group. In the end, the input sample was not excessive,
and the risks of human influence were excluded. The only
significant complicating factor is poorly conditioned cor-
relation matrices.

Further calculations showed that the use of 6-8 neu-
rons in the hidden layer is sufficient to build a neural
model with acceptable accuracy.

Analyzing the initial results, we should note a fairly
large run-up in the model training time: from 4 seconds
(the largest indicator among the ANN-based models) to
34.37 for linear regression models.

The results obtained on the data after the reduction
showed that the accuracy increased when constructing a
neural model with a certain structure based on a system of
indicators, and the time was significantly reduced.

In addition, it should be noted the high level of logical
transparency of the obtained models based on the ANN.

CONCLUSIONS

The urgent scientific and applied problem of determin-
ing the optimal and logically transparent structure of a
neuromodel for modeling the operational processes is
solved.

The scientific novelty lies in the fact that using the
feature selection methods for pre-processing of input data
allows to re-define the level of task complexity and use
more resource-cfficient methods for synthesis model
based on ANN. Such models have the optimal, logically
transparent topology and hight level of accurancy.

The practical significance lies in the fact that such
approches that were used allow speed up the process of
synthesis 8.6 times. Moreover, such models based on
ANN demonstrate better accuracy average by 6%.

Prospects for further research are using additional
information as input data set for trackeng implicit factors
on operational processes. In this case using more complex
topologies of ANN with modern methods for training can
demonstrate good results.
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Ty «3amopi3bKka MoIiTeXHiKa, 3amopixKs, YKpaiHa.

AHOTAIIA

AxTyanbHicTh. Po3risiHyTO 3aBHaHHS OOy JOBH HeipoMepekeBOi MO eKCINTyaTalliifHUX HIPOIeciB 3 BU3HAYEHHSM OITHMAa-
JIBHOT TOMOJIOTI], SIKa BiAPI3HSETHCS BHCOKMM DPIBHEM JIOTIYHOI HNPO30POCTi Ta MPUHHATHOI TOYHICTIO. O0’€KTOM JOCIIPKEHHS €
MpoIIeC HEHPOMEPEKEBOTr0 MOJICTIOBAHHS CKCIUTyaTalliiHUX MPOIECIB i3 3aCTOCYBaHHSIM IHJAUKATOPHOI CHCTEMH JUIsl CIPOIICHHS
BUOOpY TOmoorii HelipoMo/iereit.

Merta po6otu nossirae B mo0yaoBi HelipoMepekeBol MOIENI eKCIUTyaTallifHIX [IPOLECiB 3 BUCOKUM PiBHEM JIOTTYHOT IPO30POCTi
1 IPUITHATHOIO TOYHICTIO Ha OCHOBI BUKOPHUCTAHHS iIHANKATOPHOI CHCTEMH.

MeTton. 3anponoHOBaHO BUKOPHUCTOBYBATH CHCTEMY iHIMKATOPIB U BH3HAYEHHS TOMOJOTIYHUX OCOOIMBOCTEH ITYYHUX HEH-
POHHUX MEpeX, SKi € 6a3MCOM IJIsl MOAENIOBAaHHS eKCILTyaTalifHuX nporeciB. OniHKa piBHS CKIIQJHOCTI 33/1adi OTpHEMaHa Ha OCHOBI
indopmarii mpo BXixHI JaHI Ta 3HAYEHb KPHUTEPIiB OIIHKK CIIeNM(IIHOCTI 3a/adi J03BOJISIE KATETOPU3YBaTU 3a/ady 10 OIHOTO 3
BHUJIIB CKJIQJHOCTI, 00 BH3HAYMTH TMiIXiJ J0 CHHTE3y Heifpomoseni. Kareropis ckiagHOCTI opraHizoBaHa MpOCTOTa J03BOJSIE Ha
OCHOBI aHAJITUYHUX AAHHUX HPO BUOIPKY BXiIHUX JAaHUX OTPUMATH TOYHY KiJIbKICTh HEHPOHIB B NMPUXOBAHOMY LIapi JJIS CHHTE3Y
HEeWpPOMO/IeNTi 3 BUCOKUM PiBHEM JIOTi4HOI IPO30POCTi, 10 3HAYHO PO3IIUPIOE TX MPAKTUYHE BUKOPUCTAHHS i 3HIXKYE BApTIiCTh Ha-
CTYIHHX EKCIUTyaTaliifHuX MPOLECiB.

PesyabTaTn. OTpuMani HeHpOMOENi eKCILTyaTallifHUX MPOIIECiB HA OCHOBI ICTOPHYHUX JaHUX. BUKOPHUCTaHHS CHCTEMH 1HIH-
KaTopiB JI03BOJMJIO B 3HAYHIM Mipi 30UIBIINTH PiBEHB JIOTIYHOI MPO30POCTi MoJeNneil, 30epiratoun BUCOKY TOUHICTE. CHHTE30BaHi
HEWpOMOJei 3HIDKYIOTh PECypPCOEMHICTE IIPOMHUCIIOBUX IIPOLECIB 32 PAXyHOK 301IbIIEHHS PIBHS IOIIEPEAHBOTO MOICIIOBAHHS.

Bucnoskn. IIpoBenieHi ekcriepuMeHTH MiATBEPWIN MIPaIe3JaTHICTh 3alPOIIOHOBAHOTO MAaTEMAaTHYHOTO 3a0e3MeUeHHS 1 J03BO-
JISIIOTh PEKOMEHIYBaTH HOro /Ul BUKOPUCTAaHHS HAa MPAaKTHLI MPH MOJEIIOBaHHI eKcIuTyarauiiHux npouecis. IlepcrekTuBu mnoaa-
JIBIIUX JOCII/PKEHb MOXKYTh TOJISTaTH Y BUKOPUCTaHHI OLTBIN CKIAIHUX METOMIB BiOOPY O3HaK [yl (ikcallil rpymoBUX B3aEMO-
3B’s13KiB iH(OPMALIHUX 03HAK I T0OYJOBH OLIBII CKIIAJHUX MOJEIEH.

KJIFOYOBI CJIOBA: MojesroBaHHs, eKCIUTyaTaliiiHI [IpoLecH, CUCTeMa iHAMKATOpiB, HeiipoMoenb, BHOipKa, HaBUaHHSI, 110-
MUJIKA.
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T'opman E. A. — crapmmit Hay4HbI COTPYIHUK HaYYHO-HCCIIEA0BATENLCKON YacT HallMOHATBLHOTO YHUBEPCHTETA «3aro-
pOXKCKast HONUTEXHHUKaY, 3all0pokbe YKpanHa.

AHHOTAIMUA

AKTyajasHOCTb. PacCMOTpeHa 3a/1aya MOCTPOEHUSI HEUPOCETEBOM MOJIENH JKCILTYaTAlMOHHBIX ITPOLIECCOB C ompene-
JICHHEM ONTHUMAJIBHOM TOIIOJIOTUH, KOTOpast OTIINYAaCTCs BBICOKMM YPOBHEM JIOTHYCCKOM Ipo3pavHOCTHU U HpI/IeMHeMOﬁ TOYHOCTBIO.
O0OBEKTOM HCCIICA0BaHUs ABJISIETCSA MPOLECC HeﬁpOCCTCBOFO MOJCIIMPOBAHUs SKCIUTyaTallMOHHBIX ITPOUECCOB C NPUMEHCHUEM WH-
JMKaTOPHOM CHCTEMBI JUIsl YIIPOILEHHUS BEIOOpA TOIOJIOTMU HEHPOMOIEIIEeH.

Iean padoThl 3aKII049aeTCA B IOCTPOSHUH HEHPOCETEBOM MOJEIH SKCILUTyaTallMOHHBIX MPOLECCOB ¢ BEICOKMM YPOBHEM JIOTHYE-
CKOHM MPO3PayHOCTH U IPUEMIIEMOM TOUHOCTBIO HA OCHOBE UCIOJIb30BaHMS HHAMKATOPHOMN CUCTEMBI.

Merton. [IpeniosxeHO HCIONB30BaTh CHCTEMY WHIUKATOPOB IJISI OTPEICIICHHS TOTIOJIOTHYECKIX 0COOEHHOCTEH MCKYCCTBEHHBIX
HEHPOHHBIX CEeTeH, KOTOpPHIE SBISIOTCS 0a3HMCOM Uil MOJACIHPOBAHUS KCIUTyaTAallHOHHBIX MporieccoB. OmeHKa YPOBHS CIOKHOCTH
3a/la4y IoJIy4€HHas Ha OCHOBC I/IH(i)OpMaIII/II/I PO BXOJAHBIC JaHHBIC U 3HAYCHUN KPUTEPUCB OLCHKU CHeIII/I(i)I/I‘IHOCTI/I 3aJa4u I103BO-
JIA€T KaTeropu3rupoBaTh 3aJavdy K OJHOMY U3 BUIOB CJIIOKHOCTH, YTOOBI OIpEACTIUTDL MMOAXO0 K CUHTE3Y HeprOMO}leJIPI. KaTeI‘OpI/IH
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CJIOXKHOCTHU OpraHu30BaHHas IIPOCTOTAa MO3BOJISIET HA OCHOBE aHAJIMTUYECKUX HNAaHHBIX IIPO BbIGOpKy BXOJHBIX NJAaHHBIX IMOJYYUTH
TOYHOEC KOJIHMYECTBO HeﬁpOHOB B CKPBLITOM CJIO€ JId CUHTE3a HCﬁpOMOZ{eJ’[H C BBICOKUM YPOBHEM JIOTMYECKOU IMpO3pavyHOCTH, YTO
SHAYUTCJIILHO PAaCHIUPACT UX NPAKTUYCCKOE UCIIOJIB30BaAaHUE U CHUXKACT CTOUMOCTD IMOCICAYIOMUX IKCIUTYaTallUOHHBIX IIPOLIECCOB.

Pesyabrartel. [lonydyeHHble HEHPOMOIEIN SKCIUTyaTALIMOHHBIX MIPOLECCOB Ha OCHOBE MCTOPUUYECKUX JaHHBIX. Mcnonb3oBaHue
CUCTEMBI MHIMKATOPOB MO3BOJIMJIO B 3HAUYUTEJIBHOW CTENEHHU YBEJIMYUTb YPOBEHb JIOTMUECKOW MPO3PAYHOCTH MOJEINEH, COXpaHssa
BBICOKYIO0 TOUYHOCTh. CHHTE3UPOBAaHHBIE HEHPOMOJIENN CHIDKAIOT PECYPCOEMKOCTh MPOMBIIUICHHBIX MPOLECCOB 33 CYET YBEIHMUCHHUS
YPOBHS IPEABIAYIIETO MOJEITUPOBAHNSA.

BLlBOZlI)I. HpOBeI[eHHI)Ie OKCHEPUMEHTBI IOATBEPpAUIN pa60TOCHOCO6HOCTB MPEIOKECHHOI'O MaTEMAaTUICCKOIo obecrieueHus U
NO3BOJISIIOT pPEKOMEHAO0BATh €TI0 TSI UCIIOJIB30BaHUA Ha MPAKTUKE IIPHU MOJACIMPOBAHUH SKCIUTYaTalUOHHBIX ITPOLIECCOB. HepCHeKTI/I-
BbI Z[aJ'ILHefIIlIPIX I/ICCJ'[eI[OBaHI/Iﬁ MOI'YT 3aKJIIOYaThCA B UCIIOJIb30BaAaHUH 0oJiee CII0KHBIX MCTO/10B 0T60pa IPU3HAKOB I (bPIKcaLII/II/I
IPYIIIOBBIX B3aUMOCBsI3¢i MH(OPMALIMOHHBIX MPU3HAKOB JUIS IIOCTPOSHHUS OOJIee CIIOKHBIX MOJICIICH.

KJIIOUYEBBIE CJIOBA: mMonenupoBaHHe, SKCIDTyaTallMOHHBIE MPOIECCHl, CHCTEMa HHIUKATOPOB, HEHPOMOIENb,
BBIOOpKa, 00y4eHHe, OIIHOKa.
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IMPOI'PECUBHI IHOOPMAIINHI
TEXHOJOTIII

PROGRESSIVE INFORMATION
TECHNOLOGIES

INPOI'PECCUBHBIE HH®OPMAILIMOHHBIE
TEXHOJIOT'NA

VIIK 004.[852+94]; 519.837.3

MOJEJIOBAHHS ITPOBOI 3AJIAUI TIPU3HAUYEHHS IEPCOHAJTY
JJISI BUKOHAHHA IT-ITPOEKTIB HA OCHOBI OHTOJIOI'TA

Kpasens I1. O. — kaHa. TeXH. HayK, JOIEHT, TOUEHT Kadenpu «lHpopmamiiiHi crucTeMu Ta Mepexi», HarionansHIi
yHiBepcuteT «JIpBiBChKa MOINiTEXHIKaY, JIbBIB, YKpaiHa.

JiutBun B. B. — g-p TexH. Hayk, mpodecop, 3aBimyBau kadenpu «lHpopmariiiHi cucTeMH Ta Mepexi»,
Harmionansuuit yHiBepcutet «JIpBiBChKa moutiTexHiKay, JIbBIB, YKpaiHa.
Bucoubka B. A. — KkaHA. TeXH. HayK, JOIEHT, HOleHT Kadenpu «lHpopMariiiHi cucTeMH Ta Mepexi,

Hauionanshwmii yHiBepeuteT «JIbBiBChKa mosiTexHikay, JIbBiB, Ykpaina.

AHOTANIA

AKTyaJbHicTb. Y Ll cTaTTi ONMCAaHO PO3B’A3yBaHHS IrpoOBOI 3a/1a4i NPU3HAYCHHS IEPCOHANY Ui poOOTH HaJ MPOCKTAMH Ha
OCHOBI OHTOJNOriYHOro miaxoxy. CyTe 3amadi nossirae y Takomy. IcHye motpeba y CTBOPEHHI KOMaHA [Jisi BUKOHAHHS JICKiIbKOX
npoekTiB. KojkeH NpoeKT 3a1aeThesi HabopoM HEOOXiHUX OHTOJIONIYHHMX 3HaHb. J{Jisi BUKOHAHHS MPOCKTIB MEHEKEPH 3aydaroTh
KBaJTi(iKOBaHUX CICIHATICTIB (areHTIiB), 37I0HOCTI SKUX TaKOX 3aMar0Thcs Habopamu oHrtousoriit. Ckian KOMaH] MOBHHEH OyTH
IMOBIPHOCTSIMH MO MPUIHSATH MOCIIZOBHY Y4acTh y BHKOHaHHI NEKiJIbKOX mpoekTiB. OmgHo4YacHa poboTa areHTa Haja pPi3HUMH
HPOEKTAMH HE JOIyCKaeThcs. HeoOXifHO BU3HAYMTH MOPSJOK BUKOHAHHS IPOEKTIB 1 BIJAMOBIIHMI HOMY NOPSIOK NPH3HAYEHHS
HIepCOHAIY.

MerTo10 pocaifzKeHHsl € PO3pOOIICHHS MaTeMaTHYHOI MOJENI CTOXAaCTHYHOI I'PH, PEKYpPEHTHHX MapKOBCHKHX METOJIB Uil il
PO3B’s3yBaHHsI, AICOPUTMIYHOIO Ta HPOTPAMHOrO 3a0e3IICUCHHSI, IPOBEICHHS KOMII FOTEPHOTO CKCIIEPUMEHTY, aHali3 pe3yJbTaTiB
Ta BUPOOJICHHSIM PEKOMEHAALIN MO0 X MPaKTUYHOTO 3aCTOCYBAHHS.

Merton. [lns 1ulaHyBaHHS BHKOHAHHS IPOEKTIB BHKOPUCTAHO CTOXACTHYHHUE IrpoBHH anroputM po3dapOoByBaHHS
HEOpIEHTOBaHOTrO BHIanKoBoro rpada. s mporo KimpKicTe BeplunH rpada mpuifHATa piBHOIO KiNBKOCTI MpOeKTiB. PeGpamu
3’€IHAHO Ti BEPUIMHU rpada MPOEKTiB, A BUKOHAHHS SKHX 3ay49€HO OJHOTO 1 TOTO K areHTa. 3 ypaxyBaHHSIM BiIHOBIIOBAIEHIX
BIIMOB areHTiB 3B’S3KM MK BEpIIMHAMHU Tpada AWHAMIYHO 3MIHIOIOTHCS. HeoOXimHO NOCATHYTH MpaBWIIBHOTO pPo3¢apOyBaHHS
BUMAIKOBOro rpada. Tozi MpoeKTH 3 01HaKoBO 3adapOoBaHUMH BepIIMHaMK Tpada MOXKYTh OYyTH BUKOHAHI HAapaliesIbHO, a IPOCKTH
3 PI3HUMHU KOJIbOPAaMHU BEPIIHH — HOCITiTOBHO.

PesyabTaTi. V crarTi moOysoBaHO MaTeMaTHYHy MOJENIb CTOXAaCTUYHOI IPU Ta CAaMOHABYAJIbHUH MapKOBCHKMI MeTOJ IS il
po3B’s3yBanHs. KojkHa BepiunHa rpada KOHTPOJIOETHCS IpaBleM. UNCTHMH CTpaTerisiMH TpaBls € €JIEMEHTH MaJliTPH KOJIBOPIB.
ITicns BUOOpPY KOIBbOPY BIIACHOT BEPLIMHM KOXEH IpaBelb OOYHMCIIOE NOTOYHMII Nporpaml siK BiJHOCHY KUIBKICTh OJHAKOBHX
KOJIbOPIB y JIOKAJIBHIH MHOXHHI CycimHix rpaBuiB. Mera TpaBLiB moisirae y MiHiMi3amil (GyHKUiIH CepemHix Mporpariis.
MapkoBCbKHI PEKypeHTHHI METOA 3a0e3ledye aJanTHBHUN BUOIp KONBOPIB BEPIIMH BUIIAIKOBOTO rpada Ha OCHOBI JHHAMIYHHX
BEKTOPIB 3MIIIAaHUX CTpATeril, 3HAYCHHS SKUX 3aJeKaTh BiJl MOTOYHMX IMPOTPALIiB TpaBLiB. Pe3ynpTaToM CTOXacCTWYHOI T'pH €
ACHMIITOTHYHO TPAaBHJILHO po3dapOoBaHuii BUunmagKoBuil rpad), Koau KOXKHOMY pedpy [0YaTKOBOro JeTepMiHOBaHOro rpada OyryTh
BIJITOBIZIATH Y CEPEAHBOMY Pi3HI KOIBOPH BEPIIHH.

BucHoBku. IIpoBeneHO KOMIT'FOTEPHHH EKCIEPUMCHT, SKHH IMiATBEpAUB 30DKHICTH CTOXAaCTHYHOI TpH Ui  3ajadi
po3dapboByBanHs BumaakoBoro rpada. Ile maso MOXIMBICTE BH3HAUMTH MOPSIOK NMPU3HAYEHHS HEPCOHATY JUISI BHKOHAHHS
MIPOEKTIB.

KJIOUYOBI CJIOBA: mnpoekr, areHT, OHTOJOTis, MNpPH3HAYSHHS MepcoHany, po3¢hapOoByBaHHS BHIAAKOBOro rpada,
CTOXAaCTHYHA I'Pa, MAPKOBCHKUH PEKyPEHTHHI METO/, a/lalTallis, CAMOHABYAHHSI.

ABPEBIATYPA IT — indopmaniiiHa TeXHOIOTIS.
IC — indopmariiiina cucrema;
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HOMEHKJIATYPA

O — OHTOJIOTS;

() — 010Ti0oTEKA OHTOJIOTIH;

[T — muoxuHa I T-1ipoeKTiB;

L — ximbkicte IT-mpoektiB abo KiJIbKICTh BEPIIMH
rpada (KUIbKicTh KOMaH]l areHTiB, KUIbKICTh I'PaBLiB);

I1; — Habopy OHTONOTIYHUX 3HAHb a00 KOMIIETEHIIIH,
HEOOXIAHUX JUIsl BAKOHAHHS | -0 MMPOEKTY;

I' — ckiHYueHHA MHO>KHMHA KOMaH/I arcHTIB;

K — 3arajpHa KiJbKICTh areHTIB, IO MOXYTh OyTH
3aJydeHi ISl BUKOHAHHS YCiX TPOEKTIB;

A — arenr 3 Homepom K abo Habip oHTOJOrH, IO

BHU3HAYAIOTh 3110HOCTI areHTa;
0j x — IMOBIpHICTH ydyacTi i-ro arcHTa y BHKOHaHHI

k -ro mpoexTy;
V — cKiHY€HHa MHOKHMHA BEPILWH;
E — mHOXMHa pebep;
D; — MHOXMHA HOMEpPIB CYCIAHIX BepIIMH IA | -1
i
BepIIUHH rpada;
t — MoMmeHT yacy;
N — KUIBKICTH YHCTHX CTpareriii rpaBuiB abo
KiJbKicTh dapb;
Xj — BEKTOp YUCTHX CTpaTerTiil i -ro rpasiy;
Xij Konip j-i GapOu, Bubpanoi i-M rpabuem;
Pj — 3MilIaHa cTpareris i-ro rpaBLs;
Pi,j — YMOBHA IMOBIPHICTb BHOOpPY i-M IpaBLEM

j -TO KOJIbODY;
Y — Ilapamerp KpOKy HaBYaHHS,

oL — KOeiLIEHT MOPSIKY KPOKY HaBUAHHS;

€ — ImapaMerTp g -CHUMIUIEKCa;

B — KoediUieHT TOPSAKY PO3LMIMPEHHS g -CUMILIEKCA;
A — BaroBUil KoeQiIieHT;

¥ — IHAUKaTopHa (PYHKIIIS MOii;

&, — 3Ha4YEHHsI TIOTOYHOT'O IPOTpaIy;

E, — IOTO4HI 3Ha4eHHsI (PYHKIII cepeaHiX mporparis

(abo BTpar);
t, — MAKCUMAJIEHA KiIbKICTh KPOKIB METOLY.

BCTYII

Y  cydacmomy iHpopmamiiiHoMy — mpocropi 3
PO3BMHEHUMH KOMIT FOTEPHUMH MEpexaMHu Ta 3acobamu
TeNeKoMyHikamii  3amada  (opMyBaHHS  BipTyaJbHUX
npodeCiiHUX KOMaHI € BAaXJIMBOK JJIs OpraHizaii
BUKOHAHHS IIPOEKTIB, OCOOJIMBO B yMOBaxX JWCTaHMIHHOT
pobotu [1]. SkicHuii minOip Ta HanexHA OpraHizamis
KOMaHZHOI po0OTH KBadipiKOBAaHOTO TIEpCOHANY €
3allOPYKOI0 OINEPAaTUBHOTO Ta YCIIIIHOTO BHUKOHAHHS
MpoeKTYy [2].

[IpobGnema 3amydeHHS TIEpCOHANy U BUKOHAHHS
MPOEeKTiB € TomiOHOI 10 KIaCHYHOI 3ajadi  Ipo
MpU3HA4YeHH 3aco0iB (ycTaTkyBaHHA abo mroneit) mist
BUKOHaHHA poOiT. OnmHak, y GopMyTIOBaHHSA Ii€l 3amadi
BUKOPHCTaHI CyTTEBI OOMEXKEHHS — JUIS BUKOHAHHS
KO’KHOT pOoOOTH MOXXHAa MPU3HAYMTH TUIBKK OJWH 3aciO,
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yci 3aco0M B3aeMo3aMiHHI Ta abCOJIOTHO HajiiHI. Y
mpakTuili (OpMyBaHHS KOMaHJI BHKOHABI[IB IIPOCKTIB
ICHY€ TPOTWICKHHUNA miaxim. J[ns BUKOHAHHS MPOEKTY
MOTPiIOHO JEKUIbKa PI3HHUX CHELIaliCTiB, IIEPCOHAN MOXeE
OyTH YacTKOBO B3a€MO3aMIHHUHM 1 XapaKTepu3yeTbcs
IMOBIPHICTIO BiZIMOB. BigMoBH MOyTh OyTH 00yMOBIICHI
HEJOCTaTHIM JOCBIZIOM, HECKOOPAWHOBAHOI POOOTOIO,
3MIHOIO  CTaHy  3[0pPOB’S  BHKOHABIIiB,  IHIIUMH
Hernepen0adyyBaHUMH YHHHHUKAMU 1 BIUIMBAIOTh Ha SKICTh
1 TepMiHE BUKOHAHHS IPOCKTY.

BpaxoByroun BKa3aHi PO30KHOCTI, JUTS
PO3B’sA3yBaHHA 3a7adi MpO MPHU3HAYCHHS MEPCOHATY IS
BUKOHAHHS IIPOEKTIB MOXXHAa 3aCTOCYBaTH METO[

po3dapOoByBanns rpada. I'pad Oyayerbes Tak, 110
BEpUIMHKM I103Ha4YalOTh MpPOEKTH, a pedpa 3B s3yIOTh
TUIBKA Ti BEpIIMHM NPOEKTIB, /IS BHUKOHAHHS SIKUX
3alyueHO OJHAKOBMX BHKOHaBLiB. Bepmmuum Ha
NPOTWJICKHUX  CTOpOHaX  pebep  TOBMHHI  OyTH
3aapOoBani y pi3Hi kompopu. Tomi MPOEKTH, BEPITUHH
SAKAX MalOTh OJHAKOBHH KOJNIp MOXXHAa BHKOHATH
mapaienbHo, a Ti, 10 MalOTh Pi3HI KOJIBOPH — IMOCIIiTOBHO

y 4aci.
BimHOBMIOBaNbHI BiAMOBHM BHKOHABIIB ITPOEKTIB
GopMyIOTh  AMHAMIYHY  CTPYKTYpy 3B’S3KIB  MiXK

BepuinHamMu rpada. Tomy, 3amicTh JeTepMiHOBAHOTO,
HEOOXIMHO pO3IJIsiiaTH BHUNAAKOBHH Tpad IPOEKTiB.
3agaya po3gapOoByBaHHS BUIIAKOBOTO rpada HaJeKUTh
no xmacy NP-cknmamamx (nondeterministic polynomial
time) [3, 4]. Mas i po3B’s3yBaHHSA HEOOXiIHO
BUKOpHCTaTH a00 pO3pOOMTH CaMOHABYAJIbHI UM
aJanTUBHI METOJH, SKi MOXKYTh 3a0€3MCUNTH HAOIIKEHE
JI0 ONTHMAJIBHOTO po3(apOOByBaHHS 3a IOIMYCTUMHH
MOJTIHOMIAJIbHUH 4ac.

BpaxoByroun, mo rpad € CTPyKTYPHOIO MOZEIIIIO
po3noaineHoi CHCTEMH, 1 TE, 110 3a1a4a
po3dapOoByBaHHS BUIMAAKOBOTO rpada Mae acreKTH
JIOKAJIBbHOI KOHKYPCHIi Ta TJ00albHOI Y3rOMKEHOCTI
IiIeH, s i po3B’s3yBaHHS BHKOPHCTAEMO AIaNTHBHHIMA
CTOXAaCTUYHUH IrpoBUEl MeToN. AJANTHBHI METOAH
MOXYTh HpsAMO ab0 ONOCepeKOBAHO YyCEpeAHIOBATH
KOHTPOJIbOBAaHI ~ BWIIQJKOBI  TPOIECH,  CENEKTHBHO
(opMyBaTH pO3B’S3KH, SAKi 3a0€3MMEUYIOTH ONTHMI3aIilo
CepelHIX 3HAUYeHb BHMAJKOBUX BeIMYMH abo ix
CTOXaCTUYHUX MOMEHTIB.

MeTo0 J0CHiIKeHHSI € pO3B’sI3yBaHHS 3ajadi
MIPU3HAYCHHS NepCOHaly A1 BUKOHaHHS [T-nmpoektiB Ha
OCHOBI MOJET CTOXacTHYHOI Tpu po3dapOoByBaHHS
BUNagKoBoro rpada. JlocsrHeHHss MeTH 3a0e3neuyeThest
PO3POOIICHHSAM MaTeMaTUYHOI MOJIeIi CTOXAaCTHYHOI I'PH,

PEKYPCHTHUX MAapKOBCBKHUX MeTO,HiB JJIs il
poO3B ’HSyBaHHﬂ, aHFOpI/ITMi‘IHOFO Ta IIpoOrpaMHOro
336e3ne'{eHHﬂ, MMPOBCACHHAM KOMIT KOTCPHOTO

EKCIICPUMEHTY, aHalli30M pe3yJbTATiB Ta BHPOOICHHIM
PEKOMEH/IAIIi i 11010 TX MPAKTHYHOTO 3aCTOCYBAHHSI.

O0’€KTOM JOCTIIKeHHSI € TIpoIec NpU3HAYCHHS
KBaJIi(piKOBAHOTO TEPCOHATY Ui POOOTH HAJ IIPOEKTaAMH
HAa OCHOBI OHTOJOTIYHOTO TIAXOAy B  yMOBax
HEBHU3HAYEHOCTI.
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IIpenmeToM focCiIzKeHHS] € CTOXaCTHYHMI irpOBHI
Mmeron posdapOoByBaHHS TpadiB s PO3B’SI3yBaHHS
3a7a4i 0e3KOH(MIIIKTHOIO PO3NOAUICHHS HEPCOHATY MiX
MPOCKTAMH.

1 IOCTAHOBKA 3AJIAUI
Hexaii HeoOXimHO opra”i3yBaTH BHKOHaHHS L
npoekTiB I1={I1,,I1,,..,I1,}, KOXeH 3 fAKHX 3a[a€ThCs
HEOOXiTHUMHU Ui HOrO BHMKOHAHHS KOMIIETEHLISIMH
1, ={0,0,,..,0,} ¥ BHUIIIAII HaOopy oHTooriil. Koxna
ONMCYE 3HAHHS y TEBHIH
HEOOXiMHI I BHKOHAHHS

OHTOJIOTISL  (hOopMaJIbLHO
npoOJieMHIN Tamy3i, sKi
mpoekTy [5].

Jnst OHTOJNOTIYHOI MIATPUMKHM TIPOEKTIB HEOOXiTHO
3aJy4YNTH KBaTi(pIKOBAaHMX CHELIANICTIB Yy MOTPiIOHUX
rajxy3sx 3HaHb. BHKOPHCTOBYIOUM  TEPMIiHOJOTIIO
MyIBTHATCHTHUX  CHUCTeM, iH(opMariiiHy  Momens
BHUKOHABI[IB TPOEKTiB poOiT mami OymeMo Ha3WBaTH
areHTamu. Hexalf pHHOK Tmpami TPOIMOHYE MHOXUHY
areaTiB A={A,A,.., A}, K>L, ski MoxyTb OyTH
3alydeHi I BUKOHAHHSA MpoekTiB. KoxkeH arent A
BU3HAYAETHCS HabopoMm OHTOJIOT1H
A ={0k1,0¢ 2,0k s} k=1.K, sxi onmcyrors Horo
3mi0HOCTI B OnmHIM ab0 JEKITBbKOX Taly3sX 3HaHb.
OHTOMOTIi areHTiB MOXYTh MaTH HEMOPOXKHiM HepeTHH
A mAj #(J, TOOTO areHTH 4YacTKOBO BOJOIIIOTH
OJTHAKOBMMH 37i0HOCTAMU. [IpHITycKaeThCsl, M0 CYKyIHI
OHTOJOTIYHI 3HAHHSA AareHTiB € JOCTATHIMH IS
BHKOHAHHS yCiX TPOEKTIB.

Jis BUKOHaHHS TIPOEKTIB HEOOXimgHO cdopMmyBaTH
MHOkUHY kKoMaHn I ={I'|,['5,...,I'| }, KoxkHa 3 SKHUX €

OpraHi30BaHOK rpynoto arentis Iy = {A |, A 5,... A ¢},

izl..L,z[e Y riIA.
i=1..L
HeoOximHOIO ~ yMOBOIO  YCHILIHOTO  BUKOHAHHS
MPOEKTy € HOro T[OBHAa OHTOJIOTIYHA MiATPUMKA

KOMAaHJIOF0 arcHTIiB. 34i0HOCTI KOMaH/M arcHTIB MOBUHHI

MOKPUBATH KOMIICTCHIN{, HEOOXIJHI I BHKOHAHHS
U A DI, i=1.L.

VA el

IrpoBuii miAXix [0 TOKPUTTS MOTPIOHHMX st
BUKOHAHHS MPOCKTIB OHTOJIOTIH HAasBHUMH OHTOJIOTISIMH
areHTiB po3rIsHYTO Y [6].

[1inGip KOMaHJ areHTIB BUKOHYIOTh MEHEIDKEpU
MIPOEKTIB HE3AIICKHO OMUH Bix omHOro. Toxmi B ymMoOBax
00MeKeHOT KUTBKOCTI KBai()iKOBaHMX CIICIIANICTIB ACSKi
3 areHTiB MOXYTb OyTH 3aJlydeHi I BUKOHAHHS Pi3HUX
npoektis, TodTo I' NIy # .

MPOCKTY:

[pumycTuMo, 0 BHKOHAHHS KOXKHOTO IPOEKTY HE
MOXe OyTh TepepBaHO 1 BHKOHABII HE MOXYTh
HEePEeXOJUTH 3 OJHOTO MPOEKTY Ha iHIIMH 1O MOMEHTY
HOro MOBHOTO 3aBeplIeHHS. Y 3B’S3KYy 3 UM BUHHKA€E
3aj1a4a BU3HAUYCHHS MOPS/IKY BUKOHAHHS MPOEKTIB Y Yaci.
I[onmioro 1o  dopmymoBaHHS — 3aaadi  PO3MOJILTY
YCTaTKyBaHHS JUIS BUKOHAHHSA MEBHHX poOIT Oynemo
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BBO)XaTH, IO Yac BUKOHAHHSA KOXXHOTO IIPOEKTY €
onHakoBuM. Toxi 3amady IUIaHyBaHHS IOCIIJIOBHOCTI
BUKOHAHHS TNPOEKTIB MOXKHa 3BECTH JO  3ajaui
po3dapboByBanus HeopieHToBaHoro rpadpa G =(T,E).
Y takoMmy rpadi BepUIMHM pPO3MIiYeHI MHOXHHAMHU
xoManj areHTiB [, i=1..L, 3amy4eHUX A0 BUKOHaHHI
BIJIMOBITHOTO TPOEKTY, a pedpa 3B’S3YIOTh Ti BEPIIUHU
rpada MpoeKTiB, 110 MICTATh OJHAKOBUX arcHTIB:

= :{Q,j 7T AT ¢®)},

ne x()e{0,1} — ingukaropua ¢yHKuUis noxii. 3HaUYEHHS
x() =1 Bkasye Ha HasBHICTb BifNOBifHOTO pedpa € j y

rpagi. SIKIIo moTyXHICTh NepeTUHy Oinbina Bif 1, ToOTO
|Tj NI [>1, T0 posrisiiaeTses MyabTurpag.

Termep HeoOximHO po3dapOyBaTn BepmIMHH Tpada
NPOCKTIB Tak, MO0 BEpUIMHM 3’€¢/HaHi pebpamu € j,
i,j=1.L
po3hapOyBaHHSIM MOKHA BU3HAUUTH MOPSIOK BUKOHAHHS
npoekTiB. IIpoekTH, BEpUIMHU SKUX MAarOTh OJIHAKOBI
KOJIOPH, MOXYTh OyTH BHKOHaHI OJHOYacHO, a 3
PI3HUMH KOJIBOPaMH — ITOCHIIOBHO.

OpHak y MOMEHT (OpMyBaHHS KOMaHJ ICHYe I€BHa
HEBM3HAYEHICTh YYacTi areHTiB y BHKOHAaHHI TOro abo
iHmoro  mpoekry. L0  HEBM3HAYEHICTh  3a1aMo
IMOBIpPHOCTSIMH Ui JIOMOBJICHOCTEH MiXK MCHEIDKEPOM | -

Many  pi3Hi KompopHu. Tomi 3a TakuMm

r'O MPOEKTY Ta K -M areHToM. L{i iMOBIpHOCTI OXOILTIOIOTH
psn daxkTopiB pU3NKY HEBUKOHAHHS MPOEKTY, HAIIPUKIIA],
HETIOKPUTTSl TPOEKTYy HEOOXiIHUMU OHTOJIOTIIMH Y
3B’A3Ky 3  HENOCTaTHIMH  3Mi0OHOCTSIMH  arcHTiB,
HEMO>KJIMBICTh BUKOHAHHS IPOEKTY 3a CTAHOM 37I0pOB’s
BHUKOHABIIIB, HeTlepen0adyBaHi 30BHIIIHI YHHHUKH TOIIO.
3Ha4yeHHs 0y, MOXYyTh OyTH BHU3HA4YeHI 31 CTOPOHHU

MEHEIDKEepiB IPOEKTiB, K CTYMiHb X BIIEBHEHOCTI Yy
TOMY, IO BIANOBIAHWN areHT NpUiAMEe yYacTb ¥
BUKOHAHHI TIPOEKTy, ab0 31 CTOpPOHM areHra, SK HOTro
CXWJIBHICTB JI0 BUKOHAHHS TOrO a0 IHIIOr0 MPOEKTY, ab0
KOMILUIEKCHO — 3 000X XOroBipHHX CTOpiH. CHpOIIeHO
MOXHA BBAXATH, WO ¢, =(, — Le IMOBIpPHICTh ydYacTi

k-ro areHTa y BHMKOHaHHI OyIb-KOTO TpoekTy. Tomi
1-g, — Ue iMOBipHiCTh BinMOBH Kk -ro arenra. Hamami

Oynemo BBa)KaTH, 1o BIJIMOBH areHTiB €
BITHOBJIFOBAJILHUMH.

BpaxoByroun Taky CTOXAacTHYHY IIPHPOXLY AareHTiB,
3aMiCTh JETEPMIHOBAHOrO rpada HEOOXiTHO PO3IJISLAATH
BUNAJAKOBUI  rpad  3B’A3KIB  MDK  IPOEKTaMH.
BigHoBroBajgbHA BiIMOBa OJHOIO 13 areHTIB, 3aBISKU
aKkoMy y Tpadi € peOpo MiX BepUIMHAMH-IIPOEKTaMH,
MIPU3BOJUTE JI0 TUMYAacoBOI BTpaTu 1poro pedpa. Otxe,
3aMiCTh 3aJaHOTO JeTepMiHOBaHOTO rpada y TEBHI
MIPOMIXKH 4acy OyIyTh CIIOCTEpiraThcsi HOro BHITAIKOBI
peaiizarii y BUTIIAI yCiX MOKIIMBHX MiATrpadis.

Hns  po3dapOboByBaHHA  BHIAagKoBOoro  rpada
JIETepMIHOBaHI METOAM HE MOXYTh OyTH 3acCTOCOBaHI,
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OCKIJIbKM Ha KO)KHOMY KpOIIi I'PY 3MIHIOIOTBCS peaizaiii
rpada i 3Ha4eHHs MMOTOYHMX MPOTPALIIB € BUIAIKOBUMH
BeqimunHaMu. [l 1pOoro  HEOoOXiTHO BHKOpPHCTATH
aJanTUBHI ~ CTOXAaCTHYHI ~ METOAW, SIKI  3MOXYTh
MIPUCTOCOBYBAaTHCh IO BHIQAKOBOI 3MIHHM CTPYKTYpH
rpada. st 6e3KkoH(UIIKTHOTO IJIaHyBaHHS MTPU3HAYCHHS
BUKOHABIIIB IPOEKTIB HAMHU TPOMOHYETHCA METOX Ha
OCHOBi 0araToKpoKOBO1 CTOXaCTHYHOI TpH [7].

2 OIJIA 4 JJITEPATYPU

3aja4ya npo MpU3HAYCHHS TEPCOHANY Uil BUKOHAHHS
NPOEKTIB  poOIT (OPMYIIOETBCST TMOMIOHO A0  3amad
pO3MOTy yCTaTKyBaHHsI, PECypciB, 3aBIaHb, MpPOTpam,
CKJIaJaHHid  pO3KiNamiB, kiacudikamii Ta  IHIHMX
aHayoriuHuXx 3angad [8—13].

Knacnune QopmymroBaHHs y3araJbHEHOI 3ajadi Ipo
MpU3HAYCHHS TOJIArae y Hacrynmuomy. Hexaii € L BuaiB
poOiT abo 3aBmaHb, JUIT BHUKOHAHHSA SKAX MOXKHA
Bukopuctatu K >L  3aco0iB (MamuH, NPHCTPOIB,
poOoTiB, IporpaMHUX areHTiB, Jroaeil). Bimomi BuTpatn

Ci; BUKOPUCTaHHA  j-TO 3aco0y (j:l..K) At

BUKOHaHHA i-1 (i=1.L) poboru. Koxen 3aci6 moxna

BUKOPHCTATH TIBKA JUUIsL  OJHOTO BHAY POOOTH.

BBaskaeTbes, 110 3ac00H € B3a€MHO 3aMiHHAMHU.
Heobxigno 3HAUTH TaKUH IUTaH

u=[u;ef0.l]i=1.Lj=1.K], e u, 10,1},

BHUKOHAHHS po0IT (pO3NOAIIMTH 3aco0M Mik poOoTamn),
o6 cymapHi Butpaty f(u) Oynu MiHiManbHHMH. 3MiHHA

Ui j =1, sKuwo 3acié j BukoHye poboty i, Ta Uj j =0 —

B IHIIIOMY BHITQJIKY.

MaremaTryHa Mojaeidb cHOpMyITLOBaHOI 3amadi Mae
BUTIISL:

1) minsoBa (QyYHKIS, sKa BU3HAYA€ 3araibHi BUTPATH
BiJl BUKOPHCTaHHS 3ac00iB U1l BAKOHAHHS POOIT:

L K
f(u)=ZZCi7J—ui’j — min;
i=1 j=1 X

2) cucreMa OOMEKEeHb:
K
D Uij=1, i=1.L — s BuKoHanus i-i poGoTH MOKHA
J=1
NPHU3HAYMTH TiTEKH OTHH j -I 3aci0;

ZL:u,_<1, j=1.K — nzeaki 3acobu MOXyTb OyTu
L) =
i=1

He3amisTHUMU, Ko K > L.

DopMmyrOBaHHs 3a/1a4i MOXKE 3MIHIOBATHCS 3aJIKHO
BiI IHTepmpeTamii mapaMmeTpiB 3amgadi, K [PaBHUIIO,
PO3MIISIAETHCS BAPTICTh 00 Yac BUKOHAHHS ITPOCKTIB.

L
VY gacTkoBOMY BHMAIKy, skmo K =L, To ZUL i= 1,
i=1
j=1.K. Taka 3amaya Ha3UBAEThCS OCHOBHOK abo
JHIHHOIO 3a/lauero Mpo Npu3HadeHHs. BoHa € onHiero i3
(yHIaMeHTaTbHUX 33724 KOMOIHATOPHOT ONTHMI3alli.
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st po3B’si3yBaHHs 3a7a4 PO MPHU3HAYCHHS MOXKHA
BHUKODHUCTAaTH  METOAM  JIHIHOrO  MporpaMyBaHHS
(yropcoekuii AIITOPHTM, CUMILICKCHUH MEeTO/),
LIIOYHCENBFHOTO MPOrpaMyBaHHs (METOJ TUIOK Ta MEX,
Meton [omopi) [14], w™ypammuOi KONOHII [15],
TeHeTHYHOTro anroputMmy [16], po3dapboByBanHs rpadis
[17], mTyuyamx HeWpoHHUX Mepex [18], eBpucTHuHI
meronu [19].

Y BHUKOHaHOMY BHIIE (DOPMYIIOBaHHI MPAKTHIHE
BUKOPHCTaHHA 3aJa4i po MpU3HaYeHHA € oOMexeHnM. Ha
MPaKTUIll Ui BUKOHAHHS OJHIET POOOTH SIK TPaBUIIO
MOTPIOHO OJJHOYACHO 3aCTOCYBATH JAEKUIbKA PI3HOTHITHUX

K
3aco0iB, T0OTO 1< Z U j < K. Skmo Ti % 3acobu Oyayte
j=1
L
moTpiOHI 1 I iHmmX pobit, To 0< Zui, j <L
i=1
K>L. VY Takomy pa3i Marpuis U = [ui, J'J BBAXKAETHCS

3a7aHoI0 1 TOTPIOHO TepeiTH Mo (HOpPMyBaHHS PO3KIAILY
BUKOPHCTAHHS OIHAKOBHX 3aCO0iB TSI BUKOHAHHS PI3HUX
pobit. Po3B’sa3koM Takoi 3amadi € BU3HAYCHHS TOPSAKY
BUKOHaHHs pPOOIT y wuaci, o0 omuH 1 TOW ke 3aci0
BUKOHaHHs pOOIT MoXHa OyJI0 BHUKOPHUCTATH TLUIBKU
nocminoBHo. Ll0 3amauy MoXKHA 3BeCTH [0 3ajadi
po3dapOoByBanHs BepiiuH rpada [20, 21].

[ToOGynyemo HeopieHTOBaHUI Tpad, BEpPIIMHU SIKOTO
M03HAYaIOTh poOOTH (3aBIaHHs), a pedpa — 3acodu ayst ix
BUKOHaHHA. Pebpa 3’€IHYIOTH TUIBKM Ti poOOTH, UIs
BUKOHAHHSA SKHX TOTpiOeH ojHakoBui 3aci0. Jns
Ko)kHOro 3acoby j=1.K mobyayemo kiiky rpada,

3’€IHaBIIM MDK COOOK BEpIIUHH, YIS SIKHX U j = 1,
i=1.L.

Y pesynbTari OTPUMAEMO HEOpIEHTOBAaHMH rpad
G = (V,E) . Skmo mis nBox abo Oinbie podiT moTpiOHO

JIEKiTbKa ~ ONHAKOBMX  3ac00iB, TO  OTPUMAEMO
MyJbTUTpagd.
Po3dapOoByBaHHSIM  Ha3MBalOTh  BiJOOpaXKEHHS

g:V-o>X, ne X=(X,X,..Xy) (N<L) — mnamirpa
KonbopiB. Po3dapOoByBaHHS € TPaBWIBHUM, SKIIO
g(k)#g(l) mns xoxHOro HasBHOrOo y Tpadi pebpa,

T00T0 Ve, €E, K, IV .

I3 posdapboBanoro rpady MOXKHA OTPHUMATH IUIaH
BUKOHaHHA poOiT y daci. PoOorm, BepmuHN SKHAX
3aapOOBaHO OJHAKOBHM KOJILOPOM, MOXYTh OyTH
BUKOHAHI  ofgHOoYacHo, a  3adapOoBaHi  pIZHUMHU
KOJIbOPaMH — MOCITiJOBHO.

Po3dapOoByBanHsa rpada BEIMKOrO MOPSIKY |V |

obMexeHO0 KimbkicTIo N ¢ap6 BBaxkaroth NP-
CKJIQHOIO 3a/lauero, sKa He Moxe OyTH po3B’s3aHa
NMOBHUM  1epebopoM  BapiaHTIB  3a  NPUHHATHHNA
MOJTIHOMIaNBHUH Yac.

Jns TpUIIBHUIIICHHS TOUIYKY MOXXHa BHUKOPHCTAaTH
MeTol OeKkTpekiHry (TOIIyK 3 TIOBEPHEHHSIM), SKHH
BUKITIOYAE 3 PO3IISAY 3HAYHY KTbKICTh BapiaHTIB OJIHIEIO
NepeBipkoo, OyAyrouu AEpeBO pilleHb Ta 3iHCHIOIYN
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Hioro 00xix y rimbuny [22]. Xouya MeToa KiacugpikyeTbes
SIK METacBpPHCTHKA, ajieé BiH TapaHTOBAaHO 3HAXOJHUTh BCI
PO3B’SI3KM CKIHYEHHOI AMCKPETHOI 3a/1adi 32 00OMeKeHHH
qac.

Hexaii BepumHH Tpada MO3HAYCHO JIITEpaMH
JaTUHCBKOro andasiTy, a KOJIBOPH — IIOCIIIOBHUMH
minumu gucnamu Big 1 go n. Crodatky BepummHa V(a)
¢bapbyerbcs B komip 1. Skmo Bepmmua V(D) He €
CyMibKHOIO 3 V(a), To BoHa (apOyerbcss y komip 1,
iHakme — y komip 2. Jlani po3risaaeTbest BEpIIMHA v(C),
JUIl  SKOi  3IiMCHIOEThCS — cnpoba  dapOyBaHHs Y
HalimeHmwmii kxomip 1. Skmo 1me HE MOXIUBO, TO
BHOMPAETbCA HACTYMHUN momyctuMuii  komip. [licms
NOCATHEHHS BEPIIMHH, SKy HE MOXHa po3dapOyBaTH
JKOIHUM 13 N KOJBOPIB, BifOyBa€ThCS MOBEPHEHHS [0
OocTaHHBOI  po3dapOoBaHoi  BepmmHHM, 1i  KOJip
3aMIHIOETBCS HA HACTYIMHHHA MOXIUBHA KOXip 13
BIIOPSIIKOBAHOTO CIUCKY KOJNBOPIB 1 3IIHCHIOETHCS
crpoba 1 pozdapOyBanHs. SIKImO i e HEMOXXIHBO, TO
BiZIOYBa€THCS MTOBEPHEHHS LIe IO HONEPeAHbOI BEPLINHH.
[Ipotiec mpoIOBKYETHCS AHAIOTIYHO JI0 THX Tip, TIOKH HEe
Oyne nocsATHyTe MpaBuiibHe po3dapOyBanHs rpada, abo
3’scyeThcs, mo rpad HE MOXKHa po3dapOyBaTH B n
KOJIBOPIB.

MatemaTtnaHa Monenb 3amadi  po3gapOoByBaHHS
rpaga moxe Oytu copmynboBaHa sk 3amada 0 — 1
IJIOYKMCENLHOTO MporpaMmyBaHHs [23]:

1) winboBa QyHKIis, sSKa BKazye Ha Te, WO rpad

notpibHo  3adapOyBaTH  MIHIMAJIBHOIO  KiJIBKICTIO
KOJIbOPIB:
Q L
7= ZZWJCLJ —)II]CIII.
j= i=1
2) cucteMa 0OMEXKEHb:
Q
ZC’ -1 Vi=lL.L — KOXHa BepUIMHA MOXe OyTH
1)
j=1

3adapOoBaHa TUTEKH OJTHIM KOJBOPOM;

M-(-c)-Ya,c L>0 Yi=llL, vj=1.Q — Kkowia

napa cyMixcHI/:; BEpIIKMH HE Ma€ OJTHAKOBOIO KOJIBOPY.
Tyt [ai,j lajj €10,1},i=1.L, j= 1..LJ —  MaTpHIsa

CYMDKHOCTEH BepIIHH rpada;
[cijleij e 0.1,i=1.Lj=1.Q] — Marpuus 3adapGoBanux

BepmuH rpada, ae C; =1, FIKIIO BEPIIMHA v, Mae KoJIip

s (w;lw,, >L-w;,w =1,j=1.Q) — BEKTOp JOJIaTHHX
Bar KOJIbOpiB; M > L.

Jns  Benukux  mopsAkiB - rpada  BU3HAUYCHHS
ONTHUMAJIBHOTO PO3B’sI3KY 3aaui MeToIaMu
[[IJIOYHCENPHOTO ~ MPOTpaMyBaHHSA MOXE HE JaTH
3aJI0BIJIBHOTO  PE3yabTary y 3B’S3KY 3  BEIHKOIO
pO3MipHiCTIO ~ MaTpuilb.  TOMy  pPEKOMEHIYEThCS

BUKOPHUCTOBYBATH iHIII METOJH 3 MOJIIHOMiaTbHAM 9acoM
pO3B’sI3yBaHHS  3aJadyi, HampWKIaa, OCHOBaHI Ha
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onTUMi3alil mepedopy BapiaHTIB, «M’SIKMX» OOUMCICHHSIX
a00 eBPUCTHYHUX 37I0TaJKaX.

Ornsan meroniB po3dapOoByBanHs TpadiB MOXKHA
3HaliTM y poborax [24, 25]. [ns po3B’si3yBaHHSA
PI3HOMaHITHUX TPAaKTUYHUX 337ad BHUKOPHUCTOBYIOTHCS
Taki MeToan po3dapOoByBaHHs rpadis:

1) auHAMiYHOTO TIpOoTpamMyBaHHS [26];

2) xxaniouuii [27];

3) renetnunnit [28];

4) mTydHuX HEHPOHHUX Mepex [29];

5) poiioswii [30];

6) mypammanii [31];

7) GararoarenTHui [32];

8) irpoBuii [33, 34].

3amaua po3¢dapOOBYBaHHS 3HAYHO YCKJIATHIOETHCS
JUIsL 9aCOBHX BUIIAAKOBHX rpadiB G(t)=(V(t),E(t)) , pedpa

SKAX PO3MIUCHI IMOBIPHOCTAMH iX HaJeXHOCTI rpady
[35, 36]. Toni y koxeH MOMeHT wacy t=1,2,.. rpad
MIPOSIBIISIETHCS OJTHIEIO 13 CBOTX MOMIIMBHX peaizaiil.

JocnimkeHHsT BUNagKOBUX TpadiB B OCHOBHOMY
NOB’SI3aHHI B OTPMMAaHHI IMOBIPHICHMX ACHMOTOTHYHHUX
OLIHOK HOro mapameTpiB, y TOMY 4YHCII XPOMATHYHOTO
yucma, a iHdopMamiss Tpo  epeKTUBHI  METOAM
po3dapOoByBaHHS BHIIAAKOBOTO Tpada HETOCTAaTHBO
BHUCBITJICHA Y HAYKOBHX MpAIsIX.

JHerepminoBaHi METON po3dapboByBaHHS
BUIAKOBOr0 rpada € HenpoayKTHBHUMH. HeoOximHo
BUKOpHCTaTH ab0 PO3poOUTH GAraTOKPOKOBI YTOUHIOKOYI
METOAM 3 €JIEeMEHTAaMH CaMOHaBYaHHA, MOOyZOBaHI Ha
OCHOBI  «M’SKHMX» oOuucieHb ab0 pi3HOMaHITHUX
eBpucTuk. Po0oTa Takux MeTOAIB TIOBMHHA OyTH
CTIPSIMOBaHa Ha MOKPAIICHHS XPOMATHYHOI KApTHHH IS
JOCSATHEHHSl TPABHJIBHOTO pPO3MAaNOBaHHA Tpada B
acuMmnToThLi 4acy. s po3hapOoByBaHHS BHIIAIKOBOTO
rpada MOXKyTh OyTH BHKOpHCTaHI Moaudikamii meTonis 1
— 8. OcobmuBy yBary ciil NPUIUIMTH PO3POOIICHHIO
CTOXAaCTUYHUX BapiaHTIB peaizallii IiX METOIIB.

Juis  posp’si3yBaHHs  3amadi  po3dapOOByBaHHs
BUIagKOoBOro  rpada, mMoOyJOBAaHOTO HAa  OCHOBI
OHTOJIOTIYHOI MIATPUMKHU MPOEKTIB, HAMU HPOIIOHYETHCS
3aCTOCYBAHHS CTOXaCTHYHOTO IrPOBOTO METOMY, SIKHi

Ma€ BIACTMBOCTI CaMOHAaBYaHHA Ta ajamnramii o
HEBU3HAYECHOCTEM.
3 MATEPIAJIM I METOIU

3 KOXKHOIO BEpIINHOIO (IIPOEKTOM) rpada MoB’spKeMo
TPaBIsl, YHCTI CTpaTerii SKOTO BU3HAYAIOTH  MAIITPY
MPOHYMEPOBAHMX ~ KOIBOPIB X, = {X, |, X ... X} A€

X, . — HOMep KoJIbopy; N — KUIBKICTh €JIEMEHTIB NaNIiTPH

L]

KOJILOPIB, sIKa OOMEXYEThCsl 3HayeHHSM N =L, 1o €
HEOOXimHUM i1 po3(hapOOBYBaHHS ITOBHO3B’SI3HOTO
rpada.

Bubip umcrux crparerii x(t) e X, 301HCHIOETHCS
TPaBISIMH BHUIIAJKOBO 1 HE3WIEKHO Y MOMEHTH dacy
t=1,2,.... Y 3B’S3Ky 3 BiAMOBaMH IpaBLiB, HA KO)XHOMY
KpOILli TpW BU3HAYAETHCS BUITAJKOBA peamizamis rpada
Gt)=T@®),E(t))cG, y sxoMy 3MIHIOETbCS JIHIIE
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posmitka BepmmH [(t)={[j(t)|i=1.L} MHOXHHaMHI
areHTiB

Fi®O={A LA A g {AKD Tk =1.1,1<g}

Ta BIJNOBiNHI 3B’A3KM E(t) MDK BepmMHamu. Tyt

{Aik(t)} — arc¢HTu, 1o Bi,Z[MOBI/IJII/I Yy MOMECHT 4acy t.

KinbkicT BepIIMH L i BiONOBIIHMX 10 HEX HPOEKTIB [T,

3aJMIIAIOThCS  HE3MIHHMMH. ['paBmi HE BOJOZIIOTH
iH(pOpMai€eo Mpo MOTOUHY peattizaiito rpada B IijoMy.
KoxxHOMY TpaBmIO BIIOMHA TUTBKH IX JIOKQJIBHHUHA
miarpad — MHOKHMHA CYCITHIX BEpINWH, IO TpHETHAHI
pedpamut 10 KOHTPOJILOBAHOI TPaBlieM BepIInHH Tpada.

Hexait Ki'°°(t) = E®)| — KUTBKICTB pedep i -i BepIInHI
BHMaKOBOrO rpada y MomeHT uvacy t. Toxi i-i rpaBens
mpuiiMae y4JacTb y Tpi, SKII0O WOMY BiIMOBimae
HEi30/Ib0BaHA BEPIINHA, TOOTO K/°(t)>1.

[Ticnst 3aBepiieHHsT BUOOpPY YHMCTHX CTpaTerii ycima
TPaBISIMU KOXKEH 3 HUX OOYMCIIIOE 3HAYCHHS MOTOYHOTO
Iporpanry, sk CepeHI0 KUTbKICTh OJHAKOBHX KOJBOPIB
CyCiIHIX BepmuH rpada:

a0=(K*0) T 2(s0=x)- (1)
jebi(t)

e  x()e{0,1} — i#gukaropHa QyHKOiT TOAIi;

Dj(t) = {index(e; j(t))} — MHOXMHAa HOMepiB CycimHix
J

BEpUIMH il  i-I BEpIIMHM BUIAAKOBOro rpada.
CycCimHIMH [0 BEpPIIMHU | € BEPIIMHH BHUIAIKOBOTO
rpada, mO MamTh 3 Hel Oe3mocepenHiii 3B’S30K y

MoMeHT yacy t. OueBuano, mo | D; (1) |= Kiloc (t).

I'paBui oOwiHIOIOTE CBOT il y XOAi TPH 32 JIOTIOMOTOI0
MMOTOYHMX 3HAueHb (QYHKIIH cepenHix mporpamnti (abo
BTpar):

Eﬂt):t*‘iai(r), i=1.L. )

=1

Xig  croxaCcTWYHOI TIpH B
KOHTPOJIIOBAaTH 32 JIOTIOMOTOIO
CepeJHiX Iporpais:

Crpaterist HOBEIIHKH KOXXHOT'O TPaBILsl TOBUHHA OyTH
CHpsSIMOBaHA Ha MiHIMI3aIlil0 BIaCHUX (PYHKIIIH cepemHix

iIOMY
CHUCTEMHOI

MOXHa
dyHKIii

mporpamiB (Ha MiHIMI3amif0 CHiBOaJaHb KOJBOPIB
CYCIIHIX BepIuH rpada):

lim =, (t min» i=1.L.

tosw '( )= X (D)} ’ (4)

Po3B’si3kn 3ajaui GaraToKpUTepialibHOT ONTHMI3aIi]
(4) HeoOXimHO LIyKaTH y MHOXHHAX TOYOK KOJEKTUBHOI
ontuManeHOCTI, Hampuknan, Cneiitepa, Hemra, IMapeto
abo iHmmx [37]. Haituacrime y 3amayax 6e3 oOMiHY
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NOTOYHOI iH(opMaliero Tpo crparerii, craHu Ta
nporpami rpasBiiB (a0 3 MiHIM&JIBHO NOTPIOHUM
0OMIHOM) BHKOPHCTOBYEThCS KpUTEpid piBHOBarum 3a
Hemem, cyTp sikoro mojsirae y HacTymHOMY. Y TOMII
piBHOBarkm 3a Hemem KOXHOMY TIpaBIIO HE BHIIIHO
3MIiHIOBaTH CBOIO CTpATETilo, SKIOIO YCi 1HION TpaBii
NPUTPUMYIOTHCS TOYKH PIBHOBATH:

thjn;[zia,{xq OD-ZEE2Op <0, =1L (5

V (5) BUKOpHCTAaHO Taki Mo3HayeHHA: D — noxanpHa

MHOKHHA CYCITHIX TpaBIliB (200 BepmwH rpada) Ui i -To

rpaBusg (abo BepIIMHH); xP = ® Xj - TIPOCTIp
jeby

KOMOIHOBaHMX YHCTHX CTpaTeriii TpaBIiB 3 JOKAIHHOI

MHOkMHE Dy ; xPicx; x=® Xj — mpocTip
i=l..L

KOMOIHOBaHMX YHCTHX CTpaTeriil yci€i MHOKHUHH TPaBIIiB;
. D D o

® — omepalis AEKapToOBOro JOOYTKy; X '€ X ' ; X —

BiIXWMJICHA BiJl TOYKH PiBHOBarW CTpATeris |-TO TPaBIL;

%Di

=xDi \Xj+% e X Di KOMOIHOBaHa  CTpaTeris

CyCigHiX TpaBuUiB 3 nigMHOXuHH D; micna 3amiEn
cTparterii i -ro rpaBus; X, % € Xj.

OTxe, criocTepiralouy BHUIAJKOBI IMOTOYHI Hporparii
(1), rpaBui TmOBMHHI HaBUWTHCS BUOWpaTH (Hapou

Xi e Xi i3

chopmoBaHa

o6

X O}
3a0e3neuniia BUKOHAHHS MeTH (4) B acCHMIITOTHII 4Yacy
t —» . Ha mpakTumi KiTbKiCTh KPOKIB CTOXaCTHYHOI TPH
O0OMEXKYETBCSI JIESIKUM MaKCHMaJIbHUM 3HAuCHHSAM abo
JIOCSITHEHHSIM [TPaBUIILHOTO po3(hapOoByBaHHM rpada.
Jnsi  reHepyBaHHS  IIOCIIIOBHOCTEW  cTparerii
{xj(t)|i=1..L}, t=1,2,..., sixi 3a0e3MeUyI0OTh BUKOHAHHSI

. . [
najgitpy  Koapopis X Tak,

MOCIIJIOBHICTh BapiaHTiB

KputepiiB (4), moOynyeMo IMOBIpHICHHI MexaHi3M Ha
OCHOBI 3Mmimranmx crpareriii rpasuis {p;(t)|i=1..L}.
3mimana ctpateris  p;(t) = (pi; (1), P2 (1), Pin (D))

CKJIQZIa€ThCsl 3 YMOBHHX IMOBIpHOCTEH BHOOpY YHCTHX
CTparerii:

pj(H=P {xi (®) =% Ui (1,8 (D, 1=1,2,....t —1} ,
j=1.N,

ne {Xj(t)} — mepemicTopis UMCTHX CTpaTeTii, BUOpaHMX

rpaBueM 3 HomepoM i; {&j(t)} — mepenicropis
OTPUMAaHHUX 32 IIe TIPOTPAIIIiB.

Hdns  popMyBaHHA TOCHIZOBHOCTEH 3 MOTPiOHIMH
BJIACTUBOCTSIMH 3MiIlIaHi CTpaTeTii Ha KOXXHOMY KPOIIli TPH

3MIHIOIOTBCS 32 PeKypeHTHHM MeTooM [38]:

P (t+1) =y, { P (D) = YORCP (0, % (1), & (1)} » (6)
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MIPOCKTOP Ha OIWHUYHHN € -CHMIIIEKC

ae mw. —
€41

sN csN RN (Tyr BepxHil iHIEKC HE € MOKA3HHKOM
CTENeHs, a BKa3ye Ha KUIBKICTh BHUMIPIB MPOCTOPY
miicanx  uwmcen);  y(f) — MOHOTOHHO  cmaaHa
MOCJTITOBHICT, HEBIN'EMHUX BEJIMYHH, $Ka pETYIIOE
BENMYUHY KpOKy Mmerony; R — kpok meromy; &(t) —
MOHOTOHHO  CHaJHA  TIOCTIJOBHICTh  HEBIJ €MHUX
BEJIMUMH, sKa PEryjio€ MIBHIKICTh PO3UIMPEHHS € -
CHMILIEKCY.

KoopanHatu TOYOK OAMHUYHOTO
HOPMOBaHI TakK, IO IX cyMa JOpiBHIOE 1:

CHMILIEKCY €

N

PP =L p; 20 (j=1.N)¢.

=1

s =

OnuHUYHAI £ -CHUMIIIEKC c
IIMHOKHWHOIO OJJAHUYHOTO CUMILIEKCY:

KOMITAaKTHOIO

s ={pilpesNipyze (i=1.N)

ee(0,1/N), pjt)es) .

PexypentHuii MeToj (6) mOTpiOHO MOOYyIyBaTH Tak,
mo6 npu BuOopi crparerii X j(t)  BiamoBinHa

iMOBIpHICTE Pj () 3MEHIIMIACS IPONOPLIAHO BeTHYHHI

noTouHoro nporpamty &;(t) . Pemra enemenTiB 3mimraHol

cTparerii He 3MIHIOEThCS, ab0 3pocTae MPOMOPLIHHO
&;(t) . TobTo MeTO] MOBHHEH MiIACHIIOBATH IMOBIPHOCTI

BHOOpPY OUTBII BOANMX CTpATerii, KOPHCHUX IS
BUKOHAHHS KPUTEPIiB MiHIMI3aIll CepeHiX MpOrpariis
rpasuis  (4). Merox 3 TaKHMH  BJIaCTHBOCTAMH
Ha3MBAETHCS AJANITUBHUM 200 CaMOHABYAIbHUM.

[Ticns  oOumcieHHs HOBUX 3HAa4YeHb  BEKTOPIB
3MILIaHUX CTpAaTeriii BiOyBaeThcs iX NMPOEKTyBaHHS Ha

€ -CUMILIEKC SSN. Omneparop NPOEKTyBaHHS TE::\]

t+1

3a10BOJIBHSIE YMOBU:

Hpi -7y {Qi}“S"Pi -qi;
aN(giesN i=1.L, vpesN, vg erRN.

IIpoekTyBaHHs Ha pO3LIMPIOBAHUMI
3alesriedye BUKOHAHHS YMOBH j(t)28(t),j:1..N,

€ -CUMINJIEKC

sKa HeoOXiZHa [yl TOBHOTH CTaTUCTUYHOI iHQopmarii
11010 BUOOPY YMCTUX CTpPATETii.

[ToOynoBy peKypeHTHHX METO/iB BUAY (6) BHKOHAEMO
METOJIOM  CTOXacTH4yHOi ampokcmMarii [39, 40].
[IpunycTrmo, mo MareMaTuyHi CIOJIBaHHS BHUITQJAKOBUX

BEJIMYHH M{&i(x,t)} =vi(x)  Bimomi I  BCIX
KOMOIHOBaHUX cTpaTerii Xe X = ® Xj.
i=l..L
Busznaunmo — mominmiHiiHYy ~— (yHKIOiIO  cepenmHix

MIPOTpaIiB MAaTPUIHOI TPH:
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vipPh= 3 vy ]

xPi ex bi jeDi;xjeXDi

e Di —

xPi- ® x
jeby

JIOKaJhbHa MHOXHHA CYCIOHIX TpPAaBIIiB;

j — TpocTip KOMOIHOBaHHX —YHCTHX
.\, . . . oD D,

CTpaTerii TpaBLiB 3 JOKaIbHOI MHOXHHE Dj; X' € X
— o/iHa i3 KOMOIHOBAaHMX JIOKAIFHHUX CTpaTeriii rpasliiB;

D; D;
p% es® =TT s} : pesh.

jeb;

Meroro Matpu4HOi Trpu € MiHIMiZamis QyHKiin

cepenHix nporpautis (7):

V,(pD')—>m1n, i=1.L. (8)
Pi

Po3B’A30K MaTpUuyHOI TpuU y TOYIl pIBHOBarm 3a
Hemem y 3MioIaHUX CTpaTerisix BHU3HAYAETHCS TaKOIO
YMOBOIO:

D;\{i}

Vi (2 -V, (p2' py<o,i=1.L,

ne Vi( pE ") — yHKIisA cepeaHix Mporpaiiis, BU3HAYCHA Y

. D; . .
touni Hema p,' eSP ha JOKJIBHOMY CHMILIEKCI

SDiIHSN

jeb

KOMOIHOBaHHMX 3MiIIaHUX CTpaTeTii

. .. . D.
rpasliB 3 MHOXHMHKM Dj cycignix rpasmis; Vi(p.', pj) —
(yHKIS cepenHiX MpOTrpaliB, BU3HAUYEHA HA CUMILICKCI

S Di Ut OyTb-SIKOTO BIMXWJICHHS 3MIIIAHOI CTpaTeTii | -
TO TpaBI Bix Toukyn Hemra.

3rigHo i3 TEOpi€l0 CTOXAaCTHUYHOI ampoKcumarii [38—
40], mns wmiHimizanii cucremu ¢GyHKii (8) BHU3HAYMMO
BEKTOp pyXy R pekypeHTHOro mMeromy (6) Tak, mobd noro
MaTeMaTu4He CIOAIBaHHA OyJo TpajieHToM (yHKIT
cepenHix nporpautis (7):

M {R(p; (1), % (1), & (D)} =V , Vi (pP) .

BpaxoBytouwu, 110

&i®

V - xr7
e () pi (D

ini =M

e ) PO =pj >
jge e(Xj(t)) — omuHMYHMI BEKTOP—IHIMKATOpP BHOODY

T
xMeXp, e -
TPAaHCIIOHOBAHUI  BEKTOp, OTPUMAEMO TpaJi€HTHHN
PEeKYpEHTHHIT MeTOJ1 pO3B’si3yBaHHs irpoBoi 3a1a4i:

9HCTOT cTparerii
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i (t+1) = el 4 py 0~y LKD)
e () p; (1)

[HO1l pexypeHTHI METOJM MOXKHa OTPUMATH 3 YMOBH
JIOTIOBHSUTEHOI HEXKOPCTKOCTI [41, 42], silka BUKOHYETHCS
JUIA TOYOK PiBHOBaru 3a HemreM y MOBHICTIO 3MillTaHUX
CTpaTerisx:

VpVi=Viey, i=1.L, (10)

Iie €y — BEKTOp, IO CKIANAEThCst 3 N ONMHHIG. YMOBa
JOTIOBHSUTFHOI ~ HEYKOPCTKOCTI  ONHCYE  HE3aJeKHICTh
GyHKUIH cepenHiX BTpaT TIpaBIiB BiJi I1X BIACHUX
3MilIaHux crparerii y Touni Hema. Sk 6u He
3MiHIOBajlacs 3MimaHa crpareris  pj(t) rpaBuL 3

HoMepoM | (i=1..L) Ha OOMHUYHOMY CHUMIUIEKCI, KOJIH
yci iHIII TpaBIli MPUTPUMYIOTBCS CBOIX CTpaTeriil y Todii

Hema, 3HaueHHs QyHKUil BurpamiB Vj 3aiauImaeTbes
MOCTIHHUM.
OCKiTbKH
e(x (1)
Vo Vi -Viey =M A&t —————-ey || O =pi >
e (X ®)pi 0

TO METOIOM CTOXaCTHYHOI alpoOKCHMAIlii OTPUMAEMO
PEeKypEeHTHHUI METO/T TOTIOBHSUIEHOI HEXKOPCTKOCTI:

AJpo

Jus BpaxyBaHHS pO3B’SI3KIB Ha MeEXi OJWHHUYHOTO
CHMIUJICKCY BHKOHAEMO 3Ba)KyBaHHS BEKTOPHOI yMOBH
(10) enemenTamMu BEKTOpa p, :

e(xi(t)

pi(t+1) =Tt { Pi (O —v(DE (t){T
e (®)pi®

diag(p;)[Vien —VVil=0, (12)

ne diag(pj) — kBajpaTHa JjiarOHAIbHA MaTPHULL MOPSIKY
N, ckIajeHa 3 eIeMEHTIB BEKTopa [ .
BpaxoByroun, mo

diag(pi)(Vien —V 5 Vi) = M {& O pi () —e0 )] pi () = pi

METOIOM  CTOXAaCTUYHOL
PEKypEeHTHUI METOJ
HexopeTkocTi (12):

ampOKCUMAIIii
3BaXKEHOI

OTPIMAEMO
JOIOBHSUILHOT

pi (t+1) = e,y { B (O - Y(DE O [e04 @) - p )]} (13)

3aBaskd Takiii MUHAMIYHINA peopraHizamii 3MilllaHHX
CTparerii Ha OCHOBI ONPALOBAHHS OTOYHHUX POTPALLIiB,
meronu (9), (11), (13) 3abe3neuyoTh aJanTUBHUI BUOIp
YHCTUX CTpATErid y 4aci.
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IMapamerpu y(t) Ta &(t) € MOHOTOHHO ChATHMMHU

MOCTITOBHOCTSIMA ~ HEBIJ'€MHHMX BEJIMYMH 1 BHKO-
PHUCTOBYIOTBCSL U KEpyBaHHS 301XKHICTIO PEKYPEHTHHX
MmerofiB. Lli napameTpu MOKHa OOYHCIIUTH TaK:

Y() = y(Ot™, &) =s(O)t P, (14)
ae y,.o,B >0, £0)e(0, Nfl). 301KHICTE 3MIMaHIX
crparerii pj(t) i=1.L 10 onTHManbHMX 3HAYEHb 3
iMOBipHiCTFO 1 abo 'y  cepemHbOKBAJPATHIYHOMY
BH3HAYA€ThCS CIIBBIIHONIEHHAMH IapaMeTpiB Y; Ta &,

SKi TIOBMHHI 3aJI0BOJIGHATH (PyHIaMeHTalbHI YMOBHU
CTOXacTUYHOI anpokcumartii [38—40].

[MpanesnarHicts (y ceHCi BHUKOHAaHHS KpuTepiiB (4))
PEKYPEHTHUX JITOPUTMIB 3a0€3Me4y€eThCs BHKOHAHHIM
YMOBH TICEBIOTPAIIEHTHOCTI BEeKTOpa R  BimHOCHO
¢yukuii JIsmynosa A(p) [38]:

(MR, P D.E O] Pi®) = i}V (AP)) 20,

Ae (.-) — CKaIspHUM JIOOYTOK BEKTOPIB B €BKIIJOBOMY

L
: N
npocTopi; pesN; peS :HSi .
i=l1
Oyukuis JIsmyHoBa A MOBHHHA OoyTn
mudepeHmiioBanolo mo P, i=1.L, mMarm KkopeHi B
. *
TOYKaX aCUMIITOTHYHOI onTHManbHOCTI A(P ) =0, Oyt
A(p)>0 Ha  KOMOiIHOBaHOMY
vpeSsS, p;tp*. Jns
ontuMizalii (yHKLIT cepeAHiX BUTpalliB Ha CHCTEMI

OJVUHHUYHHX CHMILIEKCIB MOXXHa HpHﬁHHTH

L *
A0 =Y |pi®-p ® M -
i=1

3HAKOJ0JaTHOIO

OANHUYIHOMY CHUMILIEKCI

5 Je ACUMIITOTUYHO-

ONTUMAIIEHUI PO3B’S30K y 3MIMAHUX CTPATETisX st
i -ro rpaBus.

JUIsi pO3MIISIHYTHX PEKYPEHTHHUX METOMIB (yHKIis
JlamyHoBa A(t) Moxe OyTH BU3HAu€Ha K NOXUOKA yMOBU

JTOTIOBHSUIBHOI HEXKOPCTKOCTI (KBaApaT HOPMH Pi3HHUII
3MIIIIAHUX CTPATETIN):

L 2
INOEDH TOEIIO!
i=1

ne (1) =diag(p; (XY p,o)Vi () Vi(t) - sBaxena
3MilllaHa CTpaTeris I-ro TPaBIls, IS SIKOI BHKOHYETHCS
YMOBa JIOMOBHSUTBHOT HEXXOPCTKOCTI.

CepenHbOKBaIPaTHIHY [IBUIKICTD 301KHOCTI1
PEKYPEHTHUX METOJIB MOXKHA OLIHUTH aCUMITOTHYHHM
MeToAoM MoMeHTiB YxyHa [38]:

lim n’M {A(®)! =9,

n—coo

(15)
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ne 0 — mapaMmerp mopsAKy, 9 — BEIMYMHA IIBHUAKOCTI
30DKHOCTI. DBigbmiuM 3HAaYeHHSIM O Ta MEHIIHMM
BIZIMIOBiZlae OUTBINA IIBHAKICTH 301KHOCTI IirpPOBOTO
METOY.

Y  3HaKomoaaTHUX
Vi(pP)>0 ma
TEOPETUYHHUIT MOPSIIOK CEPEeAHBOKBAPATUYHOI 301KHOCTI
metoni (9) ta (11) cranoButh O =min(l1+p—a,a—)

I SIKHAX

CHMILJIEKCIB,

CepeIoBHINAX,

CHCTEM]I OIUHWUYHUX

npu oOMmexeHHsx Ha mapamerpu o € (0,1]; O<B<a.
TeopeTnuHuil MOPSIIOK CEPEeIHBOKBAIPATUYHOT IIBUIKOCTI
36ikHOCTI Metoxy (13) mopiBHioe 0= min(l+f—a,a)
nipu oomexkennsix o € (0,1]; B> 0 [42].

Bubip uncrux crpareriii (koapopis Bepumt) X; i (1),

i=1.L 3HIACHIOETHCS TPaBIIMH BHIIAJKOBO Ha OCHOBI

3MimaHux crpareriit p;(t) = ( Pi1 (1), Pi 2 (D), PiN (t)) :

k
k=arg| min » pjj()>o |e{l.N}, (16)
k=N

ne o €[0, 1] — nilicHe BUMAaAKOBE YKCIO 3 PIBHOMIpPHHM

PO3TOAIIOM.

CroxacTuuHa Trpa pO3MNOYMHAETHCS 3 HEHAaBUECHHX
3MIMIAaHUX ~ CTpaTerii 31  3HAUCHHSMU  EJIEMEHTIB
pi’j(0)=1/N , e j=1.N. Ha mnpors3i HacTymHUX

MOMEHTIB 4acy JMHAaMiKa BEKTOPIB 3MillIaHMX CTpaTerii
BU3HAYAETHCSI 33 32 OJIHUM 13 MapKOBCHKUX PEKYPEHTHHUX
merofiB. Pekypentni meroau (9), (11), (13) 3abe3neuyors
aIanTallil0 CTpaTeriii TpaBIiB SK 10 3MIHK peaji3amii
BHITIAJIKOBOTO Tpada Tak 1 JO OOYUCICHUX Ha X OCHOBI
anpiopi HEBiIOMUX MOTOYHHX BTpaT.

OTxe, B MOMEHTH Hacy t=1,2,... KOXeH IrpaBelb Ha

pi ()

crparerito X(t) (16) i no MoMeHTy yacy t+1 oTpuMye

OCHOBI 3MimaHoi crparerii BUOUpAE YHCTY

noToYHMi mporpamr ¢ (t) (1), micns woro obumcmoe

3MillIaHy CTPATeTiio p;(t+1) 3TiAHO OJHOTO i3 METOAIB (9),

(11), (13).
Komnpopu BepmmH BUIIaAKOBOrO Irpada BU3HAYAIOTHCS
SK 3a0KpyIJeHe [0 MLUIOro 3HA4YEHHA MaTeMaTH4YHe

CHOJIBaHHA MOXJIMBHX KOJIbOPIB, OOYMCICHE JUIs
OCTaHHBOT'O KPOKY CTOXAaCTHUYHOI IPH:
. N H
X(t)=ln{z Pi(t)X.(t)j’ I=1.L. (17)
i=1

AJNTOPUTM CTOXACTHYHOI TPH.

Kpokm 1-2 BH3HAUalOTh IHIIiami3allifo IaHUX Ta
BUKOHYIOTh MiArOoTOBYI ii, a kpoku 3—11 peanizyoTh
CTOXaCTHYHY rpy po3dapboByBaHHs BEPIIHH
BHIIAIKOBOTO rpada.

Kpok 1. 3agaty moyaTKOBi 3HAUYCHHS MTApaMETPiB:
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t=0 — mouyaTkoBUM MOMEHT 4vacy; L, K, N=L —
KUTBKICTh YHMCTHX CTpATeTiii TpaBIiB (KUTBKICTh KOJIHOPIB
naitpu Gapo);

Q={0,,0,,..,0,} — 010/1i0T€KA OHTOJIOT1H;

I,=1{0,,,0,,,..0,,}cQ, i=1LL -

OHTOJIOTYHHMX 3HAHb a00 KOMIIETEHIIIM, HEOOXIIHUX IS
BUKOHAHHS IPOEKTIB;

Habopn

A ={0,,.0,,,...0,}cQ, k=1.K - Habopu
OHTOJIOT'IH, 1110 BU3HAYAIOTE 3110HOCTI areHTiB;
Q> 1=1.L, k=1..K — IMOBIpHOCTI y4acTi areHTiB y

BUKOHAHHI TIPOEKTIB;

Ui ={U Uy Uiy b i=1.L — BEKTOpHM YHUCTHX

CTpareriii rpaBIiB;
p.(0)=((1/N);|j=1.N)>

3HAYCHHS 3MIIIaHUX CTPATETii rPaBIliB;
y >0 — IapameTp KpoKy HaBUaHHS;

i=1.L — 1O4YaTKOBI

o € (0,1] — KoedilieHT NOpPAAKY KPOKY HABYaHHS;

g — IapaMeTp ¢ -CHMILICKCa;

B>0 — KoebillieHT TMNOpAAKY PpO3IIMPEHHS ¢-
CHMILIEKCA;

A €[0,1] — BaroBuit koedimieHT;

t ., — MAKCUMAJIbHA KiJIbKiCTh KPOKIB METOY.

Kpok 2. BukoHaru miaroToByi Aii:

2.1. BuKOHAaTH TOKPUTTS MPOEKTIB OHTOJOTISIMH,
3aJTy4YHBIIH JI0 BUKOHAHHS MIPOEKTIB BIAMIOBIIHUX arcHTIB.

2.2. IToOynaysatu rpad, BEpIIMHU SKOTO MMO3HAYAIOTH
NpoeKTH (KOMaHaAW areHriB), a pebpa 3’€IHYIOTh Ti
BEpIIMHA (IPOEKTH), JUII BUKOHAHHS SIKUX 3aydeHi
onnakoBi areHTd. CdopMyBaTH IOYaTKOBY MAaTpHIIIO
CYMDKHOCTEH BepIIUH rpada.

2.3. 3 KOXXHOIO BEPIIUHOIO Tpada OB’ SI3aTH TPABIIIB,
SKi BHOWPAIOTh BapiaHTH TOTOYHHX KOJIBOPIB BEPIINH
rpada.

Kpok 3. BusHauuTH HOTOYHKH CKJIa] KOMAaHJ arcHTiB,
3aJly4eHUX IO BUKOHAHHS IIPOEKTIB 3 IMOBIPHICTIO g, Ta

BUKOHATH HOBY PO3MITKY BEpUIMH rpada.

Kpok 4. Bi3HaUUTH MOTOYHY MATPHUII0 CyMDKHOCTEH
BepiIvH rpada.

Kpoxk 5. Bubparu umcti crparerii (KOJbOpH BEpLINH
rpada) x(t) e X, rpaBuiB i =1..L 3riguo 3 (16).

Kpok 6. O0uncnuty 3Ha4eHHS MOTOYHHX IIPOTpAIliB
(), i=1..L 3rigro 3 (1).

Kpoxk 7. O6uncnnTn napamerpu y(t) Ta g(t) 3rimso 3
(14).

Kpok 8. OOuMCiIuTH €JeMEeHTH BEKTOPIB 3MillIaHMX
crpareriit p;(t), i =1..L 3riguo 3 (13).

Kpok 9. OOumciutn mnOTOYHI 3HA4YeHHS (QYHKIIN
cepenHix mporpamiB Zj(t) (2) koxHoro rpasui i Ha ix
OCHOBI  OOYHMCIHTH CHCTEMHY (YHKIIIO CepemHiX
nporpamiB Z(t) (3) croxactuuHoi rpu po3dapOoByBaHHS
rpada.

Kpoxk 10. 3agatu HaCTYmHHN MOMEHT Jacy t:=t+1.



e-ISSN 1607-3274 Papioenexrponika, inpopmaruka, ynpasminss. 2022. Ne 1
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2022. Ne 1

Kpoxk 11. [xmo t <t , TO IEpeHTH HA KPOK 3, iHAKIIIE

— Ha Kpok 12.

Kpoxk 12. O6uucnutu ycepeaHeHi 3HaueHHS KOJIbOPiB
X (t), i=1..L ans sepmun rpada sriguo 3 (17). Kinenp
TpH.

4 EKCIIEPUMEHTH

Hexaii 3anamni:

1) 6i6miorexa onronoriit Q ={0;,0,,05,04,05} ;

2) KOMIIeTEeHIIii, HEOOXiTHI JJIsi BUKOHAHHS TPOCKTIB
I} ={0,03,04} , 1, ={0,,05,05},
1} ={0,,04,0s} , T14 ={0;,03,0s} ;

3) s3mi6rocti arentiB A ={0;,04}, A, ={0,,0;},
Ay ={0},05}, A;={0;,04}, sixi
3allydeHi 11 BUKOHAHHS TIPOEKTiB.

Buxonsunm 3 1MX [JaHWUX, MOXJIMBI Taki IMOKPHUTTS

npoekTiB areHtamu: 1} ={A, A}, 11, ={A, A},
I ={A,A}, Ty={Ay,A}. Jiiicro, mns 3ananux

MIPOEKTIB CIIPaBEUINBI HACTYIHI BiTHOIICHHS ITOKPUTTS
OHTOJIOTIH:

I} : A VA ={0,0,,05,0,; 210, 05,04} 5

Iy : Ay U Ay =1{0},0,,05,05} 2{0,,05,055 ;

3 : AU A =1{0},04,05} 2{0;,04,0s} ;

g : A3 A ={0},05,04,05} 2 {0;,05,05} .

Ha puc. 1 300paxeHo rpad, BepIIMHAMU SKOTO €
IPOEKTH [T, , @ peOpamu — 3B’A3KH MIXK TUMH NIPOEKTaMH,

MOXYTb  OyTH

IUIsl BUKOHAHHA SIKUX IUIAHYETHCS 3aJTyYUTH OIHHX 1 THX
JKe areHTiB. Y BepIIMHAxX rpada HaBeIeHO CIHCOK arcHTiB
A, k=1.K;, 3amydeHux [0 BHUKOHAHHS IPOCKTIB.

3 KOXXHOIO BEPIINHOIO (IPOEKTOM) IOB’SI3y€THCSI TPaBEIlb,
KA BUKOHYE XOJAW CTOXacTHYHOI I'pU 100 BUOOPY
MNOTOYHOTO KOJBOPY BEPIIMHH, 3aJIe)KHO BiI KOJBOPIB
3’€THAaHUX peOpaMu CyCiHIX BepIInH rpada.

Pucynok 1 — I'pad 3anexnocTeil mpoeKTiB BiJ BUKOHABIIIB

BinMoBHM areHTiB TPU3BOAATH 110 3MIHH CKJIATy
KOMaH]I BHKOHABIIIB TPOCKTIB 1 O BIAMOBIIHOI 3MiHHU
3B’SI3KiB MK BepIIMHAMH Tpada. Y pe3ynbTaTi, 3aMiCTbh
JIeTepMiHOBaHOTO rpada, OTPUMAEMO BHUIAIKOBHUI Tpad,
JCKITbKa MOXJIMBHX pealizalid sKoro 300paKeHO Ha
puc. 2.

Ha puc. 2a 300paxkeHo peanizalilo BHIAJAKOBOIO
rpada I BUMAAKY, KOJIHM BiIMOBHMB areHT Al mpoekTy
IT1. Taka x cTpykTypa rpada Oyne y BHIIQJKy BiAMOBH
arenra Al npoekry 13, abo BinmMoBu arenta Al st 060X
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npoekrtiB I11 Ta [13. Pe3ynpraTrom 1poro € Brpara 3B’s3Ky
Mix npoekramu 11 ta I13.

BimmoBa arenta A2 mnpoektry I[I2 mnpusBene 10
peanizanii BumagkoBoro rpaga, 300paxeHoi Ha puc. 2b.
AHanoriyHuil pe3yabpTaT OTPUMAEMO y BUIAJIKY BiAMOBH
arenra A2 npoexty I11, a6o BimMoBH areHTa A2 MPOEKTIB
IT1 Ta I12.

I1

1

=
i:l m:l

o

on

=i = k=
Q ::I | I ] :

I, ,

Pucynok 2 — Peannizariii BunaakoBoro rpaga

Bunagok BiaMoBu areHta A3, 3amydeHoro o
BuKkoHaHHs npoekriB I12, TI3 Ta II4, 300paxeno Ha
puc. 2c. Ha oMy pUCYHKY BHIHO, IO BiJMOBH arcHTiB
MOXYTh TPH3BECTH JI0 TOPYIIEHHS 3B’s3HOCTI Tpada
MIPOEKTIB.

Peanizauis rpada, 306paxenoro ua puc. 2d, orpumana
y pe3ynbTari BitmoBu arenta A3 mpoexty I13.

Jns 3amanoro BumaakoBoro Tpada HEO0OXimHO
BU3HAYUTH TaKWil TOPSIOK BHUKOHAHHA MPOEKTIB, UIS
SIKOTO MOJKJIMBA Y4acTh KOXXHOT'O areHTa € MOCIiJOBHOIO
y yaci.
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5 PE3YJIbTATHU
Po3B’si3yBaHHs 1€l 3a1a4i BAKOHAEMO CTOXaCTHYHUM
irpoBuM MetonoM (13) po3dapOoByBaHHS BUIAIKOBOTO
rpada. s mporo 3asamo Taki mapaMeTpu CTOXacTHYHOI

rpu: L=4; N=L; K=4; yy=1; oa=0,01;
g9 =0,999N"1; p=2.
Bmme iMoBipHOCTEH Q) =(, i =1..K ydwacri arenTis

y BUKOHAHHI NMPOCKTIB Ha 301KHICTH CTOXaCTUYHOI TPH
300paxeHo Ha puc. 3 y JorapupmMigHOMY MacIuTaoi.

PucyHok 3 — 3anexxHicTh CUCTEMHOI (BYHKIIT CepeHiX BTPAT
BiJl IMOBIPHOCTEH y4acTi areHTiB y BUKOHAHHI IPOCKTIB

[Mapamerp 0 mopsaky mBuzakocti 30ikHOCTI (15)
iIrpOBOTO  METOAY BM3HAYAETHCSI TAHTEHCOM  KYTa,
YTBOPEHOTO  JiHIfHOIO  ampokcumariiero  rpadika
CHUCTeMHOI (YHKIII cepefHiX BTpaT Ta BicClo Hacy. Sk
BUOHO Ha pHUC. 3, CepemHii MOPSAOK MIBHUAKOCTI
30DKHOCTI irpoBoro meroay € HabmmkermM a0 1. Bin
NPAaKTHYHO HE 3MIHIOETHCS MUl PI3HUX IMOBIPHOCTEH
yuyacTi areHTiB y BUKOHAHHI IPOEKTIB. I3 3MeHIIEeHHIM
3HA4YEHHS [UX IMOBIPHOCTEH JIMIIIE 3POCTAE Yac HABUYAHHS
CTOXaCTUYHOI IPH.

Ha puc. 4 300pakeHO anpoOKCHMOBaHY MOKa3HHUKOBY
3QJIEKHICTh CEPENHBOI KUTBKOCTI KPOKiB t , HEOOXimHMX

s po3dapOoByBaHHS ~ BHUMAAKOBOro rpada, Bifg
imoBipHOCcTel O =(, i =1..K yuacTi arenris y rpi.
T
08 L

PucyHoxk 4 — CepenHsl KiIbKiCTh KPOKIB HABUAHHS
CTOXaCTUYHOI TpU

3pocranHs iMoBipHOCTI ( —> 1
BUKOHAHHI TPOCKTIB MPH3BOJUTH JO 30LIbIICHHS

nofiOHOCTI peanizaniii Bumagkosoro rpada G(t) mo

y4acTi areHriB y

3a1aHoro JeTepMiHoBaHoro rpada G :

8(t) = M(G(),G) - 0,
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ne o(t) €[0,1] — mipa Omu3bKOCTI TpadiB y MOMEHTH
gacy t=1,2,... [43]. Pe3ynpraToM 1pOTO € 3MEHIIEHHS
KUIBKOCTI KPOKIB HaBYaHHS croxacTWyHol rpu. Jlis
abcomroTHO HafiHMX areHTiB (Q=1) morpidbHo 10-20

KPOKIB CTOXaCTHYHOI TpH It (POPMYBaHHS NPABHIBHOTO
po3dapOoByBaHHs 300paXkeHOT0 Ha puc. 1 rpada.

P03B’s13k0M CTOXaCTUYHOI I'pH € 300paKeHUI Ha pHC.
5 pozdapboBanuii rpad), orpumanuii a8 iMOBIpHOCTEH
gy =q=0,8, i=1.K yugacti areHTiB y BHMKOHaHHI
MPOEKTIB.

Green Blue

n. @ m

Yellow Green

Pucynok 5 — Po3gap6osanuii rpad) mpoexris

[TpoekTy, o0 BiAMOBIAAIOTH BEPIIMHAM 3 OJHAKOBUM
KOJIOPOM, MOXYTb BUKOHYBAaTHCh OJTHOYACHO
(mapasensHO). JIBi MOCITINOBHOCTI BUKOHAHHS MIPOEKTIB 13
IIECTH MOXKIIMBHX 300pa)XeHO Ha puc. 6.

IT, I1,
Green
H4
Green
H3 HZ
t
a
1_[i Hl
H4
H2 H}
Yellow
t
b

Pucynox 6 — ITociitoBHOCTI BUKOHAHHS IPOEKTIB

Sk BuaHO Ha pHC. 6a Ta puc. 6b, nmpoektu I11 Ta I14
MOXYTb BUKOHYBAaTHUCS OJHOYACHO, a mpoektu I12 ta I13

MOCHIZIOBHO 3 IIMMH MapajlelbHUMU IPOEKTaMH.
3acrocyBaHHS anropuT™my posdapOoByBaHHS Tpada
BU3HAUYa€ JIMIIE TIOPSAAOK BHUKOHAHHSA TIPOEKTIB 0e3
BpaxyBaHHS 1X, MOXJIMBO, PI3HOI TPUBAJIOCTI.
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6 OBI'OBOPEHHSI
B yMmoBax ampiopHOi HEBH3HAYCHOCTI BHITAJKOBOTO
rpada IpOCKTIB BAXKIMBOIO € MAKCHMI3allis IMOBIpHOCTEH
TTOKPUTTSI IPOCKTIB.

Hexait Z; =25 _ nosuuit MIpoCTip KOMOIHOBaHUX

CTaHIB areHTiB, 3aJyYeHUX N0 BUKOHAHHS i-TO MPOEKTY
(i=1.L), ne K; — KUIBKICTb TaKMX areHTiB. 3HA4YeHHS

CTay §j j =1 curuamsye npo y4acte j <> K -ro areura,
a sHaueHHs Sj j =0 — mpo #oro BiAMOBY Bix y4acti y

BUKOHaHHI npoekty IIj. TyT omepamis <> BHKOHYE

B3a€EMHO  OJHO3HayHE BiZOOpaXXEHHS  MMOCITIJOBHUX
HomepiB | =1..K; arentiB Aj mpoekry II; Ta peampHux
HoMmepiB areHTiB A, . Toxl iIMOBIpHICT NOKPHUTTS

npoexty P, (T1;) BH3HAYa€ThCA K CyMa IMOBIPHOCTEH
THX KOMOIHOBaHUX CTaHIB (Sj;Sj,..SjK.), U SAKUX
) ) ERAN
IHAMBiyaTbHI CTAaHWU areHTIB JOPiBHIOWTH | i 00’eqHAHI
OHTOJIOTI X areHTiB NOKPUBAIOTH JAHUN TPOEKT.

Hanpuknan, ans 306paxenoro Ha puc. 1 rpada KoxeH
npoekt I1,, i=1.L Mae Takuii mpocTip cTaHiB 1 JBOX

3AJTYUYCHUX UIA HOro BUKOHAHHS arcHTIB:

Zi ={(si;Si2)1si,j €10,1}, j=1,2} = {00,01,10,11} .

OueBuaHO, IO
KOMOIHOBaHHX

IMOBIpHICTB
CTaHiB

peamizamii  ycix
TIOPIBHIOE I:
A=gi, A= Gj,m)+ L= 0j)im +dig (L= Ajm)+ i1 djm =1-
Tyt nepuwmmii iHOeKC TO3HaYae HOMEP IIPOEKTY, a
JIpYTUil — HOMEp areHTa.
BpaxoByroun CkJiaj MHOKMH OHTOJIOTIH, IMOBIPHICTh
HOKPUTTS MPOEKTY, HANPUKIAA II,, BU3HAYAETHCA TaK:

Peoy (IL)) =0y 1012, Ae Iy ={A,A}. Skmo Oy =0,

k=12, To MarumMemMo KBaJpaTH4YHy 3aJIEKHICTh

pco\,(Hl):q2 MPOEKTY  Bill
IMOBIPHOCTI Bi/]MOB areHTIB.

ImoBipHICTB MOKPHTTS MOJKHA i ABULLATH
3aly4eHHAM y MPOEKT HaUIMIIKOBHX areHTiB, OHTOJOTII
SKAX X04ya O YacTKOBO BXOISTh Y MHOXHHY OHTOJOTIMH
mpoekty. Jlna mpuxiamy BBegeMo |y npoekT I,

IMOBIPHOCTI  TTIOKPHUTTS

JI0JTATKOBOI'O areHTa A, , 10 Mpu3Bese 10 MosBH y rpadi
I,.
VY pe3ynbrari IBOTO MPOCTIp CTaHIB areHTiB MaTHUMe
BUTIISIL:

HOBOrO 3B’S3Ky MDK BepmuHamu [I; Ta

Zy ={(51512513) |81} €40.1}, j =1.3} ={000,001,010,011,100, 101,110,111} -

OHTOJIOTIH
Tenep

3 ypaxyBaHHSAM HOBOro Habopy
IMOBIPHICTE TIOKPHUTTS HPOEKTY II; = {A, Ay, Ay}

Oyze NOpiBHIOBATH:

Peoy (I11) =0y 1 (1= 0y 2)0; 4 + 011G 2 (1= 01.4) + 01 G201 4 -
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Jlerko  mepeBiputH, mO  Plyy (T1) 2 Py L)) .
OJIHAKOBUX  3HA4€Hb

y BUKOHAaHHI TIPOEKTY

B okpemomy  Bumamky — aus
IMOBIPHOCTEH y4YacTi areHriB

maemo Plo, (1) =20>(1-q)+q° > q*.
pcov(Hl) Ta
L gy =qef0.1],

I'padiku  imMoBipHOCTEH Péoy (I17)

HOKpHUTT mpoekty [T k=1.K

HaBeJICHO Ha puc. 7.
P

cov

0,6 ,//

0,4 Py /.//'/

0,2 ///
_..és/’/./

o o1 02 03 04 05 08 07 08 09 1 ¢
Pucynok 7 — IMOBipHOCTI TOKPUTTS IPOEKTIiB

HammikoBe MOKPUTTS MIPOEKTY MO-Pi3HOMY BILTHBAE
Ha 30DKHICTh CTOXAaCTHYHOI T'PH, 3aJIeKHO BiJ BapiaHTIB
3aydCHHHS areHTiB JUISI BUKOHAHHS IPOEKTiB. Twhmosi
peamizarii QyHKIIi yCepeOHEHNX y Yaci MporpamiB s
npoekry I, momawi Ha puc. 8 mwmst pi3HuX iMOBipHOCTEH
(T,)=0.64, a
OOYHCIICHUX IS

nokputts. I'padix 1 orpumano it p
Peoy (I1;) =0.768,,

cov

rpadik 2 — s
0,=0=08, k=1.K.

o

lo (¢

PucyHok 8 — BIiiB HaaIMIIKOBOTO OKPUTTS MIPOEKTY HA
30KHICTh CTOXaCTHYHOI I'PH

SIk BUAHO Ha puUC. 7 HAIJIMIIKOBE MOKPHUTTS MPOCKTIB
Yyepe3 3ay4eHHs T0JaTKOBHX areHTIB MOXKE 3a0e3MeunTn
3pOCTaHHS  IMOBIPHOCTI  IOKPHUTTS  3aTpeOyBaHUX
OHTOJIOTIM MPOCKTIB HAsBHUMH OHTOJOTISIMUA AarcHTIB.
OpHak, sIK IOKa3aHo Ha puC. 8, IS BUNAAKOBHX TpadiB
e MOXE TPU3BECTH JO TMOTIPIICHHS IOKa3HUKIB
30DKHOCTI IrpOBOTO METOAY 3a paxyHOK 3aJIeXHOCTI
MIPOCKTIB BiJI OTHUX 1 THX YK€ arcHTIB.

Pe3ynbTaToM 3alydeHHS OJHAKOBUX JIOJATKOBHX
areHTIB € 3POCTaHHS 3B’SA3HOCTI Tpada MPOEKTiB, IKUN y
BUTIAJIKy BIiJIMOB arcHTIB pPO3MAIA€ThCS Ha OiIbIITy
KUTBKICTh miAarpadiB, y HBOMY dYacTilie 3’ sSBISIOTHCS
130JIbOBaHI BEPILUHMU, 10 MOCIA0II0E YMOBU 301KHOCTI
CTOXacTU4HOi Tpu  po3(hapOOBYBaHHS  BUIIAIKOBOTO
rpada. 30iUIbLICHHS MOPSAKY rpada, 10 eKBIBAJICHTHO
30LIBIICHHIO KUTBKOCTI TIPOCKTIB, TAKOX MPU3BOIMTE JIO
CIIOBUTBHEHHS 301KHOCTI CTOXAaCTHYHOI TPH.
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3anydyeHHsS HAJUIMIIKOBHX AarcHTIB 10 BUKOHAHHS
MPOEKTIB MOXXHA OOMEKUTH JIOJATKOBHM KpPUTEPIEM
MiHiMi3alil BAPTOCTI BUKOHAHHSI IPOEKTIB.

BUCHOBKU
3a pe3ynbpTaTaMy IMIPOBEICHOTO JIOCTIHKEHHS MOXKHA
3poOUTH TaKi BUCHOBKH:
1) po3B’s3aHO  3amadyy IUIAHYBaHHS IIOCIIZOBHOCTI
BUKOHAHHA TIPOCKTIB HAa OCHOBI CaMOHABYAIBHOTO

CTOXaCTUYHOTO IrpOBOrO0 METOAy po3¢apOoByBaHHS
rpada;
2)3aBASKH  CBOIM  aJaNTHUBHUM  BIACTHUBOCTSIM,

CTOXaCTUYHHUH IrpOBHH METOJl MOXKHA 3aCTOCYBaTH JUIs
po3dapOoByBaHHS BHUIIAAKOBOTO rpada, SIKMH BpaxoBYe
IMOBIPHOCTI y4JacTi areHTiB y BUKOHaHHI IPOEKTIB;

3) pe3ynbTaTOM HAaBYaHHA CTOXaCTHYHOI TIpH €
ACHMITOTHYHO NPaBWILHO po3dapOoBaHWil BHIAIKOBHH
rpad, SKUH JO3BOJIIE  BHU3HAYUTH  IIOCTIJIOBHICTB
NPU3HAYCHHS [IEPCOHAITY JUIS BUKOHAHHS MPOCKTIB;

4) 301KHICTP ~ CTOXaCTHYHOTO  ITPOBOTO  METOXY
3a0e3Meuy€eThesi 30a1aHCOBAHNM CITIBBITHOIICHHAM HOTO
napaMeTpiB  Opu  AOTPUMaHHI  (pyHIaMEHTaIbHUX
00MEXEHb CTOXaCTHYHOT alpoKCcHMAallii;

5) 3poctanHs mopsaxky rpacda, 3B’s3HOCTI  Tpada,
IMOBIPHOCTEH BiJIMOB arcHTiB MPU3BOJATH 10 3POCTAHHS
KUTBKOCTI  KPOKIB,  HEOOXimgHMX  JIsI  301XKHOCTI
CTOXaCTHUYHOI TpH po3dapOoByBaHHS Tpada;

6) MeToz cTOXacTHYHOI rpu po3dapOoByBaHHs rpada
MOYKHA 3aCTOCYBATH JUISL PO3B’3yBaHHS MOAIOHHUX 3a1ad,
oo (GopMyIIOIOTECS B YMOBaxX HEMOBHOI iH(opMarii,
HaNpUKJIaA, CKJIAJaHHA pPIi3HOMAHITHUX  PO3KIAIIB,
po3mapalenOBaHHs aNTOPUTMIB, knacuikarii,
KJIacTepU3allii JaHUX Ta 1HIIHX,

7) po3riisiHyTa ~ CTOXacTU4Ha TIpa  Ma€  TaKOXK
CaMOCTIiHE  3HAYE€HHd  SK  MOJENb  I00aILHOI
caMooOpraHi3aIii CTaHiB pO3MOIIICHOI CHCTEMH, TPOSBOM
SIKOT € TipaBWJIbHE po3(hapOyBaHHS BHUIIAJKOBOTO rpada B

YMOBaX HEBHU3HAYCHOCTI HA OCHOBI OIpAI[IOBAHHS
JIOKAITFHO 310paHuX JTaHUX.
MHOAsIKA

Po0oTy BHKOHaHO B paMKax JepKOIOJDKETHHX TEM
«Metomu Ta 3ac00H (YHKIIOHYBaHHS CHCTEM IiATPUMKH
MIPUAHATTS pilleHs Ha OCHOBI oHTOJNOTIHY (ID:839 2017-
05-15 09:20:01 (2459-315)) Ta «CucTema HiATPUMKH
MPUAHATTS PILICHb PO3Mi3HABAHHS MYJbTUCICKTPATBHUX
00pa3iB Ha OCHOBi TEXHOJIOTi MAIIMHHOTO HaBYAHHS Ta
OHTOJIOTTYHOTO MIXOIY» (ID:0120U102203).
JlocnimkeHHs] IPOBaAMIIOCh B MEXKaX CIUIBHUX HAyKOBUX
JociipkeHb kadenapu iHGOPMAaIIHUX CUCTEM Ta MEpex
HY «JIbBiBcbka mouiTexHika» Ha Temy «JlociipkeHHs,
pO3poOJICHHS 1  BIOPOBA/DKCHHS  IHTEICKTYaTbHHX
po3noiieHnx iHGOpPMAIITHIX TEXHOJIOTIA Ta CUCTEM Ha
OCHOBI pecypciB 0a3 JaHUX, CXOBHI IaHUX, MPOCTOPIB
JaHUX Ta 3HAaHb 3 METOI0 IPUCKOPEHHS IIPOIEciB
(hopMyBaHHS Cy4acHOTO iH()OPMAIIHHOTO CYCIiTHCTBAY.
HayxoBi mociipkeHHS TPOBAIMIIUCS TaKOX B paMKax
iHimiaTuBHOI TemaTtuku mochimkens kadeapu ICM HY
«JIpBiBCBKa TmoOMiTEXHIKa» Ha Temy «Po3pobnenHs
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IHTEJIEKTyalbHUX PpO3MOJUICHUX CHCTEM Ha OCHOBI
OHTOJIOTIYHOTO  TIAXOLYy 3  METOK  iHTerpamii
iHpOpMALIHUX pecypciBy.
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OCHOBE OHTOJIOT U1
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JlutBuH B. B. — 1-p TexH. Hayk, mpodeccop, 3aBenyroumii kadeaps «HPOPMAIMOHHBIE CUCTEMBI H CETH», HalmoHambHbIH
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Boiconka B. A. — kaHI. TeXH. HayK, NOLEHT, JoneHT Kadeapsl «HDOpManMOHHBIE CUCTEMBI W ceTW», HarmoHambHBIH
yHHUBepcuTeT «JIbBOBCKasl MOIUTEXHUKA», YKpauHa.

AHHOTANUA

AKTyaJIbHOCTB. B 3T0il cTaThe ommcaHO peuieHHe WTPOBOW 3a/aud Ha3HAUCHHS IEepCcoHajia s padOTHl HaJ MPOEKTaMH Ha
OocHOBe OHToNormueckoro moaxoxa. CyTh 3afgadm cocToHT B ciemyiomeM. CymiecTByeT HOTPeOHOCTh B CO3JAaHMH KOMAHJ IS
BBITIOTHEHNS] HECKOJIBKHIX MPOEKTOB. KaxIpIif MpoeKT 3a7aeTcss HabopoM HEOOXOAUMBIX OHTOJIOTHYECKUX 3HAaHHUH. [I7Is1 BEITOTHEHUS
MIPOEKTOB MEHE/KEPHl ITIPHUBIEKAIOT KBATH(HIMPOBAHHBIX CHEIUAINCTOB (areHTOB), CIIOCOOHOCTH KOTOPBIX TaKKe 3aMaloTcst
Habopamu oHTOoNornid. CocTaB KOMaHA JOMKEH OBITh TAaKHM, YTOOBI 00beANHEHHbIE OHTOJIOTHU MX areHTOB IOKPBIBAJI MHOKECTBA
OHTOJIOTMH COOTBETCTBYIOIIMX MPOEKTOB. Kax/plif areHT ¢ Oomnpe/ie/IeHHBIMU BEPOSITHOCTSIMU MOJKET MPUHATH M0CIEI0BATEIbHYIO
ydJacTHe B BBINOJHEHWH HECKOIBKHX IpoekToB. OnHOBpeMeHHas paboTa areHTa HaJl pa3jIMYHbIMU NPOEKTAMU HE JIOMYyCKaeTcs.
HeobxomuMo omnpeienuTs Nops 0K BBIMOTHEHHS TPOEKTOB H COOTBETCTBYIONIHI €My TOPSIOK Ha3HAYEHHUsI IEPCOHAA.

He.]'lbl{) HUCCIICOBaHU SABJISACTCA pa3pa60TKa MaTeMaTHYECKOH MOJIEITM CTOXACTUIECKOMN WUI'pbl, PEKYPPEHTHBIX MAapKOBCKHUX
METOAO0B IJid €€ PCUICHUS, aJITOPUTMHUYECCKOTO U IPOrpaMMHOI'0 OGCCHC‘JGHHSI, NPOBEACHNEC KOMIIBIOTEPHOI'O OKCIIEPUMEHTA, aHaJIn3
PEIYIBLTATOB U BBIpa6OTKOfI peKOMCHZ[aHI/Iﬁ I10 UX MPAKTUIECKOMY MPUMEHECHHIO.
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Mertoa. /I nnaHupoOBaHUS BBINOJHEHUS MPOEKTOB HUCIOJIB30BAHO CTOXAaCTHYECKUI HIPOBOM alIrOpUTM  pacKpacku
HEOPUEHTHPOBAHHOTO ClIy4aifHOro rpada. it 5Toro KoJIM4ecTBo BepIIMH rpada NpHHITO paBHBIM KOJIHYECTBY IPOEKTOB. PedpamMu
COeIMHEHbl T€ BEpUIMHBI Ipad)a MPOEKTOB, Ul BBHINOJHEHHS KOTOPHIX MPUBJIEYEHO OJHOrO M TOro ke areHta. C ydeToMm
BOCCTAHOBHTEJIBHBIX OTKA30B arceHTOB CBS3M MEXIy BepliHHamMu rpada IUHAMHYECKH H3MeHsroTcs. HeoO0Xoammo mocTHdb
MPaBUIBHOW packpacku ciydaifHoro rpada. Torma MmpoeKTbl ¢ OAMHAKOBO PACKpaIlIeHHBIMH BEpLIMHAMH TIpada MOTYT OBITh
BBITIOJIHEHBI TTAPAJUIETBHO, a MIPOCKTHI ¢ Pa3IMYHBIMHU IIBETAMH BEpPIINH — ITOCIIECI0BATEIHHO.

Pe3yabTathl. B cTathe mocrpoeHa MaTeMaTHYecKas MOJEIb CTOXAaCTHYECKOW Urphl M 00ydaeMblii MapKOBCKHH METOX VIS ee
peumenns. Kaxnas BepummHa rpada KOHTPOJIMPYETCS MIPOKOM. UMCTBIMHM CTPaTEerMSIMHM HMIPOKA SIBISIOTCS JJIEMEHTHI HajUTpPhI
nBetoB. Ilocie BeIGOpa 1BeTa CBOEH BEPLIMHBI Ka)KAbIH UTPOK BBIUUCIAET TEKYIIUI NMPOHUTPHIIN KaK OTHOCHTEIBHOE KOIUYECTBO
OJIMHAKOBBIX LIBETOB B JIOKAJIbHOM MHOXKECTBE COCEIHUX UTPOKOB. Llenh HIPOKOB 3aKIIIOYaeTCs B MUHUMU3AIUH (QYHKIUH CPEeAHIX
MPOUTphIIIeid. MapKOBCKUI peKyppPEHTHBII METOA 0OecTiednBaeT aIalTHBHBIA BEIOOP LIBETOB BEPIIMH CIy4aifHOTO rpada Ha OCHOBE
JUHAMHYECKHX BEKTOPOB CMEIIAHHBIX CTPATETHH, 3HAYCHUS] KOTOPBHIX 3aBHCSAT OT TEKYIIMX NPOHTPHIMIEH HIpokoB. Pe3ymbraTom
CTOXaCTHUYECKOU UIPHI SBIISIETCS ACHMIITOTHYECKH MTPABIIBHO PACKPAIICHHBII CITydalHBIH rpad, Korga kaxxaoMmy pedpy HadaabHOTO
JETepMUHHPOBAHHOTO Tpada OyIyT COOTBETCTBOBATH B CPEAHEM PA3HEIC IIBETA BEPIIHH.

BbiBoabl. IIpoBeneH KOMNBIOTEPHBIN JKCIEPUMEHT, KOTOPBIA MOATBEPAMI CXOJUMOCTh CTOXAaCTHMUECKOM WIphl A 3a4ayuu
PackKpackH citydaifHoro rpaga. 9To a0 BO3MOXKHOCTb ONPEAETINTh NOPSAIO0K Ha3HAUEHHUS IEPCOHANA JUIS BBHINOIHEHHUS IPOEKTOB.

KJIIFOUYEBBIE CJIOBA: mpoekT, areHT, OHTOJIOTHS, Ha3HAYCHHE MEPCOHAIa, packpacka CiydaiiHOro rpada, CToXacTHYeCKas
Urpa, MapKOBCKUI peKypPEHTHBII METO, afanTaliys, caMo00yUCHHE.
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MODELLING GAME TASK OF ASSIGNING STAFF TO PERFORM IT-PROJECTS BASED ON ONTOLOG IES

Kravets P. — PhD, Associate Professor of Information Systems and Networks Department, Lviv Polytechnic National University,
Lviv, Ukraine.

Lytvyn V. — Dr. Sc., Professor, Head of Information Systems and Networks Department, Lviv Polytechnic National University,
Lviv, Ukraine.

Vysotska V. — PhD, Associate Professor of Information Systems and Networks Department, Lviv Polytechnic National
University, Lviv, Ukraine.

ABSTRACT

Context. This article describes how to solve the game problem of assigning staff to work on projects based on an ontological
approach. The essence of the problem is this. There is a need to create teams to carry out several projects. Each project is defined by
a set of necessary ontological knowledge. To implement projects, managers invite qualified specialists (agents), whose abilities are
also defined by sets of ontologies. The composition of the teams should be such that the combined ontologies of their agents cover
the set of ontologies of the respective projects. Each agent with a certain probability can take part in the implementation of several
projects. Simultaneous work of the agent on different projects is not allowed. It is necessary to determine the order of project
implementation and the corresponding order of personnel appointment.

Objective of the study is to develop a mathematical model of stochastic game, recurrent Markov methods for its solution,
algorithmic and software, computer experiment, analysis of results and development of recommendations for their practical
application.

Method. A stochastic game algorithm for coloring an undirected random graph was used to plan project execution. To do this,
the number of vertices of the graph is taken equal to the number of projects. The edges of the project graph for which the same agent
is invited are connected by edges. Due to the recovery failures of agents, the connections between the vertices of the graph change
dynamically. It is necessary to achieve the correct coloring of the random graph. Then projects with the same colored vertices of the
graph can be executed in parallel, and projects with different colors of vertices — in series.

Results. The article builds a mathematical model of a stochastic game and a self-learning Markov method for its solution. Each
vertex of the graph is controlled by the player. The player’s pure strategies are the elements of the color palette. After selecting the
color of their own top, each player calculates the current loss as a relative number of identical colors in the local set of neighboring
players. The goal of the players is to minimize the functions of average losses. The Markov recurrent method provides an adaptive
choice of colors for the vertices of a random graph based on dynamic vectors of mixed strategies, the values of which depend on the
current losses of players. The result of a stochastic game is an asymptotically correctly colored random graph, when each edge of the
initial deterministic graph will correspond on average to different colors of vertices.

Conclusions. A computer experiment was performed, which confirmed the convergence of the stochastic game for the problem
of coloring a random graph. This made it possible to determine the procedure for appointing staff to implement projects.

KEYWORDS: project, agent, ontology, staff assigning, coloring of random graph, stochastic game, Markovian recursive
method, adaptation, self-learning.
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ABSTRACT

Context. Computing systems are implemented in many industries and economies of the modern world. The quality indicators of
the systems in which they are used depend on the reliability of their work. The reliability of a computing system consists of the
reliability of the construction and functioning of its elements. It is not always possible to ensure reliability in the design by choosing
a high-quality element base, structural redundancy, or other well-known methods. Therefore, important and critical elements of
computing systems are protected by built-in control schemes. They allow you to detect errors that occur when performing basic data
operations. An effective way of constructing such circuits is to use actions on the remainder of the division of the operands by a
selected module or by several modules (modular coding). Especially the task of choosing the most accurate and least redundant
means of control is relevant for a wide range of basic elements of modern computing systems.

Objective. The aim of the work is research and development of recommendations on the use of modular coding to improve the
reliability of the functioning of elements of modern computing systems in various hardware and software basis.

Methods. A method for numerical control of the correctness of performing basic arithmetic and logical operations by computing
devices is selected and analyzed. On its basis, a schematic model of a computing system was built and verified in the MatLab
Simulink environment, which uses modular coding as a means of ensuring the reliability of the functioning of elements. The analysis
of the probabilistic characteristics of decision-making is carried out, estimates of the probability of an erroneous decision-making are
given. A software implementation of the simulation algorithm in the Visual Basic for Applications environment has been created,
which made it possible to plot the dependence of reliability indicators on coding parameters.

Results. A schematic model of a computing system has been developed. It allows study various combinations of faults in the
functioning of elements and errors in their operations. An algorithm for simulating all kinds of malfunctions and errors in the
functioning of elements of computing systems when they perform basic operations is implemented in software. The qualitative
dependences of the probabilistic characteristics of reliability on the coding parameters are determined. Based on the analysis of the
characteristics obtained, conclusions are drawn and practical recommendations are given on the use of modular coding in the
elements of computing systems in order to achieve the specified reliability indicators.

Conclusions. To improve the reliability of the functioning of the elements of computing systems, it is effective to use built-in
control schemes using modular coding. Taking into account the recommendations for choosing the parameters of the codes will
ensure the required reliability with minimal redundancy of circuits and the computational complexity of the calculation algorithms.

KEYWORDS: computing system, element, reliability, diagnostics, modular coding, module, deduction, reliability indicators,
error detection probability, simulation, circuit, built-in control.

ABBREVIATIONS

AES is an Advanced Encryption Standard;

ASIC is an Application Specific Integrated Circuits;

CAS is a Chemical Abstracts Service;

CS is a Computing System;

ECS is an Element of Computing System;

FPGA is a Field-Programmable Gate Array;

IDEA is an International Data Encryption Algorithm;

RCS is a Residual Class System;

RSA is a public key cryptographic algorithm (authors
are Rivest, Shamir, Adleman);

SoC is a System on Crystal.

NOMENCLATURE
A is a first operand;
B is a second operand;
C is a result of operation;
fis a total function;
i is an index of information module;
j is an index of control module;
k is a number of control modules;
k; is a modulo;
m is a number of information modules;
n 1s a total number of modules;

N is a amount of non-found errors;

P is a probability of error detection;

Pc is a working range;

P,is an error probability;

P(P,/P; is a conditional probability of missing an

error;

p is a probability of error at one digit;

pc is a module for modulo calculation;

p; is a value of control module with index j;

Dpk; is a control module with index j;

pm; is a information module with index [;

;1. 18 a remainder (modulo) after dividing the number

A by the module p;

rp is a remainder (modulo) after dividing the number B

by the module p;

r. is a remainder (modulo) after dividing the number C

by the module p;

r'. is a result of control by the module p;
R is a redundancy rate;

R, is a first redundancy rate;

Ry is a second redundancy rate.
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INTRODUCTION

CS play an important role in solving specialized
problems in many areas of industry and economy of the
modern world. Most of the quality indicators of the
processes they serve depend on the reliability of their
work.

Reliability is determined by the following main
components: failure-free operation, maintainability,
durability and storability [1]. One of the main ways to
ensure reliability is the use of built-in control schemes
using modular coding [2].

Modular (arithmetic) codes detect and correct errors
arising from the action of noise during the storage and
processing of information in the elements of computing
systems, as well as during the transfer of data between
them. The main problem here is the economical use of
redundancy to achieve the required reliability (noise
immunity) of data transmission over a noisy channel or
when they are stored on some medium. Knowledge of the
theory and practice of coding is necessary for developers
of both hardware and software of modern computing
systems [3].

In the process of calculations, there is a constant
transfer and transformation of information in the memory
of computing devices. Thus, when designing an ECS, it is
necessary to provide for both error detection and
correction measures. This function is assigned to the
control system. Control system — a set of hardware and
software methods and tools that ensure the determination
of the correct operation of the device as a whole or its
individual units, as well as automatic correction of
detected errors. There are the following types of
computational errors arising [4]:

— due to errors in the initial data;

— due to methodological errors;

— due to malfunctions in the operation of devices.

Therefore, important and urgent tasks are a reasonable
choice of parameters and an effective hardware and
software implementation of modular coding methods in
ECS.

The object of study is modular coding methodology
in ECS control schemes.

The subject of the study is development of methods
for assessing the probabilistic characteristics of modular
codes and recommendations for their implementation in
the selected hardware-software basis.

The purpose of the work is increasing the reliability
of computing systems elements with using a modular
coding in the built-in control circuits.

1 PROBLEM STATEMENT

The basis of CS is computers (information
converters). Let us single out two directions of ensuring
reliability — improving reliability during their operation
and increasing the reliability of information transfer
between them [5].

The first direction is the choice of effective circuit
solutions, materials, production technologies, etc. But this
does not always help, therefore, when using them in
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critical infrastructure facilities (aviation, space, security,
energy, etc.), it is necessary to provide additional control
of the correct functioning. An effective solution is to
control the execution of operations (modulo a prime
number or their product — modular coding). This is
especially true for the implementation of your own basic
elements (with your own production of integrated circuits
of various degrees of integration) and in programmable
logic devices in a configurable hardware-software basis
(FPGA, ASIC, SoC, etc.) [6].

The second direction is redundant coding. Advantages
of modular codes: simple and, as a consequence, less
resource-intensive (the number of operations, the length
of the operands, etc.) encoding and decoding algorithms.
This is especially true when implementing ESCs under
resource constraints such as fieldbus programmable logic
controllers. Also, when the transmission medium is noisy,
it is usually required to use complex methods of error-
correcting coding (Reed-Solomon codes, convolutional
codes, turbo codes and their cascading), which have such
complex decoding algorithms that it is difficult and
sometimes unrealistic to implement them in ECS [7].

Mathematical formulation of the problem: the length
of the informational part of the message m is known. It is
necessary to determine the dependence of the
probabilistic indicator of reliability on the number and
values of control modules:

P=f(k,p)).j€ll:k]. (D

Also, an important characteristic for choosing the
parameters of the modular code is the dependence of the
probabilistic indicator of reliability on redundancy:

P=f(R). 2

The task is to select the number and values of modules
for better reliability (with a fixed redundancy) and less
redundancy (with a fixed value of the reliability
indicator).

2 REVIEW OF THE LITERATURE

The basis of modular coding is number theory
(Fermat, Bernoulli, Leibniz, Euler, Gauss) [8]. It is based
on the comparison of two integers modulo a natural
number — a mathematical operation that allows you to
answer the question of whether two selected integers,
when divided by one number, give the same remainders.
Arithmetic operations with the remainder of numbers in a
fixed modulus form modular arithmetic or modular
arithmetic, which is widely used in mathematics,
computer science, and cryptography [9].

Work on the use of redundant coding to improve the
reliability of computing devices began in the middle of
the 20th century. The introduction of redundancy at the
hardware and / or software levels has been recognized as
the main way to build reliable computing systems [10]. In
particular, modular coding is used in many built-in
control schemes in the structure of computing devices

[11].
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Redundant coding is used at all levels of interaction
between elements of computing systems. Depending on
this, different coding methods are used — both relatively
simple (parity check [6], codes for some combinations
[12], modular codes [13]), and more complex (binary
cyclic codes [14], nonbinary Reed codes -Solomon [15],
non-block convolutional codes [16], soft decision codes
[17], packet error correction codes [18], etc.). The
redundancy and computational complexity of the coding
and decoding algorithms are determined based on the
requirements for the reliability of the functioning of a
particular computing system or its device [19-21].

To determine errors when entering an international
bank account number, a comparison modulo 97 is used.
This allows you to detect arithmetic errors of a
sufficiently high frequency.

In cryptography, comparisons can be found in public-
key systems using, for example, the RSA algorithm or the
Diffie-Hellman protocol. Also, modular arithmetic
provides finite fields, over which elliptic curves are then
drawn, and is used in various symmetric key protocols
(AES, IDEA).

In chemistry, the last digit in the CAS serial number is
the checksum value, which is calculated by adding the last
digit of the number multiplied by 1, the second digit from
the right multiplied by 2, the third digit multiplied by
three, and so on up to the first digit from the left, ending
with the remainder of division by 10.

It should be noted that the literature does not describe
ways of justifying the choice of a module when
controlling logical operations (usually 3 is used in
practice, but it is possible that other modules or a
composite module are more efficient) [18]. There are no
publications on the assessment of probabilistic indicators
of reliability when deciding on the frequency and place of
arithmetic errors when controlling operations in
computing devices.

Also, the results of studies of the application of
modular coding to ensure reliability in data transmission,
to compare efficiency with other error-correcting codes

are not presented. This explains the relevance of this
work.

3 MATERIALS AND METHODS

Consider arithmetic codes using numerical control
modulo a prime number, which is widely used in
computing systems to control all basic arithmetic and
logical operations [3]. These include addition, subtraction,
multiplication, logical addition (disjunction), logical
multiplication (conjunction), negation of equivalence
(addition mod 2), inversion, shift operations of various
kinds (arithmetic and logical left-right shift, cyclic shift).
A generalized block diagram that implements numerical
control in modulus is shown in Fig. 1.

The essence of control is as follows. Let us denote the
main controlled operation on operands 4 and B by *, and
the residues of operands 4 and B by r, and 7, respectively:
A =r, (mod pc); B=r, (mod pc).

The process of forming a deduction (remainder) is
called the convolution of a number. In parallel with the
main operation * on operands 4 and B a certain operation
is performed in the controlling device # on the operands 7,
and r;. Then the result of the operation C is collapsing,
and value r. is compares with result . received in the
control device. The equality of r. and r'. indicates the
correct performance of the operation.

Taking into account that the bit depth of the deduction
is much less than the dimension of the operand, it can be
expected that the total complexity of the controlling
device and convolution devices will be less than the
complexity of the device duplicating the main (controlled)
device.

The objects of control are devices that implement the
above operations: adders, counters, shifters, arithmetic
devices, etc.

Let us give a number of mathematical operations on
residues in the numerical method of controlling the basic
operations for converting information in computing
devices.

This type of control is based on the use of identities
known from the theory of numbers for the comparability

» C

4 A*B Convolution -

- —L :

Comparison
Convolution o~ » e
—| r c c
: a J
A#B o

Convolution
r

B b

Figure 1 — Element structure of the developed test diagnostics system
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of the sum (product) of numbers with the sum (product)
of the remainders of the same numbers by some modulus:

i 4; = ira; (mod pc); 3)
i=1 i=1
ﬁ 4; = ﬁrai (mod pc). 4)
i=l1 i=1

There are some formulas for control the basic
arithmetical and logical operations of operands 4 and B
and the result C:

addition: 7', = (r,+r,) mod pc; (5)
multiplication: ', = (r,7,) mod pc; (6)
disjunction: »', = (r,+ r,— 14 & )) mod pc; (7
conjunction: »'. = (r,+ r,— 4+ 5) mod pc. ®)

A more difficult and more accurate control method is
the error detection method that works with numbers in
RSC. Let us define a series of positive coprime numbers
P1> D2s---» Pn, Which we call the bases of the number
system in the residual classes. Let p; < p, < ... <p,. To
represent the number A4 in the selected RCS we find the
set of the smallest residuals »; (i = 1, 2, ..., n) for 4 = r;
(mod p;).

Thus, each number will be uniquely represented by its
own set of residuals: 4 = (r, ry,..., 7,1, ;). The range of
positive integers at RCS is limited to:

Pc=pip,... p. ©)

The range of numbers [0, Pc—1] will be called
“working”. All operands and results within this range will
be called «correct» and outside of it will be called
“incorrect”.

For the code provided in RCS to be able to detect and
correct arithmetic errors, redundancy must be introduced.
The main method for constructing redundant RCSs is to
expand the original system by adding modules p,+1, P2,
.. » Pm+ that pairwise simple with each other and with the
modules of the original system. Thus, in the
representation of a number in RCS, one can distinguish m
information modules u k& redundant modules, tolat n
modules. This means that a number in RCS can be
represented through the totality of residues (modulus) for
all declared modules:

A= {I"ml, Vs «oo Viniy + -

Vil Vi <o vs Vijy oevs rkk};

ie[l;ml;jell; k]

Redundancy can be estimated as the ratio of the

number of redundant modules to the total number of

modules (R;) or through the bit representation of the
lengths of the corresponding parts of the code (Ry):

A rnl)n’

(10)

)
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k
Z [log, & 1
Ry = =

m

. .
> [log, m,]+ > [log, k,]
i=1 Jj=1

An analytical model [3] was used to determine the
reliability characteristics, a schematic model (in the
MatLab Simulink package) and a software model (in the
Visual Basic for Applications environment) were
developed.

Analytical model. We will assume that errors in each
of the digits of the number code appear independently of
each other and obey the binomial probability distribution.
Then the probability of occurrence of errors of the j-th
multiplicity in an n-bit number:

(12)

P(j,n)=P(j)=(j.)p‘f(l—p)"_j- (13)

Determine the probability of not detecting an error:

P’!f' 21—P:iP(J,n)P(P%j (14)

This formula is universal, that is, it is valid for any
control method.

Schematic model. The block diagram of the model in
Matlab Simulink [22], which implements the control of
arithmetic operations (multiplication, addition,
subtraction), is shown in Fig. 2. The values of the
operands 4 and B are entered, as well as the operating
mode of the device. The elements «Display» illustrates
the results of the operation and control the correctness of
its execution. Distortion can be set in the block to define
variants of detectable and undetectable errors.

The block diagram of the model in Matlab Simulink,
which implements the control of logical operations
(conjunction, disjunction, summation modulo two), is
shown in Fig. 3.

To study the properties of modular coding in the
system of residual classes a block diagram of the model in
MatLab Simulink was developed (Fig. 4). The main
components are implemented in the model:

— source of information;

— encoder;

— information transmission channel;

— source of interference;

—decoder;

— the recipient of the information.

In the encoder and decoder (Fig. 5), the number and
values of information and redundant modules are set, and
the conversion to RCS is also implemented. In the
communication channel model, distortions are introduced
into the transmitted message. An error detection
procedure is implemented in the decoder. It is based on
the inverse transformation of the number representation in
RCS and checking if it is within the working range.

The constructed models make it possible to carry out
experiments on introducing arbitrary distortions and
analyzing the detecting ability of a code with given
characteristics.
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Programming model. To

study the dependences of

reliability indicators on code parameters, a program
model was developed in the Visual Basic for Applications

language for Microsoft Excel

(Fig. 6). It allows you to set

the type of the checked operation, the required parameters

of the code and to carry out
full set of faults. As a result,

simulation modeling of the
the number of detected and

undetected errors is calculated. The software simulation

algorithm is shown in Fig. 7.

The number of undetected errors N € [Npin; Nax] (div

— whole division operation):

| Ble Edt Yew Smulstion Fgrmat Jook Help

DFdS W e e

» = o

oms -] B @S

@ 1[gin

wa!

Niin = (2" div pc); Npax = (2" div pc) + 1. (15)
The probability of undetected errors:
P=Npx /2" =" divp+1)/2". (16)

As a

dependence was

4 EXPERIMENTS
result of the study of the analytical model (14), a
built (Fig. 8). When analyzing

distortions, we assume that errors of different signs are
equally probable and in the i-th bit of the binary positional

number are equal +2".
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Fig. 9 shows the dependences of the error detection — from the value of the modulus p for different values
probability obtained from the results of the study of the  of the digit capacity of the checked number.
software model: Fig. 10 shows the results of circuit simulation for
— on the bit depth of the checked number for different  errors in one and two digits of the number representation
modules p; in RCS.
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Figure 10 — The simulation results of MatLab Simulink model RCS: one error (a) and two errors (b)

5 RESULTS 6 DISCUSSION

As a result of experimental studies, the dependences The developed models and the proposed experimental
of reliability indicators (probability of error detection) on  research methods make it possible to choose the required
the parameters of the selected control method were control method and code parameters in the presence of
constructed. This is done both to control the correctness  specified requirements and restrictions. This is especially
of operations by the computing device and to detect errors  important for the development of new devices in the
with redundant modular codes. modern hardware and software basis.

It is shown that the greater the value of the controlling Most of the built-in control devices use no more then
module pc, the greater the probability of detecting module 3 [6, 11, 21]. This requires a small bits amount of
arithmetic errors, i.e. reliability of ECS functioning control device (no more than 2 bits). But research results
(Fig. 8). At the same time, according to the proposed and probability dependences (Fig. 8 and Fig. 9) are shown
formulas for assessing the redundancy, it is possible to  that an increase in the module value gives a significant
select the optimal value at which the calculated detection  increase in the probability of error detection (average 1.5—
probability will not exceed the specified (permissible) 2 times: for example, for j = 5: P,- = 0.68 and
threshold value (Fig. 9). P,e=11 = 0.91). This, of course, requires an increase in the

With redundant modular coding, a direct relationship  bits amount of the control device (for example, the
was determined between the number of monitoring module pc = 11 requires 4 bits). At the same time, it is
modules and the probability of error detection (Fig. 10). It important to gradually and reasonably introduce
is shown that the detection of one arithmetic error in the - redundancy with the simultaneous fulfillment of
th bit of the number representation in RCS can lead to the  reliability requirements.
detection of up to mi bit errors. More bit errors can also Embedded control circuits require additional resources
be detected by increasing the number of detecting errors. and can themselves be a source of errors. Therefore,

maintaining a balance between reliability and redundancy
is always an urgent task in the design and implementation
of elements of modern computing systems.
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CONCLUSIONS

This article presents the results of the application of
modular coding in solving problems of increasing the
reliability of the functioning of the elements of computing
systems. An approach to the implementation of control
over the correctness of the execution of arithmetic and
logical operations in computing devices has been studied.
The application of modular coding to a data transmission
channel both inside and between computing devices is
considered. Analytical, schematic and software models of
the investigated control, coding and decoding processes
have been built.

The scientific novelty of the results is: an approach to
assessing the dependence of reliability indicators on the
control method and coding parameters is proposed. The
dependences of the probabilistic characteristics on the
coding parameters are constructed. Qualitative
conclusions are made about their direction and the results
of their influence on the main indicators of reliability.

The practical significance the results of the work
consists in recommendations on the use of the obtained
dependences and characteristics when choosing the
method and parameters of modular coding. This has the
prospect of being used both when implemented in
computing devices:

— in the hardware basis (at the level of logical

elements);
— in the software basis (microcontrollers,
microprocessors);

— in hardware and software basis (FPGA).

Prospects for further research are prospects for the
use of modular coding in information transmission
systems as an effective way to correct transmission errors.
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YK 621.391:004.052
NIJIBUINEHHA HAAIMHOCTI EJIEMEHTIB OBUHUCJIOBAJIBHUX CUCTEM 3 BUKOPUCTAHHSM
MOAYJAPHOI'O KOAYBAHHSA
®peiiman B. I. — 1g-p TexH. Hayk, npodecop kadeapu «ABTOMAaTHKa Ta TeleMmexaHikay, I[lepMChbkuil Hal[iOHATbHHUI
JOCIITHUIbKHI TOJiITeXHIYHuit yHiBepcuTeT, M. [lepm, Pocist.

AHOTAIIA

AkTyanabHicTb. OOUHCITIOBANIBHI CHCTEMH 3aIPOBAKEHO Y 0arato raiy3eil IpOMHUCIOBOCTI Ta €EKOHOMIKH Cy4acHOTO CBiTy. Bix
HaJiifHOCTI TXHBOI POOOTH 3aJIexkaTh SIKICHI IIOKa3HUKH THX CHCTEM, y SIKMX BOHHM BUKOPUCTOBYIOThCs. HaniiitHicTh 06unciroBansHOT
CHCTEMH CKIIQA€ThCA 3 HagiHHOCTI o0y noBH Ta pyHKIiOHYBaHHS ii eneMenTiB. He 3aBxxau MoxHa 3a0e3MednTH HaJIHHICTG i 9ac
IIPOEKTYBaHHS BUOOPOM SIKICHOI €1eMEeHTHOI 0a3u, CTPYKTYPHOIO HaJMIpHICTIO a00 iHIIMMH BiTOMUMH crocobamu. Tomy BakiuBi
Ta BIANOBITAIBHI €IEMEHTH OOYHCIIIOBAILBHUX CUCTEM 3aXMIIAIOTh CXeMaMH BOYJOBAaHOIO KOHTPOIIO. BOHYM J03BOJISIOTE BUSBIISTH
MOMUJIKH, sIKi BiIOyBalOThCs MiZl 4aCc BUKOHAHHS OCHOBHHX ormepaliil i3 nanumu. EdexTuBHIM crocoOoM moOyI0BH TaKUX CXEM €
3aCTOCYBaHHS Jiil HaJl 3aJMIIKaMHU BiJ PO3MOXUTY ONEepaHiB 3a BUOpaHMM MojysieM abo 3a JeKUIbKOMa MOIYJISAMH (MOZLYJspHE
koxyBaHHs). Oco0MMBO 3aBIaHHA BHOOPY HANTOUYHIIIOrO Ta HAMEHII HAUTMIIKOBOTO 3ac00y KOHTPOJIO aKTyalbHE AJIS IUPOKOTO
CIEKTPY 0a3UCHUX €JIEMEHTIB CyYaCHUX OOUYHCITIOBAIBHUX CHCTEM.

Merta po6oTu. MeToro poOOTH € MPOBENCHHS MOCTIHKEHb Ta PO3poOKa pEeKOMEHIAIIH MO0 3aCTOCYBAaHHS MOIYJISAPHOTO
KOMyBaHHS ISl MiABUIIEHHS HAAIHHOCTI (QyHKIIOHYBaHHS €IEMEHTIB CyYacHHX OOYMCIIOBAIFHUX CHCTEM Y PI3HOMY amapaTypHO-
MpoTrpaMHOMY Oa3Huci.

Metoan. Bubpano ta mpoaHamizoBaHO CIOCIO YHCIIOBOrO KOHTPOJIIO MPaBHJIBHOCTI BUKOHAHHS OCHOBHUX apU(METHYHUX Ta
JIOTIYHUX oIlepamiii obunciroBansHUMH HpucTpossMu. Ha #ioro ocHoBi Oyio moOynoBaHo Ta BepH(IiKOBaHO CXEMOTEXHIUHY MOAENb
oGuuciroBanbHOI cucteMu B cepenoBuini MatLab Simulink, mo BHKOpHCTOBYe MOXYJIsIpHE KOJYyBaHHS SIK 3aci0 3a0e3neueHHs
HaxiifHOCTI (yHKI[IOHyBaHHS eleMeHTiB. [IpoBeleHO aHami3 IMOBIPHICHHX XapaKTEPUCTHK YXBAJICHHsS pILICHHS, JAHO OLIHKH
HWMOBIPHOCTI MMOMHJIKOBOTO yXBajieHHs pitneHHs . CTBOPEHO MPOrpaMHy peai3allifo aJrOpuTMy IMITAIL[ifHOrO MOJETIOBaHHS Yy
cepenosunyi Visual Basic for Applications, sika mo3Bonuia MoOyayBaTH 3ajie)KHOCTI MOKAa3HHKIB HAMiffHOCTI BiJ mapameTpiB
KOJlyBaHHSI.

PesyabTaTn. Po3po0iieHO CXeMOTEXHIYHY MOJENb OOYHMCIIOBAIBHOI CHCTEMH, SIKa JO03BOJISE AOCIIIKYBATH Pi3HI MOETHAHHS
HEeCHpaBHOCTEH (YHKLIOHYBaHHS €JIEMEHTIB Ta NOMIJIOK Yy BHKOHAaHHI HMMH omepauiif. [IporpamHO pearni3oBaHUH alropuT™M
IMiTanifHOr0 MOZENIOBAHHS PI3HOMAHITHUX HECIIPAaBHOCTEH Ta MOMIJIOK (DYHKIIOHYBaHHS €JIEMEHTIB OOUHCIIIOBATEHIX CHCTEM IIijT
4yac BUKOHaHHS HUMH 0a3MCHUX ollepaniil. BusHaueHo sIKiCHI 3a/1e)KHOCTI HMOBIPHICHUX XapaKTEepUCTHK HAAIHOCTI BiJ mapamMeTpiB
KonyBaHHs. Ha mincraBi aHaiizy OTpMMaHUX XapaKTepHCTHK 3po0JIEHO BHCHOBKM Ta HAJAHO IPAKTHYHI peKOMeHHamii Ioao
3aCTOCYBAaHHS MOJYJISIDHOTO KOJYBAaHHS B €JIE€MEHTaxX OOYMCIIOBAIBHUX CUCTEM 3 METOI0 IOCATHEHHS HUMH 33JaHHUX HOKA3HHKIB
HaJiHHOCTI.

BucHoBku. [{ns migBuIieHHs HAAIHHOCTI (PyHKIIOHYBaHHS €EMEHTIB OOYHCIIOBAJIbHUX CHUCTEM € €(EKTUBHHM 3aCTOCYBaHHS
cxeM BOYZIOBaHOT'O KOHTPOIIO 3 BUKOPHUCTaHHSAM MOIYJISIPHOTO KomyBaHHs. OONIK peKoMEeHIalil Mmoo BHOOpY HmapaMeTpiB KOIiB
JIO3BOJINTH 3a0e3NeYnTH HEOoOXiqHy HAAINHICTH 3a MiHIMaNbHOI HAAMIPHOCTI CXeM Ta OOYMCIIOBANBHOI CKIIAJHOCTI alrOpPUTMIB
PO3paxyHKy.

KJIIOYOBI CJIOBA: o0unciroBaibHa CHCTEMa, CJIEMCHT, HAIiHHICTh, IarHOCTHKA, MOIYJISAPHE KOJYBaHHS, MOJIYJIb,
BiIpaxyBaHHs, TOKa3HUKH HaJAiHHOCTI, IMOBIPHICTH BHSIBIICHHS IOMIJIKH, MOJICIIIOBaHHS, CXeMa, BOYOBaHUH KOHTPOJIb.

YK 621.391:004.052
HNOBBIINEHUE HAJAEXKHOCTHU 3JIEMEHTOB BBIYUCJIMTEJBHBIX CUCTEM C HCITIOJIb3OBAHUEM
MOAYJSAAPHOI'O KOAUPOBAHMUS

®peiiman B. U. — n-p texn. Hayk, mpodeccop kadenpsl «ABTOMATHKAa M TeleMeXaHWKay, [lepMckuil HaIllMOHAIBHBIN
HCCIIEI0BATENIbCKUM OIUTEXHUUECKUH YHUBEpCcHTeT, T. IlepMs, Poccus.
AHHOTANUS

AKTyalIbHOCTb. BbruncnnTenbHble CHCTEMBI BHEJPEHBI BO MHOTHE OTPACIH MPOMBIIUICHHOCTH U SKOHOMHMKH COBPEMEHHOTO
mupa. OT HaAEKHOCTH HX pabOTHI 3aBHCST Ka4EeCTBEHHBIE ITOKA3aTEIH TEX CHUCTEM, B KOTOPBIX OHH HCIONB3yIoTcs. HamesxHocTh
BBIYHCIIUTENFHOM CHCTEMBI CKJIAJBIBACTCS M3 HAIEKHOCTH MOCTPOSHMS M (YHKIIMOHMPOBAHHMS ee >neMeHToB. He Bcerga MokHO
obecreunTh HaJEXHOCTh IPH NPOESKTHPOBAHUHM BBIOOPOM KadeCTBEHHOH 3JIEMEHTHOH 0a3bl, CTPYKTYPHOI M30BITOYHOCTBIO WIIH
JPYTHMH U3BECTHBIMH crioco0amu. [109ToMy BakHBIE M OTBETCTBEHHEIE JIEMEHTHI BBIYHUCIHTEIBHBIX CHCTEM 3alIMINAIOT CXEMaMHt
BCTPOCHHOTO KOHTpOJsi. OHU MO3BOJIIIOT OOHAPYXKMBATh OIIMOKH, KOTOPBIE MPOUCXOST IIPH BBHIIIOJHEHHN OCHOBHBIX ONEpAIUi C
JNaHHBIMU. D((QEKTUBHBIM CIIOCOOOM IIOCTPOSHMSI TaKUX CXEM SIBISETCS NPUMEHEHHE JCHCTBHI HajJ OCTaTKaMH OT JEJCHHUS
ONEPaHIOB MO BBIOPAHHOMY MOJIYJIO WMJIM IO HECKONBKUM MOAYJsAM (MOAylsgpHOe KoaupoBaHue). OcobeHHO 3amaua BeIOOpa
Hauboliee TOYHOTO M HAMMEHee M30BITOYHOTO CpPEICTBA KOHTPOJNIS aKTyalbHa JUI IIHPOKOTO CIIEKTpa Oa3HCHBIX 3JIEMEHTOB
COBPEMEHHBIX BBIYUCIUTEIBHBIX CHCTEM.

Heanr pa6orpl. Llenpro paGoTHl sBASETCS NPOBEACHHE HCCICAOBAaHMA M pa3paboTka pPEKOMEHAAIMA 1O NPHMEHEHHUIO
MOJIYJIIPHOTO KOAMPOBAHMUS JUIS MOBBIICHNS HAaJEXKHOCTU (DYHKIMOHUPOBAHUS 3JICMEHTOB COBPEMEHHBIX BBIUMCIUTEIBHBIX CHCTEM
B Pa3JINYHOM aImaparypHO-IIPOrpaMMHOM Oa3Hce.

© Freyman V. 1., 2022
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MeTtoabl. BeiOpan u mpoaHanu3upoBaH CIIOCOO YHUCIOBOTO KOHTPOJIS MPABHIBHOCTH BBINOTHEHUS! OCHOBHBIX apH()METHIECKUX
W JIOTHYECKAX OMNepaluii BBYUCIUTEIFHBIMH ycTpolicTBamMu. Ha ero ocHoBe Obla TOCTpoeHa U BepUPHIUPOBaHA
CXEMOTEXHUYECKAsi MOJICNTb BRIYUCIUTEIBHOM cHcTeMBl B cpeae MatLab Simulink, ucnone3yromeii Moay sipHOE KOAUPOBAHHE KaK
CpEeNCTBO 00ECIICUCHHS HACKHOCTH (PYHKIIMOHUPOBAHUS SJIEMEHTOB. [IpoBe/ieH aHamn3 BEPOSTHOCTHBIX XapaKTEPUCTUK MPUHATHS
pCIIICHUS, JaHbl OICHKH BEPOSTHOCTH OINMOOYHOrO NpuHITHsA penieHus. Co3naHa MpOrpaMMHAas peau3alis alropuTMa
HMHTALMOHHOTO MoienpoBanus B cpene Visual Basic for Applications, koTopasi mo3Bosiniia IIOCTPOUTH 3aBUCHMOCTH TTOKa3aTesei
HAJICKHOCTH OT apaMeTPOB KOAUPOBAHHUS.

PesyabTaTtel. Pa3paboraHa cxeMOTEXHHYECKass MOJAETb BBIUUCIUTENBHOW CHCTEMBI, KOTOpas IO3BOJIIET HCCIIEA0BATh
pa3UYHbIe COYETaHUs HEHUCIPABHOCTEH (YHKIMOHHPOBAHHS 3JIEMEHTOB M OMIMOOK B BBIIOJHCHHM UMH omnepaunuii. [Iporpammuo
peanu30BaH aNTOPUTM HMMHUTAIIOHHOTO MOJEITUPOBAHUS BCEBO3MOXKHBIX HEHUCHPABHOCTEH H OMHUOOK (YHKIHMOHHPOBAHHS
JJIECMCHTOB BBIYHCIHUTENBHBIX CHCTEM IPH BBINOJIHECHHHA UMM Oa3uCHBIX omneparmid. OnpeneneHbl KaueCTBEHHBIC 3aBHCUMOCTHU
BEPOSTHOCTHBIX XapaKTEPHCTUK HAJISKHOCTH OT ITapaMeTpOB KOAWpoBaHWs. Ha OCHOBaHMM aHaHM3a MONYYCHHBIX XapaKTECPUCTHUK
CHIeJIaHbl BBIBOJBI W JIaHbl MPAKTHYECKHUE PEKOMEHJAIMU IO MPUMEHEHHIO MOIYJSPHOTO KOJUPOBAHHS B 3JIEMEHTaX
BBIYUCIIUTEIBHBIX CUCTEM C 1IEIIBIO JOCTHIKEHUS UMY 3aJJaHHBIX MTOKa3aTeleil Hae)KHOCTH.

BoiBoabl. [[J1s1 MOBBILICHUS] HAISKHOCTH (DYHKIIMOHHUPOBAHUSI JJIEMEHTOB BBIYHCIHTEIIBHBIX CHCTEM 3()(EKTUBHO MPUMEHEHHE
CXEM BCTPOCHHOI'O KOHTPOJISI C UCIIOJIb30BAHUEM MOAYJISPHOTO KOJMPOBAaHUS. Y4eT peKOMEHIAIMH 10 BEIOOPY MapaMeTpoB KOJOB
MO3BOJIUT O0ECMEUnTh TPeOyeMyl0 HAAEKHOCTh NPH MHUHHUMAJIbHOW HW30BITOYHOCTH CXEM U BBIYHCIHTENBFHON CIOXKHOCTH
aITOPUTMOB pacueTa.

KJIIOYEBBIE CJIOBA: BblunciuTeNnbHas CUCTEMa, SIEMEHT, HaJIe)KHOCTh, TMarHOCTHKA, MOAYJISIPHOE KOJUPOBaHHUE, MOYJIb,
BBIUCT, TIOKA3aTEIH HAaJIC)KHOCTH, BEPOSITHOCTh OOHAPYKECHUS OIMUOKHU, MOJICITUPOBAHUE, CXEMa, BCTPOCHHBIN KOHTPOJIb.
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ABSTRACT

Context. Modern intelligent systems of failure identification of control equipment and devices in food industry are based on a
complexation of approaches implemented on various methods and algorithms. The feature of such systems is that within them oper-
ates a large amount of heterogeneous data and knowledge that are difficult to combine. The use of ontologies of different levels in the
system development process solves this problem.

Objective. Domain ontology development for equipment condition monitoring system as a basis for designing intelligent deci-
sion support system with ontology knowledge base.

Methods. There are different ontology development approaches. They may differ in the quantity of levels and types of ontologies
or be a combination of subject and problem domains ontologies depending on the complexity of the problem and the chosen ontology
development method. This paper represents two levels of the three-level ontology being developed for intelligent condition monitor-
ing system of control equipment and devices. The upper level is represented by top-level ontology Basic Formal Ontology (BFO)
which provides systematization of the meta-level, including temporal part. International standards and technical reports such as IEC
62890, ISO 55000, ISA 95, ISA 106, IEC 62264, ISO 10303-242: 2020 are considered in the development process of the second
ontology level — Domain ontology.

Results. The article provides Domain ontology for equipment condition monitoring system in food industry. The developed Do-
main ontology systematizes, structures engineering knowledge and uses BFO which provides a set of basic elements at the meta-
level. They set the values of the following entities: type of production, methods of failure identification, causes, failures, events,
equipment, etc. The developed Domain ontology has semantic cross-links. A fragment of the Domain ontology relationships for the
“Control equipment” subclass of “Equipment” class is also presented in the paper.

Conclusions. The developed ontology can be used to analyze the knowledge base on the causes, locations and types of failures
and their identification methods. The developed ontology is a basis for application ontology development.

KEYWORDS: top-level ontology, BFO, domain ontology, failure, control equipment and devices.

ABBREVIATIONS NOMENCLATURE
BFO is a Basic Formal Ontology; On is an extended domain ontology;
PC is a personal computer; R is a set of relations specified for classes;
IDSS is an intelligent decision support system; 0% is a SPAN ontology;
SPAN is an ontology for occurrents; O™ is a SNAP ontology;
SNAP is an ontology for continuants. O is a Process ontology;

O"® is a Process Boundary ontology;
O™ is a Temporal Region ontology;
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O*R is a Spatial Region ontology;

O is a State ontology;

0°®P is a Breakdown moment ontology;

O™ is a Time ontology;

O™ is a Spatiotemporal Region ontology;

0" is an ontology of Technological process life cycle;
0% is an ontology of Equipment life cycle stages;
0" js an Independent continuant ontology;

O°° is a Dependent continuant ontology;

O°PC is a Generally dependent continuant;

0°°C is a Specifically dependent continuant ontology;
OME is a Material Entity ontology;

O'™E is an Immaterial Entity ontology;

0" is a Variables ontology;

0%is a Quality ontology;

OF" is an Ensuring reliability ontology;

0 is a Disposition ontology;

O is a Spot ontology;

Q' is a Role ontology;

0O' is a Function ontology;

OF is a Cause ontology;

O is an Event ontology;

O is a Methods ontology;

O™ is a Fault type ontology;

J is a set of criteria for assessing ontology quality;
Vr is a verification assessment of Domain ontology;
Vl is a validation assessment of Domain ontology;
W is a concordance coefficient.

INTRODUCTION

Modern effective IDSS is a set of interconnected sub-
systems implemented on different methods and algo-
rithms, depending on the purpose of the system. Usually,
the basis of IDSS is the production monitoring subsystem.
The production monitoring subsystem can have different
purposes: monitoring of process stability, equipment con-
dition monitoring, monitoring of other production or eco-
nomic indicators and their combinations. The quality of
production monitoring subsystem operation directly af-
fects the accuracy, correctness, timeliness and reliability
of the recommendations that IDSS being developed pro-
vides.

Combination of functional and structural parts of the
system is a serious problem of the implementation of the
intelligent decision support systems. The authors do not
know international standards that describe the algorithms
and procedures for integrating parts of IDSS for different
functional purposes as well as general unified models and
tools for developing intelligent systems and standardized
coordination mechanisms. This leads to overlapping and
duplication of some solutions within the entire manufac-
turing enterprise or its parts during realization of compre-
hensive automation of the manufacturing enterprise at
different levels. Overlapping and duplication lead to addi-
tional financial costs for implementing different solutions
of the same problem. In addition, it can lead to collisions,
additional time and resource losses and quality deteriora-
tion of the manufacturing operation.

In addition, the main problems of intelligent system
implementation include the need to convert data formats
to provide the interaction between IDSS parts. The devel-
opers of complex intelligent systems emphasize the need
to create a digital twin of the enterprise or its parts to ef-
fectively solve these problems. The digital twin will solve
the problem regarding overlapping of system solutions,
identification of weak points, modernization, improving
and expanding the system.

The problem of heterogeneity and diversity of data
within IDSS, their complexity, inconsistency and absence
of pattern does not exist for ontologies because they com-
bine any data and knowledge. Therefore, it is advisable to
use ontologies of different levels during developing the
system.

The object of study is a process of combining the
knowledge and data of manufacturing enterprise to pro-
vide condition monitoring of control equipment and de-
vices in food industry.

The subject of study is Domain ontology for condi-
tion monitoring system of industrial control equipment
and devices.

The purpose of the work is Domain ontology devel-
opment for condition monitoring system of control
equipment and devices of industrial enterprise, in particu-
lar, in the food industry, which systematizes and concep-
tualizes knowledge, objects and processes for many re-
lated tasks and is based on BFO.

1 PROBLEM STATEMENT
Formally, the BFO model is described by a tuple (1):

On=< 0%, O, R >. (1)

Model (1) should include only those concepts used for
the developed Domain ontology. For the BFO model, the
set of relations R is limited to "is_a".

SPAN ontology model O is described by a tuple (2):

OSP — < OP, OPB, OTR, OSR > (2)

SNAP ontology model O™ is described by a tuple (3):
OSN =< Oll"ldC ODC (OGDC OSDC) > (3)

Tuples (2) and (3) at the level of Domain ontology
should describe the concepts and their relationships that
provide monitoring of industrial control equipment and
devices in accordance with existing international stan-
dards in the industrial automation domain.

Domain ontology should be focused on the following
tasks: qualitative representation of domain knowledge;
systematization and structuring of information; formaliza-
tion of engineering knowledge and management of effec-
tive research of domain knowledge; application in the
solution development of individual problems in IDSS.

2 REVIEW OF THE LITERATURE
Ontology has been developed to represent and de-
scribe domain knowledge understandable to machines
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(PCs) and humans. Ontologies are used in many fields of
computer science such as software development [1],
knowledge engineering [2], semantic networking, infor-
mation retrieval [3], etc.

Metadata such as domain description, purpose of on-
tologies, are used to describe the context of ontologies
and to integrate them. However, these metadata may not
always be available in ontologies, and it is a significant
problem. There are different ways to integrate ontologies.
One option is based on automatic domain identification
and presented in [4], the other option is based on OWL —
in [5, 6]. Integration of top-level, domain and application
ontologies is not considered in the article.

There are many different approaches to increase pro-
duction efficiency. Most of them improve the technologi-
cal process. However, there is an objective need to use
equipment diagnostics subsystems. Because the repair
time and equipment downtime directly depend on the
complexity of the failure. Downtime reduction leads to
increased profits and reduced losses.

Classification of failures and reasons of their occur-
rence [7], accurate selection of methods for diagnosing
equipment conditions significantly reduce the time to find
the failure and the place of its occurrence, and, conse-
quently, increase the efficiency of response to the event.
In addition, an effective diagnostic system provides
timely preventive maintenance that also increase produc-
tivity. Today, there are alternative solutions regarding the
use of ontologies in the development of failures searching
systems in various fields: software development, con-
struction, automotive industry, services [8, 9], etc. For
food industry it is necessary to consider its specifics as
well as existing international industry standards.

To develop IDSS with ontological database and
equipment condition monitoring subsystem it is necessary
to develop top-level ontology and domain ontology at the
first stage. The next step is developing of application
ontology.

The decision support system for equipment condition
monitoring includes different quantity of heterogeneous
information. It comes from technological process, auto-
mation system, equipment condition monitoring subsys-
tem and other subsystems. For convenience, the produc-
tion monitoring system was divided into three parts: tech-
nological equipment condition monitoring, control
equipment and devices condition monitoring, electrical
equipment condition monitoring.

3 MATERIALS AND METHODS

Any ontology are terms and its meanings used in spe-
cific domain, relationships between terms in hierarchical
structure and their definitions. Therefore, Domain ontol-
ogy should be developed correctly to implement applica-
tion ontology. To build Domain ontology, it is necessary
to structure the system of concepts at the semantic level
by providing the basic concepts and properties of auto-
mated control systems, intelligent systems, technological
objects of food industry and hardware. This is a basis for
integration of information and data coming from different

decentralized sources throughout the life cycle of intelli-
gent equipment condition monitoring system. Large vol-
umes of heterogeneous data are at all stages of equipment
and system life cycle.

The authors have experience in building ontologies for
technical applications. The results are presented in [10].
The feature of the ontologies given in [10] is the approach
of Ukrainian academician A. V. Palagin [11] taken as a
basis. This approach has undeniable advantages such as
task and method orientation, but significant disadvantage
is the lack of standardization. Therefore, Basic Formal
Ontology is chosen among existing top-level ontologies to
solve defined tasks [12].

The advantages of BFO are current development of
the standard [13] and version BFO 2.2 which is OWL-
compliant. BFO is based on the monohierarchy principle.
According to monohierarchy principle, types and sub-
types taxonomies of specific classes in compatible on-
tologies have hierarchical structure. The simplicity of the
BFO structure implies the relative simplicity of the for-
mulations, which leads to the fact that the node of the
universal graph has only one parent node with the relation
“is_a”. This principle avoids errors in the development of
top-level ontology. It should be noted that all of the men-
tioned above provides significant technical advantages in
further applied implementation.

At the upper level, BFO is divided into two ontologies
SNAP and SPAN [14], which correspond to two catego-
ries of individuals. They do not overlap and correspond to
space and time: continuant and occurrent. Continuant are
continuous entities that include objects, attributes, and
locations. Occurrent includes entities that contain proc-
esses and time domains. They occur, deploy, and evolve
over time. The feature of continuant is integral existence
at any time unlike occurrent consists of parts that change
over time, they have a beginning, middle and end.

Domain ontology is developed to build application on-
tology that will search for type of failure, its location and
causes. Domain ontology is usually needed to build a
knowledge model that describes multi-party project de-
velopment process.

The developed BFO-based Domain ontology for food
industry productions, which contains concepts in struc-
tured, systematic and flexible format, is presented below.
The selected concepts of the domain correspond to the
respective concepts in ISA 106, ISA 95 (IEC 62264) and
other industry standards. In addition, appropriate hierar-
chies are maintained. This provides an openness of do-
main ontology and ability to make changes and extensions
of it to present specific knowledge of the research do-
main. Domain ontology for the equipment condition mon-
itoring system is based on knowledge and coordination
between different industries, disciplines and subsystems.

The following steps were performed during Domain
ontology development for equipment condition monitor-
ing system to structure data and knowledge and select the
appropriate classes:
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1. A three-level ontology consisting of top-level on-
tology, domain ontology and application ontology is cho-
sen to implement the tasks.

2. BFO is chosen as a top-level ontology. Temporal
part allows to take into account the dynamics of ontolo-
gies, their classes and entities. It is possible to use version
BFO 2.0 on OWL. BFO-individuals allow to clearly
structure and specify domain knowledge at the level of
domain ontology.

3. Domain ontology is divided into two ontologies ac-
cording to BFO: SNAP and SPAN. The advantage of this
approach is a separate selection of invariant entities-
objects and entities-processes with the corresponding time
domains and labels for domain.

4. Physical model described in ISA 106, ISA 88 and
role-based equipment hierarchy model described in ISA
95 and features of equipment in food industry are consid-
ered to properly select appropriate classes and establish
correct semantic relationships between objects and de-
signing processes.

5. The quality control of the developed ontology is ob-
ligatory stage. Today, there is no standard for this proce-
dure, but it is possible to use several methods [15].

BFO entities are specified by domain ontology sub-
classes to describe and define the basic domain concepts
of equipment condition monitoring.

SPAN ontology is described by tuple (4):

OSP =< OSt, OBD, OTm’ OSR(OPI, OEI) >. (4)

The ontology of occurrent domain consists of four en-
tities: State O™ corresponds to equipment condition (op-
erative condition, fault state, after-fault state); Breakdown
moment O®P stores a set of timestamps that correspond to
the moment of equipment failure; Temporal Region at
Domain ontology level corresponds to time part Time O™
that describes the period of time during which the event
occurs; Spatiotemporal Region O divided into two parts
— O™ corresponds to stages of technological process life
cycle and O corresponds to stages of equipment life cy-
cle.

Entity

isa

Occurrent

Combination of SPAN ontology and Domain ontology
for entities that evolve over time is shown in Fig. 1. BFO
entities are above the line and Domain ontology entities
are below the line. The subclasses of which the corre-
sponding class consists are given in the form of a list.

Continuant consists of Independent continuant and
Dependent continuant according to the documentation.
Independent continuant is an entity that can exist inde-
pendently or be a part of another entity. Dependent con-
tinuant exists due to another object or as a part of another
object. Independent continuant is divided into two enti-
ties: Material Entity and abstract Immaterial Entity.

Domain ontology for SNAP consists of two parts,
which are described by the following tuples (5) and (6).
For Independent continuant (Fig. 2):

O|I’1dc < OME O|ME (5)

OME — Material Entity ontology at Domain ontology level
includes data about the structure of manufacturing enter-
prise, technological objects, material batch, production
equipment.

Immaterial Entity O™ is a class of location of techno-
logical equipment — production units and lines. Spatial
Region provides management of 2D and 3D drawings and
models. It gives an opportunity to find a place of failure
and device which failed with the indication of its location
on the corresponding drawing during documentation de-
velopment using specific software. It will greatly facilitate
staff work and reduce the time for communication be-
tween services of the enterprise.

Dependent continuant (Fig. 3) is described by tuple

(6):

ODC =< OGDC(OV), OSDC(Oq(OEr), Od(OSp’
Of)’or(oc’ OEV, OM, OTF)) >, (6)

0" — variables ontology at Domain ontology level which
includes subclasses of technological, information vari-

Process

Process Temporal
Boundary Region

Spatiotemporal
Region /

BFO

< State ) (Breakdown) ( _ )
. moment /
- - - — =4

» operative condition e intra-event time
o fault state o inter-event time
o after-fault state

o after-fault time

o fault process time

Domain

. Life cycle of
Process life cycle equipment
7 IEC 62890 1EC 62890 _/

o life cycle of technological equipment
o life cycle of control equipment
o life cycle of electrical equipment

Figure 1 — SPAN and Domain ontology
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Figure 2 — SNAP and Domain ontology (Independent Continuant)

ables and quality indicators of equipment condition; O% —
an entity of Ensuring reliability which describes the indi-
cators of equipment reliability; O? — Disposition ontology
which consists of equipment locations and failures loca-
tions; O — Role ontology classifies information about
failures causes (Cause), events of two types (Event): Re-
pair and Maintenance of equipment, subjective and objec-
tive Methods for equipment condition diagnostics and
types of failures; O' — Function ontology corresponds to
functions performed within the developed system.

4 EXPERIMENTS

Experimental research was performed to verify the ef-
fectiveness of the developed Domain Ontology for condi-
tion monitoring system of control equipment and devices
for data and knowledge structuring on the example of
general types of equipment failures belonging to the Con-
trol equipment class at the sugar plant for two seasons of
its operation.

The ontology quality is assessed comprehensively by
developers and future users. The assessment is based on

the ontology verification and validation results because
the authors do not know united approach that describe a
procedure to make a technical conclusion regarding the
correspondence of the ontology content to the system at
each stage of its life cycle.

All requirements are met. The assessment is per-
formed according to the set of criteria, which are de-
scribed by tuple (7):

J=<Vr, VI>. @)

Validity VI actually indicates the correctness of the
syntactic coding of the ontology specification, which is
checked using OWL validator URL: mowl-
power.cs.man.ac.uk:8080/validator/. The absence of logi-
cal contradictions in the ontology ensures its compatibil-
ity. If there are contradictions, the ontology is incompati-
ble and as a result, any formal model cannot satisfy ontol-
ogy axioms.
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Figure 3 — SNAP and Domain ontology (Dependent Continuant)

Maintenance

* periodic maintenance
e scheduled maintenance

Verification assessment Vr indicates the formal cor-
rectness of the developed Domain ontology according to
syntactic validity and the absence of logical contradic-
tions. Evaluation of Domain Ontology semantic correct-
ness is usually based on “gold standard”. “Gold standard”
is an evaluation method based on a specific task, specific
sources of knowledge or expert assessments. Whereas the
authors did not find a suitable basic ontology or mathe-
matical model for “gold standard” evaluation for the stud-
ied domain, assessments based on specific tasks and
sources of knowledge are quite subjective and may not
reflect the real effect. The set of assessments Vr for
evaluation of the effectiveness of the developed solutions
to provide experts was chosen. These include the follow-
ing criteria:

Accessibility (Vry). This criterion characterizes the
ability to access the ontology: hosting in open reposito-

ries, payment conditions, support of global search, general
ontology support.

Completeness and adaptability (Vr,). This criterion
measures diversity of the domain ontological base and its
completeness and possibility to adapt it to the specific
problem.

Openness (Vr3). This criterion characterizes the pos-
sibility of refinement, addition of the necessary terms,
relations, axioms, rules, etc.

Quality (Vr,). This criterion shows whether the de-
veloping ontology remains consistent, correct, whether
there is a feedback mechanism to track problems.

Standardization (Vrs). This criterion characterizes
the compliance of the ontology with the existing interna-
tional standard, or affiliation to the standard.
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5 RESULTS

The developed Domain ontology has semantic cross-
links. A fragment of the Domain ontology relationships
for the “Control equipment” subclass of “Equipment”
class is presented in Fig. 4.

One of the ontology queries is “What are the typical
failures specific to a particular class of equipment (such
as motors)?”. The answer is a subset of instances of the
class Fault type (Fig. 4). Or on the query: “What are the
typical causes of failure for the appropriate location and
type of equipment?”, a user gets a subset of instances of
the Cause class. Because Control equipment class con-
nects to Equipment location class which determines the
location of technical devices through “hasLocation” se-
mantic property. Similarly, the relations ‘“hasState”,
“ServiseOf” are used to describe the state and metrologi-
cal service of equipment. “hasFault” and “Characteristi-
cOf” relationships associate equipment with the corre-
sponding types and causes of failures. Types and causes
of failures are also related by their relationship CallOff
and hasCause. Equipment states are included in the

<>

rdfs:subClassOf rdfs:subClassOf

Control
equipment  J/

Equipment
location

hasLocation,

hasFault,

CharacteristicOf

Cause

Type fault }
" hasCause’

equipment life cycle stage provided by the appropriate
“PartOf” relationship.

Fig. 4 does not completely reflect all the relationships
that exist in the domain, in particular, the axioms of
classes and instances.

Ontology metrics for BFO and Domain ontology lev-
els are shown in the table 1.

Table 1 — Ontology metrics

Ontology metric Quantity
Class count 42
SubClass 45
Relation 84

The quantity of used Relations is shown in the table 2.
From the given tables it is possible to draw a conclusion
that implementation of the developed ontologies signifi-
cantly saves time for development and description of
separate ontologies and provides compactness of ontology
and variability of decisions.

\ Life cycle of
y tﬂupment/,
rdfs:subClassOf rdfs:subClassOf

. Metrological \\  /“Life cycle stage of \
ServiceO service /' \ control equipment

T hasState

PartOf.

CallOf

Figure 4 — A fragment of the relationships between Domain ontology classes

Table 2 — The quantity of Relations by type

Relation Quantity
is_a 20
has_part 17
has_function 7
has_property 21
has_standard 11
has_state 3
has_location 5
other relation 18
6 DISCUSSION

Experts conducted the testing based on inquiries about
the types, types of failures, their location, etc. A certain
list of criterions was evaluated according to the results of
the testing. The expert assessment was conducted by a
group of 7 experts, selected according to the general re-
quirements for their qualification among specialists and
future users. Expertise was conducted in the form of a
group assessment with simultaneous analysis of the com-
petence of experts.

The results of expert assessments are shown in the di-
agram in Fig. 5. The average number of queries of each
expert is 48, and the uniqueness of queries is 21%.

1
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07 +

06 -
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E 05
504
$03-
]
>02

0,1

0 T T
Vrl Vr2 vr3 Vrd Vr

Type criteria

5

Figure 5 — The results of expert assessments

The concordance coefficient in the group W = 0.927,
which indicates a high consistency of experts’ opinions.
Therefore, the developed Domain ontology is semanti-
cally successful, although it requires a slight increase in
the assessment of the quality criterion (Vry).

It should be highlighted that the adaptability of the
developed ontology is limited due to the use of not only
general and standard ontologies, but also self-developed
ontologies and its specific domain orientation limited by
failures in food industry.
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The result of consistency assessment is positive. Do-
main ontology does not contain critical problems: cyclic
hierarchies of classes, redundant axioms, logically incom-
patible definitions of concepts and relations. The ontology
is also successfully tested for the accuracy and complete-
ness of the domain for the developed IDSS with the
equipment condition monitoring subsystem by stake-
holders. The adequacy of compliance with the basic con-
ceptual model of the developed system, the correctness of
definitions, concepts and relationships are confirmed.

CONCLUSIONS

As a result of this work, Domain ontology for condi-
tion monitoring system of control equipment and devices
is developed based on BFO. Domain ontology systema-
tizes and formalizes domain knowledge and data and is
the basis for defining individual enterprise tasks imple-
mented by IDSS based on application ontology.

The scientific novelty. For the first time Domain on-
tology was developed for condition monitoring system of
control equipment and devices, based on modern indus-
trial standards, taking into account the features of failures
of control devices, which allowed to formulate and pre-
sent domain knowledge and data and systematize the do-
main for further development of an intelligent decision
support system for condition monitoring.

The practical significance. The developed ontology
identifies the objects and processes of equipment condi-
tion monitoring domain such as states and stages of the
equipment life cycle, causes and locations of failures, etc.
which provide a basis for collecting the necessary infor-
mation in one place and a quick search for data about
failures and their causes. Because of semantic relations
between objects and processes as well as considerations
about physical model described in ISA 106, ISA 88 and
role-based equipment hierarchy model described in ISA
95 and features of equipment in food industry, developed
Domain ontology, which consist of 171 entities, provides
necessary logical chains for timely failure identification,
prevention of serious failures and downtime reduction.
All of the above will define the new management of the
equipment condition monitoring, which will lead to an
economic effect.

Prospects for further research. The developed Do-
main ontology is the basis for the development of an ap-
plied ontology of actual production tasks which are re-
lated to the construction of industrial intelligent knowl-
edge bases and ontological repositories.
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VK 004.986:681.5

PO3POBKA OHTOJIOTTi MPEAMETHOT OBJACTI JIJIsI CACTEMHA MOHITOPAHTY CTAHY TEXHIYHAX

3ACOBIB ABTOMATH3AIIT

Baacenko JI. O. — kaHa. TeXH. HayK, IOLCHT, TOLCHT Kadeapu imkeHepii mporpamHoro 3abe3rnedeHHs Ta Kibepoesneku, Kuis-
ChKHIi HAIlIOHAJIBHUIT TOProBeIbHO-eKOHOMIUHMI yHiBepcuteT, Kui, Ykpaina.

Jyubka H. M. — kaHa. TeXH. HayK, JOLEHT, TOLUEHT KadeApH aBTOMATH3aIlil Ta KOMIT FOTEPHUX TEXHOJIOTiH CHCTEM YIIpaBIiHHS,
HamionansHauit yHiBepcHTET XapuoBuX TexHouorii, Kui, Ykpaina.

3aeus H. A. — 1-p TexH. Hayk, npogecop, npodecop kadeapu aBTOMATHKH Ta pOOOTOTEXHIYHUX CHCTEM iM. akajeMika Maprtu-
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AHOTAULIA

AxTyanbHicTs. Cy4acHi IHTENIEKTyalbHi CHCTEMH 1IeHTH(iKamii IOJIOMOK TEXHIYHHUX 3ac00iB aBTOMAaTH3aIlil XapuoBOi IIPOMHC-
JIOBOCTI OyIyIOThCSI Ha KOMIUICKCYBAHHI ITiIXOJIB, IO peatizoBaHi HA Pi3HUX MeTojax i anroputMax. OCOOIMBICTIO TAKUX CHCTEM €
Te, 0 B X MeXax (YHKI[IOHY€ BEJMKA KiTbKICTh PI3HOPIIHUX JAHUX 1 3HAHb, SIKi BXKKO MOEJIHATH MiX c000r0. BUKOpUCTaHHS OH-
TOJIOTiH Pi3HUX PIBHIB IPH PO3POOLI CHCTEMH BUPIILYE NaHy IPoOIeMy.

Merta. [ToOynoBa OHTOJIOTIT IpeaMETHOT 00IaCTi /ISl MOHITOPUHTY CTaHy OOJaIHAHHSI, [0 € OCHOBOIO JUISl TIPOSKTYBAHHS iHTe-
JIEKTYaJIbHOT CUCTEMH MiATPUMKH NPUHAHATTS PIlICHb 3 OHTOJIONYHOIO 0a3010 3HAHb.

MeTton. [cHYOTE pi3HI miaxoau 10 mo0yI0BU OHTOJIOTIH. B 3a1e)HOCTI Bif CKIagHOCTI 3a1a4i 1 00paHOro crocody MpoeKTyBaH-
HSl OHTOJIOT1 BOHH MOXYTbh BiIPi3HATHUCS KITBKICTIO PiBHIB Ta BUAIB OHTOJIOTiH a0 SBISATH COOOI0 OETHAHHS OHTOJOTIN MpeAMeT-
HOi Ta mpoOsieMHoO1 obnacTelt. B naniit poboti chopmoBaHa TpUpiBHEBA OHTOJIOTIS, IO MPOEKTYETHCS IS IHTEIEKTYaIbHOI CHCTEMH
MOHITOPHHTY CTaHy TEXHIYHUX 3ac00iB aBTOMarH3alii. BepxHiil piBeHb IpEICTABICHO OHTOJOTIEI0 BepXHBOro piBHA Basic Formal
Ontology, 1o 3abe3nedye cUCTEMaTH3al[iI0 METapiBHs, BKIIOYAIOYH TEMIOPAIbHY YacTHUHY. [Ipu HpoeKTyBaHHI Apyroro piBHS —
OHTOJIOTIH TpeaMeTHOI obyacTi, BpaxoBaHo MixHaposaHi ctanmaptu: IEC 62890, ISO 55000, ISA 106, IEC 62264, ISO 10303-
242:2020.

Pe3yabTaTi. B cTaTTi HaBEACHO OHTOJOTIO HpeAMETHOI 00IaCTi AT CHCTEMH MOHITOPHHTY CTaHy OOJaJHAHHS XapyoBOi raiy-
31, sIka CHCTEMaTH3Y€ Ta CTPYKTYpY€ iHXKCHEpHi 3HaHHS. Po3pobieHa oHTooris mpenmMeTHoi o0macTi BukopuctoBye Basic Formal
Ontology, sika Hagae HaOip 0a30BMX €IEMEHTIB Ha MeTapiBHI. BOHM 3a/1al0Th 3HaYEHHS BHIUICHHX CYTHOCTEH: BHA BHPOOHHUIITBA,
METOJY BH3HAUCHHS IOJIOMOK, NPUYMHHM, MOJOMKH, TOAil, obmagHanHs Tomo. OHToOriS po3pobieHol mpexMmerHoi obnmacti Mae
BBE/ICHI CEMAaHTHYHI IepexpecHi 3B’s13ku. Takoxk B poOOTi HaBeAeHO ()parMeHT BiHOIICHH B OHTOJIOTII IIPeMETHOI 001acTi cucTe-
MU 11t mikracy TexHidHi 3aco6u aBroMaru3anii kinacy OGuaHaHHS.

BucnoBkn. Jlana oHrtosoris Moxe OyTH BUKOpPHCTaHa ISl aHaNi3y 0a3W 3HaHb 3a MPUYMHAMH, MICISIMH Ta BUAAMH ITOJOMOK i
METOJaMH iX BU3HAUCHHS, Ta € OCHOBOIO ISl PO3POOKH IPHUKJIIaJHOT OHTOJIOT.

KJIFOUYOBI CJIOBA: ouTosnorisi Bepxuboro pieusi, BFO, onToNOris peMeTHOi 001acTi, MoIoMKa, TeXHI4HI 3ac00u aBTOMa-
TH3aLii.
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AHHOTAIUSA

AxTyanbHOcTb. COBpeMEHHBIE HHTEIUIEKTYaIbHBIC CHCTEMBI HACHTU(HUKAIINN MOJIOMOK TEXHHUECKUX CPEACTB aBTOMAaTH3ALUH
MUIIEBOH TPOMBIIUICHHOCTH CTPOSATCS Ha KOMIUIEKCHPOBAaHUH MOAXO/O0B, PEaTM30BAaHHBIX HAa PA3IMYHBIX METOJAX U alTOPUTMAXx.
OCco0GEHHOCTBIO TAKUX CHUCTEM SIBIISETCS TO, YTO B HMX Ipezenax (pyHKIHMOHUpPYeT OOJbIIOE KOJMYECTBO PA3HOPOIHBIX TAHHBIX H
3HaHUH, KOTOPBIE TPYJHO COBMECTHTH MEXIy coOoi. Mcmomp3oBaHne OHTOJOTHH Pa3IMYHBIX yPOBHEH IpH pPa3pabdOTKe CHCTEMBI
peliaeT JaHHyIo Ipooiemy.

Leab. [TocTpoenre OHTONIOMU TPEeIMETHOH 00JACTH JJII MOHHUTOPHMHTA COCTOSHHMSI O0OpPYJOBAaHWUS, SIBIISIETCS OCHOBOW IS
MIPOEKTUPOBAHUS HHTEIUIEKTYaTbHONW CUCTEMbI MOJACPKKH IIPUHATHS PEIIeHUH C OHTOJIOTMYECKOM 0a30i1 3HaHUH.

Metoa. CymmiecTBYIOT pa3iH4YHbIE MOAXOABI K MOCTPOSHUIO OHTOJOTUH. B 3aBHCHMOCTH OT CIOXKHOCTH 337a4yd M BBIOPAHHOTO
croco0a MPOEKTUPOBAHUS OHTOJIOTUH OHHM MOTYT OTIMYATHCS KOJTMIECTBOM yPOBHEH M BHIOB OHTOJIOTHH MM MPEACTABIATH COOOM
coYeTaHWe OHTOJIOTHI MpEeIMETHOW W MpoOJIeMHOH obnacteil. B manHO# paboTe copmupoBaHa TpeXypOBHEBas MPOCKTUPyeMas
OHTOJIOTHS JUISl MHTEIUICKTYalbHOM CHCTEMbI MOHUTOPHHIA COCTOSIHHS TEXHHYECKHX CPEJICTB aBTOMAaTH3alMu. BepxHuil ypoBeHb
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IIPE/ICTaBIICH OHTOJOTHEeH BepxHero ypoBHs Basic Formal Ontology, uro oGecrneunBaeT CHCTEMATH3AIMIO METaypOBHE, BKIIIOYAs
TEMIIOPAJbHYI0 4acTh. [IpH NPOEKTHPOBAHMM BTOPOTO YPOBHS — OHTOJIOTHM IPEIMETHOW OOJACTH, YYTEHBI MEXIyHapOIHbIE
crangaptbl: IEC 62890, ISO 55000, ISA 106, IEC 62264, ISO 10303-242:2020.

PesyabTarbl. B crarhe mokasaHa OHTOJIOTHS IPEIMETHOH OOJIACTH IJI8 CHCTEMbl MOHHMTOPHMHIA COCTOSHHUS 00OpYJNOBAaHMS
IIUIIEBOH OTPACIH, KOTOpas CUCTEMATH3UPYET M CTPYKTYPUPYET MH)KEHEepHble 3HaHMS. Pa3paboTaHHas OHTOJIOTHS NPEIMETHOW
obmactu ucnons3yer Basic Formal Ontology, koTopas mpenocTtaBiseT HaOOp 0a30BBIX dJIEMEHTOB Ha MeTaypoBHe. OHH 3aJaroT
3HAYEHMS BBIJICIICHHBIX CYIIHOCTEH: BHJ ITIPOM3BOJACTBA, METOIbI OINPEACICHHUS II0JOMOK, INPUYMHBI, IOJOMKH, COOBITHS,
obopynoBanust. OHTONOTHS pa3pabOTaHHOH IMpPEIMETHOH 00NacTH BKIIIOYAET CEMaHTHUYECKHE INEpEeKpPECTHHIE CBs3H. B kauecTse
npuMepa, IpUBeAeH (parMeHT OTHOIICHWH B OHTOJIOTHH HMPEIMETHOH 00JacTH CHCTEMBI [UIS MOAKIAacca TeXHWYECKHe CpPelCTBA
aBTOMaTH3auuu Kiacca O0opynoBaHuUe.

BriBoasbl. [laHHas OHTOJIOTHS MOXKET OBITH MCIOIB30BaHa AUl aHaIK3a 0a3bl 3HAHWH 110 MPUYMHAM, MECTaM M BHJIaM IT0JIOMOK H
METO/IaM UX OIIPEe/IeNeHH s, ¥ ABISACTCS OCHOBOM [UIsl pa3pabOTKH NPUKIAJHONW OHTOJIOTHH.

KJIIOYEBBIE CJIOBA: onrtonorus BepxHero ypoBHs, BFO, oHromorus mpenmeTrHol o007acTH, NOJIOMKA, TEXHHYECKHE
CpeJlCcTBa aBTOMATH3ALMH.
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ABSTRACT

Context. The mechanism of decision-making during limited number of fuzzy experiments with multiple criteria are considered.
The investigation object is process decision-making for project or control in complex systems with multiple criteria.

Objective. It is necessary to determine optimal (most preferred) parameters of the systems with multiple criteria. It is no the
mathematical model of the system, there is limited number of fuzzy experiments only.

Method. experimental study of a process with several criteria (functions) depending on its parameters; the use of expert fuzzy
evaluation to build a matrix of preferences for individual implementations; building a function of choosing preferred solutions based
on a preference matrix by constructing a mathematical model of preference recognition, formulation and solving the problem of gen-
eralized mathematical programming as the final step in building the selection mechanism. The decision-making mechanism depends
on the expert assessment procedure when comparing a limited set of results with each other, as well as on the statement of conditions
when solving the problem of generalized mathematical programming. Comparison of a finite number of fuzzy experiments is con-
venient for expert evaluation. Presentation of the final choice as a result of solving the problem of generalized mathematical pro-
gramming is convenient for using such a mechanism in automatic control systems already without human intervention. The proposed
scheme of decision-making during limited number of fuzzy experiments has been applied to decision-making of project management
for pellet burner.

Results. Experimental decision-making fuzzy results are presented in the presence of several criteria for a pellet burner of a tubu-
lar heater, which confirm the acceptability of the developed decision-making mechanism. It was proposed the new scheme for con-
structing a selection mechanism for decision-making in systems with several criteria where there is a sample of fuzzy experimental
results.

Conclusions. The scheme of decision-making is includes the solving the generalized mathematical programming as the final step
in building the selection mechanism. For the problem of generalized mathematical programming it may be applied the evolutionary
search with choice function in form of preference or in form of lock.

KEYWORDS: decision-making, multiple criteria, fuzzy experiments, function of choosing, evolutionary search.

NOMENCLATURE Lp is a primary air flow;
ay,, ay; are the choice function parameters; L is a total air flow;
x is a set of inlet system parameters; S, Sp are the square parameters of burner;
x' is a scalar parameters (continuous or discrete); Y4 Yco, Yno are the outlet parameters of burner;
Q is a set of admissible parameters; X is a subset of parameters;
z is a set of outlet system functions (parameters); X, is a set of preferred solutions according to the bi-
7 is a one from output parameters; nary choice relation Ry at the iterate step £;
Ry is a fuzzy binary choice relation; k is an iterate step;
R is a fuzzy generation relation; X1 1s a set of preferred solutions according to the bi-
S(X) is a selection function; nary choice relation Ry at the iterate step k—1;
G(X) is a generation function; Xy is a set of preferred solutions according to the bi-
G(X) is a set of new solutions; nary choice relation Ry at the iterate step k for the branch j
B, is a table of experimental results; of evolutionary search;
B is a matching matrix of experimental results; W is a power of burner.
I'(x) is a choice function;
N,y is a number of experiments; INTRODUCTION
N, is a number of branches for evolutionary search; The basis of the research is a fuzzy experiment in
Ngis a number of new solutions; which the permissible range of parameters determining
N,, is a number of preferred solutions; the state of the system is comprehensively investigated. In
S is a burner area; each experiment, in addition to the input parameters of the
Sj» 1s an useful area for primary air; system, the output functions (criteria) of the system under
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study are measured or calculated. If we confine ourselves
only to the experimental sampling of fuzzy parameters,
then it will not be possible to make decisions about the
preference of the system parameters over the entire allow-
able area. It is advisable to build a mathematical model of
the function of choice, which will allow to extend the rule
of preferences of fuzzy parameters to the entire admissi-
ble region. Having an expression for the function of
choice, we can formulate and solve the problem of finding
the most preferable solutions. The search of the most
preferable solutions can be implemented as a result of
solving a generalized mathematical programming prob-
lem.

The object of study is the process of decision-making
while developing or managing systems with some fuzzy
parameters. The mathematical model of such system is
used to make decisions for the development or manage-
ment of systems. The mathematical model of the system
can be built on the basis of deductive laws of functioning
or on the basis of an experimental study of the system.

The subject of study is the process of decision-
making for project or control in complex systems with
multiple criteria when information about the system is
presented in the form of a limited set of fuzzy experiment
results.

The purpose of the work is to increase the speed the
decision-making process for a system with several criteria
when setting information about the properties of the sys-
tem is a set of fuzzy experimental results.

1 PROBLEM STATEMENT

A system is characterized by a set of parameters
x= {x', .. x"}, xeQ and a set of output parameters
(functions, criteria) z = {z', 2%, ..., Z/}. There are training
set of experimental results: B,, = <x, y,>, ¢ = 1,2, ..., No
and the result of the expert evaluation in the form of the
of the evaluation table B = {b;}, i =12, ..., N, j = 1,2,
..., Nop, which is obtained using expert choice relation R s
where b;;— is the table of fuzzy relation.

It is required to find the choice function C for all set Q

with binary relation R s such that binary relation R ¢ cor-

responds with expert choice relation R , with the table of
fuzzy relation B= {b;},i=12, .., Nop, j= 1,2, ..., Nopy B=
{by},i=12, .., Nop, j= 1,2, ..., Nop,

2 REVIEW OF THE LITERATURE

There is sufficient experience in using binary relations
of choice in constructing a mechanism for choosing deci-
sions, in particular, scientific results [1—4] and other.

If there is a system that does not have a reliable
mathematical model based on deductive laws of function-
ing, then the inductive principles of mathematical model-
ling of such systems are known [5, 6] that have received
significant development. In inductive modelling, accord-
ing Ivakhnenko A. G. and others, various mathematical
models were constructed from experimental data. In this
case, it is possible to build functional dependencies for
each of several output functions of the system. Having

mathematical dependencies for several output functions,
you can solve the decision problem as a multi-objective
optimization problem. There is a fairly large number of
scientific results in the field of multi-optimized optimiza-
tion [7—10].

Most of these results relate to the situation where there
are mathematical models for each of the output functions
— Pareto optimization. In this case, the adoption of the
final decision from the set of Pareto-optimal is an addi-
tional procedure. This scema is fulfil possible.

The formulation of an optimization problem as an op-
timization task with respect to choice relation is an alter-
native approach. Previously, generalized mathematical
programming problems were formulated for which solu-
tion methods were proposed [11, 12] and other. Later
works are also devoted to solving the problem of general-
ized mathematical programming, for example [13].

Effective methods for solving optimization problems
are developed on the basis of evolutionary search algo-
rithms, for example, [14—16]. Including evolutionary al-
gorithms useful for solving problems of generalized
mathematical programming [16, 17] without the convex-
ity condition of choice relation.

The utilization of fuzzy sets and fuzzy relations [18,
19] is a new state of investigations of complex objects.

Multicriteria Fuzzy Decision-Making is presented in
[20] and results today, for example [21].

Previously, it was offered a general scheme for con-
structing a selection mechanism for decision-making in
systems with several criteria where there is a sample of
experimental results only [22]. But constructing a selec-
tion mechanism for decision-making in systems with sev-
eral criteria where there is a sample of fuzzy experimental
results was not presented before. The scheme of decision-
making includes the solving the problem of generalized
mathematical programming as the final step of the selec-
tion mechanism. For the solving the problem of general-
ized mathematical programming may be applied the evo-
lution search algorithm with choice function in form of
preference or in form of lock [23, 24].

3 MATERIALS AND METHODS

The system is characterized by the set of parameters
x= {x', x’,..., x"} and there are the set of output parame-
ters (functions, criteria) z = {z', 22, ..., Z/}.

After experimental investigation it was obtained the
set of experimental results: B,, = <x, ¥,>, ¢ = 1,2, ..., Ny,
In This results will be called presentation according to
terminology of the theory of decision making [2-4]. We
assume that according to expert evaluation it was formed
the result of the expert evaluation in the form of the of the
evaluation table B = {b;}, i = 1,2, ..., Nop, j = 1,2, ..., Ny,
which is obtained using expert choice relation R, where
b;— is the table of fuzzy relation.

It is necessary to find the fuzzy binary relation ﬁs

with membership function ME s (x, x) that taking account
the set of presentations of the training sample B,, by ex-
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pert evaluation of output functions for any pair of presen-
tations, so that the binary relation R §i X R sx; for

i, j=12, .., N, . The result of the expert evaluation for
the comparison of the presentations with each other will
be represented in the form of the matching matrix
B={b;},i=12,..,Noj=12, .., N, where b; € {a,,
0y ,...,0¢ }, 0; — is a possible evaluation of pair preference.

The fuzzy binary relation R s with the choice function

obtained in this way can be used to search for the most
preferable solutions on the entire Q set, taking into ac-
count possible limitations as well.

The methods for solving the problems are based on
the approach to the evolutionary search for Ry — optimal
solutions. For subset X, x < 0 we denote the function of
choice in the form

S(X)z{xeX|Vye[X\S(X)],x§Sy}. (D

We shall assume that set S(X) contains the concrete
number of elements N,,.
We shall that for the set Q it was determined relation
R ith 5 :
G W1 M Rg ()C >y )

membership function

QxQ —[0,1]. Relation ﬁG will be termed generation
relation.

For subset X, X — Q we denote the function of
generation in the form

G(X)=xUGy(X) @)

We shall assume that set G(X) contains the concrete
number of elements Nj.

The algorithm to search Rg — optimal solution can be
represented as

Xy =S(G(X4y)), k=1.2,... 3)

The iterate algorithm (3) — is the general form of evo-
lutionary search.

According to [15-17] we will consider the decomposi-
tion

Ny,
Xp=UXj, Xy NXy =D, i#]. 4)
j=1

The algorithm (3) takes the form

Xy =8(GX 5 4)). j=LN, . k=12,. (5)

These iterate algorithms (3), (5) are the general form
of evolutionary search.

The evolutionary search algorithm converges to the
most preferred solution of choice relation. This position
has been theoretically and experimentally proven for clear
choice relationships. For a fuzzy choice, this position is
based on experimental results.

4 EXPERIMENTS

There are considered tubular gas heater [18]. Tubular
heaters design parameters (inlet system parameters) are
below:

— Burner area, Sj;

— Useful area for primary air passage, Sy

— Primary air flow, L;;

— Total air flow, L,

— Burner power, W.

There are criteria (outlet system functions) of the
heater:

— Ash transfer by the time, 4;

— Concentration CO at exhaust gases, Cc;

— Concentration NO, at exhaust gases, Cyoy.

There are following requirements for parameters that
characterize tubular heaters work: for CO it is less than
130 mg/m* and for NO, — less than 250 mg/m’. Therefore
such tags as CO and NO, are shown at tubular heater
schematically block diagram. Also such parameter as ash
is typical because of strengthened primary air supply cre-
ates unintended carrying out ash from the burner. It leads
to tube clogging, which degrades heat transfer and re-
duces tube efficiency time. Tubular heater pellets burner
principle diagram is shown in Fig. 1.

For expert evaluation the rating scale was used
b; € {0; 0.3; 0.4; 0.5; 0.6; 0.7}; which make sense:
{much worse; worse; slightly worse; comparable; slightly
better; better; much better}.

Secondary air

Figure 1 — Tubular heater pellets burner principle diagram
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Table 1 — Matching matrix for experimental data array 1

Ne S Sp L Lp W Ya Yco Ynox
m’ m’ m’/h mh kw g/min mg/m’ mg/m’
1 0.005 0.00286 572.4 252 33.5 2.1 510 293
2 0.005 0.00286 543.6 234 31.3 2.88 6734 207
3 0.005 0.00286 543.6 21.6 54.7 2.77 43 259
4 0.01 0.00643 633.6 46.8 18 0.21 4500 257
5 0.01 0.00643 651.6 54 32 0.47 694 205
6 0.01 0.00643 684 50.4 35.5 5.5 110 230
7 0.0025 0.00021 201 2.7 6.4 3.57 2765 89
8 0.0025 0.00021 168 4.1 9 7 2902 134
9 0.0025 0.00021 165 4.3 18 10 7214 109
10 0.0025 0.00021 151 5.1 18 7 7844 125
11 0.0025 0.00021 215 2.2 4.7 1.6 1429 146
12 0.0025 0.00021 201 2.8 11.3 4.9 1311 193
13 0.0025 0.00021 196 3 10 5 1019 210
14 0.0025 0.00021 182 3.9 12.8 3.6 779 212
15 0.0025 0.00021 178 2.5 5.3 1.8 812 201
16 0.0025 0.00021 167 2.8 4.5 0.7 2148 160
17 0.0025 0.00021 155 3 6 1.7 722 265
18 0.0025 0.00021 150 3.5 11.2 2.8 617 259
19 0.0025 0.00021 140 4 18 5.4 1144 240
20 0.0025 0.00021 136 4.5 22.5 10.5 853 257
21 0.0025 0.00021 128 7 22.5 11.3 783 261
22 0.0025 0.00021 127 2.5 8.2 1.9 1099 134
23 0.0025 0.00021 123 3 9 1 450 188
24 0.0025 0.00021 111 3.4 11.3 1.9 246 151
25 0.0025 0.00021 105 3.8 15 3 438 190
26 0.0025 0.00021 97 4.1 15 4.8 1225 238
27 0.0025 0.00021 85 5 22.5 10.3 830 203
28 0.0025 0.00021 80 6.5 18 10.8 945 217
29 0.0025 0.00021 210 2.75 3.9 1.3 2926 161
30 0.0025 0.00021 175 4.1 9 3.4 6663 56
31 0.0025 0.00021 172 4.3 7.5 5.6 2845 148
32 0.0025 0.00021 168 5.1 18 35 1986 131
33 0.0025 0.00021 152 2.2 5 5 1826 116

Table 2 — Matching matrix for experimental data array 1. Results of experiments for 33 modes

DATA 0.5,0.3,0.5,0.6,0.7,0.7,0.7,0.5,0.7,0.5,0.7,0.7,0.7,0.4,0.4,0.4,0.5,0.6,0.7,0.7,0.7
DATA 0.7,0.5,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.6,0.6,0.7,0.7,1.0,1.0,1.0
DATA 0.5,0.3,0.5,0.6,0.7,0.6,0.6,0.5,0.7,0.6,0.6,0.6,0.5,0.4,0.3,0.4,0.5,0.6,1.0,1.0,1.0
DATA 0.4,0.3,0.3,0.5,0.7,0.5,0.4,0.4,0.5,0.4,0.4,0.4,0.4,0.3,0.3,0.3,0.3,0.3,0.6,0.6,0.6
DATA 0.3,0.3,0.3,0.3,0.5,0.3,0.3,0.3,0.4,0.3,0.4,0.3,0.3,0.3,0.0,0.3,0.4,0.4,0.5,0.5,0.5
DATA 0.3,0.3,0.4,0.5,0.7,0.5,0.5,0.5,0.6,0.4,0.5,0.4,0.4,0.3,0.0,0.3,0.3,0.5,0.7,0.7,0.5
DATA 0.3,0.3,0.4,0.6,0.7,0.5,0.5,0.5,0.6,0.5,0.5,0.5,0.5,0.3,0.0,0.3,0.5,0.5,0.7,0.7,0.6
DATA 0.5,0.3,0.5,0.6,0.7,0.5,0.5,0.5,0.6,0.5,0.5,0.5,0.5,0.4,0.0,0.3,0.5,0.5,0.7,0.7,0.7
DATA 0.3,0.3,0.3,0.5,0.6,0.4,0.4,0.4,0.5,0.4,0.4,0.4,0.4,0.3,0.0,0.3,0.4,0.4,0.5,0.5,0.5
DATA 0.5,0.3,0.4,0.6,0.7,0.6,0.5,0.5,0.6,0.5,0.6,0.5,0.5,0.3,0.0,0.3,0.5,0.5,0.7,0.7,0.7
DATA 0.3,0.3,0.4,0.6,0.6,0.5,0.5,0.5,0.6,0.4,0.5,0.5,0.4,0.3,0.0,0.3,0.5,0.5,0.6,0.6,0.6
DATA 0.3,0.3,0.4,0.6,0.7,0.6,0.5,0.5,0.6,0.5,0.5,0.5,0.5,0.3,0.0,0.3,0.5,0.5,0.6,0.6,0.6
DATA 0.3,0.3,0.5,0.6,0.7,0.6,0.5,0.5,0.6,0.5,0.6,0.5,0.5,0.3,0.0,0.3,0.5,0.5,0.6,0.6,0.6
DATA 0.6,0.3,0.6,0.7,0.7,0.7,0.7,0.6,0.7,0.7,0.7,0.7,0.7,0.5,0.3,0.5,0.6,0.7,1.0,1.0,1.0
DATA 0.6,0.4,0.7,0.7,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,0.7,0.5,0.6,0.7,0.7,1.0,1.0,1.0
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DATA 0.6,0.4,0.6,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.7,0.5,0.4,0.5,0.6,0.6,1.0,1.0,1.0
DATA 0.5,0.3,0.5,0.7,0.6,0.7,0.5,0.5,0.6,0.5,0.5,0.5,0.5,0.4,0.3,0.4,0.5,0.5,0.7,0.7,0.7
DATA 0.4,0.3,0.4,0.7,0.6,0.5,0.5,0.5,0.6,0.5,0.5,0.5,0.5,0.5,0.3,0.3,0.4,0.5,0.6,0.6,0.6
DATA 0.3,0.0,0.0,0.4,0.5,0.3,0.3,0.3,0.5,0.3,0.4,0.4,0.4,0.0,0.0,0.0,0.3,0.4,0.5,0.5,0.5
DATA 0.3,0.0,0.0,0.4,0.5,0.5,0.4,0.3,0.5,0.3,0.4,0.4,0.4,0.0,0.0,0.0,0.3,0.4,0.5,0.5,0.5
DATA 0.3,0.0,0.0,0.4,0.5,0.5,0.4,0.3,0.5,0.3,0.4,0.4,0.4,0.0,0.0,0.0,0.3,0.4,0.5,0.5,0.5

Table 3 —Matching matrix for experimental data array 2

DATA 0.5,0.5,0.0,0.3,0.5,0.3,0.3,0.3,0.3,0.3,0.5,0.3
DATA 0.5,0.5,0.0,0.5,0.6,0.3,0.3,0.3,0.3,0.3,0.6,0.4
DATA 1.0,1.0,0.5,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0,1.0
DATA 0.7,0.5,0.0,0.5,0.6,0.3,0.3,0.3,0.4,0.4,0.6,0.6
DATA 0.5,0.4,0.0,0.4,0.5,0.3,0.3,0.3,0.3,0.3,0.5,0.4
DATA 0.7,0.7,0.0,0.7,0.7,0.5,0.5,0.4,0.5,0.5,0.6,0.5
DATA 0.7,0.7,0.0,0.7,0.7,0.5,0.5,0.5,0.5,0.6,0.7,0.5
DATA 0.7,0.7,0.0,0.7,0.7,0.5,0.5,0.5,0.5,0.4,0.7,0.6
DATA 0.7,0.7,0.0,0.6,0.5,0.5,0.5,0.5,0.5,0.5,0.6,0.6
DATA 0.7,0.7,0.0,0.6,0.7,0.5,0.4,0.6,0.5,0.5,0.6,0.5
DATA 0.5,0.4,0.0,0.4,0.5,0.4,0.3,0.3,0.4,0.4,0.5,0.3
DATA 0.7,0.6,0.0,0.4,0.6,0.5,0.5,0.4,0.4,0.5,0.7,0.5

5RESULTS
There are presented results with choice function in the
form (10).

T(x) =15, - (I+ay, - (az; —1;)%) (10)

_ 1 1, _ .2 2, _ .3 3.
N=Xp —X2 ;=X —X2 ;i3=X1 —X2

classify the studies into three groups: The first group de-
velops new fuzzy methodologies or modifies the existing
approaches; second group uses the existing approaches in
a specific problem area. Third group integrates different
MCDM techniques. It also presents expected future trends
on fuzzy MCDM.

Step 1: Determine key criteria and sub-criteria for a

S S T (11)  comprehensive assessment of the potential supplier. At
Ta= X1 — X T5T X =X this stage, the identification of key criteria and sub-
- criteria is based on a review of the literature, SCOR met-
I'(x))2T(xy)=x-R-x;. (12)  rics and scientific reports related to the content of the re-

Parameters a,;, a,; were obtained after evolutionary
search the choice function for array 1 of experimental
data and for array 2 of experimental data.

The choice function in the form (10) with specific val-
ues of parameters Aj, A, ,..., Aag was used to solve the
problem of generalized mathematical programming: to

find maximum MAX MES (x,y) of choice function with

restrictions: 0.002<x,<0.1; 0.0002<x,<0.007;
80<x3 £650;2< x4 £50;4< x5 <55

The aim of this paper is to summarize the present po-
sition of fuzzy MCDM research area. This summary in-
cludes the classification of a mathematical decision-
making model, the distributions of publications with re-
spect to their subject areas, publication years, citation
frequencies, authors, and publishing journals. We also

search to determine the necessary criteria for the topic.

Step 2: Hybrid fuzzy set theory into the ANP model is
the most effective tool for addressing complex problems
of decision-making, which has a connection with various
qualitative criteria. There are ten suppliers that are highly
effective for providing plastic raw materials. In this step,
an FANP is proposed to identify the weight of all criteria.

Step 3: For ranking potential suppliers list, VIKOR
model is used in the final stage. VIKOR ranks alternatives
and determines the solution named compromise that is the
closest to the ideal.

Evolutionary search for solving the problem of gener-
alized mathematical programming is illustrated at Table 5
and results of evolutionary search for three branches of
evolution are presented in Table 6.

Table 4 — Evolutionary search the choice function

Iteration step of evolutionary search Error at the training array 1 Error at the test array 2

1 0.3822
2 0.3679
4 0.2774
8 0.1612

15 0.1612

20 0.1552

25 0.1433

35 0.1432

75 0.1430

500 0.1401 0.1646
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Table 5 — Evolutionary search for solving the problem of generalized mathematical programming

Iteration step Maximum function Maximum function Maximum function
of evolution Branch 1 of evolution Branch 2 of evolution Branch 3 of evolution
1 0.7462 0.7247 0.5972
2 0.8294 0.9682 0.7936
3 0.9727 0.9721 0.9353
10 0.9727 0.9721 0.9691
300 0.9839 0.9837 0.9787

Table 6 — Result of evolutionary search for solving the problem of generalized mathematical programming

Branches of evo- Parameter 1 Parameter 2 Parameter 3 Parameter 4 Parameter 5
lution x! X X x* X
Branch 1 0.00517 0.000508 251.6 5.297 16.73
Branch 2 0.00499 0.000537 273.0 6.809 15.98
Branch 3 0.00524 0.000525 186.5 2.000 8.192
6 DISCUSSION of experimental results using the approach of fuzzy ex-

Matrix of conformity (Table 3 and Table 4) is the re-
sult of expert assessment and is subjective. For expert
assessment, it is obviously possible to use the whole vari-
ety of available pair-wise comparison methods and use a
different scale for such an assessment. The choice func-
tion given in the article in the form of an algebraic func-
tion is certainly not the only possible one, here you can
use the whole variety of pattern recognition methods.

At Literature Review [20] are presented different
methods of mathematical decision-making models among
them: Multicriteria decision-making (MCDM), fuzzy
multiattribute decision-making (MADM), fuzzy multiob-
jective decision-making (MODM).

In [21] are presented the detail realisation of Fuzzy
Multicriteria Decision-Making Model (MCDM). There
are three stages of the mathematical modelling:

Step 1: At this stage it was determine key criteria and
sub-criteria for a comprehensive assessment of the poten-
tial supplier. The identification of key criteria and sub-
criteria is based on a review of the literature, SCOR met-
rics and scientific reports related to the content of the re-
search to determine the necessary criteria.

Step 2: At this stage are applied hybrid fuzzy set the-
ory into the ANP model for the most effective tool, which
has a connection with various qualitative criteria. In this
step, an FANP is proposed to identify the weight of all
criteria.

Step 3: At the final stage the VIKOR model is used.
VIKOR ranks alternatives and determines the solution
named compromise that is the closest to the ideal.

As you can see, in the set of multicriteria decision-
making methods (MCDM), the results of the experimental
study of the object and their expert assessment are not
used directly. The resulting compromise solution gives
the final solution, but if the requirements for the compro-
mise solution change, then the sequence of steps 1-3 must
be repeated, that is, the resulting model is difficult to use
in the research process. The proposed decision-making
approach based on evolutionary search algorithms allows
not only obtaining a model, but also makes it possible to
solve new problems on its basis, using evolutionary
search as a solution to a stochastic programming problem.

Comparison of the results of the development of a
mathematical decision-making model based on a finite set

periments and without this approach showed that using
the approach of fuzzy experiments it is possible to in-
crease the adequacy of the mathematical decision-making
model and reduce the error of erroneous recognition of
results for the verification (control) sequence.

At this stage it was determine key criteria and sub-
criteria for a comprehensive assessment of the potential
supplier. The identification of key criteria and sub-criteria
is based on a review of the literature, SCOR metrics and
scientific reports related to the content of the research to
determine the necessary criteria.

At this stage are applied hybrid fuzzy set theory into
the ANP model for the most effective tool, which has a
connection with various qualitative criteria. In this step,
an FANP is proposed to identify the weight of all criteria.

At the final stage the VIKOR model is used. VIKOR
ranks alternatives and determines the solution named
compromise that is the closest to the ideal.

As you can see, in the set of Multicriteria decision-
making (MCDM) methods, the results of the experimental
study of the object and their expert assessment are not
used directly. The resulting compromise solution gives
the final solution, but if the requirements for the compro-
mise solution change, then the sequence of steps 1-3 must
be repeated, that is, the resulting model is difficult to use
in the research process. The proposed decision-making
approach based on evolutionary search algorithms allows
not only obtaining a model, but also makes it possible to
solve new problems on its basis, using evolutionary
search as a solution to a stochastic programming problem.

CONCLUSIONS

Thus, the selection mechanism extends to the entire
allowable range of input parameters. The constructed se-
lection function is determined already on the whole ad-
missible space of input parameters, and not only on the
set of experimental points.

The decision-making includes the following proce-
dures: an experimental study of a technical system with
several fuzzy criteria (functions) depending on its pa-
rameters; the use of expert evaluation to build a matrix of
preferences for individual implementations; building a
function of choosing preferred solutions based on a pref-
erence matrix by constructing a mathematical model of
preference recognition, formulation and solving the prob-
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lem of generalized mathematical programming as the fi-
nal step in building the selection mechanism.

The scientific novelty is result presented as a holistic
decision-making mechanism for a fuzzy system based on
inductive modelling of complex systems, in which the
following steps can be distinguished: an experimental
study of a process with several fuzzy criteria (functions)
depending on its parameters; the use of expert evaluation
to build a matrix of preferences for individual implemen-
tations; building a function of choosing preferred solu-
tions based on a preference matrix by constructing a
mathematical model of preference recognition, formula-
tion and solving the problem of generalized mathematical
programming as the final step in building the selection
mechanism.

The practical significance of obtained results is that
the stated decision-making mechanism can be used for a
wide range of complex fuzzy systems with several crite-
ria.

Prospects for further research are to the improvement
of methods and means for constructing a function of
choice for a limited number of fuzzy experimental results.
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YK 519.816
NPUMHSATTA PIIIEHG TPY EBOJIIOIIMHOMY IOMIYKY ITPH OBMEXEHINA KIJIBKOCTI HEUITKHAX
EKCHHEPUMEHTIB 3 KITbKOMA KPUTEPISIMUA

IponoB B. ®. — 1-p TexH. Hayk, npodecop, npodecop kadenpu iHGopMaLiiHUX TeXHOIOTIH J[HITIPOBCHKOTO TEXHOJIOTTYHOTO
yniBepcurery «Ilar», [{ninpo, Ykpaina.

HlanTana M. B. — kaHA. TeXH. HayK., IOLEHT, peKTOp HIMPOBCHKOTO TEXHONOTIYHOTO yHiBepcuTeTy «lllar», JIHinpo, YkpaiHa.

Hynkin K. B. — xang. Texs. Hayk, qupekrop TOB «KB-aBromaruzamis», Kuis, Ykpaina.

MlanTana [I. E. — xauj. TexH. HayK, JOIEHT Kadeapu iHGopMarifHIX TeXHOJIOTiH JIHIMTPOBCHKOTO TEXHOJIOTIYHOTO YHIBEPCHUTE-
Ty «Ilar», Jxinpo, Ykpaina.

Yupin /1. A. — acnipaHT Kadeapy CHCTEMHOTO aHaJIi3y Ta MOJCIIOBAaHHS B TeILIONOCTa4YaHHi, [IpuiHInpoBchKka qep)kaBHa aKa-
JeMist OyIiBHHMIITBA Ta apXiTekTypH, JHinpo, Ykpaina.

AHOTANIA

AKTyaJbHicTb. PO3TIISIHYTO MeXaHi3M NPUHHATTA PIllIeHb MiJ 9ac 0OMEXEHOI KITBKOCTI HEUITKUX EKCIIEPUMEHTIB 3 KiTbKOMa
kputepismMu. O0’€KTOM IOCHTIHKEHHS € MPOIec MPUUHATTS PIlICHb MO0 MPOEKTY ab0 YNPaBJiHHA B CKIAJAHUX CHCTEMax 3 JCKilb-
KOMa KpUTEPisIMU.

Meta. Heo6xinHo BU3HAYUTH ONTHMaJbHI (HAHOLIBII IepeBaXkHi) MapaMeTpH CUCTEM 3 KUIbKOMa KPHUTEPisIMH, KOPUCTYIOUHCH
HE MaTeMaTHYHOIO MOJIEIUTIO0 CUCTEMH, a JIMIIEe 0OMEXEHOIO KiJIbKICTIO HEYITKUX €KCIIEPUMEHTIB.

Metoa. ExcriepumeHTansHe JOCITIKEHHS POLECy 3 KiIbKOMa KpUTepisMH ((YHKLISIMH) 3aJIe)KHO Bil HOrO mapaMeTpiB; BUKO-
pHCTaHHS €KCHEePTHOI HEeYiTKOI OIHKK sl OOyJOBH MaTpHLi yrnmogo0aHb Ui OKpeMUX peainisauiil; noOynoBa GyHKUii BUOOpY
KpaIlUX pillleHb Ha OCHOBI MaTpHLIi HepeBar LUIIXoM 00YyZ0BH MaTeMaTH4HOI MOZEIi PO3Ii3HaBaHHS MepeBar, pOopMyJIIOBaHHS Ta
BHPIIICHHS MPOOJIEMHU y3arajlbHEHOTO MAaTEMaTHYHOTO MPOTpaMyBaHHS SK 3aBEPIIANBFHOTO €Taly MOOYZOBH MEXaHi3My BiIOopy.
MexaHi3M TPUAHATTA pillieHb 3aJICKUTH BiJ MPOLEIYypH SKCIIEPTHOI OIIHKH MPH TMOPiBHIHHI 00MEXEHOT0 Habopy pe3yIbTaTiB Mixk
c00010, a TaKOXX Bifl IIOCTAHOBKY YMOB IIPU BHPINICHHI 3a[a4l y3aralbHEHOT0 MaTeMaTHYHOTO IporpaMyBaHHsl. [1opiBHSHHS KiHIIe-
BOI KiJIbKOCTI HEUITKHX €KCIEPUMEHTIB 3pydYHO JUIS eKCIIEPTHOI OIiHKH. [Ipe3eHTanis ocTaTouHOT0 BUOOPY B pe3yIbTaTi BUPIIICHHS
3a7advi y3araJlbHEHOr0 MaTeMaTHYHOIO IPOrpaMyBaHHs 3py4yHa JUIl BUKOPHCTaHHS TaKOrO MEXaHi3My B CHCTEMax aBTOMAaTHYHOIO
YIpaBIIiHHA BXe 0€3 y4acTi JIIOIMHU. 3alpOoIOHOBaHa CXeMa MPUHHSTTS pillleHb i Yac 0OMEXeHO! KiJIbKOCTI HeUiTKUX eKCIepH-
MEHTIB OyJia 3aCTOCOBaHA [I0 NPUHHATTS PIlICHb 3 YIPABJIIHHA IPOSKTAMH MAIIMBHUX TPaHYI.

PesyabraT. HeuiTki pe3ynbTaTti eKCIIepUMEHTAIbHOIO NPHUHSTTS PillleHb MPEACTABICHI 32 HAsIBHOCTI KiJIbKOX KPUTEPIilB ist
MEJIETHOTO TMAJIbHUKA TPyO4YacToro HarpiBaya, sIKi HMiATBEPMKYIOTh NMPHUHATHICTH PO3POOJICHOTO MEXaHi3My MPUHHATTS PillleHb.
3anponoHOBaHO HOBY cXeMy HOOYAOBH MEXaHi3My BiIOOpY IS MPUAHATTS PIillIeHb B CUCTEMAaXx 3 JEKUIbKOMa KPUTEPIIMH, [Ie € BH-
0ipKa HEWITKUX €KCIIePUMEHTAIBHHUX Pe3yIbTaTiB.

BucnoBkn. Cxema NpUHHATTS pillleHb BKIIIOYAa€ BUPIMIEHHS y3araJbHEHOTO MaTEMAaTHYHOTO MPOrpaMyBaHHS SIK 3aBepIIAbHUMA
eTan mo0yIoBH MexaHi3My Binoopy. s npobieMu y3araJbHEHOTO MaTeMaTHIHOTO MPOrpaMyBaHHS MOXKe OyTH 3aCTOCOBaHHUIT €BO-
JIOLiHHMI NOIYK 3 QyHKLiE0 BHOOpPY y (opMi nepeBaru abo y hopMi O10KyBaHHS.

KJIFOUOBI CJIOBA: npuifHATTS pillleHb, MHOXWHHI KPHUTEpii, HEUiTKi €KCIIepUMEHTH, QyHKIis BHOOpY, €BONIOLIHHUN TO-
LIYK.

YK 519.816
NPUHSITUE PEIHEHUANA TP 3BOJIIOIIMOHHOM ITOMCKE IIPH OTPAHUYEHHOM KOJUYECTBE
HEYETKHX SKCIIEPUMEHTOB C HECKOJIbBKUM KPUTEPUSAMH

Hpoaos B. ®. — n1-p TexH. Hayk, npodeccop, npodeccop kadeapsl HHPOPMAITMOHHBIX TEXHOJIOTHI J[HETPOBCKOTO TEXHOJIOTH-
yeckoro yHuBepcurera «lllary, [{nenp, YkpauHa.

IHanrana M. B. — kaHj. TexH. HayK, JOLEHT, pekrop [lHempoBckoro texHojorudeckoro yHuepcutera «lllar», [lnemp,
VYkpauna.

Hynxun K. B. — xaun. texs. Hayk, nupexrop OOO «KB-aBromaruzamus», Kues, Ykpanna.

Manrana [. E. — kana. TexH. HayK, ZOIEHT Kadeapbl HHPOPMAIMOHHBIX TEXHOJIOTHHA J[HETTPOBCKOTO TEXHOJIOTUIECKOTO YHH-
Bepcurera «lar», {nenp, Ykpauna.

Yupun . A. — actiupaHT Kadeapsl CHCTEMHOTO aHaM3a M MOJEIHPOBAHUS B TeIUIocHaOkeHuy, [IpuaHenpoBckas rocynapcr-
BEHHAsI aKaJIeMHUs CTPOUTENIECTBA U apXUTEKTYpEl, J[Hemnp, YkpanHa.

AHHOTAIUA

AKTYyaIbHOCTB. PacCMOTpEH MeXaHU3M NPUHATHS PELICHUI BO BpeMsl OrpaHUYECHHOTO KOJIMYECTBA HEYETKHUX IKCIEPUMEHTOB C
HECKOJIBKMMH KpUTepusaMu. OOBEKTOM HMCCIIEI0BaHHS ABISETCS MPOLECC NPUHATHS PELICHUH [0 IPOEKTY WIIM YIIPaBJICHUS B COCTAB
HBIX CHCTEMaX C HECKOJIBKUMH KPUTEPHAMHU.

Iean. Heo0x0MMO ONpeAenTh ONTHMAIbHbIE (Hanbosee IPEANOYTUTEIbHBIC) HapaMeTPbl CUHCTEM C HECKOJIBKUMH KPHTEPHUS-
MH, HCHOJIB3Ys HE MaTEMaTHUECKYIO MOJENIb CHCTEMBI, a JIMIIb OrPAHMYEHHOE KOJIMIECTBO HEUETKUX IKCIIEPUMEHTOB.

MeTtoa. DKCrIepUMEHTAIBFHOE UCCIIEI0BAHHE TIPOIIEcCa C HECKOJIBKAM KPUTEPHsIM ((DYHKIMIMH) B 3aBUCUMOCTH OT €T0 IapaMeT-
POB; HUCIIOJIb30BAaHUE IKCIICPTHON HEUETKOH OLEHKH JUIsl IIOCTPOSHMST MATPHILIBI IIPEIIOYTEHHH ISl OTEIbHBIX PEasI3aLiii; II0CTPO-
eHre QyHKIUK BBIOOpA Jy4IINX PEIICHNI Ha OCHOBE MaTPHIBI IIPEUMYIIECTB ITyTEM ITOCTPOSHUSI MAaTEMaTHYECKONH MOJISIH PacIo3-
HaBaHUS [IPEUMYLIECTB, GOPMYJIMPOBAHUS U PEIICHUs IPOOIEeMbI 000OIIEHHOTO MaTEMAaTHYECKOrO IIPOrPAMMHUPOBAHUS KaK 3aKIIIO-
YUTEJIBHOTO 3Tala MOCTPOSHUS MEXaHU3Ma 0TOOpa. MeXaHu3M NMPUHATHUS PELICHUT 3aBUCHT OT IPOLIEAYPbI SKCIEPTHOMH OLEHKH IIPH
CpaBHEHHHU OTPaHWYEHHOTO HabOpa pe3yIbTaTOB MEKIY COOOM, a TakKe OT IOCTAHOBKH YCIOBHUHA MPU PEIICHUH 331a91 0000IEHHO-
ro MaTeMaTH4ecKOro nporpaMmupoBanus. CpaBHEHHE KOHEYHOTO YMCIIA HEYETKHX SKCIIEPUMEHTOB yJOOHO /Ul SKCHEPTHOMN OLeH-
ku. Ilpe3eHTarys OKOHYATENFHOTO BHIOOpA B pe3yibTaTe pelIeHHs 3afadyn oOOOMIEHHOTO MaTeMaTHYecKOro MpOrpaMMHPOBAHUS
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yIoOHa I UCTIONB30BAaHUS TAaKOrO MEXaHHW3Ma B CHCTEMaX aBTOMAaTHYECKOTO yIpaBieHHs yxe 6e3 ydacTus udenmoBeka. [Ipemo-
JKEHHasl CXeMa IPHHSATHS PEIICHUH BO BPEMsl OFPaHUYESHHOT0 KOJIMUECTBA HEUSTKUX IKCIICPHMEHTOB OblIa MPUMEHEHA K IPHHATHIO
pellIeHnH 110 yNPaBICHUIO IPOEKTaMU TOIUIUBHBIX IPaHyII.
PezynbTathl. HeueTkne pesynbTaTel SKCIEPUMEHTANBHOTO MPUHSATHUS PEIECHUH MPeACTaBIEHbI IPU HATMYUU HECKOIBKUX KpH-
TEpHEB JUIS MEJUIETHOTO TOPEKH TPyO4aTOro HarpeBaTens, HOATBEPKAAIONINE MPUEMIIEMOCTh Pa3pab0OTaHHOTO MEXaHU3Ma MPUHS-
T perrennii. [Ipemmoxena HOBast cxeMa MOCTPOCHUSI MEXaHU3Ma 0TOOPA AJISI IPUHATHS PEIICHUH B CHCTEMaxX C HECKOJIBKUMH KPH-
TEpHSAMH, TJ€ €CTh BBIOOPKA HEUETKMX SKCIEPHMEHTAIBHBIX Pe3yIbTaToB. BeiBombl. CxeMa IPHHATHS PeIIeHUH BKIIIOYAeT PEIIeHNne
0000IIIEHHOr0 MaTeMaTHYECKOro IPOrPaMMUPOBAHMS KaK 3aBEpIIAIONIMI STall IOCTPOCHUS MeXaHu3Ma ordopa. s mpoGiieMbr
0000IIIEHHOI0 MaTEeMaTHIECKOTO MPOrPaMMHUPOBAHUSI MOXKET OBITh IIPUMEHEH HBOJIIOIMOHHEIA MOUCK ¢ (YHKIMEH BEIOOpa B hopme
NpEeUMYILIEeCcTBa WU B hopMe OITOKHPOBKH.
KJUIIOUEBBIE CJIOBA: npunsitie pelieHnil, MHOKECTBEHHbIE KPUTEPUH, HEUETKHE IKCIIEPUMEHTHI, QyHKIHUs BBIOOpa, IBO-
JIFOLIMOHHBIN TTOMCK.
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