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ABSTRACT

Context. The article considers a technique for the use of fuzzy numbers and the annealing method for solving the traveling
salesman problem, which is formulated as the problem of finding a route to visit a given number of cities without repetitions with a
minimum duration of movement. The task of formalizing the algorithm for solving the traveling salesman problem by the annealing
method using fuzzy numbers for subjective time perception is posed. The use of fuzzy numbers to increase the accuracy to represent
real-world circumstances is proposed.

Objective. The goal of the work is to develop an algorithm for solving the traveling salesman problem based on the implementa-
tion of the annealing method with fuzzy numbers representing the subjective time perception for traveling between the cities with the
minimum perceived duration of movement along the route.

Method. This paper proposes a method for solving the traveling salesman problem by the annealing method with fuzzy numbers
for subjective time perception. A scheme for formalizing the procedure for solving the traveling salesman problem with the minimal
perceived duration of movement along the route is described. A variant of the original traveling salesman problem is proposed, which
consists in using fuzzy numbers to represent the uncertainty and subjective time perception in traveling between cities as opposed to
regular crisp numbers to show regular distance and/or time of traveling. The results of the proposed algorithm for calculating solu-
tions to the traveling salesman problem with minimization of the perceived duration of movement are presented, the obtained solu-
tions are compared with the solutions found by other heuristic methods.

Results. The method for solving the traveling salesman problem using the annealing method with fuzzy numbers for subjective
time perception is developed. A variant of the original traveling salesman problem is proposed, which consists in using fuzzy num-
bers to represent the uncertainty and subjective time perception in traveling between cities as opposed to regular crisp numbers to
show regular distance and/or time of traveling. The application of fuzzy numbers makes it possible to perform calculation over possi-
bly uncertain or subjective data, making results more accurate in the case of realistic deviations from the expected mean values in
distance coverage. The results of the proposed algorithm for calculating solutions to the traveling salesman problem with minimiza-
tion of the perceived duration of movement are presented, the obtained solutions are compared with the solutions found by other
heuristic methods.

Conclusions. The paper considers a method for formalizing the algorithm for solving the traveling salesman problem using fuzzy
numbers for subjective time perception. The use of fuzzy numbers to increase the accuracy to represent real-world circumstances is
proposed. The scheme for formalizing the procedure for solving the traveling salesman problem with the minimal perceived duration
of movement along the route is described. A variant of the original traveling salesman problem is proposed, which consists in using
fuzzy numbers to represent the uncertainty and subjective time perception in traveling between cities as opposed to regular crisp
numbers to show regular distance and/or time of traveling.

KEYWORDS: traveling salesman problem, fuzzy numbers, simulated annealing, combinatorial optimization, subjective percep-
tion of time, imprecision, uncertainty.

ABBREVIATIONS x;; are the elements of matrix X, which equal to 0 or
TSP is a traveling salesman problem. 1-
' ' NOMENCLATURE v; is a vertex of graph, i=1,n ;
p 1.s a C}‘ICIIC permutation of numbers; tis a moment of time;
Ji is a city number; S is a set of all system state;
n is a number of cities; fs) is a state change function;
d;; is a travel time between all pairs of vertices; s; 1s a system state on i-th step;
D is a matrix of moving cost (distances or times); sy 1s a new state (candidate);
i, j are the indexes; !min 1S minimal temperature;
Iis a set pf vertex 1pdlces; N ) tmax 1S an output temperature;
X is a binary matrix of transitions between vertices;
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¢; is a current temperature of annealing process;

T(?) is a temperature change function;
E(s) is an objective function value;

A is a fuzzy set;

E is a set of numbers;

5 (x) is a membership function;

(a, b, ¢) is atriangle fuzzy number;
FI(Z) is a rank of a fuzzy number 4;

g(x) is a weight function;
M is a random number.

INTRODUCTION

The way decisions are made in society in many cases
depends on the emotional state of a person. Feelings are
like a reference point that is determined by a goal that is
influenced by various factors. Emotions can be the reason
for behavior that is appropriate for a particular situation,
even when it is not the most efficient, but allows you to
avoid any consequences that may arise from exceeding a
certain time limit.

Special attention should be paid to these factors in the
processes of formation and improvement of many theo-
retical ideas in the field of modeling human behavior, one
of which is the adaptation of physical and mathematical
models to real life. This makes it possible to combine the
power of computational methods with the peculiarities of
human behavior. Such tasks are common in the context of
the application of artificial intelligence methods and algo-
rithms, the creation of decision-making support systems,
the resolution of resource allocation issues taking into
account the human factor, etc.

Time is an important resource in activities involving
human participation. Estimation of time intervals is fun-
damental to understanding time frames, even though the
exact boundaries of the interval may not be defined until
the process reaches a certain stage. Thus, a period of time
is usually defined by an indefinite interval that can be
roughly predicted given the nature of the passage of time,
if the given limits of the interval are taken as a given. To
measure time intervals, they can be expressed in phrases
such as “quick response”, “normal timing” or “long wait”.
This means that when solving problems that require ver-
bal terms to refer to time, it is important to take time
variation into account. It is clear that emotions have a
great influence on the understanding of time in processes
that involve a person [1].

In order to find the most successful or effective solu-
tion to problems, it is necessary to take into account fac-
tors that affect human emotions and, therefore, the speed
of time perception, resource allocation and calendar plan-
ning. The paper proposes to develop an approach to the
formalization of accounting for the flow of time based on
fuzzy numbers and to apply it to solving certain fuzzy
optimization problems related to taking into account the
fuzzy perception of time arising from the subjectivity and
irregularity of the time count.

© Ivohin E. V., Adzhubey L. T., Makhno M. F., Rets V. O., 2024
DOI 10.15588/1607-3274-2024-4-5

The object of study is the process of optimal route
search for the fuzzy traveling salesman problem with a
minimum duration of movement.

The subject of study is the algorithm for solving the
fuzzy traveling salesman problem based on the combina-
torial methods in combination with triangle fuzzy num-
bers.

The purpose of the work is to develop an algorithm
for solving the fuzzy traveling salesman problem using
one of the combinatorial methods of the approximate so-
lution of the problem in combination with fuzzy numbers
as a way to define subjective perception of time to travel
between cities.

1 PROBLEM STATEMENT

The traveling salesman problem is one of the most
famous computational optimization problems. The task is
to find the shortest route that passes through each city
exactly once for a given number of cities. The search for
such a path was formulated as a mathematical problem in
1930 and is still one of the most intensively researched
optimization problems [2].

The number of alternative paths for a TSP with n
nodes, where the nodes are cities and the edges are the
cost of moving between two cities, is (n—1)!. Therefore,
even for small problems, such as the one presented with
only 20 nodes, the number of alternative paths is about

1.2*10" , to which there is no adequate computing power
to explore through exhaustive enumeration.

The traveling salesman problem is one of the famous
combinatorial problem [3]. To reduce the problem to a
general form, we number the cities by numbers (1, 2, 3,
..., n), and describe the traveling salesman’s route by a
cyclic permutation of numbers p=(j;, 2.0 fy>J1) >

where all jj,..., j, are different numbers.

The set of cities can be considered as the vertices of
some graph with given distances (or travel time) between
all pairs of vertices d;; that form the matrix D=(d;;),

ij=1,n. We assume that the matrix is symmetric. The
formal problem then is to find the shortest route (in time
or length) ¢ that goes through each city and ends at the
starting point. In this formulation, the problem is called
the closed traveling salesman problem, which is a well-
known mathematical integer programming problem.

Let us formulate a mathematical model of the TSP
problem. Let /={1,...,n} be the set of vertex indices of the
problem graph. The objective function is the total distance
or time of the route, including all the vertices of the task
graph. The parameters of the problem are the elements of
the matrix D=(d;; ), ije! .

Shift tasks are elements of the binary matrix of transi-
tions between vertices X = {x;} , i,j €1, which are equal

to 1 if there is an edge (v;,v i) in the constructed route for

the task, 0 otherwise [4]. The shortest route in terms of
distance or time is optimal:
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n n

i=1 j=1,j#i

with constraints

n
le] :1, l:1,n 5
j=L i

n -
2x;=lj=ln, 2)

i=1i#j

vi—v;+nx; <n—1,1<i#j<n.

The last inequality ensures the connectivity of the ver-
tex traversal route; it cannot consist of two or more un-
connected parts.

The dynamic traveling salesman problem (DTSP) is a
TSP defined by a dynamic cost (distance) matrix as fol-
lows:

D= {d,-j(f)}n(,)xn(t)’

where d;(?) is the amount of moving cost from city (node)
i to city j at time . In this definition, the number of cities
n(?) and the cost matrix are time dependent. The traveling
salesman’s dynamic problem is to find a minimum-cost
route that contains all n(f) nodes.

In other words, having all n(7) nodes jj ..., j,;) and

the corresponding cost matrix D()=(d;(¢)), iy=1n(r),

we need to find a route with the minimum cost containing
all n(f) points, where ¢ is the moment of time, d(f) is the
distance or time between the points i and ;:

n(t) n(t)
Z Zdl-j(t)xy — min 3)

i=1 j=1,j#i

with above constraints (2).

The change in the cost matrix D over time is a con-
tinuous process. Practically, in order to build analytical
models, it is necessary to discretize this process of
changes. Thus, D becomes a series of optimization prob-

lems D(t; )=(d;; (1)), ij=Ln(ty), k=0, 1,2, .., m-1,

with time windows [#;, 1], where {tk }l."io is a sequence

of time points.

2 REVIEW OF LITERATURE

Algorithms that allow solving the problem of finding
the optimal route are divided into exact and heuristic. In
the case of exact methods, the search for solutions is
based on optimization methods such as linear program-
ming, dynamic programming, or the branch and bound
method [5]. However, it is convenient to use exact meth-
ods only for small-scale problems (for example, for the
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purpose of primary design of a small-sized transport net-
work), since their implementation requires large comput-
ing power.

Heuristic methods do not guarantee finding an optimal
solution, but are aimed at quickly finding a locally opti-
mal solution. Traditionally, “trial and error” approaches,
such as random search or greedy algorithm, are used to
quickly explore the solution space and find a promising
solution [6]. Heuristics are more flexible and can be ap-
plied to larger problems, but the solution they offer may
not be optimal. Among such heuristic methods, attention
should also be paid to methods that imitate biological (ant
colony algorithm and genetic algorithm [7, 8]) or physical
processes [9, 10].

One of the methods of solving the traveling salesman
problem using the combinatorial optimization technique is
the annealing method [9]. By analogy with the annealing
process of various physical materials, in which by raising
its temperature to a high level and then gradually lower-
ing it, the algorithm accidentally disturbs the output path
(“heating”) for further gradual lowering of the “tempera-
ture” [10].

When modeling the annealing process, the analog of
temperature is the level of randomness, with the help of
which changes are made to the path, which in the future
improves in its duration. When the “temperature” of the
process is high, changes occur to avoid the danger of
reaching a local minimum, followed by control at the op-
timal value as the “temperature” is successively reduced.
“Temperature” decays in a series of steps on an exponen-
tial decay curve, with each step the temperature being
lower than before.

3 MATERIALS AND METHODS

Let’s describe an annealing method. The approach
implemented in the simulated annealing method is bor-
rowed from physical processes. It is based on the process
of crystallization of a substance, which metallurgists
found to increase the homogeneity of the metal.

As is known, metals have crystal lattices that deter-
mine the geometric position of the atoms of the substance.
The set of positions of all atoms will be called the state of
the system; each state corresponds to a certain energy
level. The purpose of annealing is to bring the system to
the state with the lowest energy. The lower the energy
level, the “better” the crystal lattice, that is, the fewer de-
fects it has and the stronger the metal.

During annealing, the metal is first heated to any tem-
perature, which causes the atoms of the crystal lattice to
leave their positions. Slow and controlled cooling then
begins. Atoms tend to get into a state with lower energy,
but with a certain probability they can go into a state with
higher energy. This probability decreases with tempera-
ture. The transition to a worse state, oddly enough, helps
as a result to find a state with less energy than the original
one. The process ends when the temperature drops to the
set value.

Such a complex scheme with probabilities of transi-
tion from point to point is necessary so that the algorithm
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does not get stuck on a local minimum, taking it for a
global optimum. To get out of this situation, you need to
increase the energy of the system from time to time. At
the same time, the general tendency to search for the low-
est energy remains. This is the essence of the simulated
annealing method.

To describe the algorithm scheme for formalizing the
simulated annealing method, we introduce the notation:

S — set of all system state;

fs) — state change function;

§; — system state on i-th step;

s, —new state (candidate);

Imins Li> Tnax —
ture respectively;

T(t) — temperature change function;

E(s) — objective function value.

The algorithm starts working from the initial state s,

and with the

minimal, current and output tempera-

with the initial temperature # =¢y,
specified minimum temperature ?,;, -

For every steps with numbers i=1,2,... while

t; > tpin Trepeat:

D) s =f(si1);

2) AE=E(s;)—E(s;1);

3)if AE<O,then s; = 54

4) otherwise, acceptance of a new state occurs with
some probability exp(-AE/¢;) ;

5) choose a random number M on interval (0,1);

6) if exp(—AE/t;) >M, perform the transition s;=s,

otherwise, go to the next step;

7) reduce the temperature ¢ : ¢,,; =T (¢;);

8) return the last state s;, i=i+1.

Fuzzy passage of time

In everyday life, expressions such as “almost six”,
“quite tall”, “not short enough” are often used to define a
certain size in an approximate format. As a result, this
method of evaluation requires the formalization of insuf-
ficiently clearly defined evaluations for their practical
application in mathematical models. For this purpose, you
can use concepts that allow you to present the subjective
or intuitive meaning of fuzzy concepts in a constructive
way. One of these concepts of uncertainty formalization is
fuzzy numbers [11].

Fuzzy numbers are used to obtain results in problems
related to decision-making and analysis. Fuzzy numbers
defined in the number space are an extension of real num-
bers and have their own properties that can be attributed
to number theory. To understand fuzzy numbers and their
subspecies — triangular and parabolic numbers, consider
the concept of a fuzzy set.

Let E be a set with a finite or infinite number of ele-
ments. Let 4 be the set contained in E. Then the set of
ordered pairs (x, py (x)) defines a fuzzy subset A for E,

where x — is a member of E, and p 7 (x) — degree of be-
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longing of x to A. The set of elements from A for which
p 5 (x)>0 form the support of a fuzzy set.

A fuzzy number is a generalization of an ordinary real
number. It refers to a connected set of possible values,
where each possible value has its own weight between 0
and 1. Thus, a fuzzy number is a special case of a convex
normalized fuzzy set in the space of real numbers. Among
the possible types of fuzzy numbers, triangular and para-
bolic numbers are considered in the work.

A fuzzy number 4 = (a, b, c) is called a triangular
fuzzy number if its membership function looks like this:

0,x<a;
(x—a)/(b—a),a<x<b;
(c=x)/(c=b),b<x<c;

0,x>c.

Hy ()= )

Above the triangular numbers (Fig. 1), you can deter-
mine the main arithmetic operations for further use in
calculations.

Let 4 =(a, b, c)and B = (al, bl, cl) be two trian-
gular numbers. Then:

— The sum is defined as 4 + B = (a+al, b+b1, c+cl).

— The difference is defined as 4 —B = A4 + (—5) =
=(a—cl, b-bl, c—al), where —B = (—cl, b1, —al) is de-
fined as the opposite of B.

In other words, opposite triangular numbers and their
sum and difference are also triangular numbers. It is also
worth noting that the results of inversion and multiplica-
tion of triangular numbers do not preserve this property
and do not always represent triangular numbers.

The parabolic number (Fig. 1) is given similarly and
has the same properties, but has a different membership
function:

0,x<a,
—((x=b)/(a-b)P +L,a<x<h
()= (x=b)/(a ))2+ ,a<x<b, (5)
~((x=b)/(c-b)P +1,b<x<c,
0,x>c.
py )

Figure 1 — Example of triangle and parabolic fuzzy number
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Although uncertainty information can be formalized
using fuzzy numbers, the decision-making procedure
must be precise. For example, the final output of fuzzy
systems and the selection of appropriate solutions should
be justified on the basis of the value characterized by the
confidence (importance) indicator. To obtain a clear
value, methods of calculating ranks (defuzzification) of
fuzzy numbers are used, which are essentially “crisp”
representative numbers, and can be used as generalized
values for further calculations. One of the methods for
calculating the rank of a fuzzy number is the Jaeger
method, which calculates the Jaeger rank of the first type
in the form [12]:

1
[ g(u(x)dx
Fl(A4)=0—, (6)
[u@ax
0

where g(x) is a weight function that measures the impor-
tance of the value of x. If g(x) = x, the index can be con-
sidered as the geometric center 4, as shown in Figure 1.
The support of the fuzzy number in this case is the seg-
ment [0, 1]. If the reference sets of the fuzzy numbers
being compared do not coincide with [0, 1], then they can
be scaled by dividing each of the numbers by max[sup
S3 1, where S5 denotes the i-th reference set fuzzy

number. Using this scaling procedure will give a factor of
1/ max[sup SZ:‘ ] (1, if no scaling is used). The limits of

integration in this case will be min[inf SZ,-] and
max[sup S 7 ], respectively.

If g(x) = x and the fuzzy number is triangular, the
index F'1 reduces to a simpler form:

FI(A) = %(a +h+c), (7)
and in the case of a parabolic number:

FI(A) = % (3a+2b+3c), (8)

where a = inf S ,uy(b)=1,c=sup S5 .

This method of defuzzification is also called the
method of the center of gravity (COG) [13] (Fig. 2).
Among other well-known methods, it is also worth noting
the bisector of area (BOA) method [14], according to
which there is such a value of x that a vertical line drawn
through it divides the fuzzy number into two equal parts
by their area.
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Figure 2 — Defuzzification by method of the gravity center

4 EXPERIMENTS

In the course of the study, the described algorithm was
implemented based on the annealing method using fuzzy
numbers to represent the subjective perception of the pas-
sage of time on road sections between cities. A multi-
threaded Python implementation is proposed for numeri-
cal calculations. In the process of work, the method of
calculating the rank of fuzzy numbers is chosen and the
rank values of different methods (use of the peak abscissa,
BOA, COG) are compared with the average value of ran-
dom route passes. It was concluded that the best result
was obtained by the center of gravity (COG) method. A
comparison of the route estimation methods is given in
the table, where the random route characterizes the time
of travel along the route taking into account the average
speed, the calculated route is the duration estimate ob-
tained by the chosen method (see Table 1).

Table 1 — Rezults of the route estimation

Method Random route Calculated route
The peak abscissa 5367.78 5046.0
BOA (triangular FN) 5332.54 5291.72
BOA (parabolic FN) 5369.91 5341.70
COG (triangular FN) 5332.40 5332.86
COG (parabolic. FN) 5369.67 5368.72

During the program processing, three possible ap-
proaches to finding solutions are compared (using crisp,
triangular, and parabolic numbers, respectively). As initial
conditions, the TSPLib library was used, which has
known TSP conditions in its catalog in the form of arrays
of coordinates or matrices of the conditional distances
between cities (e.g. ul6, fr4, etc.). Fuzzy initial conditions
were randomly generated with possible deviation from the
expected value in either direction. To test the proposed
approach, the time of the best constructed results for each
type of fuzzy numbers was compared with the average
value of the time taken for 10"5 random passes along the
constructed route.

5 RESULTS
The results of the numerical experiments are shown in
the Table 2, in which the best solutions are defined with
actual time for trip for the different conditional distances
between cities.
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Table 2 — Rezults of the method’s comparison

Task Fuzzy number | Estimated Actual time
type time

ul6 crisp 6859.0 7247.38
triangular 6859.0 7129.38
parabolic 6859.0 7128.92

fr4 crisp 5046.0 5369.57
triangular 5071.0 5369.30
parabolic 5070.0 5363.88

pr76 crisp 108273.0 115105.75
triangular 108894.0 114102.55
parabolic 109295.0 114563.41

rd100 crisp 8185.0 8653.50
triangular 7975.0 8390.85
parabolic 8049.0 8447.22

rd400 crisp 18070.0 19087.33
triangular 18089.0 19008.33
parabolic 17808.0 18713.72

Thus, it was concluded that the use of fuzzy numbers
in the annealing algorithm allows to obtain constructive
results when solving the traveling salesman problem with
fuzzy input parameters.

6 DISCUSSION

Given that the “cost” of travel between cities in time
measurement can vary depending on the situation, a more
accurate representation of such cost can be given in the
form of triangular or parabolic numbers. If the subjective
perception of time is chosen as the value, the relative du-
ration of the trip between cities may vary depending on
the factors affecting the path — traffic jams, bad weather,
etc. Note that even in a simpler perception of the dynamic
duration of the road between cities, when the actual time
required to cover the path at the recommended average
speed is measured, the same factors change the given du-
ration, and therefore it makes sense to represent the stud-
ied travel time in the form of triangular or parabolic num-
bers.

Using one of the combinatorial methods of the ap-
proximate solution of the traveling salesman problem in
combination with fuzzy numbers (and the corresponding
method of calculating their rank), it is possible to achieve
an effective result from the construction of the optimal
path taking into account the dynamic features of roads
between destinations. At the same time, better calcula-
tions can be obtained when using fuzzy parabolic num-
bers, since their essence is closer to reality. For the sub-
jective overestimation or underestimation of the percep-
tion of the passage of time, the rule is valid: the greater
the possible deviation in perception, the less likely it is to
be obtained. For the numerical implementation of the ac-
tions of the annealing algorithm on fuzzy numbers that
determine the time perception of the duration of move-
ment between cities, operations according to the above
schemes are used, and the different routes formed at the
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same time are compared with each other by finding and
comparing the ranks of fuzzy numbers using one of the
specified methods.

CONCLUSIONS

This paper investigates the use of fuzzy numbers and
the annealing method to find a solution to the traveling
salesman problem, which involves finding the shortest
route for a given set of cities. Fuzzy numbers are used to
model the inaccuracy and uncertainty of input data, and
an annealing method is proposed to find solutions. The
solutions obtained on the basis of the developed program
in the Python language were analyzed. A comparison of
the results of the TSP problem using crisp and fuzzy
numbers using the annealing method was carried out. The
results of numerical experiments are given, which show
that the use of fuzzy numbers, in particular triangular and
parabolic, with the annealing method leads to a significant
improvement in the results of the TSP problem compared
to the use of crisp numbers. This approach can be applied
to real-world optimization problems involving imprecise
or uncertain data and can be useful for optimizing proc-
esses with subjective time perception. A conclusion was
made about the need for further research using the theory
of fuzzy numbers, in particular in the direction of the cor-
rect choice of the type of numbers in accordance with the
conditions of the task. Another direction of research in-
volves further development of the proposed methodology
for solving fuzzy dynamic traveling salesman problems
and the use of other effictive (for example, genetic), ap-
proximate and greedy methods.
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IIPO BUKOPUCTAHHSA METOAY BIANAJLY JUIs1 PO3B’SI3AHHSI 3AJAYI KOMIBOSKEPA
3 HEUITKUM CIIPUMHATTAM YACY

IBoxin €. B. — 1-p ¢i3.-maT. HayK, mpodecop, mpodecop Kadeapy CHCTEMHOTO aHaNi3y Ta Teopil MpUIHATTS pimens KuiBcpkoro
HaIliOHAJIBHOTO yHiBepcuTeTy iMeHi Tapaca IlleBuenka, Kuis, Ykpaina.

Amky6eii JI. T. — xanza. ¢i3.-mar. Hayk, JIOLEHT, JOLEHT Kadeapu o04ncIoBaIbHOI MaTeMaTHKH KHIBCBKOTO HaI[lOHAIBEHOTO
yHiBepcutety imeHi Tapaca IlleBuenka, KuiB, Ykpaina.

Maxno JI. T. — xaHJ. TeXH. HayK, JIOLEHT, JOLEHT KaQeapu CHCTEMHOT0 aHali3y Ta Teopii NpUUHATTS pilteHs KuiBchkoro Harfi-
OHaIIBHOTO YHiBepcutery iMeHi Tapaca IlleBuenka, KuiB, Ykpaina.

Peup B. O. — acmipadT kadenpu CHCTEMHOTO aHANI3y Ta TEOpii MPUUHATTA pimieHs KUIBCHKOTO HALiOHAIBHOTO YHIBEPCUTETY
imeni Tapaca IlleBuenka, KuiB, Ykpaina.

AHOTAIIA

AKTyaabHicTb. [HTErpallis HEUITKUX YKCEI B ITOPUTMH Ma€ BUPILIAIbHE 3HAYCHHS JUIS BJOCKOHAJICHHS O0UHCIIOBAIBHUX Me-
Tozosorid. HediTki yncna 3 BIAaCTHBOIO iM HETOUYHICTIO MPOMOHYIOTH OUIBLI PeaniCTUYHE YSBJICHHS PO SBHIIA PEabHOrO CBITY.
Apanrauisi Ta iHHOBALii{HI alTOPUTMHU IJIsl BKIFOUCHHS HEUITKHX YHCEN € BXIMBUMH Ul BHPILICHHS CKJIaAHUX IPOOJIEM, KOJIU
JIaHI MOXYTh OyTH HETOUYHHMH a0O HEOTHO3HAUYHUMH. Lle BIOCKOHAJCHHS NomoMarae OuTbIl OOTPYHTOBAaHO MPHUHMATH PillICHHS
3Ba)KAIOUM Ha TOHKOII PEabHOTO CBITY, III0 Y CBOIO YEpTy CIIPHSE MPOrpecy B Pi3HHUX cdepax i J03BOJSE MPOBOJUTH AOCIIIKEHHS
Y KOHTEKCTI Cy0’ €KTUBHOTO CIIPUHHSTTS 4acy.

inb. Meta poGoTH — po3poOHUTH aITrOPUTM PO3B’I3aHHS 3a/1adi KOMIBOSDKEpa 3 BUKOPUCTaHHIM HEUITKUX 4Hcel Ut (hopMalti-
3arii HEeBU3HAYEHOCTI Ta HETOYHOCTI BXIJHUX HaHHX, ITOB’S3aHOI 3 BIUIMBOM CYO’€KTHBHOCTI B OLIHKAaX TPHBAIOCTI HEOOXiTHHX
IPOMIKKIB 4acy.

Metopa. V cTaTTi po3MIIsIHYTO METO/ BiANady 3 HEYITKUM MPEICTABICHHIM Yacy AJIs PO3B’s3aHHS HEUiTKOI 3a/1a4i KOMiBOsDKepa,
110 opMyITIOEThCS SIK 3a/1a4a 3HAXOPKSHHsI MapIIpPyTy BiABIAyBaHHS 33/1aHOT KiIbKOCTI MicT 63 IMOBTOPEHb 3 MiHIMAJIBHOIO TPUBA-
JICTIO PyXy 3 HEUITKUMH YUCIIAMH, IO HPEACTABISIOTh Yac, HEOOXIMHUIA AJIs MOIOJaHHS BiIcTaHeH Mik Mmictamu. IloctaBieHo Ta
BHpIIIEHO 3a7a4y (opMaizamii anroputMy po3B’s3aHHS IpoOIeMH KOMIBOsDKEpa HA OCHOBI METOAY BiJlIaly 3 BUKOPHUCTAHHSIM He-
YiTKHX YUCEJI. 3aIIPOIIOHOBAHO MOYKIJIMBI METO/M alpOKCHUMALlil HeUiTKMX YHCEN B KOHTEKCTI ITOCTaBIICHOI 3a1a4i. Po3po06ieHo KoHC-
TPYKTHBHHUIT aIrOPUTM PO3B’si3aHHs 3a1a4i. [IpoBejeHO 00UHCITIOBANIbHI €KCIICPHMEHTH.

PesyasTaTn. Po3pobieHo MeTo po3B’si3aHHs 3a7adi KOMIBOSDKEpa 3 BUKOPHCTaHHSIM METOXY BiIIaly Ta HEYITKUX 4Hcel. 3a-
MPOIIOHOBAHO BUKOPHUCTAHHS HEYITKMX YHCEIN T (hopMalti3aliii HeBU3HAYCHOCTI Ta HETOYHOCTI BXi/IHUX JIaHUX, OB SA3aHOI 3 BILIH-
BOM Cy0’€KTHBHOCTI B OLIHKAaX TPUBAJIOCTI HEOOXIAHMX MPOMIXKIB 4yacy. [IpencraBiaeHO pe3yJbTaTH PO3pPaxyHKIB 3a JOMOMOIO0
3aMpONOHOBAHOIO ANTOPUTMY B 3a/1a4ax KOMiBOsDKepa 3 MiHiMi3amiero cy0’€KTHBHOI TPUBAJIOCTI PyXy, MIOKa3aHO MOMJIMBI METOAN
ampoKcUMallii HeJiTKUX YHCEI Ta iX MOPIBHAHHS B KOHTEKCTI MIOCTABICHOI 3a1a4i, MPOBEACHO MOPIBHAHHSA OTPUMAHUX PO3B’SA3KiB 13
PO3B’s13KaMu, 3HAIICHUMH 3a JOIMOMOTOIO 1HITHX EBPUCTHYHUX METO/IB.

BucHoBku. Y cTaTTi po3risiHyTO MeTo. popMaizariii aropuTMy po3B’si3aHHs 3a4a4i KOMiBOsHKEpa 3 BUKOPHCTAHHSIM aJIrOpHT-
My METO/Iy Billajly Ta HEHiTKHX YHcell. 3alporOHOBaHO BUKOPHCTAHHS HEYITKUX YMcel uis popmaltizarii HeBU3HAYEHOCTI Ta HETO-
YHOCTI BXiTHUX JaHHX, [TOB’SA3aHOI i3 BILTMBOM Cy0’ €KTHBHOCTI B OI[IHKaX TPUBAJIOCTI HEOOXIIHUX MPOMIXKKIB yacy. OMUCaHO CXeMy
(bopmanizanii npoueaypru BUKOPHCTAHHS METOILY BiANAaly 3 HEUiTKHMH YHCIAMH, [0 [PEICTABISAIOTH Cy0 €KTHBHE MPEACTABICHHS
4acy, He0OXiJHOTO JUlsl TIOI0JIaHHs BiACTaHEei MK MiCTaMH.

KJIFOYOBI CJIOBA: 3amaua KoMiBOsDKepa, HEUiTKI YKClia, METOA Bianaty, KOMOIHATOpHA ONTHMI3aLisl, Cy0’€KTHBHE CIIPHIi-
HATTA IUIMHY Yacy, HeTOYHICTh, HEBU3HAUCHICTb.

© Ivohin E. V., Adzhubey L. T., Makhno M. F., Rets V. O., 2024
DOI 10.15588/1607-3274-2024-4-5 OPEN (¢ ) ACCESS

62



p-ISSN 1607-3274 Pagioenexrponika, iHpopMarTuka, ynpapiiHus. 2024. Ne
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2024.

JITEPATYPA
Schirmer A. How emotions change time/ A. Schirmer //
Frontiers in Integrative Neuroscience. — 2011. — Ne 5. — P.
58. DOI: https://doi.org/10.3389/fnint.2011.00058
Schrijver A. Theory of Linear and Integer Programming/ A.
Schrijver. — Wiley, 1998. — 484 p. DOI: 10.2307/253980
Matai R. Traveling salesman problem: an overview of appli-
cations, formulations, and solution approaches / R. Matai, S.
P Singh, M. L. Mittal // Traveling salesman problem, theory
and applications. — 2010. — Ne 1. — P. 11-17.
DOI:10.5772/12909
Vanderbei R. J. Linear programming: Foundations and ex-
tensions / R. J. Vanderbei. — Springer, 2014. — 414 p. DOI:
10.1007/978-3-030-39415-8
Korte B. Combinatorial Optimization: Theory and Algo-
rithms (Algorithms and Combinatorics)/ B. Korte, J. Vygen.
— Berlin, Heidelberg : Springer, 2018. — 455 p. DOIL:
10.1007/978-3-662-56039-6
Moss L. T. Business Intelligence Roadmap: The Complete
Project Lifecycle for Decision-Support Applications/
L. T. Moss, Shaku Atre. — Addison-Wesley Professional,
2003. — 576 p. ISBN: 978-0-201-78420-6
Buontempo F. Genetic Algorithms and Machine Learning
for Programmers/ F. Buontempo. — Pragmatic Bookshelf,
2019. —236 p. ISBN: 9781680506204
Kshemkalyani A. D. Distributed Computing: Principles,
Algorithms, and Systems / A. D. Kshemkalyani, Mukesh

Singhal. — Cambridge University Press, 2008. — 756 p. DOI:
10.1017/CB0O9780511805318

Rai S. Simulation-based optimization using simulated an-
nealing for optimal equipment selection within print produc-
tion environments/ S. Rai, R. K. Ettam// 2013 Winter Simu-
lation Conference: Simulation: Making Decisions in a Com-
plex World, December, 2013: proceedings. — 2013. — P.
1097-1108. DOI: 10.1109/WSC.2013.6721499

. Grabusts P. The application of simulated annealing method

for optimal route detection between objects / P. Grabusts,
J. Musatovs, V. Golenkov// Procedia Computer Science. —
2019. - V. 149. - P.  95-101. DOL
https://doi.org/10.1016/j.procs.2019.01.112

. Heilpern S. Representation and application of fuzzy num-

bers/ S. Heilpern // Fuzzy sets and Systems. — 1997. —
Ne91(2). — P. 259-268. DOL: https://doi.org/10.1016/S0165-
0114(97)00146-2

. Zadeh L. A. Fuzzy sets / L. A. Zadeh // Information and

Control. — 1965. — Ne 8. — P. 338-353. DOI:
http://dx.doi.org/10.1016/S0019-9958(65)90241-X

. Tofigh A. Defuzzification method for ranking fuzzy num-

bers based on center of gravity / A. Tofigh, R. Saneifard//
Iranian Journal of Fuzzy Systems. — 2012. — Ne9(6). — P. 57—
67. DOI: 10.22111/1JFS.2012.113

. Nejad A. M. Ranking fuzzy numbers based on the areas on

the left and the right sides of fuzzy number / A. M. Nejad,
M. Mashinchi // Computers & Mathematics with Applica-
tions. — 2011. — Vol. 61, Ne 2. — P. 431-442.
DOI:10.1016/j.camwa.2010.11.020

© Ivohin E. V., Adzhubey L. T., Makhno M. F., Rets V. O., 2024
DOI 10.15588/1607-3274-2024-4-5

OPEN a ACCESS






