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Abstract

Introduction. Multicriteria optimization, taking into account contradicting criteria, is used to improve production
efficiency, reduce costs, improve product quality and environmental safety of processes. The literature describes the
application of multicriteria optimization for production purposes, including the selection of reaction conditions and
improvement of technological processes. In the presented paper, the object of research is the process of hydrogenation of
polycyclic aromatic hydrocarbons (PAH) in the production of high-density fuels. To determine the optimal conditions of
the process, the problem of multicriteria optimization based on the kinetic model is solved. The criteria include
maximizing the yield of targeted naphthenes and conversion of feedstock. The research objective is to create a program
implementing the multicriteria optimization non-dominated sorting genetic algorithm-II (NSGA-II). Due to this, it is
possible to calculate the optimal temperature for the PAH hydrogenation process on the basis of the kinetic model.
Materials and Methods. The NSGA-II genetic algorithm was used to solve the multicriteria optimization problem.
Modified parental and survival selection within the Pareto front was also used. If it was necessary to divide the front,
solutions based on the Manhattan distance between them were selected. The program was implemented in Python.
Results. In the system of ordinary nonlinear differential equations of chemical kinetics, the concentration was designated
Vi, the conditional contact time of the reaction mixture with the catalyst — 1. The system was solved for the hydrogenation
reaction of polycyclic aromatic hydrocarbons. The calculations showed that at t=0 y;(0)=0.025; »2(0)=0.9;
6(0) = 0.067; y9(0) = 0.008; yi(0) = 0, i = 3-5, 7, 8, 10-20; O(0) = 1. The process temperature was considered as a control
parameter according to two optimality criteria: maximizing the yield of target naphthenes (f;) at the end of the reaction,
and maximizing the conversion of feedstock (f;). Values f; were in the range of 0.43-0.79; conversion — 0.01-0.03;
temperature — 200-300 K. The growth of temperature was accompanied by an increase in the yield of target naphthenes
and a decrease in the conversion of feedstock. Each solution obtained was not an unimprovable one. When modeling the
process of hydrogenation of PAH, an algorithm was launched with a population size of 100 and a number of generations
of 100. A program implementing the NSGA-II algorithm was developed. The optimal set of values of the PAH
hydrogenation reaction temperature was calculated, which made it possible to obtain unimprovable values of the
optimality criteria — maximizing the yield of target naphthenes and conversion of feedstock.

Discussion and Conclusion. The NSGA-II algorithm is effective for solving the problem of non-dominance, and deriving
the optimal solution for all criteria. Future research should be devoted to the selection of optimal algorithm parameters to
increase the speed of the solution. Based on the obtained theoretical optimal conditions of the PAH hydrogenation
reaction, it is possible to implement the process in industry.

Keywords: hydrogenation of polycyclic aromatic hydrocarbons, multicriteria process optimization, nonlinear
programming problem, Pareto front, NSGA-II method
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AHHOTALMSA

Beeoenue. MHOTOKPUTEPHAIBHYIO ONTHMH3ALMIO C YYE€TOM MPOTHBOpEYAINX APYT APYTY KPUTEPHEB 33/IeWCTBYIOT VIS
yayumenuss 3QQEeKTHUBHOCTH TPOM3BOICTBA, COKPAIEHHS 3aTpaT, MOBBIIIEHHS KAauyecTBa MPOAYKIMH M HKOJOTHYECKOU
0€30IacHOCTH  NPOLIECCOB. B nmTeparype ONMCaHO HCIONB30BAHME MHOTOKPUTEPHAIBHON — ONTHMM3ALUK IS
MIPOU3BOJICTBEHHBIX LEJICi, B TOM YKCIIE IPU BBIOOpE YCIOBHH PEaKIMU M YIIYYIICHHH TEXHOJOTMYECKHX MpoleccoB. B
TIPEe/ICTaBICHHOW paboTe OOBEKT HCCIIEOBAHUS — 3TO TIPOLECC THAPUPOBAHUS MOJHMIMKINYECKHX apOMaTHYECKUX
yrneBomopoioB (ITAY) mpu momy4yeHHHM BBICOKOIUIOTHBIX TOIUMB. IS ONpeAeneHrs ONTUMAaNbHBIX YCIIOBHI Ipoliecca
pelaercs 3a/ja4a MHOTOKPUTEPHAILHON ONTUMH3AIIME HA OCHOBE KMHETHYECKON MoJiein. Kpurtepun: MakcumMu3anus BbIXo/1a
LIETIEBBIX HA(TEHOB M KOHBEPCHSI MCXOIHOTO ChIpbs. Llenb paboTel — co3maHue MporpamMsl, Peaan3yIOmEel anropuTM
MHOToKpuTepraibHOr ontumm3aniil NSGA-II (arrn. non-dominated sorting genetic algorithm II). brmaromaps stomy Ha
OCHOBE KHHETHYECKOH MOZIEITN MOKHO PacCUUTaTh ONTUMAIBHYIO TEMIIEpaTypy JUIs poriecca ruapuposanust [TAY.
Mamepuanvt u memoowt. J{ns penieHus: MHOTOKPUTEPHAIBHON 3aJaddl ONTHUMM3AINK TPUMEHSIICS TCHETHIEeCKUH
anroput™ NSGA-II. Mcrionbs3yeTcs Takxke H3MEHEHHBII 0TOOp poAnTeNel U BEDKUBaHUS B paMkax ¢ponTa [Tapero. [Tpn
HEOOXO0MMOCTH pa3iesieHHs (PPOHTA PEIICHNs BRIOMPAJIMCh IO MaHXTTEHCKOMY PACCTOSIHUIO MeX Ly HUMH. [Iporpamma
peanu3oBana Ha si3b1ke Python.

Pesynemamut uccnedosanusn. B cucteme OOBIKHOBEHHBIX HEJMHEHHBIX AW(QepeHInatbHbIX ypaBHEHHH XUMHUYECKOM
KUHETHKH KOHLEHTPAIMIO 0003HAYMIIN };, YCIOBHOE BPeMs KOHTAKTa PEAKLMOHHON CMeCH C KaTalu3aTopoM — T. CHcTeMy
PELLINIIN JUIS peaKLY THAPUPOBAHUSA TTOIUIMKIMYECKHX apOMaTHYECKHX YTIIEBOAOPOAOB. PacueTs! nmokasanu, uto mpu © = 0
y1(0) = 0,025; 2(0) = 0,9; y6(0) = 0,067; 19(0) =0,008; y(0) =0, i =3-5,7,8,10-20; O(0) = 1. B xadecTBe ympapisieMoro
TapameTpa paccMaTpHUBaIN TEMIIEPATypy HpoLecca Mo ABYM KPHTEPHSIM ONTUMAIBHOCTH: MaKCHMH3ALMS BHIXO/A IEEBBIX
Ha(TEHOB (f{) B KOHIIE pEaKIii 1 MaKCUMH3AIIKs KOHBEPCHUH MICXOTHOTO CBHIPBA (f2). 3HaueHws f; Obumm B Tpannmax 0,43-0,79;
xonBepcun — 0,01-0,03; remneparypsl — 200-300 K. PocT TemnepaTypsl conpoBokKIaeTCs yBEIMIEHIEM BbIXO/(A LIETIEBBIX
Ha)TEHOB ¥ CHIDKEHHEM KOHBEPCHM HCXOJHOTO CHIpbs. Kakmoe moiydeHHOe pelleHne — Heyiydmaemoe. [lpn
MOJIENIMPOBAaHUH TIpoliecca ruapupoBanus [TAY 3amyctmmm anroputMm ¢ pasmepom nomyssiud — 100, KoaudecTBoM
nokosiennit — 100. Pa3paborana mporpamma, peanusytomas anroputM NSGA-II. Paccunrano ontuManbHOE MHOXECTBO
3HAYEHHWH TeMIepaTypbl peakuuu ruapupoBaHust [TAY, mo3Bossioniee MOMyYUTh HEyJIydlllaeMble 3HAYEHUsI KPUTEPUEB
OINITUMAJIBHOCTH — MAKCHUMM3AIMN BbIXO/J1a LCIICBBIX Ha(bTeHOB 1 KOHBEPCHUN UCXOOHOI'O ChIPbA.

Oocyacoenue u 3axniouenue. Anroputm NSGA-II sddexTuBeH A pelicHUs 3a1a4d HEJOMUHHPOBAHUSA U BBIBOJA
ONITHMAJIBHOTO PEIICHHS JUIA BCEX KpUTEpHeB. bymymme mccienoBaHMs CIEAyeT MOCBATHTH MOJ00PY ONTUMAIbHBIX
MapaMeTpOB AJITOPUTMA, MO3BOJSIOIUX YBEIWYNUTh CKOPOCTh pemeHns. Onupasich Ha MOMydYCHHBIE TEOPETHUECKHE
ONITHMAJIbHBIE YCIOBUSI PEaKIK THApHpoBaHus [TAY, MOXKHO pean30BaTh MPOLECC B IPOMBIIIIIEHHOCTH.

KioueBble cjl0Ba: THAPHPOBAaHWE TOJMIHWKIMYECKHX AapPOMATHUECKHX YIJICBOAOPOJOB, MHOTOKpHTEpHAIbHAS
ONITHMU3AIHS TEXHOJIOTMIECKOT0 MPOIIecca, 3a/1ada HeTMHEHHOTo nporpamMupoBanus, GpoHT [Tapero, meroq NSGA-II

Bnaroaapx—mcnl. ABTOpI)I BbIpAKAaOT TMPU3HATCILbHOCTL PCLCH3CHTAM 3a LCHHBLIC 3aMC4YaHUAd, CII0COOCTBOBABIILINE
YIYUYIICHUIO CTATbhU.

Jdasi  wouTupoBanmsa.  Anekcanigpoa A.A., Konenun C.H. Pacuer ontumanpHO  TemmepaTypsl — Npu
MHOTOKPUTEPUAIBHON ONTUMH3AIMU TPollecca TUAPUPOBAHUS TOJUIUKIMUYECKUX apOMAaTHUYECKUX YTIEBOJIOPOIOB
metoaoM NSGA-II. Advanced Engineering Research (Rostov-on-Don). 2024;24(1):109—118. https://doi.org/10.23947/2687-
1653-2024-24-1-109-118



http://vestnik-donstu.ru/
https://doi.org/10.23947/2687-1653-2024-24-1-109-118
mailto:nastena1425@gmail.com
https://doi.org/10.23947/2687-1653-2024-24-1-109-118
https://doi.org/10.23947/2687-1653-2024-24-1-109-118
https://orcid.org/0000-0002-1664-8464
https://orcid.org/0000-0003-3291-9794

Advanced Engineering Research (Rostov-on-Don). 2024;24(1):109-118. eISSN 2687-1653

Introduction. Optimization of multistage reactions is used in chemical, oil and gas, food, and other industries. In
practice, optimization tasks are multicriteria, and the criteria are often contradictory and have an optimum at different
points. Multicriteria optimization remains urgent, as it provides taking into account several parameters and selecting the
best solution from a variety of options.

Within the framework of this study, the object of research is the catalytic hydrogenation reaction of polycyclic
aromatic hydrocarbons (PAH). They are a class of organic compounds whose molecules contain at least two benzene
rings [1]. PAH are common in the interstellar medium. They are part of heavy oil fractions, and are formed by laser
irradiation of carbon materials. The study of these compounds is of interest from the point of view of establishing the
dependences between their chemical structure and physico-chemical properties. In addition, the data obtained as a result
of such scientific research can be used to create new organic and hybrid compounds with a strong carbon frame, which
are applicable in nanoarchitectonics.

Applied science correlates the presence of PAH with the production purposes. As an example, the presence of PAH
in raw materials is desirable if it is used to produce coke with a given structure [2]. However, in the production of fuel,
PAH can negatively affect the performance characteristics of the product, specifically, the density [3].

Extremely strict requirements are imposed on the production of high-density jet fuel. At high density, it should have
a boiling point no higher than the upper limit of the boiling point of the kerosene fraction. Another mandatory criterion
is the low content of aromatic hydrocarbons. We also note the high cost of well-known technologies for producing high-
density fuels.

Considering the above, the problem must be solved according to the Pareto dominance principle to determine the set
of unimprovable options using a genetic algorithm of non-dominated sorting [4].

The research objective is to develop a program that implements NSGA-II (Non-dominated sorting genetic
algorithm II) multicriteria optimization algorithm and provides calculating the optimal temperature for the PAH
hydrogenation process based on a kinetic model.

Materials and Methods

Mathematical Model. We describe the changes in the concentrations of the components depending on the reaction
time. To do this, the equations of chemical kinetics are used, which are a system of ordinary nonlinear differential
equations (SONDE):

&
ELN vwpi=1d, (1)
dt 4
J=1
I ol I £+ E-
A el g N o= 4. =i =4 - et
wy =k; ];[(m ke ];[(m k=4 exp[ RTj’kj 4, exp[ RTJ. @
Here are the initial conditions: y(0) =y at t=0; t€[0, t']; y; — reagent concentrations, mole fractions;

T — conditional contact time of the reaction mixture with the catalyst, kg'min/mol; J — number of stages; / — number
of substances; v; — stoichiometric matrix; w; — speed of the j-th stage, 1/min or mol/(kg-min); k;, k;— speed constants
of the stages (given), 1/min; o,; — negative elements of matrix vj; B;— positive elements vy; 4;, A ; — pre-exponential
multipliers, 1/min; E;*, E; — activation energies of direct and reverse reactions, kcal/mol; R — gas constant,
2 cal/(mol-K); T — temperature, K; t° — reaction duration, kg-min/mol.

The model of catalytic hydrogenation of PAH takes into account the dynamics of the molar composition and volume
of the reaction mixture. Therefore, changes in the concentration of components at each point in time are considered [3]:

do _ N dvi o
d‘c_Zdr’ ) =0"

i=1
I I
I | | YiNlew] _ | I Vi \Bjj
wj =k; .71(Q) k-; .71(Q) .

To describe a nonstationary reaction that occurs with a change in the volume of the reaction mixture, it is necessary
to solve a system of nonlinear differential equations at each moment of time. The direct kinetic problem is the solution to
SONDE (1)-(3).

In the process of hydrogenation of PAH, naphthenes are obtained from the source aromatic hydrocarbons, which have
a higher density and can be used as rocket fuel. For this purpose, nickel catalysts are used, and the control or variable
parameter is the process temperature, which should be within 200-500 K. Optimality criteria — maximizing the output
of target naphthenes at the end of the reaction and maximizing the conversion of feedstock.
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Research Algorithm. Multicriteria optimization is the selection of the best solution from a variety of alternatives,
taking into account several criteria. The importance of each of them is determined by the weight (priority).
Suppose, fix) — an objective function, and the constraints given in the form of equalities 4;(x)...4,(x) and inequalities

gnt1(x)...gy(x) are represented by a column vector of components x = [xi,..., x,]” in n-dimensional Euclidean space.
We formulate the problem of nonlinear programming [5].
Optimize
f(x)—)extr,xe E" 4)
with m linear or nonlinear constraints in the form of equalities
hi(x)=0,j=1...m %)
and with (p — m) linear or nonlinear constraints in the form of inequalities
gj(x)ZO,j:m+1,...,p. 6)

Decomposition (4)—(6) is the formulation and solution of a linear and quadratic programming problem. Each of them is
determined by the type of equations (4)—(6). Thus, in the case of quadratic function (4) and linear equations (5), (6) — the
quadratic programming problem described below.

We define the extremum of function

f(x)=ao+c"x+x"0x > extr (7)

with constraints:
a’x>b,x>0. 8)

In equations (7), (8) O — nonnegatively defined quadratic symmetric matrix; a, b, c — coefficient matrices.
When setting multicriteria Pareto optimization problem, (4)—(6) will have the form:

extrF(x)zF(x*)zF*. ©)
In equation (9), Fx = ( Fi(X). f2(X)eeo fu (X )) — vector-function of optimality criteria f; and f>. Set x" — desired

solution to the problem in the region of variation parameters. Set F* represents the desired solution to the problem in the
region of optimality criteria, which is unimprovable in terms of Pareto approximation. Then, x* defines the Pareto set,
F* — Pareto front.

Priori and posteriori Pareto approximation algorithms were used to solve (9). One of them is the ideal point method,
which represents the best solution according to all criteria [6]. To find it, we must first determine the minimum and
maximum values of each criterion of all the solutions under consideration. Then, for each criterion, the maximum value
of all the minimum and the minimum of all the maximum values are selected.

However, this approach has some drawbacks. Firstly, it may be ineffective if the ideal point is outside the range of
acceptable criteria values. In this case, other methods of solving multicriteria optimization problems are used. In addition,
the ideal point method does not take into account the relationship between the criteria and may cause the selection of a
compromise solution that is not optimal for all criteria. Therefore, when using this method, it is needed to additionally
analyze and verify the optimality of the solutions obtained [7].

The lexicographic ordering method is also used in solving multicriteria optimization problems. In this case, the criteria
are ordered by priority and considered sequentially. If the solutions cannot be sorted by the first criterion, then they are
sorted by the next criterion, etc. [7]. The advantages of lexicographic ordering are simplicity and transparency. Using this
method, it is possible to obtain a single optimal solution that is easily interpreted. As for the disadvantages, we note,
firstly, the inability to take into account compromise solutions that may turn out to be optimal by all criteria. Secondly,
there is a risk of selecting an unfavorable solution if the first criterion has a lot of weight, but is not the most important
for this task [8].

The presented work provides a solution to the problem of multicriteria optimization of the hydrogenation process of
polycyclic aromatic hydrocarbons through the well-known NSGA-II method. It is based on a genetic algorithm and uses
several techniques to solve the problem of non-dominance [9]. The main steps of the algorithm are described below [10].

1. Initialization of the population. The initial population is randomly generated.

2. Population assessment. Each element of the population is evaluated according to several criteria.

3. Sorting the population. The elements of the population are sorted by non-dominance level. Dominant and non-
dominant elements are placed in the first level. Elements dominated only by elements of the first level are placed in the
second level, etc.

4. Selecting parent elements. To create a new population, parent elements are selected from the first few levels.

5. Crossover and mutation. Parent elements undergo crossing-over and mutation to create new elements of the population.

6. Assessment of the new population. New elements are evaluated according to the criteria.
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7. Sorting the new population. New items are sorted by non-dominance level.

8. Selection of a new population. Elements for the next generation are selected from the new population.

9. Repeat steps 48 until the stop criterion is reached.

NSGA-II allows working accurately and efficiently with multicriteria optimization tasks. It effectively solves the
problem of non-dominance, which provides getting optimal solutions for all criteria.

NSGA-II is based on a genetic algorithm with parental selection and survival. Individuals are selected along the fronts,
while the front is divided if not all individuals can survive. Solutions in the split front are selected on the basis of the
distance between them, which is the Manhattan distance in the criteria space [9]. The endpoints are saved at each
generation and are assigned a conditionally infinite distance for use in subsequent iterations [11] (Fig. 1).

A

5

0

i+1

v

f
Fig. 1. Visualization of the Pareto front and selection of solutions based on distances

Figure 1 shows an example of a set of solutions for a multicriteria optimization problem using criteria f; and f>. The
red dots represent the Pareto front. The calculation of the cluster distance for solution i is shown — this is the average
length of the side of the cuboid in which solution i is located (marked with a blue frame).

To enhance the impact on the selection of parents, NSGA-II uses binary tournament selection [9]. Each individual is
first compared by rank, and then — by the distance between them.
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Research Results. The program implementing the algorithm for solving the multicriteria optimization problem is
written in Python.

In the course of the study, a system of differential equations (1-3) was solved. For the hydrogenation reaction of
polycyclic aromatic hydrocarbons, it has the form [12]:

dy1
——=(-w —wy +w
it ( 1 2 11)
d
£=—3W1—W2—2W3—3W4—3W5—3W6—W7 kiyl-y; ko - y3
dr w = 3 -
—Wg —3W9 — Wio — W11 — Wi2 — Wi4 — Wis Q 0
k- 1 -
@, WZ:%
dt
ks ve - v ks -
dy—4=W2+Wg—W9 Wa = 3 y63 Y2  Kig-)y7
drt 0 0
b, kayroy:
dt wa = 4
p 0
DOy +w 3
3+ Wis ks-yo-y; kio-yio
" BT o
d
%:Wg—Wg—Wlo—ZWm k y .y3 k .
“ W6:6 13 2 K19 )10
D e Q ©
T k7 yu-y
dys " y2 -
d—=-W5+W17 Q
T _ks-yi0-y2
dym _ _ _ _ ws = 2
d—_ws We —Wg — 2W17 0
T
ko ya- v
_dj;ll =W —Ww7 + Wiy ’ W9:T
T
kio - 17 -
%=W7+W7+W8+W9—W13—W15 wip =— g; 2
T
s TR TR o)
dz Q2
%:0 _klz'yls'yz
dt Wiz = Qz
d
V1S _ _kiz-yn
dt mIET
dyie
—— = W0 —Wi1 — W2 . :
dt W14:—k14 328 y2
dyy;
dt - kis-yi2-y2
d T
y18=W13—W14 3
dt w :km'y7
dy19:W14 10 2
dt ki - 2
dyxn _ Wiy =— 2))10
dz
20
szﬁ
dt p dt

At 1=0, y1(0)=0.025; ¥2(0)=0.9; y6(0)=0.067; 9(0)=0.008; »,(0)=0, i=3-5,7,8,10-20; O(0)=1.
Figure 2 shows the calculated set of solutions satisfying the constraints of the system and the Pareto front,
where fi — output of the target naphthenes, and f> — conversion of the feedstock.
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Fig. 2. Pareto front of the hydrogenation process of polycyclic aromatic hydrocarbons

The controlled parameter is the process temperature [13]. The optimality criteria are maximizing the output of target
naphthenes at the end of the reaction and maximizing the conversion of feedstock [14]. Calculations using the proposed
algorithm gave the results of matching the optimality criteria and the values of the temperature parameter, which are
summarized in Table 1.
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Table 1
Compliance of optimality criteria and temperature parameter value
of the hydrogenation of polycyclic aromatic hydrocarbons

Output of targeted naphthenes f; Feedstock conversion f> Temperature 7, K
0.43 0.03 200.00
0.59 0.03 221.20
0.71 0.01 250.00
0.76 0.01 271.10
0.79 0.01 300.00

Thus, as the temperature grows, the output of the target naphthenes increases, and the conversion of the feedstock
decreases. Each of these solutions is unimprovable, and the selection of specific values depends on the decision maker.

For NSGA-II to work successfully, it is required to select the algorithm parameters correctly. Specifically, the criteria
of population size, number of generations, probability of crossover and mutation, should be optimized. When launching
the algorithm on the model of the hydrogenation process of polycyclic aromatic hydrocarbons, the following parameters
were used: population size — 100, number of generations — 100. An insufficiently large population may cause premature
convergence of the algorithm to the local optimum. Too large population can slow down the optimization process [15].
An excessive number of generations potentially leads to retraining the algorithm, whereas with an insufficient number of
generations there may not be enough time to achieve optimal solutions.

Discussion and Solution. A program has been created that implements the NSGA-II multicriteria optimization
algorithm. Working with the corresponding problem within the framework of this method includes solving a system of
differential equations, visualizing a set of solutions satisfying the constraints of the system, and constructing a Pareto
front. In addition, the values of the variable parameters were found to achieve optimization goals. For the PAH
hydrogenation process, based on the kinetic model, a set of temperature values has been calculated that are optimal for
obtaining the unimprovable values of two optimality criteria: naphthene output and feedstock conversion. With increasing
temperature, the reaction rate and the output of naphthenes increases. However, the conversion of raw materials is
decreasing. In addition, too high temperatures can cause adverse reactions and decomposition of products.

The data obtained in the framework of the presented research can be useful for optimizing the process of hydrogenation
of PAH under industrial conditions. It is important to take into account the impact of temperature on the output of
naphthenes and the conversion of raw materials when developing a production strategy. In addition, other parameters, on
which the kinetics of the reaction depends, should be considered. These are, e.g., pressure, flow rate of reagents, and the
role of catalysts.

Thus, the developed program and the proposed algorithm make it possible to simultancously analyze several
criteria for the optimality of the process based on a kinetic model, and generate a set of unimprovable values of
variable parameters.
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06 asmopax:
AHacracusi AJIeKCaHAPOBHA AJIEKCAHIPOBA, MATUCTPAHT Kadepbl HHPOPMAIIMOHHBIX TEXHOJIOTHI 1 MPUKIIATHON

MareMaTukid Y (HMCKOro TOCYyIapCTBEHHOTO He(TSHOro TeXHHYeckoro yHuBepcutera (450064, PO, r. Yia,
yi1. Kocmonastos, 1), SPIN-kox: 4026-5240, ORCID, nastenal425@gmail.ru

Cepreii HukonaeBuu Kosenun, kananaar Gpu3uko-MaTeMaTH4ecKUX HaykK, JOLEHT Kadeapbl HHOOPMAIMOHHBIX
TEXHOJIOTHH W TPUKIAJHON MaTreMaTUKH Y (PHUMCKOrO rocyJapCTBEHHOTO HE(PTSHOrO TEXHHYECKOTO YHUBEPCHTETA
(450064, PO, r. Ya, yn. Kocmonasros, 1), SPIN-kox: 4243-6265, ORCID, koledinsrg@gmail.com

3assenennulii 6K1a0 A8MOpo8:
A.A. AnekcarapoBa — pa3paboTKa MPOrpaMMHOTO 00ECTIeUeHHs, TIOATOTOBKA TeKCTa, (HOPMYITHPOBKA BEIBOJIOB.
C.H. Konemia — Hay4HOE pyKOBOJICTBO, ITPEOCTABICHIE UCXOTHBIX JJAHHBIX, KOPPEKTUPOBKA BBHIBOIOB, TOPAOOTKA TEKCTA.

Konghnuxm unmepecos: aBTOpHI 3asBISIIOT 00 OTCYTCTBHU KOH(IIUKTa HHTEPECOB.
Bce aemopul npouumanu u 0006punu OKOH4AMeENbHBLIL BAPUAHM PYKONUCU.
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