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ABSTRACT

Context. The task of clustering-classification without a teacher of data arrays occupies an important place in the general problem
of Data Mining, and for its solution there exists currently many approaches, methods and algorithms. There are quite a lot of situa-
tions where the real data to be clustered are corrupted with anomalous outliers or disturbances with non-Gaussian distributions. It is
clear that “classical” methods of artificial intelligence (both batch and online) are ineffective in this situation. The goal of the paper is
to develop a credibilistic robust online fuzzy clustering method that combines the advantages of credibilistic and robust approaches in
fuzzy clustering tasks.

Obijective. The goal of the work is online credibilistic fuzzy clustering of distorted data, using of credibility theory in data stream
mining.

Method. The procedure of fuzzy clustering of data using credibilistic approach based on the use of both robust goal functions of
a special type, insensitive to outliers and designed to work both in batch and its recurrent online version designed to solve Data
Stream Mining problems when data are fed to processing sequentially in real time.

Results. Analyzing the obtained results overall accuracy of clustering methods and algorithm, proposed method similar with re-
sult of credibilistic fuzzy clustering method, but has time superiority regardless of the number observations that fed on clustering
process.

Conclusions. The problem of fuzzy clustering of data streams contaminated by anomalous non-Gaussian distributions is consid-
ered. A recurrent credibilistic online algorithm based on the objective function of a special form is introduced, which suppresses
these outliers by using the hyperbolic tangent function, which, in addition to neural networks, is used in robust estimation tasks. The
proposed algorithm is quite simple in numerical implementation and is a generalization of some well-known online fuzzy clustering

procedures intended for solving Data Stream Mining problems.

KEYWORDS: fuzzy clustering, distorted data, credibilistic fuzzy clustering, Data Stream Mining, robust function.

ABBREVIATIONS
FCM is a fuzzy c-means method;
SOM is self-organizing map;
CROFC is credibilistic robust online fuzzy clustering
method.

NOMENCLATURE
X is a data set matrix;
N is number of observations;
R is space of input vectors;
n is number of attributes;
m is number of overlapping classes;
k is a number of the vectors-observation;
i is a number components of the vectors-observation;
x(k) is a vector of observations;

X, (k) is a preprocessed original data;

I, j isanumber of clusters;

u is a membership level;

pj(k) is a membership level of k-th vector-
observation to j -th cluster;

¢ is a centroid of cluster;

¢j isacentroid of j -th cluster;
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d is a Euclidean distance;
dp
J is a goal function;

L is Lagrange function;
n(k) is learning-rate parameter;

Crj (k) is fuzzy credibilistic membership level;

is a Minkowski distance;

M(k) is indefinite Lagrange multiplier;

B is a fuzzifier;

B; is parameter specifying the modification of func-
tion.

INTRODUCTION

The task of clustering-classification without a teacher of
data arrays occupies an important place in the general prob-
lem of Data Mining, and for its solution there are currently
many approaches, methods and algorithms [1-3].

A special place here is occupied by methods of fuzzy
clustering, when it is a priori assumed that each observa-
tion can simultaneously belong to several or all classes at
the same time with different levels of fuzzy membership,
i. e. classes overlapping in the feature space [4, 5].
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Fuzzy clustering methods can be conditionally divided
into two large classes: probabilistic, among which the
Fuzzy C-means algorithm (FCM) by J. Bezdek [4] was
the most popular, and probabilistic. Each of these classes
has its advantages and disadvantages, and to overcome
these disadvantages, a so-called credibilistic approach
was proposed [6, 7], which has already proved its effec-
tiveness in solving a number of problems.

There are quite a lot of situations where the real data
to be clustered are corrupted with anomalous outliers or
disturbances with non-Gaussian distributions. This leads
to the fact that traditional methods using quadratic metrics
(Euclidian, Mahalanobis, etc.) do not provide the desired
results. This led to the creation of robust clustering meth-
ods [8-10] resistant to these outliers and based on non-
quadratic distances, while most of the known robust fuzzy
clustering algorithms are based on a probabilistic ap-
proach.

It is appropriate to develop a credibilistic robust online
fuzzy clustering (CROFC) method that combines the ad-
vantages of credibilistic and robust approaches in fuzzy
clustering tasks and is designed to process data streams
that arrive sequentially in real time.

The object of study is fuzzy clustering of data dis-
torted by outliers.

The subject of study is procedure for fuzzy clustering
of data distorted by outliers based on robust approaches in
fuzzy clustering tasks.

The purpose of the work is to introduce robust
online credibilistic method for fuzzy clustering of dis-
torted data.

1 PROBLEM STATEMENT
The initial information for solving the clustering prob-
lem is an unlabeled sample of vector observations

X ={X(0),X(2),....x(K),... X(N)} =R" where k-th obser-

vation number, in the sample when working in batch
mode or index of the current discrete time, when solving
Data Stream Mining tasks. The result of solving the prob-
lem of fuzzy clustering is the division of this sample into
m overlapping classes-clusters with estimation of fuzzy

membership levels (k) to each of the possible clusters

Cj, j:l,2,...,m.

2 REVIEWS OF THE LITERATURE

A special place in the general problem of Data Mining
is occupied by tasks related to Data Stream Mining when
the data to be processed, the tasks are not in the form of a
batch, but are sequentially received for processing one by
one, while the amount of this data is unknown a priori.
The  most  characteristic ~ example  here s
T. Kohonen’s self-organizing maps (SOM) [11], which
implements the traditional crisp algorithm of K-means
clustering in an online version using the self-learning rule
“Winner Takes All” (WTA). For fuzzy situations
D.C. Park and J. Dagger [12] have proposed a recurrent
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version of FCM, and in [13] both probabilistic and prob-
abilistic recurrent algorithms of online fuzzy clustering
were considered.

Regarding credibilistic and robust approaches, in [14,
15] recurrent modifications of the credibilistic fuzzy clus-
tering algorithm were proposed, and in [16, 17] recurrent
robust procedures of fuzzy clustering designed for proc-
essing data streams in online mode where introduced.

3 MATERIALS AND METHODS
The most popular approach to solving this problem is
related to the minimization of the objective function
N m
3 (1 (), ;) =2 > wh ()d5 (x(K),c; )
i &

1 j=1
with restrictions
j=1

0<> n;(k)<1
=

where c¢; — prototype-centroid of j -th cluster; B - pa-
rameter-fuzzifier (usually p=2); d?(x(k),c;) - the dis-
tance between x(k) and c;. Most often, this is the Min-
kowski distance

d, (x(k),cj):”x(k)—cj ||p :(Zn:|xi (k)—Cji|PjP,

the special case of which is the traditional Euclidean norm

1
2

d, (x(k).c;) =x() -c,], :(Zn]xi (k)_cjirj

Using the standard procedure of non-linear program-
ming, the Lagrange function is introduced for considera-
tion

N m
(1 (0,6,200) = > 2w (a3 (x(,c; )+

k=1 j=1

N m
+Zk(k)[2uj(k)—1]= 1)
j=1

k=1
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(here A(k) — the unknown Lagrange multiplier) and the

system of Kuhn-Tucker equations
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solving which we get the result in the form:
1

x(K),c; )

pj(k)=

1 I

(45
S

1 P
x(k>=—[2( (x(). 1) i J ,

1=1

(x(K), G )

N
> (x(K)

cookl

J7 N
z%w

if p=2 turns into the classical FCM algorithm of
J. Bezdek [4]:
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For the online clustering procedure to find the saddle
point of the Lagrange function (1), instead of directly
solving the system of Kuhn-Tucker equations (2), the
Arrow-Hurwitz-Uzawa algorithm [18] can be used, with
the help of which we obtain a recurrent procedure [19]

dZ(x(k),c; (k) =
uj(k>:m( ( ))1,
> (d2 (x(k),c, (k)P

Cj=

¢; (k+2) = ¢; (k) =n(K)V,, L (n; (k). c; (k). A(K)) =
=¢; (k) —n(k)u} (K)d, (x(k +1),¢; (k) *
*V, dZ (x(k+1),¢;(k))
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(here n(k) - self-learning parameter) which =2,
p =2 turns into GBFC Park-Dagger algorithm [12]

P RORION 3)

¢; (k+1) = c; (k) +n(k)u? (k) (x(k +1) —c; (k).

Here it is interesting to notice that the second relation
(3) should completely match the self-learning rule “Win-
ner Takes More” (WTM) by T. Kohonen [11] in terms of
structure, while the role of the neighborhood function
here is performed by a set p’ (k).

All the algorithms discussed above, based on the Min-
kowski metric, do not ensure the process of clustering
robust properties, since they only “amplify” the influence
of anomalous emissions present in the data sample.

Therefore, it is advisable to use distances that have ro-
bust properties, “suppressing” these emissions.

One of these distances can be based on a function [20,
21] of the form:

(k)—c

X, (k) — jiD .
5 4

where B, — the parameter specifying the modification of
this function is usually accepted B, =2, i=12,..n.
Introducing the robust objective function further

dR (x(k),cj ) = Zn:ﬁi In {cosh[

uh (k)d " (x(k),c; ) =

x ()¢ B
B

and the corresponding Lagrange function

L (1 000,6,,200) = 3 S (03P x

j=1 i=1

50075 ij)[zu )

it is possible to write the system of Kuhn-Tucker equa-
tions, which, however, due to the complexity of the dis-
tance (4), does not have an analytical solution.

Therefore, the only solution here is to use the same
Arrow-Hurwitz-Uzawa algorithm, which leads to the re-
sult and
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where function tanh(s), which is usually used as an acti-

vation in many neural networks is used to suppress spe-
cifically anomalous outliers in the data.
Next, taking the value of the fuzzifier B =2 (5) can be

rewritten in a somewhat simplified form:

(a0 (x(k).¢;(6))
(4" (x(K),¢ ()

1=1

by (k) =

(6)

¢ (k+1) = c; (k) + n(k)wj (k) tanh [Mj

which is essentially a robust Park-Dagger algorithm (3)
that suppresses outliers in the data using the function
tanh(e) .

Based on this algorithm, it is easy to consider its
credibilistic modification by supplementing (6) with a
simple relation [6, 7]:

K
4= S 0
@)

Ory 0 =2 (1] () +1-supp, ().

Ratios (6), (7) define the credibilistic robust online
fuzzy clustering algorithm, intended for use in systems for
processing data streams distorted by various types of dis-
turbances and arriving online.

4 EXPERIMENTS
For test the method of credibilistic robust online fuzzy
clustering in data stream mining tasks was conducted test
data sets of Nursery from the UCI repository.
Nursery Database was derived from a hierarchical de-
cision model originally developed to rank applications for
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nursery schools. It was used during several years in
1980’s when there was excessive enrollment to these
schools in Ljubljana, Slovenia, and the rejected applica-
tions frequently needed an objective explanation.

The final decision depended on three subproblems:
occupation of parents and child’s nursery, family structure
and financial standing, and social and health picture of the
family. The Nursery Database contains 12958 examples
with the structural information removed, i.e., directly re-
lates NURSERY to the eight input attributes: parents,
has_nurs, form, children, housing, finance, social, health.

5 RESULTS
We compared the obtained results with classical FCM
algorithm, probabilistic, possibilistic and credibilistic
fuzzy clustering methods.

Table 1 — The overall accuracy of clustering methods and

algorithm
Clustering algorithm Overall accuracy
Highest Mean Variance
FCM 68.54 68.54 0.01
Credibilistic fuzzy clustering 67.98 67.98 0
Possibilistic fuzzy clustering 68.55 68.54 0.01
Probabilistic fuzzy clustering 68.48 68.48 0.01
CROFC 67.68 67.65 0

A comparative analysis of the quality of the clustering
data was carried out according to the main characteristics
of the quality ratings, such as the speed of data clustering
and the average error.

Table 2 show the results of the algorithms proposed
for comparison with different numbers of observations.

Table 2 — Comparative characteristics of the average error with
different number of observations in percentage

Algorithm 50 | Time | 100 | Time | 150 | Time
FCM 162 | 119 | 135 | 255 | 0.98 | 3.03
Probabilistic fuzzy | 1 g6 | 167 | 132 | 272 | 0.99 | 3.12
clustering

Possibilistic fuzzy

- 122 | 115 | 1.02 | 2.02 | 0.75 | 2.10
clustering

Credibilistic fuzzy

clustering 069 | 1.02 | 049 | 1.33 | 0.14 | 141

CROFC 0.68 | 1.00 | 045 | 1.25 | 0.12 | 1.33

Analyzing the obtained results, it can be concluded
that regardless of the size of the initial information sub-
mitted for processing by the proposed method for compar-
ing performance and efficiency, it is not inferior in speed
and quality of clustering in comparison with known algo-
rithms and methods.

The comparative analysis is demonstrated on the dia-
grams of the dependence of error and time on the number
of observations on Fig. 1.
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Figure 1 — Diagram of the dependence of the error
on the number of observations (50, 100, 150)

o 20 40 60 ao 100 120 140 180

& FCM Probabilistic fuzzy dustenng —a— Possibilstic fuzzy chistenng

Figuré 2- D'iégr';amﬁof dependence of clustering time on the
number of observations (50, 100, 150)

6 DISCUSSIONS

The result of clustering data set Nursery shown in Ta-
ble 1 and Table 2. As the table shows, the prepositional
credibilistic robust online fuzzy clustering in data stream
mining tasks have shown good results.

As it can be seen in Fig. 1 the proposed method shows
best result on diagram of the dependence of the error on
the number of observations and Fig. 2, that demonstrate
dependence of clustering time on the number of observa-
tions.

Analyzing the obtained results overall accuracy of
clustering methods and algorithm, proposed method simi-
lar with result of credibilistic fuzzy clustering method, but
has time superiority regardless of the number observa-
tions that fed on clustering process.

Due to its adaptability and robustness proposed
method does not require a lot of time to process the data
received in real time, and does not burden itself with in-
termediate calculations due to adaptability functions.

This is quite clearly demonstrated by the diagrams of
the dependence of the clustering time on the number of
observations and the dependence of the error on the num-
ber of observations.

CONCLUSIONS

The problem of fuzzy clustering of data streams con-
taminated by anomalous non-Gaussian distributions is
considered. A recurrent credibilistic online algorithm
based on the objective function of a special form is intro-
duced, which suppresses these outliers by using the hy-
perbolic tangent function, which, in addition to neural
networks, is used in robust estimation tasks. The proposed
algorithm is quite simple in numerical implementation
and is a generalization of some well-known online fuzzy
clustering procedures intended for solving Data Stream
Mining problems.
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The scientific novelty of obtained results is that the
method of credibilistic robust online fuzzy clustering in
data stream mining tasks, that shows good results in com-
parative analyses with another methods, that “worked”
with distorted data sets.

The practical significance of obtained results is that
analyze properties of the propose methods of credibilistic
fuzzy clustering of distorted data. The experimental re-
sults allow to recommend the proposed methods for use in
practice for solving the problems of automatic clusteriza-
tion of distorted data.

Prospects for further research methods of online
robust credibilistic fuzzy clustering of distorted data in
tasks of stream data mining.
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JTOCTOBIPHA POBACTHA OHJIAMH HEUITKA KJIACTEPU3ALIS B 3AJJAYAX IHTEJIEKTYAJIBHOI'O
AHAJII3Y IOTOKIB JAHUX

ladpponenko A. 0. — kaHa. TexH. HayK, JOLEHT Kadeapu iHGopMaTHkn XapKiBCHKOTO HAIIOHAIBHOTO YHIBEPCHUTETY paiio-
eJIEKTPOHIKH, XapKiB, YKpaiHa.

Kacarkina H. B. — 1-p TexH. Hayk, nmpodecop, BiJIil JOKTOPAaHTYpH Ta acmipaHTypu HauioHalbHOTO yHIBEPCHTETY Xap4oBHX
texHouoriid, Kuis, Ykpaina.

Bonsinebkuii €. B. — 1-p TexH. Hayk, npodecop, mpodecop KadeapH MTYYHOTO IHTENEKTY XapKiBCHKOTO HAlliOHAIBHOTO YHi-
BEPCUTETY PaiOeNeKTPpOHIKH, XapKiB, YKpaiHa.

ladgponenko €. O. - acucrenT kadenpu MemiaimkeHepii Ta iHGOpMamiiHUX paliOeNIEKTPOHHUX CHCTeM, XapKiBChKUH HAaIlio-
HaJIbHUH YHIBEpCUTET paioeleKTpoHikH, XapkiB, YkpaiHa.

AHOTAIIA

AKTyanbHicTh. 3a1a4a KiacTepu3sauii-kiacudikarii 6e3 BUNTENsT MACUBIB TaHUX 3aiiMae Ba)XKIMBe MicCIie y 3arajbHiil mpobiemi
Data Mining, a juis ii BupitieHHs icHye Ha 1eif yac Oe3niu MmiaXxo/iB, METOIB Ta alropuTMiB. ICHYE HOCTaTHBO GaraTo CHTYyaIlii,
KOJIM peajibHi JaHi, IO MiUIATaloTh KIacTepu3aii, 3a0pyTHeHi aHOMaJIbHIMHU BUKUAaMU a00 30ypeHHsIMH 3 He ['ayCiBCHbKHMHU pO3-
nmoninamu. Lle Bene 10 Toro, Mo TpamumiiHi METOIH, II0 BUKOPHCTOBYIOTH KBaAPATHIHI METPUKH HE 3a0€3MeUyIOTh OaskaHi pe3yiib-
Tatu. MeToro cTarTi € po3pobKa JJOCTOBIPHOTO PoOACTHOTO METOMy HEUiTKOI KlacTepu3alii OHIaiH, SKkuif moexHye B cobi nepeBaru
Teopii TOBipH Ta pOOACTHUX MIAXOMIB y 33J]a4aX HEYITKOT KllacTepu3aIlii.

Merton. [Ipouenypa HewiTkoi KiacTepu3alii JaHUX 3 BUKOPUCTAHHSIM JIOCTOBIPHOTO MiXOJy, 3aCHOBAHOTO Ha BUKOPHCTAHHI 5K
po6acTHHUX HINBOBUX (YHKIIN CIEialbHOTO THITY, HEUYyTJIMBUX 10 BUKHIIB, TaK i NPH3HAUYCHUX AJISI POOOTH SIK y MAKETHOMY PEXKH-
Mi, TaK i B iOro MOBTOPIOBaHI OHJIAiH-Bepcii, Mpu3HaveHii 1yt BupitueHHs npobiem Data Stream Mining, ko nani HaAXOAATh Ha
00pOOKY MOCITIZIOBHO B PEKHMI peaibHOTO Yacy.

PesysbTaTu. AHami3yloun 3arajbHy TOYHICTH OTPHMAHHX PE3yJbTATIB METOIB 1 alrOpUTMy KJIacTepH3alii, 3aIpONOHOBAHHMA
METOA MOAIOHHUI 10 Pe3yNbTaTy JOCTOBIPHOTO METOIY HEWITKOI KiacTepu3allii, ajie Mae IepeBary B 4aci He3aJeXKHO BiJl KUTBKOCTI
CIIOCTEPEIKEHB, SIKi Oy BUKOPHUCTaHI B IIPOIEC] KitacTepu3arii.

BucHoBku. Po3risHyTa 3a1a4a HE4iTKOI KilacTepu3allii OTOKIB JaHHX, 3a0pyIHCHUX aHOMAaJIbHUMH BUKHAAMHU. BBenieHo y po3-
IS PEKYPSHTHHIN JOCTOBIPHUI OHJIAIH aJrOpuTM, 3aCHOBaHUI HA LITBOBIM (YHKINT CIEIIATbHOTO BUMISY, IO MPHIYIIYE I BH-
KUY 33 JOTOMOTOI0 BUKOPUCTaHHS (YHKIT rinepOoIiYHOro TaHI'€HCa, O KPiM HEHPOHHMX MEpeX BHKOPHCTOBYETHCS Y 3aadax
pO0ACcTHOro OLHIOBAHHS. 3alPOIIOHOBAHUI aIrOPUTM € JOCTATHBO MPOCTHM Yy YHCENBHIN peamizalii i € y3araJlbHEHHSM ACSKHX
BiIOMHX OHJIAIH MpOLeyp HEUiTKOT KiacTepu3anii Npu3HaYeHnX [Uis BUpinieHHs 3axa4 Data Stream Mining.

KJHIOYOBI CJIOBA: HeuiTka KiaacTepu3allis, BAKPUBJICHI JaHi, JOCTOBIpHA HediTKa Kiactepu3aiiis, Data Stream Mining, po-
OacTHa QyHKILiS.
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TEXHOJIOI'TSA CEHTUMEHT-AHAJII3Y BIATI'YKIB KOPUCTYAYIB
CUCTEM E-KOMEPIII HA OCHOBI MAILIMHHOI'O HABYAHHSI

Tunnenbkuii C. A. — Marictp kadeapu «IHpopmaniiiHi cucremMun Ta Mepexi», HarioHampHUil yHiBepcHTET
«JIpBiBCHKA MOMiTEXHIKa», JIBBIB, YKpaina.

Moaimyk B. O. — marictp xadenpu «lHbopMmariitHi cuctemu Ta Mepexi», HanionaneHuil yHiBepcuteT «JIbBIBChKA
noJiTexHika», JIbBiB, YkpaiHa.

Bucoubka B. A. — kaHA. TexH. HayK, JOLEHT, MAoleHT Kadernpu «lHdopmarliifHi cucTeMH Ta Mepexi»,
Harionansuuii yHiBepcuteT «JIbBiBChbKa mosiTexHika», JIbBiB, YkpaiHa.

AHOTAIIA

AKTyaJabHicTh. B3aeMonis Mk KOMIaHI€I0 Ta LTBOBOIO AyJUTOPIEI0 TOCTIMHKYETHCS BXKE CTONITTSIMH. 3 CaMOTO IOYaTKy
KOMEPIIHHIX BIIHOCHH, CTOCYHKH HaJaBaya MOCIYT Ta OTPHMYBada I[iHyBaJIUCS YM He MOHAX yce. Topriist moOyaoBaHa Ha IOBipi
Ta moBasi. IMIDK MANPHEMIT 4acTo € BaXKJIMBIMIMM HIDX TOBap, sSKMil BiH mpopae. 3a 6arato COTEHb POKIB, B3a€EMUHH TOPTOBL 1
MOKYIILIS, MiNPUEMIIS Ta KJII€HTA HE BTPATHIM BaXKJIMBOCTI 1 B 4aC MacOBOI JUDKUTAII3AI] AKICTh BITHOCHH KOMIIaHii Ta MiTbOBOT
ayauTopil pi3HOro po3Mipy Ta mpodeciiiHa miATpUMKA 3BOPOTHOTO 3B’SI3KYy 3 KJIIEHTAMH 4YacTO BH3HAYAIOTh yCmix e-0i3necy. Jlist
LOr0 HEOOXi/HI JI0AATKOBI iHCTPYMEHTH Ta iH(pOpMaLiiiHi TeXHOIOTIT A TOMOMOru Oi3HECMEHaM CIAKYBAaTH 32 MOXKJIMBOCTSIMH
PO3BUTKY e-0i3Hecy B IeBHIH JIOKallii, a TAKOX BCTAHOBJIIOBATH 3BOPOTHIil 3B’s130K 3 KOPUCTyBauyaMd 3a JOMOMOTOI0 COLIaIbHUX
mepex Ta 3MI. Taki iHCTpyMEHTH AOIOMOXKYTh CYTTEBO PO3LIMPHUTH OaueHHS PUHKOBHX MOXKIMBOCTEH IS e-0i3Hecy, 3’s1cy€e — B sKi
3 HUX € CEHC IHBECTYBaTH, a Ha sKi HE BapTO BUTpadyaTH 4ac. Takok MoOaunTH, sKa ies Mae MaiOyTHE 1 sKy Oi3HeC-MOIelb
noTpiGHY peanizyBaTu/miATPUMyBaTH/PO3BUBATH IS CTPIMKOTO PO3BHTKY TepHTOpianbHOro/ MixperioHaibHOro e-0i3Hecy. Takox
JIOTIOMOXKE po3i0paTHCs, SKi BaXkesi MArOTh HAMOUTHIIKI edeKT [y 3MIHH MOJITUKU Oi3HECY: IO HE YilaTH, a IO 3MIiHUTH, 100
3a0e3NeynTy BHCOKY MIBUJKICTH B peaii3alii 3aIyMy Ha OCHOBI aHalli3y BIANOBIIHUX pe3yJbTATIB JOCII/KEHb, HANPUKIIAL,
OTpUMYBATH: NpAMHUN (GinOex Bix KII€HTIB, IUHAMIKy 3MIHM 3arajbHOi 330BOJICHOCTI a0 3alliKaBJIEHOCTI IJIbOBOI ayauTopii Ta
riepeBaru/HeI0NiKK Bi KoprcTyBauis 3a qonomoroto NLP-ananisy; miaTpuMKy po3BUTKY €-0i3HECY BiIHOCHO JIOKAIlii 3HAXOIKEHHS
TXHBOTO TiJAMPUEMCTBA Ta HAWKpalli HANPSIMH PO3BHTKY; — rpadiku po3BUTKY Gi3Hecy (MOKpAIIeHH/TIOTIPIUICHHS) 3aJeKHO Bij
3MiCTy KOMEHTapiB.

MeTo10 xocaiTKeHHs € po3poOka iH(popManiiiHO TEXHOJIOTII MATPUMKH PO3BUTKY e-0i3HeCy 3a JOIIOMOTOI0 aHANI3y JIOKALii
3HAXOJPKEHHsI Oi3Hecy, onpamioBaHHs (inOeKy BiJ KOPHUCTyBadiB, aHANi3y Ta Kiacuikamii BiITyKiB KII€HTIB B PEXXKUMI peaIbHOTO
yacy 3 comianbHHX Mepex: Twitter, Reddit, Facebook ta inuii 3a nomomororo meroxis rimbokoro HaBuanus ta Natural Language
Processing ykpaiHChbKO- Ta aHINIOMOBHHX TEKCTIB.

Merton. [lns anamisy BimyrkiB KopucTyBadiB Ta KiieHTiB Bukopuctano NLP-meromu. Cepex MeroniB peani3aiii OCHOBHHX
¢yHKUiH Kracudikanii aHIITOMOBHHX HOBHH BUKOPHCTaHI TaKi METOAM MAIIMHHOTO HaBYaHHA, K. HaiBHHMN baeciB kimacudikatop,
JIOTICTUYHA perpecis Ta MeToJ OHOpHUX BekTopiB. [lisa kimacudikamii yKpaiHMOBHHMX BIATYKIB BiJ KOPHCTYBadiB BHKOPUCTAHO
anroput™ HaiBroro Baiieca, ockinbku BiH 10o0pe mokasye cebe Ha MaIux o0cArax JaHUX, IPOCTHH y TpeHyBaHHI Ta eKCIUTyaralii ta
noOpe mparioe 3 TeKcToBUMHM JaHuMH. HaiBruii xiacudikarop bBaifec € myske XopommM BapiaHTOM IJIsi HamIol CHCTEMH 1 3
PO3paxyHKy TOTO, IO KUTBKICTh BIITYKIB Y IaTACETi € MEHIIIOK MOPIBHSAHO 3 CEPEIHIMU MTOKA3HUKAMH.

PesyabTatn. Po3po0ieHo Mojenb MamIMHHOTO HaBYaHHS IS aHali3y Ta Kiacu@ikamil yKpalHOMOBHHX Ta aHIJIOMOBHHX
BIZITYKiB BiJ{ KOPHCTYBauiB CUCTEM €-KOMEpLii.

BucnoBkn. CrTBOpeHa MoJeib IMOKa3ye BiAMIHHI pe3yibratd kinacudikamii Ha TECTOBHUX JaHHMX. 3aranbHa TOYHICTh
CEHTHMEHTAJIFHOI MO AJIS aHalli3y YKpaiHOMOBHOTO KOHTEHTY € AOBOJI 3a70BinbHOW0, 92.3%. Haiikpaiie 3 3aBIaHHAM aHATIZY
BIUIMBY aHIJIOMOBHHX HOBHHHM Ha ()iHAHCOBHH PHHOK BIIOPABCS METOJ JIOTiCTHYHOI perpecii, sKuid Mmoka3aB TO4YHICTH 75,67%.
Besnepeuno, e He € GakaHMM pPe3yJIbTaTOM, NPOTE e HaHOUIBIIMH MOKa3HWK i3 yCiX po3rmaHyTHX. [lemo ripme 3i 3aBIaHHAM
BIIOpaBCsl METOJ[ ONOpHKX BekTopiB (SVM), sikuit okaszaB TouHicTh 72,78%, 110 € AELIO TipLUIMM PEe3yJIbTATOM 32 TOMH, KUl OyIio
OTPHUMAaHO 3aBJISIKM METOJy JIOTiCTHYHOI perpecii. I Haliripiue 3i 3aBIaHHAM BIIOpPaBCS METOJ HAIBHOro OaecoBOro Kiacudikaropa,
KU OTpUMaB TOYHICTH 71,13%, 1110 € MEHIIO 3a OTPHUMaHY Y JABOX MOMEPEIHIX METOIax.

KJIFOUYOBI CJIOBA: NLP, text pre-processing, CeHTHMEHT-aHali3, BiATYK, KOMEHTap, e-KOMepllis, e-Gi3Hec, MallMHHE
HaBYaHHs, KOHTEHT aHali3.

ABPEBIATYPA | — MHOKMHA BXiHUX JaHHX,
B/1 — 6a3a nanux; O — MHOXHMHA BUXIAHUX JAHUX;
3MI - 3acobu MacoBoi iHdopMmariii R — ocHOBHI mpaBwiia ONpaIFOBAaHHS BX1JTHUX JaHUX;
IC - inTenexTyanpHa cUCTEMA; U — mapaMeTpu OIpaitoBaHHs BXiTHUX JaHUX;
IT - indopmariiitHa TEXHOJIOTIS; N — mMalMHHEe HaBYaHHST,
HII — mwTy9YHMil IHTETIEKT,; 0L — OTIEpATOp CKadyBaHHS BXIJHHUX JAHUX,
I10 - npeaMeTHa 00J1acTs, [3 — onepaTop OIpaIfoBaHHS BXIJHUX JAHUX;
ML — machine learning; Y — oneparop 30epeKeHHs BXiJHUX JaHUX;
NLP — natural language processing. | —ONEpaTOp BHAIEHHS IyMY B AaHHX;
¥ — OIepaToOp MOIIYKY KIFOUYOBHX CIIiB;
HOMEHKJIATYPA ® — omeparop MammHHOrO HaByaHHi IC Ha

S — cucrema aHaitizy Ta kiacudikaunii BiATyKiB; JIOCTOBIPHHX TEKCTOBHX JTAHHX;
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A — omepatop Kiacudikauii BiAryKis;

i, — MHO)KMHA JJaHUX i1eHTHIKALIIT;

i, — MHOYXMHA BXiJIHOT'O TEKCTOBOT'O KOHTEHTY
i3 — MHOXHHA mabonis/mpasui NLP;

i, — MHOXXHHA BifiNbTPOBAHUX BiATYKIB;

0; — MapKOBaHU#1/TErOBaHUii TEKCT BiI'yKiB;

0, — KOJICKIIisl TIPOTTO3UIIIH aHAaJi3y BiI'YKiB;

03 — MHOXXHHA KJITaCU(iKOBAaHUX BiII'YKiB;

I, — IpaBuiIa ATOPUTMY B3a€EMO/IIT;

r, — NLP-mpaBmna;

I3 — IpaBHjIa AITOPUTMY MAIIMHHOT'O HABYAHHS;
r, — IpaBuiIa ArOPUTMY Kiacudikamii BIATYKIB;
I'sj — mpaBuIa anropurmy j-roi NLP-3anaui;

l's — IPaBHJIa AJITOPUTMY MOJAAHHS PE3yJIbTATIB;
U; — MHOXKMHA PiBHIB IOCTYIY;

Uy — MHOXKMHA BUMOT JOCTYILY;

U; — muosxuHa NLP-BumMor;

U4 — MHO’KMHA METPHK MalIMHHOT'O HABYAHHS;
Us — MHO>KAHA BUMOT Kiacu(ikarlii BiATYKiB;

Ugj — MHOKHHA BUMOT PO3B’A3KY j-roi NLP-3agaui;

o3 — omeparop 300py TEKCTOBOIO TEMAaTHYHOI'O
KoHTeHTY 3 Google 3a nesHuit mepioxn yacy;

0, — omeparop 300py TEKCTOBOIO TEMAaTHYHOI'O
KOHTEHTY 3 Twitter 3a meBHuit iepion yacy;

O3 — omeparop 300py TEKCTOBOIO TEMAaTHYHOI'O
KoHTeHTY 3 Facebook 3a meBHuit epion yacy;

04 — omeparop 300py TEKCTOBOIO TEMAaTHYHOI'O

koHTeHTy 3 Reddit 3a mesHuit nepioxn yacy;

Ols — OTIEPATOp 3aBAHTAXKCHHS BIACHUX JAHHX;

$1 — omeparop MouIyKy 3a KIIOYOBUMHU CIIOBAMH;

¢, — oIepaTop CCHTUMEHT aHaJi3y BiTyKiB;

3 — omepaTop pO3paxyHKy piBHsS IOMMYJISIPHOCTI
3aIIUTIB;

{4 — omeparop y3araibHEHHS TEKCTY;

(5 — omeparop MoIryKy ONTHMATBHHUX JIOKAITiH.

BCTYII

BisHec Bimirpae KIOYOBY pojb B €KOHOMIIl KOXKHOI
kpainn. Tak B VYkpaini Mammii Ta cepenHiii Oi3Hec
3abe3nedye Omu3pko 64% momanoi Baprocti, 81,5%
3afHATUX TPAIiBHUKIB Y Cy0’ €KTiB TOCIIOJapIOBaHHS Ta
37% mnomarkoBux HamxomkeHb B 2021 pormi [1]. I3-3a
BiiHM B YKpaiHU BeJHMKa YaCTHHA MAJIOTO Ta CEPEIHBOTO
6izHecy 6ina abo mikBigoBaHa (OCOOIMBO HA OKYIAI[IHHUX
TepuTOpisix), abo Tmepeixama, abo mepednuia Ha
4aTOBOI/MOBHICTIO B cepy eNeKTPOHHOI TOPTiBIIi.
Benukoro npobiiemMoro e-0i3Hecy € Te, 0 BOHH HE MarOTh
JOCTaTHBOI 1H(OpMalii NMPO MOXIJIHUBOCTI PO3BUTKY Y
MEBHUX JIOKAIlisIX Ta HE MAaloTh 3BOPOTHOTO 3B’S3KY 3
IXHIMH criokuBadamMu. AGo s iHpOpMaIlis HATXOAUTH 13
3ari3HeHHsIM a00 HEroBHA, a00 3 HAIJTMIIKOBUM IIYMOM.
B ymoBax BiiHH BapTO TaKo)X TOBOPUTH HE TULIBKH IIPO
PO3BUTOK e-0i3Hecy, a i mpo HOro BiTHOBICHHS, apke
OaraTo  MWIOPUEMCTB 3YNHHAIOTBECA abo  B3araii
pYHHYIOTBCS y 3B’S3Ky 3 BilHOIO. B Takmx ymoBax
HEOOXiMHI JOJAaTKOBI IHCTPYMEHTH Ta iH(pOpMAIiiHi
TEXHOJIOTIT JJIs IOMOMOTH Oi3HECMEHAM CIiJIKYBaTH 3a
MOXITMBOCTSIMH PO3BHTKY €-0i3Hecy B MEBHIW JoKarlii, a
TAKO’)X  BCTAHOBIIOBAaTH  3BOPOTHIH  3B’SI30K 3
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KOpUCTYBa4aMH 32 IOTOMOTOI0 COIIaJbHUX Mepex Ta
3MI. Taki IHCTpYMEHTH JOHOMOXYTb  CYTTEBO
po3mMpUTH OaueHHsT PUHKOBUX MOXIIMBOCTEH JyIsi e-
0i3Hecy, 3’gcy€e — B SIKi 3 HUX € CCHC IHBECTYBaTH, a Ha SKi
He BapTO BUTpayaTu 4ac. | Bpemri pemTt, nodayuTy, ska
ines Mae MaiOyTHe 1 5Ky Oi3Hec-Mozaenb MOTPiOHY
peaizyBaTh/miATpPUMYBaTH/PO3BUBATH I CTPIMKOTO
PO3BHUTKY TEPHUTOPIATBHOTO/MIXKPETI0HATBHOTO e-0i3HeCy.
Takox JomoMoke po3iOparhcsi, SKi BaXKeli MaroTh
HaOLIpIIMI eeKT I 3MiHM MOJITHKH Oi3HEecy: IIo He
yimatd, a Mo 3MIiHUTH, O[O0 3a0e3MeYUTH BHUCOKY
MIBHIKICTP B peami3amii 3agyMy Ha OCHOBI aHami3y
BIMOBITHUX  PE3yJbTAaTiB  JOCTIKCHb, HAMPHKIA,
OTPUMYBaTH:

— mpsamuii GigOex BiA KIIEHTIB, MUHAMIKY 3MIiHH
3arajbHOi 3aJI0BOJICHOCTI a00 3aliKaBIEHOCTI WIJIbOBOI
ayauTopil Ta mMepeBaru/HEMOMIKH BiJ KOPUCTYBadiB 3a
noromororo NLP-ananisy.

— TATPUMKY PO3BUTKY €-0i3HECY BITHOCHO JIOKAITii

3HAXO[UKCHHS iXHBOTO IiANPHEMCTBA Ta HaHKparii
HAIPSIMH PO3BHUTKY.

— rpadixu PO3BUTKY GizHecy
(mokpareHHS/TOTIPIICHHsT)  3aIeKHO  Bi  3MiCTy
KOMEHTapiB.

Meto10 nociimkeHHs € po3poOka iHpOpMaIiiHOT
TEXHOJIOTIi aHami3y YKpPaiHOMOBHHX Ta aHIJIOMOBHHX
BIZIYKIB KOPUCTYBaYiB-KJII€HTIB Ha caiiTax e-KoMepii,
JIONIMCIB Ta HOBHMH B coumMepexkax Ta 3MI Ha ocHOBI
METOJIiB ONpAaNOBaHHS TPHPOJAHOI MOBM Ta TEXHOJOTIT
MalIMHHOTO HABYaHHS Ui TPOCYBaHHS, ajanTamii Ta
MTOJTANTBIIIOTO PO3BUTKY BiIIIOBIAHOTO €-0i3HeCy.

Jns  OCATHEHHS TIOCTaBJIICHOT MeETH HEoOXigHO
BHPIIINTH TaKi 3aBAAHHS:

— JIOCTiPKEHHS Ta MIOPiBHSHHS aHAJOTIB;

— TOPIBHSAHHSA Ta MJOCHIKEHHS CYyYacHHX METO/iB
NLP sk nmemaru3aiiiss i CTEMIHT, BHJIYYCHHS KJITFOUOBHX
CIIiB, aHaJIi3 HACTPOIB, y3arajJbHEHHS TEKCTY, MIILIOK CIIiB
Ta TOKEHI3allis,

— pO3poOUTH MOJIENIb CHCTeMH Kiacudikamii BiATyKiB

KIIEHTIB Ta HOBHH 3 JIOCTOBIpHHX JDKEpENn JUis
ineHTudiKarii eMoIIiitHe 3a0apBJICHHS TEKCTY
YKpaiHChKO-aHTTIHCHKOO MOBaMHU Ha OCHOBI
knacudikaropa Naive Bayes;

— 3ICHUTH eKCIIepUMEHTAIbHY anpoOarii
po3pobienoi CHUCTEMH CEHTHMEHT aHawizy
iH(hOpMAIIfHOTO  MPOCTOPY K 3BOPOTHA  PEAKIIis

LUILOBOT ayIUTOPIT JUIst MIATPUMKH e-0i3Hecy B YKpaiHi.
OO’€eKT OCHIPKEHHST — MPOLECH aHalli3y eMOLIIHHOTro
3a0apBiIeHHS] TEKCTOBOI'O KOHTEHTY BIITYKIB ILIJIbOBOI
ayAuTOpil HA TOBAPH/TIOCIYTH e-KOMEPIIii.
[Mpeamer nocmimpkeHHS — METOOM Ta 3acoou
CCHTUMEHT-aHaJi3y aHTJIOMOBHOTO Ta YKpPaiHOMOBHOTO
TEKCTOBOTO KOHTEHTY BiT'YKiB KOPHCTYBAaYiB.

1 ITIOCTAHOBKA INIPOBJIEMH
Heo0ximHO po3poOuTH TaKy CHCTEMY, SIKa MTOKJIMKaHa
CIIPOCTHTH CIIIJIKYBAaHHS KJIIEHTIB Ta KOMIIaHii, 0COOINBO
JUII THX KOMIIaHIH, SKi HE MOXYThb COO0l1 JO3BONHUTH
MOBHOLIHHUI UeHTp miaTpuMku. OcoOnuBicTh 1€l
cucreMu nojsratume y BukopuctanHi NLP-anropurmis
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JUISl CKOPOUESHHSI BUTPAT Ha OOCIyrOBYBaHHS KII€HTIB 3a
PaXyHOK CKOPOYCHHS KIJIBKOCTI aKTUBHUX MPAI[IBHHUKIB B
kommnanii. Ha 3aMiHy JIOACHKIA CHJIl NpHAAE alroOpuT™M
IITyYHOTO 1IHTENEKTy, SKUH caM Kiacu(pikyBaTuMe
BIITYKM Ta CKapru KJI€HTIB 1 BU3HaYaTUME MOTPiOHI il
Jutst HuX. CucTeMy aHallizy TOHaIBHOCTI iH(opMaIiitHOro
NPOCTOPY SIK 3BOPOTHA PEaKLis LITBOBOI ayIHTOPIi VI
MIATPUMKH Ta PO3BUTKY €-0i3HECY MOIaHO KOPTEKEM:

S=<I,0,R,UN,a,B,v>,

ac I = {ilv i2! i3, i4}! 0= {011 02, 03}: R= {rla Iy, I3, r4}|
U = {uy, Uy, U3, Us, Us}.

OcuoBuumu mnponecamu IC e «30ip Bigrykis», «NLP
BiAryKiB», «MamuHe HaB4YaHHsi» Ta «Kinacudikais
BiArykie». [Ipouec 300py BIArYKiB i3 COIiaJIbHUX MEpex
OITUILIEMO CYTIEPIIO3HIIIEI0:

Cau =u°B°a, Cau =p(B(au(iy, iz, 14), 11, Ug), Up).

Ipomec «NLP Biarykis» IC rpamatndaOi KOpekii
onmmemo cynepnosuieto: Cqy =y °B°a, To6TO

Ceu =x(B(a(Caus 2, i3, 14), I1, Us), I2).

[pouec MaIIMHHOTO HAaBYaHHA HA JOCTOBIPHUX JaHHX
IC rpamatudaHOi KOpEKIii OMUIIEMO CYIEPIIO3HUITIETO:

CuL =0°y°B°a, Cu=o(y(B(a(Ccy, i2), i3), Us), I3).

Ipornec «Kinacudikarist Biarykis» IC Ha OCHOBI
MAIIMHHOTO HABYAHHS OMHUIIIEMO CYMEPIIO3HUITE0:

Cus =1y°B°a, Cus=My(B(o(Cus, i2), 14), Us), Ia).

2 AHAJII3 JIITEPATYPHUX JI’KEPEJI

B3aeMoisi Mk KOMITaHI€IO Ta IJILOBOIO ayIUTOPIEID
JIOCIIJDKYETBCSL BXKE CTONITTSIMH. 3 CaMOro IOYaTKy
KOMEpLIHHMX BiJHOCHH, CTOCYHKH HaJaBaya IMOCIyI Ta
OTpHMYyBaya I[IHYBAIKMCA YHM HE TOHAN yce. Toprieis
moOymoBaHa Ha JIOBipi Ta moBaszi. IMiIK MiAmpHEMIIS
YacTO € BaXJIMBIIIUM HIK TOBap, SKUM BIH mpomae. 3a
0arato COTEHb POKiB, B3a€EMHUHH TOPTOBIS 1 MOKYIILS,
MIIPUEMITSI Ta KIIIEHTA HE BTPATHIIN BAXIIUBOCTI 1 B Yac
MacoBOI IHDKHTANI3AIil SKICTh BIJHOCHMH KOMIIaHil Ta
LUIBOBOT ayauTopii pi3HOro po3mipy Ta mpodeciiina
MATPUMKA 3BOPOTHOTO 3B’SI3Ky 3 KIIEHTaMH YacTo
BH3HAYAIOTH ycix e-6i3Hecy [1].

B3aemonigs MK KOMIIAHIIMM Ta KIIEHTAMH — L€
CKJIaJIHI CTOCYHKH, sIKi Jy’Ke HeoOXiJHO MiATPUMYBaTH B
XOpOIIMX TOHAX [uIs KommaHiit. Came ToMy, 10 OiIbIIe
ImiB  CTONITTS TOMY IIOYaJM BIJKPUBATUCS ULEHTPHU
MIATPUMKH KJTI€HTIB 3 apMisMH arcHTIB, SKi JOMOMAarajiu
mokymisM. [IpoTe gac He cTOSB Ha MicIli, 1 BXKe 3apa3 IIi
BEJIMYE3HI IIEHTP HE € Hi KOPHUCHUMH, Hi BPaKAIOUUMHU.
KoxHa KOMMaHisi TMOBHHHA TeHmep MaTH CBid [EHTP
MIATPUMKH KJTi€HTiB. [IpoTe, Taki HEHTPU KOIITYIOTh
JIOPOTO 1, B 9acH CTapTamiB i KOMITaHiH, SKi 3’ SIBIAIOTHCS 1

3HHUKAIOTh OJHAKOBO INBHIKO, CTBOPIOBATH JOMAIIHiI
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LIEHTP MIATPUMKH KJIIE€HTIB 3 HalMaHUM I[IEPCOHAIOM
HEBWT'iHO. 3apa3, B Yac INI00aJbHOI JMPKUTANI3AI] Ta
e OUIBIIOrO MPUCKOPEHHS PyXY KHUTTS, MaTH LEHTPU
MIATPUMKHM KJTI€HTIB, SKHH omepye Ha 0a3l areHriB —
HEBUTITHO. AJKE IIBUIKOCTI Oi3HECY 3POCTAIOTh, a 3 HEHO
3pocTae W KiIbKICTh HOBUX KiieHTiB. [Iporte Oinblie
KITIIEHTIB — 1€ HE JINMIE 301UTbIICHHS TPUOYTKY.

3 immoro OOKy Ha CHOTOACHHS COIiaIbHI Mepexi
3aiiMaroTh BENMKE, MOKIIMBO HABIiTh HAJATO BEJHKE, MicIe
B JKHTTI TIEpPECidyHOi Cy4acHOi JIOIWHH, NOTEHIIHHOTO
KIIi€HTa KOHKpEeTHOTro e-0i3Hecy. Ta mBHAKICTB, 3 SIKOIO
HOBHHA MOXE PO3JICTITHCA MO COLIaTbHUX MEpexkax —
3aXOIUIIOE Ta Jisikae BoAHo4ac. | came B Takomy
Cepe/IOBHIII KOMIIaHISIM JIOBOJUTHCS CIUIKYBaTUCS 3
kiieHTamu. lliHa moraHoro oOCIyroByBaHHSI KIIIEHTIB, B
TOMY YHCII 1 HiATpUMKa, MOXe OyTn HaaTo Benauka. Came
TOMY BaXJHMBO MAaTH SIKICHHH, e(QEeKTHBHHHA LEHTP
MIATPUMKH KITi€eHTiB. CaMe ICHTPH MiATPUMKH KII€HTIB
YacTO BH3HAYAKOTh CTABJICHHS 3arajbHOi Macu [0
KoMMaHii. BiTHOMEHAS KOMITaHIl 0 WiTbOBOI ayauTOpii
301IBIIy€e HE JIMIIEe YTPUMaHHA e-0i3Hecy, a Ime i ciyrye
SK OE3KOIITOBHA peKiiaMa. SKIIO0 KIIE€HTY cromobaioch
ToBap/mociayra Ta OOCIYroBYBaHHS — BiH CKopimie
MOPEKOMEHAYE WOro Oi3HEC IHIIUM a00 3ajIHIIUTh
KOMEHTap/BiIryK B COI[iabHIH Mepexi.

[linTpumMkKa KIIIEHTIB — OAMH 3 HAWBaKIMBILIHX
acIIeKTIiB 0araThoX MiANpUEMCTB Ta KoMmaHii. [Ipore, e
HE TakK BXe 1 Jierko. [ e(eKTHBHOTO HEHTPY MiATPHUMKH
KITIIEHTIB HEOOXiHO Oarato BUTpAT — 3apIUiaTa arcHTiB,
ixHi poboui wmicus, iHCTpyKTax areHTiB. lle Bce —
BuTpaTd. | ams 6araTboX KOMITaHIH IIi BUTpAaTH CTAarOTh
HAATO BEIUKMMH. Bce OuUIplle KOMITaHIA BiAJAIOTH
nepeBary (pipmam-miocepemTHUKaM, SIKi CIeIiali3yIoThCs
Ha CITIIJIKYBaHHI 3 IJTFOBOIO aBAUTOPI€I0 KOHKPETHOTO e-
6i3uecy. lle Takok BMMarae NMEBHHX BHTpPAT Ta Yacy Ha
CHIBIPAIIIO T2 HABYAHHS MEPCOHATY Il KOHKPETHHMH-e-
Oi3nec. B cywacHuil yac mumkuTamizaiii came 3amiHa
takux call-entpie Ta GpipM-mocepeHUKIB IHCTPYMEHTOM
y Bunial  iHdopmauniiiHoi cucTeMH  B3aeMogii 3
KJIIEHTaMHU Ta aHali3y KOMEHTapiB Ta HOBHH Ha OCHOBI
MeTOoZiB MamuHHOTO HaBuaHHI Ta NLP Moxe cratm
ycmimHuM pimeHasM BepeHHs OizHecy. NLP mozBoise
3aCTOCOBYBaTH aJrOPUTMH MAIIMHHOTO HAaBYaHHS VIS
TEeKCTy Ta  MOBH. Hampukmax, MH — MOXeMO
BukopuctoByBatn NLP, mo6 cTtBOproBatn cucremu Ha
KIITAAT  PO3MI3HABAHHA  MOBJICHHSA,  Yy3arajJbHEHHS
JIOKYMEHTIB, MalllMHHOTO ITIePEKJay, BUSBIICHHS CIIaMy,
pO3Mi3HABaHHSA  IMCHOBAaHMX  CYTHOCTCH,  BIAMOBIII
MUTaHHS, aBTOJOIOBHEHHS, NPEIUKTHBHOIO BBEICHHS
Tekcty Tomo [4]. 3aBasku HOBITHIM i/ab0 KIacHUHHM
aNropuT™MaM, Hampuknan, Ttect Tropinra [5], cucrema
MOX€ KOHKYPYBaTH 3 IPOBiIJHUMH KOMIIaHISIMH Ha PUHKY
ayTCOPCHHIY Ta, TMOTEHIIWHO, 3MIHUTH IpaBUiIa
B3aeMomii 3 KiieHtamMu. Tomi I HeBeIMKI KOMITaHIl
3MOXKYTh 3alPOCTO YTPHMYBATH JIMIIE KiJIBKOX arcHTiB,
MpOTe MaTH TaKy X SAKICTh MIATPUMKH, SK 1 TiraHTH iX
iHAYCTpii 3 6araToKpaTHIMHU OIOKETaMH, HAPUKIAJ, Ha
OCHOBI TEXHOJIOTii MOJENIOBAHHS, CHHTE3yBaHHSI Ta
posmi3HaHHs MoBIeHHs [6]. 3apa3 Takox € ayxe
aKTyaJabHOIO TpoOjema BupimieHHs 3amad NLP  mis
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CJIOB’STHCBKHUX MOB, OCOOJIMBO YKpaiHChKOI MOBHU Ha (hOHi
BiiiHu B Ykpaini (Hanpukiaz, mis izeHtudikaiii dpeiikis
Ta NpoNaraHayd HaBiTh aKTyalbHO I e-0i3Hecy —
npuknaa Oyae um He Oyzne BiliHa B TaiiBaHi 3MiHIOE
LIHOBY MOJITHKY Ha Bci IM(poBi aeBaiicu), ska 6
JI03BOJIMJIA CJIOB’THCHKHMM KpaiHaM SIKICHO KOPHCTYBaTHCh
takumMu NLP pimeHHAMEU sSK: TeHepamis TEKCTy; aHali3
HACTPOiB; y3araJbHEHHS TEKCTY; Ta iHIII.

AYTCOpPCHHT € CTpaTeriuHuM PIMICHHSIM KOMIIAHIT IS
3HW)KEHHSI BUTPAT Ta MiJBHUIICHHS e(eKTUBHOCTI Oi3HECY

OUSIXOM ~ HaiiMy  ¢isuuHOi/fopuandHoi  ocobu  Juist
BHUKOHAHHS BINOBIIHWX 3aBAaHb [/]. AyTcOpcHHT
HIATPUMKH ~ KIIEHTIB  JTOCUTh MOLIMPEHAa MpaKTHKa
(mampuknax, Sykes [8], Sensee [9], Serco [10],

Teleperformance [11]), ToMy pHHOK ayTCOPCHHTOBHX
KOMITaHi, IO CHeLiali3yloThCs Ha CIUIKyBaHHI 3
KJII€EHTaMH JOCUTh oOmmMpHuil. B HboMy 3Haiinerbcs
pilieHHsT HpakTH4YHO Juisi Oynb-skoro e-OizHecy. Ilpore,
SIKIIO CTBOPUTH CTapTal sK aHaJOr BHKOHAHHS Xo4a 0
YaCTWHM  3aBJaHb  BIJNOBIIHUX  ayTCOPCHHIOBUX
KOMOaHid, mo Oyze Oimpmr 3aomammumBuM  abo
e(peKTUBHILINM, TO LI CHIILHO MiipBe YK€ BCTAHOBJICHHUI
pusoK. IIpoanamizyBaBmi pi3HI KOMIIAHII Ta IIOCIYTH,
po3pobiieH0  Habip  XapaKTEPUCTHK Ta  KPHUTEPIiB
OLIIHIOBAHHS JUIsl CHCTEMH B3a€EMOIIi 3 KIIIEHTaAMH:

—Jloctynm mATPUMKH ITOMOOOBO —  OIIIHIOETHCS
HasBHICTB/BiJICYTHICTh MiATPUMKH LJI01000BOTO 3B’ SI3KY;

— IlIBuaKicTe 3BOPOTHOrO 3B’SI3Ky — CKIUJIBKH B
cepelHbOMY MDK yCiMa KaHajJaMd TOJMH HOTPIOHO UIst
HAJaHHS TEPIIoi BiIMOBI/II KITi€HTY,

— KoHineHmifHICTh, MiHA Ta KUTBKICTh MOB,;

— KinpkicTs areHTiB — 3HaYEHHS KUTBKOCTI areHTIB HE
MOBHHHE OyTH HaJTO BUCOKHMM Ta HEe HAATO HU3BKHM,

— PosramryBanss Ta po3Mipu odicy — po3ranryBaHHS
odicy MOBHHHE MJO3BOJSITH OXOIUICHHS SIKHAHOLIBIILY
KUIBKICTh  KJI€HTIB,  po3Mmipu  o¢icy  TNOBUHHI
3abe3mnedyBaTy poOOUe Miciie sl YCiX areHTiB KOMIIaHii;

— KiIbKICTh JOCTYITHHUX KaHAJIB 3B’ 5I3KY;

— MosxsmBocTi BXiJIHOTO/BHXiJHOTO
TEJIEMapKEeTHHTY, aKTUBHOTO 300pY BiJI'YKiB;

— 'mnOuHa MiATPUMKHA — Ha CKUTBKHA areHTH MOXXYTh
JIOTIOMOTTH KJII€HTY TYT i 3apa3.

[Ile omauM HampssMoM 300py iH(oOpMAIIii Ta HaCTPOIB,
sKa BIUIMBA€ Ha PO3BUTOK e-0i3HECY IEBHOTO CEKTOpy, €
wiatGOpMH  BIJCTE)KYBaHHS  CBITOBHX/pPETiOHATBHUX
Memia Ta aApykoBaHHX 3MI, comiadpHHX, OHIAHHOBHX,
madpoBux i Tenepamiokommanisx sk Carma Media
Monitoring, Repustate. Patient Voice [12-13], Siri [14],
Grammarly [15], Klevu Smart Search [16] Tomro.
3a3Buyail MpOIYyKTH, sIKi BUKOpHCTOBYI0TH NLP B GizHeci
€ IIy’)Ke 3pYYHUMH, alle OOMEXCHICTh B (DYHKITIOHANI HE
Jla€ KOPHCTyBauaM IIOBHICTIO IMOKPHTH CBOI IOTPEOH.
Tomy B po3poOIIOBaHOMY HPOMYKTI MOTPIOHO 3aITyUUTH
BCi TIepeBar aHAJIOTOBHX NPOMYKTIB, PO3MIHUPUTH
(yHKIOHAN TPOIYKTY, KUK OW IOKPHBAB BCi MOTpedH
KIIIEHTIB Ta OCHOBHE BUMPABUB OM HEIOJIKH MPOIYKTiB-
anarnoriB. Halikpamum anamorom e Repustate, came BiH
Mae OyTH OCHOBHHM KOHKYPEHTOM, SIKOTO MOTPiOHO
o0iiitu. Jlanuii mpoaykT 3anmydae BesquKy Kibkicte NLP
METONiB, fK 1 mepenbdadaeTbCsi B PO3POOIIOBAHOMY
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3B’SI3KY,

nponykti. Bci  iHmII  TPOAYKTH PpO3MIISHYTI  BHIIE,
3pobunieni 3a pomomoroto meroaiB NLP rta e mizepamu y
CBOIX c(epax, TOXK Mar4H IX JOCBIJ MOXHA 3ay4UTH
iXHI TIXOAM y SIKOCTI PO3IIMPEHHS (QYHKIIOHATY JUIst
PO3pOOITIOBAHOTO MPOIYKTY, IO 3pOOUTH HOTO JiIepoM
Ha PUHKY NPOJYKTIB, sKi 3aimy4darors NLP.

3 MATEPIAJIU TA METOJIU

JU1st CTBOpPEHHsT CEepHO3HOTO Ta MPOLBITAKOYOTO e-
OizHecy y OyIp-AKii Tamy3i i3 B3a€MOJI€I0 3 KIEHTOM
HEOOXITHO MPHUIUIATH Yac 1 yBary oOCIyrOByBaHHIO LIUX
KJIEHTIB. 3pEeIITO0, KOMaHIH CIIy0 00CIyroByBaHHs
KJIIEHTIB LIOAHS HAIpPsSMY B3a€EMOJIIOThH 13 MOTEHIIHHO
BamuMu  kimieHTamu  [2]. Ile Moxke mpuHECTH SIK
HaWOIIbIIE BUIOAM, TAaK 1 HaWOuIbmux 30uTKiB. Koau
00CITyroByBaHHS KJI€HTIB € TPIOPUTETHUM, KOMIaHil
OTPUMYIOTh Macy IepeBar:. OUIbINE JIOSUTBHUX KIIEHTIB,
OLIIBIIIEe TO3UTUBHUX BIATYKIB 1 Oibime moxoxy. Och YoMy
TaK BXJIMBO 30CEPEAUTHUCS Ha OOCITYyTrOBYBaHHI KITi€HTIB.
HananHs miATpuMKE KIi€HTaM MOXE 3aiiHATH Oarato
gacy Ta €Heprii, ToMy TpaauIiiiHe OOCIyroByBaHHS
KIIIEHTIB 4YacTO PO3TIAJAETHCS K IIGHTP BUTpAT.
KepiBHuKHN KOMMaHiil 3HAIOTH, IO 1M MOTPiOHO HaxaBaTH
MOCIYTH, ajle BOHH 0auaTh [¢ K «BUTPATH HA BEICHHS
6i3necy». IIpore cmijkyBaHHS 3 KIIEHTaMH MOXe OyTH
HACTUIBKM K TPUOYTKOBHM, SK 1 po3pobKka camoro
npoaykry. OOCITyroByBaHHS KII€HTIB — II¢ HE JIWIIEC
BapTicTb BeneHHs OisHecy. lle BaxuMBa dYacTwHA
3arajbHOTO JI0CBiAy KiieHTIiB. [IpoTe Xopoma miarpumMka
KJTI€HTIB MOKE NMPUBECTH O BEJIMKUX BHUTPAT LIO HIKOIU
HE € 1o0pe, 0COOTMBO ISl MEHIITUX KOMITAHIH, Y1 TaKuX,
IO JIMIIE TMOYMHAIOTH KoMepiitauil moiax. Came Tomy,
Bce Oimpime Kommadii [3] mounmHaroTe mepemaBaTH
npoOiieMH 3 OpraHi3ali€ld Ta MIATPUMKH XOPOIIOTO Ta
e(heKTUBHOTO CepBiCHOTO HEHTpa 1HIINM,
ayTCOPCUHIOBUM KOMIIaHisiM 4M crapramam. OTxe €
aKTyaJIbHUM aHalli3 HanpsMiB 1moOyaoBH iH(opManidHOT
TEXHOJIOTIi MIATPUMKU PO3BUTKY e-0i3Hecy YkpaiHu 3a
JIOTIOMOTOI0  aHAJI3y JIOKAlild 3HAXOJKCHHs Oi3Hecy,
ompamoBants Qindeky BiJ KOPHCTYBadiB, aHaIizy Ta
kimacudikamii BIATYKIB KIIIEHTIB B PEXHMi pPEaNTbHOTO
gacy 3 comiamsHuUX Mepesx: Twitter, Reddit, Facebook Ta
IHII 32 JOMOMOTOI0 METOIB TIIMOOKOTO HaBYaHHS Ta
NLP ykpaiHchbKO- Ta aHTTIOMOBHHUX TEKCTIiB (puc. 1).

Mowwyk Ta 36ip AaHUX 3
p Pi3HUX coLlianbHMX
mepex Ta 3MI

NLP-aHani3 patacetis
BiZITYKiB, KOMEHTapIB,

MO,D,yﬂb MalnHHOro
HaB4YaHHA

36ip Biarykis 3i
N - CxoBuLLe AaHMX)
CTOpiHOK Beb-caiTy e-
JS) KoomepLji ‘ CeHTUMeHT-aHani3
I OnpaLbOBaHWX AaTaceTiB
®opMyBaHHS BUCHOBKIB,

CTaTUCTUYHUIA aHani3
TOHa/IbHO-MapKOBaHMX TEKCTIB
3a pybpuKamm Tosapis/nocayr

pekomeHaauin Ta
nporHosie ans e-6isHecy

Pucynok 1 — 3aranbHa cxeMa IpOIecy CEHTUMEHT aHalli3y

iH(pOPMAIIITHOTO TIPOCTOPY
-
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ToOTo aHami3 peakiii Ha TOBAapH-TOCIYTH dYepe3
aHaJ i3 KOMEHTapiB, BIATYKIB Ha HHMX Ha caiitax, B
npodiIsix conMepex Ta napajeiabHO HOBHH B Ma0iikax Ha
moNMiOHI  TOBapW-TOCIYyTM  TOWmO. BXimHi jmaHi —
YKpaiHOMOBHHMH Ta AHIVIOMOBHHIH KOHTEHT 3 BIIACHHUX
CaliTiB KOHKPETHOTO e-0i3Hecy, 3 TpOQisiB COIMEpexK
MOCTIHHMX KJIIEHTIB Ta mnpodimo camoi ¢ipmu i
mmapajenpHo 3 MOCTOBIpHUX mkepen 3MI, me MoximBi
HOBHHH IIOJI0 X IMOAIOHIX TOBAPIB-TIOCITYT, HATIPHKIIAL
OyxiBanuTBa TOmo. HeoOXximHO po3poOHTH miaxim s
aHalizy 3BOPOTHOI peakiii HiTboBOI ayauTopili Iuis
YKpaiHCBKOTO e-0i3Hecy, 60 B CydacHHX yMOBax OiibIie
BI)KMBa€ Ha TepuTopii YKpaiHM came eJEeKTpOHHA
TopriBisg. ToOTO BOIOEMO 3 HYacoM — IIBUAKO Ta
OIlepaTHMBHO AaBTOMATHYHO 3i0paT¥ Ta MpoaHali3yBaTh
PeaKwilo MiJIbOBOi ayAUTOPIi JJIsI MOXKIIMBOCTI CKEpYBaTH
6i3Hec. Y wac BiliHM, IOCTIHOTO BIJKIIIOYEHHS B TOMY
yucti He 3a rpadikoM cBiTia, Oi3HEC Myce aJanTyBaTHCS
IBUKO 03 BHKOPHCTAHHS CTaHIAPTHHUX JUII MHPHOTO
yacy iIHCTPYMEHTIB Ta TEXHIK, B TOMY YHCIi 300py JaHUX
HaIpUKJIaJ I NPOTHO3YBAaHHS 10 Oy/e aKkTyallbHilIe Ta
Kparie peamizoByBatucs. st sikoi came ayautopii (BiK,
crath, perion Tomo). Ile Mae OyTH TexXHOIOTIs
OINpAaIIOBaHHS BXE 3i0paHMX JaHWUX 3 JIOCTOBIPHUX
JDKepesT JUIsl BUTATYBAHHS MEBHUX PEakIiidi (CCHTHMEHT-
aHaJi3, TOHAIBHICTH BIATYKY MO3WTHBHA, HEHTpalbHA Y1
HeraTHBHA HANMpUKIaa Ha ToBap). KoMmeHTapi 3a3Buuaii Ha
caiiTax yKpaiHIl OHUIIYTh abo yKpaiHCbKOIO abo
pociiicbkoro. Jlpyry He poO3ISIAIM  TIPHHIHIIOBO.
VYxpalHChKa He JIMIIe CKiagHa Ta OararorpanHa. [Ipocto
KOpHCTyBaui 4acto abo HE TpaMoTHi, abo BHUIMAJKOBO
NUOIYTH 3 NOMHJIKaMH, a00 3aCTOCOBYIOTH CYPXHK Y
3aJIe)KHOCTI BiJ pPETiOHy KOpHUCTyBada B TOMY YHCIHI
aHIVIIACBKI  CIIOBa  BCTAaBISIFOTH  AHIJIHCBKOIO  abo
TpaHcmiTepaniero. Ta me 3 TOMIIKaMu. A OCh Ti K cami
KOPHUCTYBa4i OCOOJMBO MOJIOJb B COIIMEpEXax 4YacTo
MUIIYTh BIATYKH aHIMiHChKo0. ToMy i koMOiHaIis 1BOMa
MOBaMHM Ta 3 pi3HUX Jukeped. lle nopioHo sk 60T 30upae
JlaHi 3 IOCTOBIPHUX JKepen Ta QUIbTpye, a MoTiM hopMye
naracet (e JeTanbHO B CTaTi HE OMMcaHO, 00 Gararo €
moAiOHMX TryGuikaimiii B ToMy 4ucii aBropis). B crarri
aKIIEHT HAJaHO JIMIIE Ha MMPOLIEC ONpPAIFOBAHHS JIaTACETIB
nBoMa MoBam# Ha ocHOBI NLP Ta mMammHHOTO HaBYaHHS.
I akumenT Oinple Ha CEHTUMEHT-aHAJi3, IO BUTATHYTH
MIPUMITHBHY €MOIIiI0 B TEKCTi Ha KOHKpETHHIA abo ToBap,
abo BuA TOBapy abo MMOCIYTH Bif HAPUKIIAT KOHKPETHUX
kopuctyBadyiB. 11[o0 nmami moxxHa Oyyio aHamizyBaTtu Ta
MPOrHO3yBaTH Ha OCHOBI pEKOMEHfalii Ta 3i0paHol
CTaTUCTUKYU HANPUKIIAJ PEaKI[ilo 3arajibHy Ha KaTeropito
TOBApIB BiJl IEBHOTO KJIACY IJILOBOI ayAUTOPIi.

NLP moeanye oOuuciroBajdbHY JIHIBICTHKY 31
CTaTUCTUYHHMH  MOJEJSIMH, MOJCIISIMH ~ MAIIMHHOTO
HaBYaHHA Ta INIMOOKOro HaBYaHHS. Pa3oM 1i TeXHOJOTIi
J03BOJISIIOTE  KOMIT FOTEpaM  ONpPalbOBYBATH JIIOACHKY
MOBY y BHUIIISAI TEKCTy ab0 TOJOCOBHX JIaHHUX i
«po3yMiTH» ii IOBHE 3HAYCHHS, BPAaXOBYIOUH HaMipH Ta
HacTpoi MoBIST un muckMeHHuka [17]. NLP cramo
BAXUIMBUM  Oi3HEC-IHCTpYMEHTOM  JJs  BHSIBIICHHS
MPUXOBAHUX JaHUX 13 KaHAIB COLIAJBHUX MEpPEeK.
AHayli3 HAaCTPOIB MOXE aHajJgi3yBaTH MOBY, IO
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BUKOPHCTOBYEThCS B  HyOJiKamisix Yy  COLIalbHUX
Mepexax, BIINOBIAAX, OIJIAaX TOIIO, I00 BHUTIITH
CTaBJICHHS Ta €MOLli1 y BiANOBib HA NPOJYKTH, PEKIIAMHI
aknii Ta momii — iHpopMamito, SKy KOMITaHIT MOXYTh
BUKOPHCTOBYBAaTH B JIM3aiiHI TNPOIYKTIB, PEKJIaMHHUX
KammaHisx tomo. Takox gopeuno NLP BukopucraTu s
kiacuikamii BiIryky Kiui€eHTa. €IMHA 30BHINIHS Tif SKa
moTpiOHA IS 3aIyCKy pOOOTH CHCTEMH — IIe HalMCaHHS
KIIieHTOM BiATYyKy. Lleif Biaryk moxke OyTH HamwmcaHUI Ha
Oymp-siKiit TIaTdopmi: Bia comiansHux Mepex 10 Google
Maps. Crneunundika KiTbKOCTI Ta SIKMX came arhopm
Y3ropKy€e KOMIIaHisl, sSIka BHKOPHCTOBYE cucteMy. llicis
TOTO, SIK KIIIEHT HAMKCAB CBiil BIATYK, CHCTEMA CTATYE Lei
BIZITYK 3 BH3HA4€HOI IIAT(GOPMH JI0 BJIACHOTO CXOBHIIA.
Takum ymHOM Oyayerbcs OaHK BINTIYKIiB, SKI MOXKHa
BUKOPHCTaTH B HOAAIBLIMX ITEPAIlisiX MOJENI CHUCTEMH.
Komu Bigryk CTSATHYTO Ta 3alMcaHo J0 CXOBHIIA, CHCTEMA
MIPOBOANTH omepanito kinacudikauii Binryky. Lle o3nauae,
IO CHCTeMa BH3HAYa€ UM HOBUH BIATYK IMO3HTHBHHUU YU
HETaTUBHHM, TIEPEBipsI€ YU MOTPiIOHA SKACH [T CTOCOBHO
IBOTO BIATYKY Ta SIKE€ CIIOBO 3 BIATYKY HaHTOdHImIe
ommcye Binryk 3aranom. [licms ycmimHOi kmacuikarii,
3aJIe)KHO BiJl pe3yJNbTariB, cucTeMa 30epirae BiATryK B I
OJlHE CXOBHWINE JUIA BEICHHS apXxiBy Ta Iepenae
iH(hopMaIliro JjaJii 0 arcHTiB, AKIIO IIe MOTPiOHO.

OCKIJIbKH pecypc MJIaHYEThCsA OyTH OHJIAHHOBUM, IS
B3a€EMOJIIi 3 KOPHUCTYBaueM BHKOPHCTOBYBAaTHMETHCS
JIOCTYIHI Homy neBaiicu. Koam kopucTyBad 3aX0quTh Ha
SKYCh 3 BU3HAYEHHX IUIaTGOPM, BiH TIOBUHEH HAaTUCHYTH
BiJINIOBITHY KHOTIKY, 100 3anumwuty Biaryk. [licas toro,
SK KOPHCTyBad HaJiclaB CBi  BIATYK, BIATYK
ABTOMATHYHO CTATYETHCSI KOHTPOJIEPOM cHCTeMH (pHC. 2).

Kontponep mepenae meit Biaryk mo CxoBumia, sike
BHKOHye 30epiraHHs cuporo Biaryky. Ilicms Toro, sk
CxoBuiie TpoBeno 30epeXeHHS, BiH HAJCHIAE CTaTyC
BiAryka Hazax no Konrponepa mis norysanns. Toi,
ko KoHTposiep OTpHMaB 3BOPOTHE MOBIIOMIICHHS Bif
CxoBuma, BiH Hajacwiae Biaryk npo Kiacudikaropa.
Krnacudikarop npoBoants kinacudikamito Biaryky. Toi,
BXKC KIACH(IKOBAHWUN BINATYK HAJICWIAETBCS HA3ajd
Kinacupikaropy, skuif, B CBOW 4Yepry, HaJCHIAE
iH(opMariro mpo kiracudikoBaHuii Biqryk CxoBuiy, mob
BOHO 3HOBY 30eperno BiAryk, MpoTe yxe B
ompanboBaHoMy BHDILAAi. Ilicms 30epexeHHs BiIryKy,
CxoBuiie 3HOBY HAJACWIAE  CTaTyc  30epeKeHHS
Kontponepy cucremu, ne Toi IpoIOBKY€E HOTIK, a caMe,
HAJICUJIa€ BIATYK ATCHIIi. ATEHIls, 3aJeKHO BiX TOTO,
mo nepenbaunB Kiacudikatop, abo HaJACWIAE BIATYK
Jlayti 10 areHTiB, ado 3aKiHYY€E HIISIX [OTO BIITYKY.

Cucrema NOCTIHHO MOHITOPUTH AOCTYIHI IIIATPOPMHU
Ha HasBHICTh HOBUX BiArykiB. L[uki mepeBipku HOBHX
BIATYKIB TPUBAa€ JIOTH, MOKK He OyJe 3HaijeHud xoda O
ONIMH HOBWH BIATYK Ha OyIb-akii miatdopmi. Skmo x
Oyne 3HaleHO HOBHH BIATYK, CHCTEMa BHOHWBAETHCS 3
[UKJTY Ta OYWHAE AaKTUBHY POOOTY.

CriouaTKy HOBHUH BiATYK 30epiraeTscst y cxoBuie. Y
CXOBHIIE TMOCTyNae OyAb-IKAH BIATYK, SKAH MPOMIIOB
MOTIepeIHii  eTam, TOMY, MOXJIMBO, IO B CXOBHIII
MOXYTb OyTH HasBHI OjHaKoBi, abo OnM3bKi 3a
3HAYEHHSM Ta CTPYKTYpOIO BiAryku. B Oymp-sikomy pasi,
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KO HOBUHM BIAI'YK TOCTyHae y CHCTeMy 1 BiH
3aIMCY€EThCS B CXOBUILE — CUCTEMA Niepeia€ HOBUH BIATYK
BHHM3 [0 BOPOHII Ta TIOBEPTAETHCSA 10 MOHITOPUHTY
HOBHX BIATYKiB. 3aBJSKU IIbOMY HOBI BIITYKH HE OYIyTh
HaKOMHMYYBaTHCh, IO € BAKIWBAM /I IIBUAKOCTI
omparfoBaHHs ycix Bigrykie. Ilicast 30epexkeHHs Ta
mepenadi BiATyKa dami, Wae HaHOUTBII 3aTpaTHUM i 3
yciei cuctemn — knacuikamis. Tyt BimOyBaroTecs yci
OCHOBHI OOpaxyHKH CHCTEMH, 4epe3 IIO Iie € KPHTHYHA
TOYKa Ui e(pEeKTUBHOCTI  CHCTeMH.  Baximso
ONTUMI3yBaTH If0 JisUIbHICTH. [lichs kimacudikaris,
3aJIe)KHO BiJ pe3ynbTaTiB, BiATYK abo mepemaeThes
areHTam Uil NOJaNbIIMX Jid, abo BIANPAaBISETHCS B
CXOBHINIE JISi MOXKJIMBOIO MOAATBLUIOTO BHKOPUCTAHHS,
TaKOro SIK aHai3, apXiByBaHHs, MOKPAIEHHS Ta iTepallis
Mozened knmacuikamii. SIKmIo cucremMa BUpINIIA, IO
BIITYK moTpeOye Iii, BOHA BiANpaBise HOTO arcHTaM.
ATeHTH IIOBHMHHI BHpIIIMTH HpoOJieMy, sKy IigHIMae
BIJITYK TaK, SIK TUTBKH 1€ MOYKIIHBO.

Jlrogceka MoBa Bpakaioue CKJIagHa i pi3HOMaHITHA.
JIronu BUCIIOBIIOIOTHECS HECKIHUYEHHHMH CIIoco0amMu, SIK
YCHO, TaK i IMICBMOBO. ICHYIOTH HE TiIBKM COTHI MOB i
QiaJIeKTiB, ayie ¥ y KOXHIM MOBI € yHIKalnbHHH HaOip
rpaMaTHYHHUX i CAHTAKCUYHUX IPaBHJI, TEPMIHIB 1 CIICHTY.
Komu mromy mumyTh, TO YacTo poOIATh HMOMMIKH,
CKOpPOYYIOTH CJI0Ba a00 MPOMYCKAIOTh PO3AUIOBI 3HAKH.
Takox € perioHanbHI aKICHTH, OYpMOTiHHS, 3aiKaHHS Ta
3aro3W4eHi TEepMiHM 3 IHIIMX MOB, B TOMY YHCII B
ykpaincekiii [18]. VYci 0OisHec pgani wmictsate Garato
kopucHOi iH(popmamii, imei, a NLP wmoxe mBugKo
JIOTIOMOTTH KOMHaHisM otpuMmaTu iX. [HcTpymenTrn NLP
OTIPaIbOBYIOTh JlaHi B peknMi peambHOTO Hacy, 24/7, i
3aCTOCOBYIOTh OZHI W Ti cami Kpurepii 10 BCiX JaHHX,
TOMY OTPHUMaHi pe3yJbTaTH € TOYHHMH — 1 HE MICTATh
HeBigmoBigHocted. Ilicas toro, sk iHcTpymentn NLP
3MOXKYTh 3PO3yMITH, TIPO IO HAETHCS B TEKCTI, 1 HABITH
BUMIpSATH Taki pedyi, sIK HAcTpoi, KOMIaHIi MOXYTb
MOYaTH PO3CTABJIATH NPIOPUTETH TA OPraHi30BYBATH CBOI
JaHI TaKUM YUHOM, MO0 BIAMOBINATH iXHIM moTpebam
[19]. Tlepen 3acTocyBaHHSIM METOMAIB MAIIMHHOTO
HaBYaHHA  OyIb-SKMi  TEKCT  AHIIIHCBKOW  YH
yKpaiHCBKOI, a00 X CyMilll Mae MpPOWUTH IONepeIHe
ompamroBanHs Metogamu NLP, 3oxpema abo dacTkoBO B
3aJIe)KHOCTI Bil METH Ta THITy 3afadi 3 BpaxyBaHHIM
0COOIMBOCTEH METOMY:

1) TemaTnuHuMit aHATI3 — BUTSTYBAHHSI CEHCY i3 TEKCTY
[IJISIXOM BH3HAYEHHS TOBTOproBaHuX TeM [20];

— TemaTyHe  MOJENIOBaHHS  MOXE  BHBOJIUTHU
1I1a0JIOHH Ta TPYIyBaTH MOMIOHI BUpa3u 0e3 HEOOXIAHOCTI
BH3HAYaTH TETW TEMH a0 HAaBYATH JaHi 3a3/aJerijip,

— Knacunoikauis Tekcry abo BUIIIEHHS TEMU 3 TEKCTY.

2) AHani3 HACTPOIB — BHU3HAYEHHS TOTO, YH € TEKCT
MO3UTHBHMAM, HETaTHBHHM YH HEHTPaJbHHM HA OCHOBI
iHmmx wmeromiB NLP 1 MammaHOrO HaByaHHA, 00
TIPU3HAYUTH 3BAXKCHI OIIHKK HACTPOIB 00’€KTaM, TeMawM,
TeMaM i KaTeropisiMm y pederni abo ¢pasi [21];

3) BusiBrieHHsI HaMipiB  BHKOPHCTOBYE  MallMHHE
HauanHs Ta NLP, mo6 moB’s3yBati cnoBa/Bupasu 3
NeBHUM HamipoM. Hampuknan, Mojenb MalMHHOTO
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HaBYaHHS MOXeE Ji3HATHCS, LIO CJIoBa KYyNUTH abo
npUIOaTH acOIIOIOTHCS 3 HaMipoM mpuadatu [22];

4) BunydeHHs KIIOUOBHX CIIB — TEXHIKa aHai3y
TEKCTYy, SIKa aBTOMAaTHYHO BHUTATYE 3 TEKCTY HAHOUIbII
BXKMBaHI Ta HaBaXXIUBILI cioBa/Bupasu [23-24];

5) Jlematu3anis — TpymyBaHHS DI3HHX (ICKTHBHUX
dopM cnoBa U TOJANBIIOTO aHANi3y SK €IHHOTO
€IeMEHTy Ta Ha BIiAMIHHY BiI CTEMIHTYy TNPHUBHOCHUTH
KOHTEKCT J0 CIiB, TOOTO 3B’s3y€ cioBa 3i MOHiOHUMH
3HAYCHHSAMHU B OJHE CJIOBO; BUKOPHUCTOBYIOTH MO3HIIIHHI
apryMeHTH SK BXiOHI JaHi, HaOpUKIaX, YU € CIIOBO
MPUKMETHHUKOM, IMEHHHKOM 4H JiecioBoM [25-26];

6) CTeMiHT ~ BUKOPHUCTOBYETBCS Ul BHUIAICHHS
cy(hikciB 3i cliB 1 B KIHIEBOMY MiICYMKY OTPHUMAaTH TaK
3BaHy OCHOBY CIJIOBa, IO JIO3BOJISIE CTaHAAPTH3YBaTH
clIoBa 0 IXHBOI OCHOBHM HE3aJIKHO BiJX IX NEpETHHIB
HATIPUKJIAN JUIs KiacTepusaiii ado kiracugikarii TeKcTy
Ta nomyky [25-26];

7) TokeHizallist — 1e croci6 moainy gpparMeHTa TeKCTy
Ha MeHII ojuHHWLI (TOKEHH) Ta BHUKOPHUCTOBYIOTH Y
tpaguiiiinux merogax NLP (Count Vectorizer), tak i B
apxiTeKTypax Ha OCHOBi PO3MHPEHOTO TIHOMHHOTO
napyanus  (Transformers); wmapkepu MoOXyTs OyTH
CIIOBaMH, CUMBOJIaMHu abo migcioBamu (N-rpam) [27];

8) MarmHHui nepekaan — 3aBAaHHsS aBTOMAaTUYHOTO
MEPEeTBOPEHHsI  OJHI€T MNpPUPONHOI MOBM B  iHIIY,
30epeKeHHs] 3HAUCHHS! BBEIIEHOTO TEKCTY Ta CTBOPEHHS
BIJIBHOT'O TEKCTY MOBOIO BHBeeHHs [28—-29];

9) V3arajgbpHEeHHsS TEKCTY — CEMAHTHYHE CKOPOYEHHS
TEKCTY, BUJAIUBIIA HEBOKIIUBHUI TEKCT 1 NEPETBOPUBLIN
TOW CaMUid TEKCT y MEHIIIy CEMaHTUYHY TEKCTOBY (HOpMY
0e3 BHUIAJICHHS CEMaHTHYHOI CTpyKTypH Tekcty [30];
BU3HAUCHHS BaXJIMBHX (pa3 y JOOKyMEHTI Ta
BUKOPHCTAHHS iX JUISI BUABICHHS BiMOBIHOI iH(popMaii
JUI OJaBaHHSA B PE3lOME € KPUTHYHOI POOOTOIO IS
y3arajbHEHHS Ha OCHOBI BuityueHHs [31].

Jns HaBuaHHS MoJeNeil BUKOPHCTOBYETHCS JIaHi,
3ibpani 3 Biarykis y Google Maps na pisHOro posuy
3aKJIQ/IiB. pecTopaHu, ToTeni, kade, MarasuHd, Tomo. B
JlaTaceT BXOAMTH BIATYK, 3alIMCAHMN y BHUIJISAL CTPIUKH,
IO SKOro KIacy BiTHOCHUTBCS ILeH BIiATYK IO Kiacy
MMO3UTHBHUX BIATYKIB, UM KIIACYy HETATHBHUX BIATYKIB, a
TaKOX 0 SIKOTO KJIacy BIXHOCHTBCS L€l BiITYK CTOCOBHO
noTpebu y moromosi/misix. 3aragom, y maraceTi HasBHI
TPH NOKa3HUKH. Binrykn Hammcai yKpaiHCHKOIO MOBOIO,
II0 CYTTEBO YCKJIAJHIOE 3aBIaHHA. Takox, 3arajioMm, B
naraceti HassBHO nprOim3Ho 500 psiikiB ganux. B pamkax
GYHKIIH 1OTO IPOLECY BUKOPHCTAaHUM  CIOBHHUK
yKpaiHcbkoi MoBu kopuctyBaua GitHub DICT_uk, ne
3i0pani OuIbIIe MiBHOHY YKpaiHCBKHMX CIIiB, 3Ha4EHHS,
NPUHANCKHICTh 10 4YacTHH MoBH Ta Oinbmre [32]. s
Ki1acuikanii onpaboBaHOro TeKCTy Budbepemo [33-34]:

— Naive Bayes Classifier — e rpyna myxe mpoctux
aNrOpUTMIB KJIAcHikalii, ski 0a3ylOThCI Ha Teopemi
Baiieca; Bci aTpuOyTH JaraceTy € He3aJexXHi 1 M0 KOJHA
3 HMX HE BIUIMBAa€ Ha OyIb-fKy IHIIY, € LIBUAKAM Ta
noTpedye Malo MAAaHHMX Uil TPEHYBaHHSA, TaKOX, Mae
XOpOITy TeHACHIIII0 poboTh 3 TekcTamu pu NLP;

— [Mintpumka BexTopHuX ManmH (SVM) — anroputm,
0 BHKOPHCTOBYEThCS s KiacHdikamii Ta s
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perpeciiHux 3aaa4; po30HBa€ MaHi B JIBi MIBIUIOUIHMHA 3
HalKpalM MOXJIHBHM PE3YJIbTaTOM, TOOTO, 3HAXOIHUTh
TaKy JIHII0 Ha IUIOLIMHI JaHUX, IO JUTKTH Il JIaHi Ha J1Ba
KJIaCH; € WIBHAKICTh TPEHYBaHHS, BHCOKA TOYHICTh Ta
BEJTUKA KUTBKICTh MOXKJIMBHX 3aCTOCYBaHb;

— Decision Tree — anaroputm po30uBae aaraceT Ha
MaJi TiACEeTH MaHWX Ta BHOYIOBYE acOIMiaTUBHE JCPEBO
pillieHb U1 KOXKHOTO 3 HHUX; BHKOPHCTOBYETBCS IS
moOyIoBH MOJeN I Tiepea0adeHHs IiTbOBUX 3HAYCHB,
Je TpaBWiIa TependadeHHs BHOYIOBYIOTHCS Ha OCHOBI
TOTIePEIHIX JaHUX; € MPOCTUH Ta JITKUH B PO3YMiHHI Ta
peaiizarii 3 3JaTHICTIO MOSICHEHHS CKJIaJHIX MOJEICH 3a
JOTIOMOTOI0  YITKMX  Bi3yaji3amidd, mporte, JIETKO
HiAgaeTbess 70 OBEPQITHHTY Ta TMOTraHo MpaILioe 3
HCYKMCIIOBUMH 3HAUYCHHSMH, TAaKOXX [MOKa3ye TIOraHi
pe3yJIBTaTH 3 MAJIOKO KUTBKICTIO TAHUX.

Jnst po3poOKH BUKOPUCTAEMO MOBY MPOrpamMyBaHHS
Python [35-36] Ta iioro 6i6mioTeku Ta dpeiimBopku Flask
[37], FastAPI [38] Ta NLTK [39], Takox mst inTepdeiicy
Oyme 3acTOCOBYBaTHChH javascript ta ioro 6iGmioTexa
React. [Ins inroctpamii3sMiHy JaHUX Ha €KpaHi, a HE YeKaB
MOBHOTO  OMpAIfOBAaHHS 3acTocyemMo Message-broker
Kafka [40]. Jus crBopeHHs KBami(iKyiouoi YacTHHH
cucteMu kiacugikamii BiATYKiB, BHKOPUCTAEMO MOBY
Python Ta cepemoBuime mporpamyBanHs —Jupyter
Notebook. [lns peamizarii aaropurMy BHKOPHCTAEMO
sklearn, a came sklearn.naive_bayes.GausianNB. B
paMKax IPOEKTY TaKOX BHUKOPHCTOBYIOThCS Oi0IiOTEeKH
Python [35-36]: Numpy (pobora wmogeneii), Pandas
(36epiranus Ta Tpancdopmarii gannx), Re (MaHimyssis
3 crpiukamu) Ta NLTK (3 tokenize o¢yukmisn
TreebankWordTokenizer mns TokeHa3zamii  chmiB  y
peuennsx) ta Sklearn (marmnHHe HaBYAHHSN).

4 EKCIIEPUMEHTHU
CucreMy CEHTUMEHTY-aHaJli3y BIATYKIB KOPHUCTYBauiB
HOJaHO KOPTEXKEM:

S:< |1O1 Rl Ul N'la’il BaYa ul m1X1¢j1>\‘>l
i=[1,5], j=[1,5],

nel = {il, iz, i3, i4}, O= {01, 0o, 03}, R= {rl, I, I3, Iy, Isj,
re}, U = {uy, Uy, Us, Uy, Us, Ugj}.

OcnHoBHuMHE Tiporiecamul IC € «30ip BiATYKiB 3 pi3HHX
mwkepermr», «NLP BiarykiB», «MammiHe HaBYaHHSI» Ta
«Knacuoikaiis BiIryKiB 3a nmapamMeTpaMu Ta KIHOYOBUMU
cnoBamm». JlomatkoBumu mponecamu IC e «[lomyk 3a
KITFOYOBUMH CIIOBAMMI», «CeHTHMEHT aHaii3»,
«[lonynspHicTe  3amuTiB», «Y3araabHEHHS TEKCTY,
«[lomryk onTHUMaNbHHX JOKalii», «30ip BIATYKIB 3
Google», «36ip Biarykis 3 Reddit», «36ip Bimrykis 3
Twitter», «36ip Bigrykie 3 Facebook», «Busenenns
OTPUMaHMX pe3yNbTaTiB B BUIIIAII 3BiTY», «BuBenenns
OTTPMAaHUX PE3YNbTaTiB B BUTIIAII Tpadiky».

IIporiec hopMyBaHHS KOJEKII TEMAaTHYHUX BiATyKiB
KOPHCTYBaUiB i3 pIi3HUX [DKEepenl 3  MOMepenHiM
OTpAIfOBaHHSIM (BUIOANCHHS IyOmiB, iH(pOpMAIiHHOTO
myMmy, (opMaTyBaHHAM 3a IHAGIIOHOM)  OMMIIIEMO
cyneprosutiero: Cay =y°A°y°u°Boy, i=[1,5], To6TO
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Cau =y(My(n(B(aui(iy, iz, i4), r1, Ug), Up)), Ia)).

JlaHi OTPUMYIOTBCSI B PEXUMI pEaJbHOTO 4acy, TOMY
Brajatd 3 TMpPENpoLUCIHIOM Maibke HepealbHO, aie
MOXKHa IOKpAIlUTH OTPUMaHl BiJ KOPUCTYBadyiB [aHi,
HAMPUKIAL 3 COMialnbHOI Mepexi Twitter iHTerpyoThes
TaKk 3BaHI CHpl JaHi i3 BEIMKUM OOCSITOM CMITTS, HE
NOTPIOHOTO IS KOCHimKeHHs (6araTo HIKOA CUMBOJIIB).
JIs Iboro Ha OCHOBI MaKeTy re Tpeba OYMCTUTH NaHi Bif
I0HIKOAY. PerynsapHuii Bupa3 € MOCIiJOBHICTIO CHMBOJIIB
JUISl BU3HAYCHHS MIa0JIOHY IOIIYKY B TEKCTi, HANPHKIAJ,
JUIA omepariii tumy "3HaiTh' abo "3HaiTh 1 3amiHUTH"
HaJ psnkamu abo Juis mepeBipku BBemeHnXx maHux [50].
ITpu OYMIICHH1 JIQHUX, TOOTO BU/IQJICHHS
iHpOpMAIiHHOTO I[IyMy 3 TECTOBFO KOHTEHTY, [UIs
KO’KHOTO OTPHMAHOTO MOCTY 3aMiHMMO FOHIKOJ| CUMBOJIN
3a moromororo RegEX ta marepny "[MXx00-\X7F]+".

Jns  mokpamenoi poboTH 3 JaHUM  TEKCTOM
TOKEHI3yeMo mocTH 3a jonomoroto Wordtokenization a6o
regexptokenization (regexptokenization mparroe kpare,
00 BWIyYa€e 3aiBi PO3ALTOBI 3HAKH). 3a JOIOMOTOIO
JeMMaTH3allii Ha aHTJIOMOBHOT'O TEKCTOBOTO KOHTCHTY Ta
OCHOBI CTEMIHTY Ul yKpPaiHOMOBHOTO KOHTEHTY.

Iporrec «NLP Bigrykie» IC mmg iHTerpoBaHOTO
TEeMAaTHYHOTO KOHTEHTY OITHIIEMO CYIIEPIIO3HLIIEI0:

Ccu =y°¢°x°B°ai, i=[1,5], j=[1,5], To6TO
Ceu =y(9i(x(B(ci(Cau, iz, i3, 14), 11, U3), I2), I's}, Usj))-

Metomu NLP pmormineHO pearnizyBaTu 3a JIOTIOMOTOIO
Python Ta Bigmoimuux 6i6miorek: NItk (3aBaHTakeHHs
naraceTiB Ta immopT kiaciB Tokenizer), Re (regexp),
SentimentintensityAnalyzer (ceHTHMeHT aHai3),
WordNetLemmatizer (nemMaru3anisi peueHb Ha CIOBa),
PorterStemmer (cremminr), Stopwords (cioBHUK CTOM
cniB), Heapg.nlargest (Bu3Hauae cnmcok N HAWOITBIINX
€JIEMEHTIB B JIaTaceTi).

[lponiec MalIMHHOTO HAaBYaHHS Ta TPEHYBAaHHS Ha
JIOCTOBIPHUX KOPIycax TEKCTIB JUIA BIOCKOHAICHHS
aHaJi3y TeMaTUYHUX BIATYKIB OMMIIEMO CYIEPIIO3UIIIEI0;

CuL =0°y°¢;°B°w, i=[1,5], j=[1,5], TobTO
Cu=a(y(¢j(B(ci(Ccu, i2), i3), I'sj, Usj), Ua), I3).

[Mpouec «BuseneHHs orpuManux pesynbrarie» IC Ha
OCHOBI MalllMHHOT'O HAaBYAHHS OMHIIEMO CYNEPIO3HUIII€I0:

Cus =0°%y°B°al;, Cus=v(y(B(c (Cus, i2), 14), Us), Ie)-

Ommc  po3ropHYTOro  CIIEHApil0 IMpeleleHTy 3a
craumaprom RUP (puc. 2-3) [41-49]:
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Onnara
MKOHCTAHHA 36ip gaHux3 . . BuBig nomu Ak
BuKopuCTa - 36ip Aanux 3 Pegiry A
npoayKTy Tairepy BBEJIEHHA
Busia nomuku «includes> ! ya «ertend>>
8802y | i
' <«extend> <<extend>>

Peectpauia 3aBaHTaKeHHA
e B/13 CHUX AaHUX

0 \
<«<extend>> .
y <include>> L ccetend>
< Bu6ip mvepena Y
M Iy _ P Aep e ccortendr - - 36ip AaHuxyepe3
S Asropusauia HaHuX - rym
- <«<extend>>
el <include>> RN .
- OTpUMaHHs 36ip Aannx3
i - Z e3ynbrarie
K1I04OBHM M ——ccertentr - - ILLLE N [ .
nAaThopmu

Deiichyk
croBamm i -

<cextend>> wextend> «certend>>  (ENTSIENIRE

: certend>s <<exend>>
MonpHicts sanuTis
o Po3pobika
Y3aranbHeHHa »
- S QS 36iTyBaHHA

TeKe 7
v noKaLi

Pucynok 2 — Jliarpama BapiaHTiB BUKOPHCTAHHS

8: get_summary()

Peectpauin Tpadik

Asopuzauiin

2: set_company_name(; 26: plot()
3:set_key_associated ()
4:set_username() 23: show_results()

S: set_email() 24: save_results()

6: set_password()

1: register_user()
7: authorize()
9: choose_method()
21: get_results()
22: show_results()
25: generate_plots()
27: generate_summary()

B pesynbTati
lonosHa
N e 10: get_data_from_facebook()
11: get_data_from_redit()
12: get_data_from_google()
13: get_data_from_user()
14: get_data_from_twitter

basosi

meTonu 15: process_dataf()

16: process_by_requests()
MeHemkep
Mowyk
onTUManbHIX
nokaujii

TlonyAApHICTb
3anutis

17: procee_by_keywords() N

Z RPN O 20: find_new_locations()

Mowyk 3a TeKkcry avanis
KI04OBUMM

cnosam 18: text_summarization() 19 sentiment_analysis()

Pucynok 3 — Jliarpama xoorepariit

1) Menemkep  OTpUMYE  pe3yibTaT  CEHTHMEHT-
aHaJli3y MHOXXHMHHU BiJI'YKiB BIAMOBIIHO JIO TEMAaTHYHOTO
3aMUTy HAa KATErOPir0 TOBApiB/MOCIIYT TOIIIO;

2) OCHOBHHMI KOPHCTYBa4 CHCTEMH CEHTHMEHT-
aHaJIi3y MHOYKHHH BIJIT'YKIB — MEHEDKEp e-KOMepLlili.

3) IlepenymoBu MpeIeeHTY (preconditions):
miaTpuMKa 300py TeMaTHYHOTO KOHTeHTy 3 Google ta
COLIlaJIFHUX MEPEX 32 BUMOT'OIO Ta X ONpalloBaHH,

4) OcHoBHMil  ycmilmHuit  cueHapii  MeHemxkepa:
BXOIHUTh B CHUCTEMY —> PEECTPYETHCSA/AaBTOPH3YETHCS —>
SKIIO BHepiue abo 3aKiHYMBCS TEPMiH, OIIavdy€e MiJIUCKY
— BUOHpae Merou/ Jukepena — OTPUMYE Pe3yJIbTaTy;

5) AnprepuatuBai  noroku  (puc.  3-4), Kkomm
Memnemxep:

—HE MOXE BBIIITM B CHCTEMy. TOBIIOMJIEHHS IIPO
MOMIJIKY —> TIOBEpHEHHS KOPHCTYyBaya Ha II0YaToK.

— 3aJ1aB HEKOPEKTHI JIaHi: OTPUMYE ITOBIJOMIICHHS TIPO
MMOMIJIKY, TIO JIaHi BBEICHI HEKOPEKTHO —> IIOBTOPHE
HaJCWJIAHHS JaHUX HAJCHUJIAIOTh B CHCTEMY.

— Bubupae meronu (puc. 3): Tlomyk 3a KIHOYOBUMHE
cnoBamu; CeHtuMmeHT aHaii3; [lomysspHicTh 3amMTIB;
Y3araneHeHHs Tekcty; [Tomyk onTumManbHUX JIOKaIii.

—obupae mkepena: Google; Reddit; Twitter;
Facebook;

— BUOUpae po3mmpeHi pe3yibpraTtd uepe3 [1oOymoBy
rpagikiB Ta Po3poOKy 3BiTyBaHHS.

6) Postconditions: MeHemkep oTpUMaB pe3yibTaTy;

7) CrientiasibHi  CHCTEMHI BHMOTH — TI€ 3a0€3IE€YNTH
HaJliiHICTh Tepenadi JaHuX, 3py4YHUM iHTepdeiicoMm,
1J10/1000BY MiITPUMKY Ta IIBHJIKE OIAPLIOBAHHS 3alUTY.

8) Cricok HeoOXiqHUX TEXHOJIOTIH: Beb-miaTdopma 3
MITPUMKOIO Bi3yaJbHOTO BiJIOOpa)KeHHs pe3yJIbTaTiB.

Al Vi U'iﬂ

-username/email -username
-password -email
+ authorize () -password

-company_name

-results
-summary

+get_summary ()

) -key_associate
[aHi +set_username ()

+set_email ()
-data +set_password ()
+ get_data_from_twitter () +set_company_name ()
+ get_data_from_facebook () +set_key_associate ()

-results

+ plot ()

+ get_data_from_redit ()
+ get_data_from_google ()
+ get_data_from_user ()

-results
-summary
-plot

basosi meToamn

-data

-results
lonosHa nporpama + show_resuts ()
+ save_resuts ()

Pe3synbtatn

MowyK ONTUManbHWX NOKaLi

+ register_user ()

+ authorize ()
-im’aYuacHuKa

+ choose_method ()

+ get_results ()

+ show_results ()

+ generate_plots ()

+ generate_summary ()

+ process_data ()

o |

+ find_new_locations ()

Y3aranbHeHHA TEKCTY

+ text_summarization ()

CeHTUMEHT aHani3

|-|OLLIyK 3a KZ1l040BMMU CNoBamn

MonynapHicTb 3anuTis

+ process_by_keywords () +sentiment_analysis ()

+ process_by_requests ()

Pucynok 4 — Jliarpama xiacis
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3
3

BuBepeHHA
pe3ynbrartis

L

OTpuMaHHA
pe3ynbrartis

-~

Peectpauia 4>‘4> ABTOpM3aLia 4>‘

Bubip metogis

yes J

Mepexig Ha ronoBHy

° —> BM6Ip AaHuX
CTOPIHKY

«—

—— OnpawoBaHHA AaHKUX

yes
yes ¢
yes
Mobyposa rpadikis 4>‘
no ‘

Fb [eHepauifa 3BiTY
L 36epekeHHA pesy/ibTaTy

?

Pucynox 5 — Jliarpama aisutbHOCTI

Ha puc. 6 300paxkeHi KOMIIOHCHTH, 3 SKHX
CKJIaJa€eTbcsi  po3poOioBana nporpama.  Omnuiemo
B32€MOJIIF0 MK KOMIIOHCHTAMH IIPOTPAMH:

1. Main.py - JjaHuid KOMIIOHEHT BHKOHYE DOJIb
KEepiBHUKA cepell KOMITOHCHTIB.

2. Authorization.py — KOMITOHEHT, SIKMi BUKOHYE POJTh
aBTOpM3allii, JAaHM KOMIIOHEHT IiTMThCS Ha Signin —
JIOTyBaHHS B cucTeMi, Ta SignUp — peectpartis B cuctemi;

3. DataGathering.py KOMIIOHEHT, SIKHH BHKOHYE
POJIb 30UpaHHSI TA ONIPAIIOBAHHS JAHUX, BKIIOYAI0YH:

— Get_data_from_twitter — nani 3 Twitter;

— Get_data_from_Reddit — gani 3 Reddit;

— Get_data_from_Google — nani 3 Google;

— Get_data_from_Facebook — nani 3 Facebook;

— Get_data_from_user — nani Big KopucTyBaua,;

4. Methods.py — KOMIOHEHT, SKHHA  MiCTUTb
pizHomaniTHI NLP Meronu Ta iHmIi s aHAmi3y JaHUX:

— SentimentAnalysis — cenTuMeHT ananis;

— Search_by_keywords — momryk 3a cioBoMm;

— Popularity_of_requests — monynsipaicTs 3anuTy;

— Text_summarization — y3araisHEHHS TEKCTY;

— Look_for_new_locations — mormryk HOBHX JOKaItiit

Build_graph

a = Get_data_from_Twitter
Bl

Aampwaaum Base_ resu\(s g

[Peectpauis

S\gmn i
i

i
Authorization.py I DataGathering.py
. Ge( data_from_Google
SlgnUp _

Generate_summary

Save results
/ / Get_ da(a from_Reddit

T -
I -
Sentiment_analysis | e
|
v
g ~ Get da(ajrom user Get_data_from_Facebook
Search_by_keywords -~ 7K S =
i 33 1
- ]
Look_for_new_locations
Popularity_of_requests Text_summarization
Pucynok 6 — Jliarpama KOMIIOHEHTIB
5. Results.py — KoMmmoHeHT, SKHii BiamoBigae 3a

(bopMyBaHHS pe3yJbTaTiB, OTPUMAHUX i/l 4ac aHawi3y:
— Base_results — popmye 6a30Bi pe3ynbTaTH aHATI3Y;
— Build_graph — no6ynoBa rpagikis pe3ysbraris;

© Tunneupkuii C. A., [onimyxk b. O., Bucouska B. A., 2023
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— Generate_summary — renepariist pe3yJibTaTiB 3BITY.
— Save_results — 36epexeHHs pe3yIbTAaTiB.

5 PE3YJIBTATH

IIpu ceHTHMEHT-aHANI31 KOPHCTYyBad BBOJAUTH KIIFOY,
3riIHO JI0 SIKOTO BiH XO0Ye OTPHMATH OIHKY HACTPOIB,
HAMpPUKIA] Ha3By KOMIIaHii, TOBapy, KaTeropii TOBapy
tomo. [Jlami [naHi 3aBaHTaXymOThCs 3 Twitter Tta
OMpAaLBOBYIOTECSI 3a Jomnomororo regexp. Ilicias doro
imimiamisyerscst  06’ekt  SentimentintensityAnalyzer,
TAKO> 3MIHHI UII BU3HAYEHHS KIJIBKOCTI ITO3UTHBHHX,
HETaTUBHMX Ta HeWTpanbHux moctiB (puc. 7). s
KO)KHOTO TIOCTy BHM3HAYa€MO OI[IHKY HACTpPOI Ta 3a
JIOTIOMOTOK0  compound  Bu3HawaeMo 10 SKOI TpyIH
Hanexuts mocT. Skmo <-0.05, To nerarusuuii, a > 0.05 —
MMO3UTHBHUI, 1HaKIIe IOCT MOXKHA BBaXKaTU

HelitpamsauM.  [licast d9oro  ¢GopMyeMO  BiICOTKOBHMA
NO3MOLI Ta BIAMPABIISIEMO HaHI KIIIEHTY.

JOUCTS PRICING BLOG

Type Key associated with your company

Pucynok 7 — CeHTHMEHT aHai3
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ITpn JeMaTu3arii aHITIOMOBHOT'O TEKCTY
3actocoByeMo RegexpTokenizer ra WordNetLemmatizer
(puc. 8). Jlyst KOXKHOTO MOCTY peasi3yeThesi TOKEHI3aIlist, a
JUISl KOKHOTO TOKEHa 3aCTOCOBYIOTH JlemMaTtaiizep, micis
4oro opMyeTbMCSI MHOXKMHA Pe3yJIbTaTy JieMaTH3allii.

RawText

Olivia Website @catthousand Jun 14This is & picture of a McDanalds back
when they still used themite to cook the burgers. before brandon came in
and ruined everything with seed oils and 75 dollar minimum wage
everyane looks so happy and healthy. 2 40 196

Kalopsia, Professional Knuckle-Dragger @Waddedmoose Jun 13Replying
to @db_witch The McDonalds brass bull 12 48 1,463

Shayy @Shayy_TV 11hi went 1o @McDonalds and they gave me to
hamburgers... WITHOUT THE HAMBURGERS?7? HOW DOES THIS
HAPPENT?77 40 16 263

CryptoTelugu @CryptoTeluguO 21hJUST IN: #McDonalds CEO says the
company has over 22,000 open positions. Quote Tweet Watcher Guru
@WarcherGuru 22h JUST IN: #Binance CEO says the company has aver
2,000 open positions. 1 16

Ath3naStake @Ath3naStake Jun 14This bitch ordered caviar. Bye bye
balance, gin work at McDonalds trb. 56 32

Lemmatizabon

olivia, website, catthousand, jun, 14this, is, &, picture, of, &, mcdonakds,
back, when, they, stl, used, themmite, 1o, cock. the, burger, before
brandon, came, in, and, ruined, everything, with, seed, oil, and, 75, dollar,
minimum, wage, everyone, look, so, happy, and, healthy. 2, 40, 196

kalopsia, professional, knuckle, dragger, watdedmoose, jun, 13replying, 10
db_witch, the, medonalds, brass, bull, 12, 48, 1, 463

shayy, shayy_tv, 11hi, went, to, medonalds, and, they, gave, me, two,
hamburges, without, the, hamburger, how, doe, this, happen, 40, 18, 283

cryptotelugu, cryptoteluguo, 21hjust, in, mcdonalds, ceo, say, the,
company, ha, over, 22, 000, open, position, quote, tweet, watches, guru,
watcherguru, 22h. just, in, binance, ceo, say. the, company, ha, over, 2,
000, open, position, 1, 16

ath3nastake. ath3nasiake, jun, Lathis, bitch, ordered, caviar, bye, bye.
balance, gta, work, at, medonalds, brb, 5, 6, 32

21-250l46 (¥

Pucynok 8 — Jlemarn3auist

IIpn cremmiHTy

iHimiamizyrorecst  PorterStemmer,

Type Result

for the retuim of Big Mac, Yes, the Russians don't have @nlcDanalds & the ~
are now protesting. They care less about the fives of Ukrainians than adou!
burger 94 342 861 peachdoesan @peachdoesaril Jun 10SHE WENT TO
MCDONALDS @ 16 Bryce B @BryceBucher Jun 14The medonalds fag is
half mast and apperentiy its die time 3 65 TommoTheCabbit is GAY

@ TommeTheCabhic Jun 1Ly lies eating &t McDonalds 3 3¢

ou accepted hi nd you both went to Mcdonalds 2 9 52 gisela
@giselareedus Jun 13Ulima ora | introduucen nuevo menu en medonzlds
n honor & la nueva temparada delos peaky binder 6 36 Shayy
@Shayy_TV LLh went to @McDonalds and they gave me wo
hamburgers... They care less about the lives of Ukrainians than about
burger 54 34¢ 861 peachdoesart @peachdoesartl Jun 10SHE WENT TO
MCOONALDS 9 16 Bryce B @BryceBucher Jun 14The medonalds flag is
half mast and apparenty its die time 3 65 TommoTheCabbit is GAY
@TommeTheCabbi Jun 11Kirby likes eating at McDonalds 3 34 40 19 287
Tenko {555) @tenko_eripto Jun 13Hola @McDanalds . tenis algn puesto d
wabajo para mi?

Summeary

»

1-20f2

RegexpTokenizer ta 3minHa results sk macus (puc. 9).
[Ipu y3arajabpHEHHI TEKCTY MOCTIB 1X 00’ €IHYIOTh B OJTHMH
MacHB, MapKyIOTh CTOI-CJIOBA JaTaceTy, HIiai3yloTh Ta
3acTocoBlOyTh RegexpTokenizer (puc. 10).

Pucynok 10 — Y3arajapHEHHS TEKCTY

Jlast BCiX TOKEHIB, SIKIi HE BIIHOCATBCS OO CTOIN CJIiB,
CTBOPIOEMO YaCTOTHHH CJIOBHMK, @ 3r0JIOM HOPMali3yeMO
4acTOTy Ha OCHOBI HaWOUIbIIOi 3HalgeHol wacToTH. Jns
KOXKHOTO PEYEHHS 30MpPaeMO 4acTOTYy MOSABU CIIiB B IHIIMX
pEYeHHsX, MICJas Yoro 3a gormomoror nlargest amropurmy
(hopMyeMO y3araabHEeHHs Ta 00’ €IHyeMO B OJIHE IIiJIe.

IIpu Pos Tagging cniB imimiamizyemo RegexpTokenizer
Ta 3MiHHy result sk MacuB, 3acTOCOBYEMO airoputrm

nltk.pos_tag (puc. 11).

RawText stemming

vader, stan, vaderthink, jun. 11darth. vader, work, at, me

19, 5,410

comfort for vader stans @vadertinker Jun 11darth vader working at mc
donalds 54 519 5.410

Ryan Petersen @typesiast Jun 13This picure of McDonalds employees  ryan, petersen, typesfast, jun, L3ihi, pictur, of, medonald, mploye, from

irom the &ra when they cooked in bef tallow instead of canola il is the, era. when, they, cook, in, beef, wllow, instead of, canola, o, i, haunt FERATRS, PasTagging
haunting me. They look se healthy. 582 1.414 9,617 me, they, ook, so, healthi, 582, 1, 414, 9, 617
hum=>NN, dunkin=>NN, hum_dunkin=>NN, Jun=>NNP, 13I=>CD, s=>NN
Haru @xbluebenymi dun 13[Good ending 777] . You accepted his ofler and haru. sbluebemymi, jun, 13, good, end. you, accept, i, offr. and, you SOERB, funny=>J1, Tal=>IN, hiS=>DT, s=>VEZ, What=>WP
you bath went to Mcdonalds 2 9 52 both, went, to, medonald, 2, 9, 52 =1 =>DT,
hum dunkin @hum_dunkin Jun 13it's so funny that this is what american nalds=>NNS

Tenko {555) @tenko_cripio Jun 13Hola @MeDonalds , tenis algn puesto de
rabajo para mi? 6§ 12 133

tenko, 555, tenko_cripto, jun, 13hola, medonald, teni, algn, puesto, de,
trabajo, para, mi, 8, 12, 133

>JIR, Quote=>NNP, Tweet=>NNP,

i guys have all became. crying about how medonalds used to be
- SNNP, typestact=>VBD, Jun=>NNP, 13

Quote Tweet Ryan Petersen
ployees fom the era
instead of canola oil is haunting me. They look sa healthy. Show this thread
81760 13.9K

typestast Jun 13 This pictute of

yhen they cooked in beef tallow

Innix Sovsun @INNasovsun Jun 12The Ru:

lan protests. Do you know
<l war against #Uksaine

from=>IN, the=>DT, e
in=>IN, beel=>NN, tallow=>,
i§=5VB2, haunting=>vBG, me:
healthy=>11, Show=>NNE,
13=>CD, 9K=>CD

russia, &, mper
of, big, mac, ye, t
W, protest, they, care, less, abou, the, ive, of
uksaanian, than, about, b 1, 94, 342, 859

Russians don' i
the lives of

i
@McDonalds & they are now protesting. They care less about
Ukrainians than about burger 94 342 859

Han=>hNP,

D,
>PRPS, offer=>NN,

1.50t46 N Haru @xblueberrymi Jun 13(Good ending 777] . You accepied his offer and cpied=>veD,
you both went to Medonalds 2 9 53 WENE=SVBD, to=>TO, Medonalds=>NNR,

Pucynok 9 — CtemmiHr 4
1-50f 10 >

Pucynok 11 — Pos Tagging cuniB ta Tokeri3arist
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[Ipu Tokewizamii iHimiamisyemo RegexpTokenizer Ta
3minny result sik macus (puc. 12).

RawTex! Tokenization

hum dunkin @hum_dunkin Jun 13i¢s so funny that this is what american
Tewvin guys have all becam aut how medon
betier Quoie Turee

MoDorialds employes o
instead of canola ol is haunting me. They fook so healthy, Show this thread
61 76113.9K

hum, dunkin, hum_dunkin, Jun, 13t 5, 50, funny, that, this, is, what,

1, they, caoked, in,
ing, me, They, look, 50,

Haru @xblusbemymi Jun 13]Good ending 772] . vou accepted his offer and  Haru, xbluebermymi, Jun, 13, Good. ending, You, accepted, his, ofter, and
you both went to Medonalds 2353 you. buth, wen, to. Mcdonelds, 2.9, 53

The ManDALL Eorian @ManDALLEarian Jun 12Max Rebo working at
McDonalds 15 132 1013

The, ManDALLEorian, ManDALLEarian, Jun, 12Max, Rebo, working, a,
McOonalds, 15, 132, 1,013

Julfa Davis @ JuliaDavisNews Jun 121f only the Russians came out en
masse o protest the war in Ukraine. bt no. this s ust the re-opening of
McDonalds by another name. From 430 1,273 4,685

Juliz, Davis, JuiaDavsNews, Jun, 121, only, the, Russians, came, ou, &n,
masse, [0, prorest, e, war, n, Ukiaine, but. no. this, is. just the. 12,
opening, of, MeDanalds, by, another, name, From, 450, 1, 273, 4, 535

Inna Sovsun @inoaSovsun Jun 12The Russian protests. Do you know Inna, Sovsun, InnaSovsun, Jun, 12The, Russian, pratests, Du, you, know,
against what? Mot against Russia's imperialist war against sUkreine. This against, what, Not. agains!, Russia, s, imperialist, war, against, Ukmaine, =
v

1-50f10 >

Pucynok 12 — Peasizanist Ta pe3ysibrat TOKeHi3amil

[IponemoHcTpyeMo — Temep  poOOTY  CHCTEMH 3
YKpaiHOMOBHUMH TEKCTaMH 3a JOMOMOTOI0 0i0mioTexn
Pandas (puc. 13). JlataceT BiAryKiB 3amucaHuii y BUTIISI
tsv-pany (massBHa nyHKTyamis). Ilicis 3aBaHTaXEHHS
TECTOBHX TaKOXX MOTPIOHO CTBOPUTH MAacuB CTOI- CIIiB
(He HeCYTh HISIKOTO 3MICTy a00 € HATUIIIKOBUM IIIyMOM).

data = pd.read_csv('data.tsv', delimiter =
slova = pd.read csv('base.lst")

Pucynok 13 — 3aBaHTa)KeHHsI JaHUX JAJI HABYAHHS

"\t', quoting =3)

Hafinommpenimmmu  Cry’>kOOBHMH  CTOTI-CIIOBAaMH B
YKpaiHCPKOMOBHHX TOcTax € ‘a’, ‘Tu’, ‘tam’, ‘me’, TOmo

™,
(puc. 14). Takox, CTON-CIOBOM € i ‘HE’, TpOTe
OCKIJIBKH  BOHO

BUKJIIOYMMO 1€ CJIOBO 3 MACHBY,
JIOCTaTHHO CUJIBHO BIUIMBAE€ Ha 3HA4YEHHs BIATryKy. Sk
YyacTHHA Kiacudikauii cucreMa BH3Ha4Ya€e HaWTOJIOBHIIIE
CJIOBO Y BIJITYKY Ha OCHOBI TOT'O, Ha CKLIBKH YacTO CJIOBO
3’SIBIISIETBCS B YKPATHCHKIN MOBI.

stop_words = ['A°,

‘min',

et

‘cam',

"mu”,

"Haw',

"rami',

i
def most_import({review):

d = {'words' i

+ review, "freq': [@]*len({revien)}

if word not in set(stop words) and word I= "we':
for i in range(len(word)):

for each in freq['word']:
if each.startswith{word[:i+1]) and len(each) «= len{word):
refr = each

df . loc[df[ 'words' | == refr, ‘freq’] = freq('freq' [ freq[ 'word'] == refr].iloc[o]

mst_word = dF[dF[*freq'] == df["Freq’J.max()][ ‘words'].iloc[0]
return mst_word
Pucynox 14 — Macus cTomn-ciiB yKpaiHCbKOi MOBH Ta
BU3HAYEHHs HAITOJIOBHIIIOTO CJIOBA Y BIATYKY
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def Ukr_stem(review):
stemmed = []

for word in review:
det = @
bord = @
word_Llen = Len(word)
found = False

if word not in set(stop words):

if word len <= 3 and not found:
found = True
stemmed. append(word)
elif word len == 4:
for each in slova[ 'word']:
if each == word:
found = True
if found:
stemmed . append(word)
else:

stemmed. append(word[ :-1])
else:

root = word
for i in range(len(word)):
For earh i s Loval Tt dtT:
LR
if each.startswith(word[:-i]) and i
if Len(word[:-i]) < Llen(root):
oot = ihardl ]

< (Len(word)-3):

stemmed. append(root )

return stemmed
def ukr stem?{review):
stemmed = []
review = [word for word in review if word not in stop_words]
for word in review:
root_len = len{word)-1 if word[-1:] in set(let_1) and len{word) > 2 else @
root_len = len{word)-2 if word[- in set(let 2) and len(word) » 3 else root_len
root_len = len{word)-3 if word[-3:] in set{let_3) and len{word) > 4 else root len
root_len = len{word)-4 if word[-4:] in set{let_4) and len{word) » 5 else root_len
if root_len == 8:
root = word
for i in range(len{word)):
for each in slova['word']:
ifil=w&
if each.startswith(word[:
if len{word[:-i]) <
root = word[:-i]

-i]) and §i < (len{word)-3):
n{root):

stemmed . append( root )
else:
root = word[:root_len]
stemmed , append{ root )
return stemmed

PucyHok 15 — ®@yukuii creminry UKr_stem ta ukr_stem2

OyHKIig 1epeBipse nepii OYKBH CIIiB 1 3HAXOIHMTh
Take CIJIOBO, SIKe HaWOIMK4Ye TMIIXOMUTh, ITEpYyIOYH
CTUIBKM pa3, CKUIbKM € OyKB y cJlOBi. 3 KOXXHOIO
iTepami€ro KUIBKICTh NHepIIux OyKB 30UIBLIYETBCS 1 B
KIiHIII 3alUCYEThCSI T€ CJIOBO 31 CJIOBHHUKA, SIKE Malo
HAWOLIBITy KiMBKICTh 30iriB. Jlami, Ansd oNTHManbHOI
kiacuikamii BiATyKiB, HEOOXiAHO X MIATOTYBATH, TIEpex
THM SK HaBYaTH MOJAEIi Ha iX ocHOBi. Jlas 1poro

MOTPIOHO  TPOBECTH  psii  ONepaiiil:  BUIAICHHS
MyHKTyalii; IepeBefeHHs yCiX JIiTep B HIDKHINA PETICTp;
TOKEHI3aIligd, CTEMIHI. BumageHHs Ta OHIWKEHHS
pericTpy 3MIMCHIOEMO 3a JIOMOMOIOI  IMIIOPTOBAHOT
Oiomiorekn Re, ska mnpu3HaueHa uIs  poOOTH 3

pPEryJIApHUMH BHCIIOBAMH, Ta 3a JOIOMOIOKR (GyHKIT
lower() BianmoeimHo. TokeHi3awiro 3miiicHIOEMO 3a
noromororo Gyukiii TreebankWordTokenizer. Creminr —
CKOPOYEHHSI CJIIB JI0 HAaiIMEHIIOi MOKJINBOI (POpMH, KON
3MicT cioBa 30epiraeTbcst. CTEMIHT € KIFOUOBHM y OYIb-
skux NLP anropuTmax, OCKiIBKH TPaMOTHO IPOBEACHE
CKOpOUYCHHS CJIIB JIO3BOJISE ONTHMI3yBaTH pPOOOTY
mi3HImMX Mozeneil. Po3pobnena GyHKIisI cTeMiHTy JUist
ykpaiucekoi mosu UKr_stem (puc. 15).

Pospobnena ¢ynkiis UKr_stem2 e apyroro itepari€eio
¢byHKIii creMinry ykpaiHchkux ciiB. @ynkmis UKr_stem
€ TOBUILHOIO Ta HEMOBOPTKOIO, aye TO4YHOI0. ['oyioBHa
izess UKr_stem momsirana y MOPiBHSHHI KOXXHOTO CJIOBa
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BIATYKY 3 CJIOBaMH 13 CJIOBHHKA, LIO 3aiimMano OaraTto
vyacy. Oyukiist UKr_Stem2 € kpammm BapiaHTOM ISt
OTPUMaHHS IIBHJKO  ONEPaTHMBHUX JaHWX. BoHa
MepeBipsie 3aKiHYCHHS CIIB Ta Mig0Wpae HaWkpaiie
CKOpPOYEHHS Uil HbOro. sl mbOro TakoX CTBOPEHO
MACHUBH, 1[0 MICTATh HANMOMYJISPHIII 3aKiHYCHHS CIIB B
YKpaiHCBKi MOBi. 3a 3pa3oK B3ATO AEPEBO 3aKiHYCHb
yCIX MOMXJIMBHX YKpPAiHCBKUX CIiB, po3poOicHHN Ha
ocHoBi GNU Aspell Cennkom Mukosoro (puc. 16) [51].

Pucynok 16 — MacuBu 3akiH4eHb CJIiB YKPaiHCbKOT MOBH

def prepro(data):
tokenizer = TreebankwordTokenizer()

corpus = []
most_import word = []

for rev in data:
review = re.sub("[*a-AA-A-iIilec']", '
review = review.lower()
review = tokenizer.tokenize(review)
most_import_word.append(most_import(review))
review = ukr_stem2(review)
review = ' '.join(review)
corpus.append(review)

df = pd.DataFrame(data = corpus)

df["import_word'] = most_import_word

return df

Yy FRV)

proc_reviews = prepro(data[’

» import_word® )

proc_reviews.columns = ['rev

v = CountVectorizer(max_features

x = cv.fit_transform(proc_reviews['r w']) . toarray()
vyl = data.iloc[:, 1].values

y2 = data.iloc[:, 2].values

Pucynok 17 — ®yukuist prepro, creopenns Bag of Words

Sk BMAHO 3 pHUCYHKIB, HOBa (yHKuis € Habararo
KOPOTILIOIO B IJIaHI KOAY, a TaKOXK Mae HabaraTo MeHIIe
MOPIBHSAHB, IO CKOPOYY€ Yac OINpPAIfOBAHHA BIATYKIB,
OCKIJIbKM caMe TOPIBHSHHS € HaiJIOBIIOIO OIlepallicio B
wiani  yacy. [lpomec momepeaHBOrO — ONpAIIOBaHHS
BiAryKiB omano dyHKiiero prepro (puc. 17).

PesynbraTi TONEpPENHBHOTO ONPAIFOBAHHS TEKCTIB
BIITYKIB BHKOPUCTAEMO JUIi HaBYaHHSI Mojenedl Ta
cTBoproemo mozens Bag of Words [52], Ha ocHoBI skof i
HABYATHMYThCSA MOl Y il Moelti TekeT (Hanmpukias,
pedeHHss ab0  JOKYMEHT) [OAAETBCS  SIK  IaKeT
(MyneTHHAOIp) HWOTO CJiB, HEXTYIOUHM TpPaMaTHKOKW i
HaBITh TOPAIKOM CJiB, aje 30epiraroun MHOXHHHICTb.
Hdns xmacudikatopis HaiBHOro baifeca Taka Mmomenb
MiIXOOWTh  Hailikpame. Po3buBaemo  gatacer Ha
TpeHyBaJbHMNA Ta TecroBuit cetu (puc. 18). Ta
IIPOBOIMMO HaBUaHHS 000X Mojeneil. TecTyBanbHUM ceT
nopiBHIOBaTHME Juine 2% Bil BCHOTO JaTaceTy Ul
MaKCHMIi3alil TOYHOCTI HaBYaHHS MOJEIEH.

®_train, x_test, y_trainl, y_testl =
x_train, x test, y train2, y test2 =

train_test_split(x, y1, tes
train_test_split(x, y2, test_si

» Fandom_state
andom_state

modell = Gaussianhg()
modell. fit{x_train, y train1)

modelz = Gaussianng()
model2. fit{x_train, y_trainz)

GaussianNe()

Pucynok 18 — Posnofin natacety, TpeHyBaHHs MOJeICH
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JlocniauMo TOYHICT pOOOTH HAaTPEHOBAHHMX MOJEeH
Ha  OCHOBI  MapkepiB  BHM3HAU€HHS  CEHTHUMEHTY
(meraruBHuii/nosutuBHUi) Biaryka (puc. 19). 3aranbHa
TOYHICTh CEHTHMMEHTAIBHOI MOJENi TOMHJIOK Ui
TECTOBOTO CETY € 0BOJI 3a10BinbHOK0 (92,3%). HaBueHa
MoJienb 100pe Kinacudikye MO3WTHBHI BIATYKH, aje Mae
nesiki mpobsiemu 3 HeratuBHUMHU (puc. 19a). TIpoGmemu
MOXXYTh OyTH 4epe3 Te, IO HEeraTHB y BIiITYKY JIIOIMHA,
0COONMBO YKpaiHIli, HE MEpearoTh Ha TPSAMY, YacTille
HEHTpasbHUMH BHUCIOBaMH, abo capkasmom. Ilomo
JIpyroi MoJiei, TO pe3yabTaTH HEe HACTUIBKH XOPOIIi MPH
kracudikamii mii, 3 muM Maemo mpoGmemu (prc. 196).
3aranpHa TOYHICTH MOJIEIN HE € HAATO BHCOKOHO (61.5%).
3 wMarpuili TOMWJIOK BHUIUTMBAE, 110 HAWOLIbIIE
MOMUIISIETHCSI 3 THMU BiJITyKaMHu, sIKi He TOTpeOyIOTh [Iil.

oml = confusion_matrix(y_testl, predictl)cm? = confusion matrix(y_test2, predict2)
print(cm1) print{cm2)

accuracy_scorely testl, predicti)*iee {accuracy_score(y_test2, predict2))*1eo
(7 1]

[e 5]]
02.3876923076923

[[s 4]
[13]]
61.53846153846154

a 6
Pucynok 19 — Pe3ynbrat po60TH CEHTUMEHT- MOJIEIi Ta
TOYHICTH pOOOTH CEHTUMEHT-MOJIEIN]

[MpoBenemo TectyBaHHs “xuBuMH” Biarykamu. Jlamo
KinacuQikyBaTH MOJENSM IIOWHO B3ATHH BIATyK 3
IHTEpHETY Ta [Ie OJWH, SKUl HANUMCAaHUH aBTOPAMH.
OO0wuBa BIATYKH € TIO3UTUBHUMU 1 HE TOTPEOYIOTH HiTKUX
nonaTkoBux Aiit (puc. 20).

rev = " . KOKTERNL I kanwAn) Ha 14 maTo

neconan, My
poro & cel

prot_test{rev

FonogHe CNOBO Binl’)’Ka'. ANTOro; MOINTHEHE HEraTHBHE: 1; IIO?pina fonomora: @
fonoene cnomo eigryka: ceiti;  Noawteade/weratwake: 1; Notpifika gonomora: @

Pucynox 20 — Pe3ynbTar TecTyBaHHS «KHBUX» BIATYKIB

TakoX cHUCTEMa BH3HAYWIA HAWrOJIOBHIIII CJIOBa
Biarykis. Jlns  kimacudikamii  1BOX  BIATYKIB i
3Hamobmiocs 37 cekyHn, mo o3Ha4yae mpudausHo 18.5
CEeKyHJT Ha OJWH BIATYK. 3BICHO, IOBXHHA BIATYKY
CIWIFHO BIUIMBA€ HAa TPHUBAIICTh KIIACH(IKAIl], OCKUIbKH
HaMOLIbIIE Yacy BCe e 3aiMa€E CTEMIHT.

6 OBI'OBOPEHHA
3aICHEHO aHajdi3 Ha OCHOBI METOMIB MAIIHHHOI'O
HaBuanHs (puc. 21): HaiBHuii baeciB kmacugikatop
(Tounicts mepembauenns 71,13%), moricTuuHa perpecis
(Tounicts mepenbauenus 75,67%) Ta OMOPHHX BEKTOPIB
(Tounicts mepenbaucHust 72,78%).

Pucynok 21 — [TopiBHSAHHS OTPUMaHUX PE3yJIbTATIB
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precisicn recall fl-score  support

negative B8.52 B.54 2.52 128

neutral .78 8.87 2.81 575

positive 8.66 B8.25 2.54 267

accuracy 2.71 ]

mac avg 8.65 B8.52 8.582 o978

weighted avg .78 8.71 2.78 278

71.12348286185567

precisicn recall fl-score upport
negative a.72 8.52 2.5% 128
neutral a.78 9.88 2.83 575
positive a.72 .6 8.65 267
accuracy 8.78 78
macro avg 8.7 8.5 8.69 978
weighted avg @.75 B8.76 2.75 97e

75.6781838527835

precisicn recall

negative 8.82 .2
neutral 8.72 .97
positive 8.77 5,42
accuracy 8.73 o7e
macro 8.76 a. 8.5% Er:]
weighted avg 8.74 a. 8.569 o978

72.78358515463917
Pucynok 22 — Anaini3z metonom kinacudikaropa baeca,
JIOTICTUYHOI perpecii Ta OIOPHUX BEKTOPiB

Ha puc. 22 nopnani classifiaction report moaynis s
BUMIPIOBAaHHS  SIKOCTI TPOTHO3IB 332  AJITOPUTMOM
kiaacudikanii  (MOpIBHAHHA MpPaBAMBHX Ta XHOHUX
nepenbadens). BinmosiaHo IS MIPOTHO3YBAHHS
mokasuukie B classifiaction report BukOpHCTOBYIOTH
icTHHHO TIo3WTHBHI [P, xnOuo mosutuBHI FP, ictuHHO
HeratuBHi TN Ta xmOHO HeratuBHi FN mokasHMKH
nepenbadens [53-55]. 3okpema, kom BUIAIOK (MOist) €
mpu TN — HeraTHBHUM i MPOTHO30BAaHO HETaTHBHUM, 1P
— TO3UTHBHUM 1 NpPOTHO30BaHO mo3uTHBHUM; FN —
MO3UTUBHUM, alle TmependadaBcsi HeraTuBHuUM, FP —
HETaTHBHUM, aji¢ epea0ayaBcs MO3UTUBHUM.

BUCHOBKHU

OnmncaHo  3acTOCYyBaHHS  CEHTUMEHT  aHAIi3y
KOMEHTapiB, BIATYKiB, 3aATiB Ta HOBHH IUISA MiATPUMKH
Ta pO3BUTKY e-Oi3Hecy. [IpoaHami3oBaHi aHaIOTH Hail
MOJJIMBICTE PO3POOHTH 1HPOPMALIHY TEXHOJOTIIO It
po3B’s3ky NLP-3amau e-0i3Hecy, amanToBaHy mis
yKpalHCBbKOi IIbOBOi aymutopii. Po3pobnena 3arampHa
TUIOBA CTPYKTypa iH(opMmauliiiHOT cUcTeMH MiATPUMKH
Ta PO3BUTKY €-KOMepLii 32 paXyHOK aHalli3y 3BOPOTHOI
peakiii iTbOBOI ayaUTOpPii HA OCHOBI TEXHOJIOTIT
MAallMHHOTO HaBYaHHA Ta METOJIB  OIPAalllOBaHHS
npupoHoi MoBH. Cepell METOJIB pealtizallii OCHOBHHX
¢yHKIIM  BUKOpHCTaHI Taki METOOM  MAIIMHHOTO
HaBYaHHS, K. HaiBHUH baeciB kinacugikaTop, JIOTicTHIHA
perpeciss Ta METOA OMOPHHUX BEKTOpIB. 3HiHCHEHO
PO3po0Ky MporpamMHOro 3abe3leueHHs Ta ONMUCaHO HOTro
CTPYKTYpY. 3IIHCHEHO OTJIA 3BiTIB BUKOHAHHS METOIIIB
MamlMHHOrO HaBYaHHsA. lle mamo 3Mory  Kkpame
NEeperysiHyTH Ta MPOaHali3yBaTH OTPHMaHi Pe3yJbTaTH.
Omicings  4oro  3/IMCHEHO  CTaTUCTUKY  BUKOHAHHS
[porpamu, OINHUCAaHO ii Ta MpPOaHAi30BaHO OTPHUMaHi
pesyibratd. A came moOynoBaHO Tpadik MOPIBHSHHA
OTpPUMaHuX pe3ynbTariB. Takoxk y Xoai poOOTH cTBOpeHa
Mpe3CHTAIlil PO PO3POOJICHUI TPOEKT 1 HamucaHa
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CTaTTs, Yy SKiil BOMa MOBaMHM, a caMe YKpaiHCBhKOIO Ta
AHIIIHCHKOIO, OMUCAHO TPOLEeC POOOTH HaJ MPOECKTOM.
Haiikpame 3 3aBiaHHSM aHali3y BIUIMBY HOBHHHM Ha
(iHaHCOBMI PpUHOK BIIOPAaBCS METOJA  JIOTiCTHYHOI
perpecii, siKuii mokazaB TouHicTh 75,67%. besnepeuno, e
He € OaXaHWM pe3yjabTaToM, NpOoTe I HaWOIIBIIMN
MOKAa3HUK 13 ycix po3rimsHytux. Jlemo ripme 3i
3aBJIaHHSIM BIIOPABCS METOJ] ONOpHUX BekTopiB (SVM),
SIKUA TIOKa3aB TOYHICTH 72,78%, MmO € [emo TipmuMm
pe3ynpTaToM 3a TOH, SAKHH Oylo OTPHMAaHO 3aBISKU
METOZy JIOTICTHYHOI perpecii. I Haiiripmie 31 3aBmaHHIM
BIIOpaBcsi MeTox HaiBHoro baecoBoro kmacmgikaropa,
SKHi oTpuMaB TOuHIiCTh 71,13%, mo € MeHmow 3a
OTpHMaHy y JBOX IONEPEAHIX METOAaX. 3BICHO K, IIO
OTpHMaHi pe3ysbTaTh JajieKi Bij ileany i IeMOHCTPYIOTh
TOYHICTb Y IpOMDKKY Bix 71 % no 76 %. 1lo o3nauae Te,
II0 BOHU TMOTPeOYIOTh YyJOCKOHaJeHHs. Ha KkiHenp
XOTIJIOCH OM 3a3HAa4YMTH, IO JaHa TeMa € HeabusIK
MOMYJSIPHOIO Ta AaKTyalbHOIO, a aHAJIOTIB HA JaHUH
MOMEHT HE iCHYE.
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ABSTRACT

Context. The interaction between a company and its target audience has been studied for centuries. From the very beginning of
commercial relations, the relationship between the service provider and the recipient has been valued almost above all else. Trade is
built on trust and respect. The image of an entrepreneur is often more important than the product he sells. For hundreds of years, the
relationship between the merchant and the buyer, the entrepreneur and the client has not lost its importance, and in the era of mass
digitalization, the quality of the relationship between the company and the target audience of different sizes and professional
feedback support with clients often start the success of e-business. To provide these additional tools and information technologies to
help businessmen monitor e-business development opportunities in a specific location, as well as establish feedback with users
through social networks and mass media. Obtaining such tools will significantly expand the vision of market opportunities for e-
business, it will clarify which of them make sense to invest in, and which ones are not worth paying time for. Also see what idea has
the future and what business model needs to be implemented/maintained/developed for the rapid development of
territorial/interregional e-business. It will also help to understand which levers have the greatest effect for business changes: what not
to touch, and what policies to change to ensure high speed in the implementation of the plan based on the analysis of relevant
research results, for example, to receive: direct feedback from customers, the dynamics of changes in overall satisfaction or interest
of the target audience and advantages/disadvantages from users using NLP analysis; support for the development of e-business in
relation to the location of their enterprise and the best directions; — graphs of business development (improvement/deterioration)
depending on the content of comments.

Obijective of the study is to develop information technology to support the development of e-business by analyzing business
locations, processing feedback from users, analyzing and classifying customer feedback in real time from social networks: Twitter,
Reddit, Facebook and others using deep learning and Natural methods. Language Processing of Ukrainian-speaking and English-
speaking texts.

Method. NLP-methods were used to analyze the opinions of users and customers. Among the methods of implementing the main
functions of English-language news classification, the following machine learning methods are used: naive Bayesian classifier,
logistic regression, and the method of support vectors. The Naive Bayes algorithm was used to classify Ukrainian-language user
feedback, as it performs well on small amounts of data, is easy to train and operate, and works well with text data. Naive Bayes
classifier is a very good option for our system and considering that the number of responses in the dataset is smaller compared to the
averages.

Results. A machine learning model was developed for the analysis and classification of Ukrainian- and English-language reviews
from users of e-commerce systems.

Conclusions. The created model shows excellent classification results on test data. The overall accuracy of the sentimental model
for the analysis of Ukrainian-language content is quite satisfactory, 92.3%. The logistic regression method coped best with the task of
analyzing the impact of English-language news on the financial market, which showed an accuracy of 75.67%. This is certainly not
the desired result, but it is the largest indicator of all considered. The support vector method (SVM) coped somewhat worse with the
task, which showed an accuracy of 72.78%, which is a slightly worse result than the one obtained thanks to the logistic regression
method. And the naive Bayesian classifier method did the worst with the task, which achieved an accuracy of 71.13%, which is less
than the two previous methods.

KEYWORDS: NLP, text pre-processing, sentiment analysis, feedback, comment, e-commerce, e-business, machine learning,
content analysis.
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ABSTRACT

Context. The problem of evaluating the effectiveness of the automated design of a microprogram finite state machine with the
operational transformation of state codes using Xilinx Vivado CAD is considered. The object of the research was graph-schemes of
control algorithms implemented by finite state machine and able to prove the effectiveness of the principle of operational transforma-
tion of state codes in comparison with standard synthesis methods built into the CAD, in the context of hardware expenses optimiza-
tion.

Objective. Development and research of graph-schemes of control algorithms in order to substantiate the effectiveness of the ap-
plication of structure of the finite state machine with datapath of transitions in comparison with the built-in methods of synthesizing
finite state machines in Xilinx Vivado CAD in the basis of programmable logic devices.

Method. The research is based on the hypothetical assumption that the Xilinx Vivado CAD has built-in methods of automated
design of the circuit of a finite state machine, the effectiveness of which, according to the criterion of hardware expenses, exceeds
other known methods of optimizing hardware expenses in the finite state machine circuit. In order to refute this hypothesis, it is pro-
posed to prove that in some cases known methods of hardware expenses optimization in the finite state machine circuit are more
effective in comparison with the methods built into CAD. In this work, as a well-known optimization method, the method of opera-
tional transformation of state codes, which corresponds to the structure of a finite state machine with datapath of transitions, is cho-
sen. The effectiveness of this method is demonstrated on the example of several test graph-schemes of algorithms, the structure of
which is abstract and artificially adapted to the chosen optimization method. The adaptation of the selected graph-schemes of the
algorithms consists in the fact that a relatively small number of transition operations is required for their implementation with the
help of a finite state machine with datapath of transitions. This contributes to the simplification of the circuit of the finite state ma-
chine and the reduction of hardware costs for its implementation. At the same time, the test graph-schemes of the algorithms have the
possibility of scaling, which allows to automate the construction of VHDL models of the corresponding finite state machines for
graph-schemes of different sizes and to evaluate the optimization of hardware expenses for finite state machines of different com-
plexity.

Results. Using the example of several graph-schemes of algorithms, it is demonstrated that in some cases none of the finite state
machine synthesis methods built into the Xilinx Vivado CAD is able to surpass the method of operational transformation of state
codes according to the criterion of hardware expenses for the implementation of a finite state machine circuit. At the same time, a
several-fold gain in hardware expenses can be achieved, which indicates the expediency of using this method under certain condi-
tions. The formal definition of such conditions for the considered and other known optimization methods is a separate unsolved sci-
entific problem.

Conclusions. The conducted experiments confirmed that in some cases, the known methods of synthesis of finite state machines
allow to obtain circuits with lower hardware expenses than when using the methods of synthesis of finite state machines contained in
Xilinx Vivado CAD. This testifies to the general expediency of using existing and developing new methods of hardware expenses
optimization in the circuit of the finite state machines and the current relevance of the theory of the synthesis of digital automata as a
scientific direction.

KEYWORDS: graph-scheme of algorithm, finite state machine, datapath of transitions, hardware expenses, Xilinx Vivado
CAD.

ABBREVIATIONS CPLD is a complex programmable logic device;
FSM is a finite state machine; LUT is a look-up table;
DT is a datapath of transitions; XST is a Xilinx Synthesis Tool.
GSA is a graph-scheme of algorithm;
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NOMENCLATURE
M is a number of FSM states;
Ais a set of FSM states {ay, ..., av};
L is a number of logic conditions;
Xis a set of logic conditions {xy, ..., X };
N is a number of microoperations;
Y is a set of microoperations {y, ..., yn};
R is a digit capacity of state code;
T is a transition function of the FSM;

HPT is a number of hardware expenses in the circuit
of FSM with DT;

H*ST is a number of hardware expenses in the circuit
of FSM, synthesized by XST,;

E - the efficiency of the structure of the finite state
machine according to the criterion of hardware expenses
used for the implementation of its logic circuit.

INTRODUCTION

Modern human activity is closely related to the use of
digital systems [1]. One of the main components of the
digital system is the control unit [2, 3]. There are various
ways of implementing control units, among which the
finite state machine (FSM) model stands out [4, 5]. This
model implements a given control algorithm in the form
of a hardware circuit and is characterized by the maxi-
mum hardware expenses among other models of control
units. At the same time, the model ensures the maximum
speed of execution of the control algorithm due to the
possibility of performing multidirectional microprogram
transitions in one cycle of the device. The structure of the
FSM can correspond to the Mealy machine model or the
Moore machine model [2-5].

Large hardware expenses for the implementation of
the FSM logic circuit have an impact on such characteris-
tics of the finite state machine as power consumption,
dimensions, cost, reliability, etc. [6]. Optimizing the char-
acteristics of FSM circuit, in particular hardware ex-
penses, is an important scientific and practical problem,
the solution of which is devoted to many scientific works
all over the world [1-7]. The structure of the finite state
machine with datapath of transitions (FSM with DT),
which is considered in this paper, is specifically aimed at
minimizing hardware expenses by means of operational
transformation of state codes [8].

In practice, the synthesis of FSM circuits is carried out
with the help of specialized CAD, oriented to the use of
the elemental basis of certain FPGA manufacturers. One
of the leading manufacturers of FPGA-type chips is Xil-
inx, which is also the developer of Xilinx Vivado CAD. A
component of this CAD is the Xilinx Synthesis Tool
(XST), which implements, in particular, a number of
methods for the synthesis of finite state machines [9]. At
the same time, the question of how much these methods
contribute to the optimization of hardware expenses in
comparison with other known methods remains unex-
plored. This work solves the scientific and practical prob-
lem of comparing the efficiency of FSM synthesis meth-
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ods built into the Xilinx Vivado CAD with the method of
operational transformation of state codes. The solution to
this problem is carried out by using graph-schemes of
algorithms (GSA), adapted specifically for the structure of
FSM with DT and able to demonstrate the advantages of
this structure in comparison with the methods of synthesis
of FSM in Xilinx Vivado.

The object of study is the process of synthesizing the
logic circuit of a finite state machine in Xilinx Vivado
CAD according to the VHDL model that corresponds to
the given GSA.

This process can be carried out in automatic mode us-
ing the XST tool built into CAD according to the VHDL
model recommended by Xilinx [9]. In the case of FSM
with DT, a separate VHDL model must be developed, in
the synthesis of which the capabilities of the XST tool are
not used.

The subject of study is graph-schemes of control al-
gorithms, which allow to prove the principle possibility of
building a circuit with lower hardware expenes in the case
of FSM with DT in comparison with circuits synthesized
by Xilinx Vivado CAD in automatic mode.

The purpose of the work is the development and re-
search of graph-schemes of control algorithms in order to
substantiate the effectiveness of the application of the
structure of FSM with DT in comparison with the built-in
methods of synthesizing FSMs in Xilinx Vivado CAD in
the basis of programmable logic devices.

1 PROBLEM STATEMENT

Let us assume that the finite state machine is given by
the graph-scheme of the algorithm G and is characterized
by the sets of states A={ay, ..., am}, input signals X={x,,
..., XL} and microoperations Y={y, ..., yn}. The synthesis
of the FSM logic circuit involves the implementation of
the transition function T=T(X, T) and the output function
Y=Y(X, T) in the FPGA element base using Xilinx Vivado
CAD. As a result of the synthesis of FSM according GSA
G using the built-in XST tool, the circuit of the FSM is
numerically characterized by hardware expenses H**°. As
a result of the synthesis of FSM with DT in Xilinx Vivado
without the use of XST, the circuit is characterized by
hardware expenses H°".

The work solves the problem of finding several exam-
ples of graph-schemes of algorithms for which

HCAD 5 H DT @)

which will prove the expediency of using (under certain
conditions) the method of operational transformation of
state codes instead of FSM synthesis methods built into
Xilinx Vivado CAD.

2 REVIEW OF THE LITERATURE
Today, a wide range of methods for optimizing hard-
ware expenses in the circuit of a finite state machine is
known. These include, for example, the so-called methods
of structural decomposition [7]. The essence of the meth-
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ods lies in the multiple transformation of logic signals,
which leads to corresponding changes in the structural
scheme of the FSM.

In this article, the method of operational transforma-
tion of state codes is considered as a method of optimiz-
ing hardware expenses [8]. According to it, the transfor-
mation of state codes into FSM is not created using a sys-
tem of canonical Boolean equations, but using a set of
arithmetic and logical operations. Circuits that implement
these operations are combined into the so-called datapath
of transitions (DT). As a result, a structure of FSM with
DT is formed, the synthesis of which is discussed, in par-
ticular, in [10].

The paper [11] substantiates the effectiveness of FSM
with DT in comparison with the canonical structure of
FSM based on the criterion of hardware expenses. How-
ever, today the canonical structure of FSM plays a more
theoretical role, while the practical implementation of
FSM circuits is carried out with the help of appropriate
CAD, for example, Xilinx Vivado CAD. This is primarily
due to the use of an elemental basis supported by CAD
(as arule, an FPGA basis).

Since FSM is often used as part of designed digital
systems, support for its synthesis is implemented at the
Xilinx Vivado CAD as part of the XST tool [9]. This tool
supports several FSM synthesis methods aimed at opti-
mizing various characteristics of the device circuit when
implemented in the FPGA basis. Modeling the process of
synthesizing the FSM circuit allows you to obtain the
numerical values of the hardware expenses in the circuit
of the device, expressed in the number of used LUT-
elements.

During research conducted by the authors, the follow-
ing hypothetical assumption was put forward. The use of
FSM synthesis methods built into the Xilinx Vivado CAD
will always allow you to obtain a machine circuit with
lower hardware expenses than using other methods of
optimizing the device circuit, which are not part of this
CAD. This assumption is based on the fact that the Xilinx
Vivado product has long been known in the world and
contains developed technologies for the synthesis of spe-
cialized digital devices. In addition, CAD is focused on
the use of its own elemental basis, which allows it to use
the technological features of microchips to optimize cir-
cuits. The question of comparing the effectiveness of the
synthesis of finite state machine by different methods in
CAD Xilinx Vivado is not sufficiently considered today
and does not allow to confirm or refute the hypothesis.
This article is devoted to the solution of this issue on the
example of a finite state machine with datapath of transi-
tions.

3 MATERIALS AND METHODS
The XST synthesis tool, built into the Xilinx Vivado
CAD, is able, under certain conditions, to find in the
VHDL description of the device fragments of code that
correspond to the description of the finite state machine
(by state machine we mean a machine with undefined

state codes). This process is called FSM extraction. For
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the found state machine, the XST tool performs the fol-
lowing actions:

— coding of states according to the chosen method;

— synthesis of the register circuit in accordance with
the chosen method of states encoding;

— synthesis and optimization of the circuit for transi-
tion and output functions.

To ensure the possibility of automatic extraction of the
FSM in its VHDL description, the following provisions
should be observed:

1. The FSM states are specified in the form of a set of
letters combined in an element of the Enumeration Type.

2. The memory register must be synchronous and have
the possibility of being resetted to the initial state by a
reset signal.

3. The implementation of the transition and output
functions system is implemented using the case operator.

These requirements make it possible to specify an fi-
nite state machine in the VHDL language using one, two
or three processes [9, 12-14]. Regardless of how many
processes describe the FSM, the XST tool is capable of
extracting the finite state machine from the VHDL code
and coding the states according to the chosen coding
method. For this purpose, the "fsm_extraction" parameter
is provided in the synthesis process setting section, which
can take on the following values [9]:

1. “One-hot”. A separate trigger is used to encode
each state. The number of triggers is equal to the number
of FSM states. At each point in time, only one trigger can
have a ones value. To form the value of each trigger, a
logical equation is used, in which the number of terms is
equal to the number of transitions to the corresponding
state.

2. “Sequential”. The XST tool finds in the FSM long
sequences of states consisting of unconditional transi-
tions, and encodes the states within them with consecutive
binary codes of minimum sufficient digit capacity. As a
result, the input signals of the FSM are not fed to the ad-
dress inputs of the LUT elements, but only the code of the
current state is fed, which usually has a small digit capac-
ity compared to the number of input signals. Sequential
encoding of states ensures more optimal filling of the
static memory cells of LUT elements and reduces the
number of unused cells.

3. “Johnson”. Coding of states is performed using the
Johnson code. Each value of this code contains only one
continuous sequence of ones, and any two adjacent values
in the ordered sequence of values differ by only one digit.
The Johnson code is a cyclic code with redundancy and
allows you to reduce the number of electrical disturbances
caused by the simultaneous switching of several bits of
the register circuit.

4. “Gray”. Coding of states is performed using the
Gray code, in which two adjacent values in an ordered
sequence of values differ by the value of one binary bit,
and the number of bits matches the number of bits in the
case of sequential coding. It is advisable to use the Gray
code for encoding chains of states, since each micropro-
gram transition in such chain will be accompanied by a
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change of only one digit in the memory register of the
FSM.

5. “Auto”. The XST tool chooses one of the coding
methods described above at its discretion based on the
results of the analysis of the VHDL model of the FSM.
The choice of the coding method also depends on other
XST settings (for example, on the leading optimization
strategy — hardware expenses or speed), but the general-
ized approach is as follows: if the FSM contains a small
number of states, “One-hot” coding is used; with an aver-
age number of states, the Johnson code is used; with a
large number of states, the Gray code is used.

6. “None”. The method of encoding states is not regu-
lated. If in the five modes considered above, the coding of
states is noted in the protocol of the synthesis process,
then in this case, information about the coding of states is
not provided. It is usually assumed that state codes corre-
spond to the sequential number of state identifiers when
they are listed in the VHDL description, starting from
zero, but the XST tool does not officially define this and
reserves the right to code states at its own discretion. This
feature does not interfere with the synthesis of the correct
FSM circuit, but it does not allow the application of addi-
tional optimization methods based on the known values of
state codes.

The considered values of the “-fsm_extraction” pa-
rameter (except for the “Auto” and “None” parameters)
correspond to different methods of FSM circuit synthesis
built into Xilinx Vivado CAD. We will conduct a study of
the effectiveness of the automatic FSM synthesis accord-
ing to built methods in comparison with the synthesis of
FSM with DT according to the criterion of hardware ex-
penses. Efficiency will be determined by the following
expression:

EDT ~ HCAD ?
- HDT !

where H®AP is the minimum possible hardware ex-

penses for the implementation of the FSM circuit when

using built-in CAD methods; H PT _ hardware expenes
for the implementation of the FSM circuit with datapath
of transitions. The unit of measurement of these parame-
ters will be the number of used LUT elements of the se-

lected FPGA chip. The value EPT >1 will mean that the
circuit of the FSM with DT has lower hardware expenes
compared to the FSM circuit synthesized by Xilinx

Vivado built-in methods. Achieving the values EPT 1
will prove that, under certain conditions, the use of third-
party methods for optimizing hardware expenses is more
appropriate than the methods built into CAD.

In the context of the considered problem, the authors
investigated five test GSAs G;—Gs, which have the fol-
lowing common properties:

1. GSA reproduces only the transition function of the
FSM and does not contain information about the output
function (all operator nodes are empty). This makes it
possible to determine the hardware expenses for the im-
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plementation of the transition function, although it cannot
be considered an indicator of the efficiency of the FSM as
a whole.

2. GSA has a regular structure, that is, it is a sequence
of identical fragments. This approach, firstly, simplifies
the scaling of the GSA by increasing the number of frag-
ments, and secondly, allows you to automate the process
of generating the VHDL code to describe the FSM.

Let’s consider GSAs investigated in this work.

GSA G,

The GSA does not contain conditional nodes, has a
completely linear structure and is marked by M states of
the Moore machine (Fig. 1).

START ay

a
L
/T/
am-1
END o

Figure 1 - GSA G,

To implement sequential transitions in the correspond-
ing FSM with DT, natural coding of states can be used, in
which the binary code of the state coincides with its index
in Fig. 1, and the state codes are transformed using a
counter [3, 7].

GSA G,

GSA corresponds to a Moore machine and has the fol-
lowing structure (Fig. 2):

START ay

|

am-3

o
QD
fley
o
—

do
1 an am-2
0
az 1 g
L 0
fT/ am-1
END ao

Figure 2 - GSA G,
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— each operator node is followed by a conditional
node;

— the same logical condition x; is checked in all condi-
tional nodes;

—when x; =0 the transition leads to the next FSM

state, when x; =1 the transition leads ten states forward,;
— for the last ten states, under the condition x; =1 the
transition leads to the state ag .

In this case, the natural sequence of state coding is
obvious, which makes it possible to implement the opera-
tional transformation of state codes based on the counter.

GSA G;

The structure of the GSA is similar to the G, GSA, but
the number of the state to which the transition is made
under the condition x =1, is generated in a pseudo-

random way within the limits of [0; M —1]. The general

appearance of the GSA Gs, marked by the states of the
Moore machine, is shown in Fig. 3.

START ) a

am-3

0]
a1 <:>>1—> a
0
L 8 am-2
0]
az <:)>1—> q
L 0
’T/ am-1
END ao

Figure 3—-T'CA G3

In Fig. 3 states a;, &, a, a mean some different states
within the GSA. As in GSA G,, states are coded in a natu-
ral order. Implementation of pseudo-random transitions is
carried out with the help of a shift register with feedback
based on the XOR operation. Such a register allows you
to generate a sequence of (2R —1) unique bit vectors that
can be used to encode the states of the FSM. For this, the
feedback must be organized according to a special primi-
tive polynomial of length R, where R is the bit capacity of
the state code of the FSM.

GSA Gy

GSA is similar in structure to G,, but in each condi-
tional node a different logical condition is checked, from
X 1o Xp_1. The general appearance of the GSA G,
marked by the states of the Moore machine, is shown in
Fig. 4.

GSA Gs
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GSA is similar in structure to Gs, but in each condi-
tional node a different logical condition is checked, from
Xy t0 Xm_1. The general appearance of the GSA Gs,

marked by the states of the Moore machine, is shown in
Fig. 5.

For each of the considered GSAs two VHDL models
were built. The first model describes an FSM in the form
of two processes and is intended for automated synthesis
by Vivado XST. The second model represents the RTL
description of the FSM with DT and is designed for cir-
cuit synthesis in Xilinx Vivado without using the “FSM
Extraction” option.

START o
< >l ag s
0
ai 1 do
0
1 dan am-2
0
a 1 do
0 0
/T/ ap-1
END ao
Figure 4 — GSA G,
START o
=1 o auna
0
ai 1 ay
0
1 8 am-2
0
a 1 a
L 0
D s
END =N

Figure 5- GSA Gs

As an example, consider VHDL-models correspond-
ing to GSA G,. In Fig. 6 shows an example of the synthe-
sized part of the FSM VHDL model intended for synthe-
sis using XST. This model describes a machine with only
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five states, but can easily be scaled to a machine with an
arbitrary number of states. The model corresponds to the
structure of the canonical FSM [2, 3, 9], but does not con-
tain a part corresponding to the output function of the
FSM. This is due to the fact that in the FSM with DT, the
optimization of hardware expenses is carried out only in
the transitions formation circuit, while the circuit of form-
ing microoperations remains the same as in the canonical
FSM. In order to emphasize the saving of hardware ex-
penses precisely in the transition formation circuit, the
used VHDL-models (as well as GSA) do not contain parts
that correspond to the FSM output function).

end case;
end process;

0 <= state;
end FSM_A;

package types is
type state_type is (a0, al, a2, a3, a4);
end package types;

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;
use ieee.numeric_std.all;
use work.types.all;

entity FSM is -- Canonical FSM

port (x1: in std_logic;
C: in std_logic; -- Clock
Reset: in std_logic; -- Reset

0: out state_type); -- Current state

end FSM;

architecture FSM_A of FSM is
signal state, next_state: state_type;
begin

process(C)
begin
if rising_edge(C) then
if Reset = "1" then
state <= a0;
else
state <= next_state;
end if;
end if;
end process;

-- Memory Register

process (state, x1) -- Trans. circuit
begin
case state is
when a0 => if x1 = "0" then
next_state <= al;
else
next_state <= a2;
end if;
when al => if x1 = "0" then
next_state <= a2;
else
next_state <= a3;
end if;
when a2 => if x1 = "0" then
next_state <= a3;
else
next_state <= a4;
end if;
when a3 => if x1 = "0" then
next_state <= a4;
else
next_state <= al;
end if;
when a4 => next_state <= a0;

Figure 6 — Synthesizable part of the VHDL model
of canonical FSM for GSA G,

We emphasize that in the model in Fig. 6 FSM states
are declared by enumerating the literals “a0”, “al”, etc.
Specific state codes are not defined in this model. It is this
approach that makes it possible to use the automatic ex-
traction of the finite state machine by XST tool.

In Fig. 7 shows the VHDL model of the FSM with DT
corresponding to GSA G, for the case of M=100 states.

Ha puc. 7 naBenena VHDL-monens MITA 3 OAII, mo
Binnosinae ['CA G, s Bunanky M=100 craHis.
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library I1EEE;
use IEEE.STD_LOGIC_1164.ALL;
use ieee.numeric_std.all;

entity FSM is
-- Bit capacity of state code:
generic (R: integer := 7);

port (C: in std_logic;
Reset: in std_logic;
D: out unsigned (R-1 downto 0));
end entity FSM;

architecture OAP_A of OAP is

signal state,

next_state: unsigned (R-1 downto 0);
begin

process (C)
begin
if rising_edge(C) then
if Reset = "1" then
state <= "0000000";
else
state <= next_state;
end if;
end if;
end process;

-- Memory Register

process (state, xl1l)--Datapath of transitions
begin
-- If state is in range from a0 to A(M-10)
if state < "1011010" then
if x1 = "0" then -- If x1=0
next_state <= state + 1; -- +1
else -- If x1=1
-- Transition to next state:
next_state <= state + 10;
end if;
-- If it is state a(M-1)
elsif state = "1100011" then
next_state <= "0000000";-- To state a0

-- If it is one of other ten states
else
if x1 = "0" then —- If x1=0
-- Transition to next state:
next_state <= state + 1;
else - If x1=1
-- Transition to initial state a0

end if;

next_state <= "0000000";
==

end if;
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end process;

D <= state;
end architecture OAP_A;

Figure 7 — Synthesizable part of the VHDL model
of FSM with DT for GSA G,

It should be noted that for the model in Fig. 6, the
VHDL code length will increase along with the increase
in the number of states of the machine. This is primarily
due to an increase in the number of branches of the “case”
operator. Instead, in the case of the equivalent FSM with
DT (Fig. 7), a change in the number of states will only
lead to a change in the bit rate and values of the constants
in the model code. However, at the same time, this VHDL
model maintains a “hard” binding to the GSA G, struc-
ture, which corresponds to the concept of FSM as a ma-
chine with “hardware” logic.

4 EXPERIMENTS

On the basis of the developed test GSAs, studies of
the effectiveness of FSM with DT in comparison with the
methods of synthesis of finite state machines built into the
Xilinx Vivado CAD were carried out. The criterion of
efficiency is the value of hardware expenses in the circuit
of the FSM when it is implemented in the FPGA basis.
The essence of the experiments was as follows:

1. VHDL models of canonical FSM and FSM with DT
containing 100, 200, 500, 1000, 2000 states were built for
each of GSA G;—Gs.

2. For each model of the canonical FSM, the synthesis
of the circuit was performed in the mode of automatic
extraction of the finite state machine. The synthesis is
performed for each of the following values of the “fsm-
extraction” parameter: “one-hot”, “sequential”, “john-
son™", “gray”, “auto”. According to the results of each
synthesis, the numerical value of hardware expenses

HCAP was obtained, expressed in the number of used
LUT-elements of the FPGA. The synthesis was carried
out for the microchip xc7s6cpgal96-2 of the Spartan-7
series. All Xilinx Vivado settings except the parameter
“fsm_extraction” are selected by default.

3. For each GSA G;—Gs, such a value of the “fsm-
extraction” parameter is defined, at which the FSM circuit
has the lowest hardware expenses in comparison with
other values of this parameter. The values of hardware
expenses obtained in this case are considered to be the
minimum possible, which can be obtained when using
FSM synthesis methods built into CAD.

4. For each model of FSM with DT, synthesis of the
circuit was performed without using the mode of auto-
matic extraction of the finite state machine. According to
the results of each synthesis, the numerical value of the

hardware expenses H DT \vas obtained, expressed in the
number of used LUT-elements of the FPGA. The synthe-
sis conditions are the same as in the synthesis of models
of canonical FSM.
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5. For each model, the efficiency was calculated ac-

cording to expression (2). As values HCAP  the mini-
mum values of hardware expenses are taken in accor-
dance with clause 3.

It should be emphasized that for all models, the oper-
ability of the logic circuit of the FSM in Xilinx Vivado
was verified using an additional VHDL model of the be-
havioral type. The function of this model was the genera-
tion of input signals, reset and synchronization signals.

5 RESULTS

The results of experimental studies are given in ta-
bles -5. The row of the table containing the minimum
values according to clause 3 is marked with a gray back-
ground. The symbol “=" in the cells of the tables means
that the numerical values of the hardware expenses for the
corresponding parameters were not obtained due to the
extremely high complexity of the resulting circuit.

Table 1 — Results of GSA G; studies

M 100 200 500 1000 2000
one-hot 60 116 292 570 1181
CAD | Sequential 9 15 18 23 27
H ' johnson 273 457 979 - -
LUT gray 18 20 29 38 40
auto 60 116 292 570 1181
HOT LuT 6 8 11 12 13
E 15 188 | 163 | 1.92 | 2.08
Table 2 — Results of GSA G, studies
M 100 200 500 | 1000 | 2000
one-hot 109 215 539 1489 3091
CAD sequential 18 18 23 27 22
H ' johnson 267 759 3047 - -
LUT gray 26 38 56 68 66
auto 109 215 539 1489 3091
HOT LuT 13 15 19 20 21
E 138 | 120 | 121 | 135 | 1.05
Table 3 — Results of GSA G; studies
M 100 200 500 | 1000 | 2000
one-hot 112 250 668 1454 | 3334
CAD sequential 44 94 239 511 1177
H™™ " johnson | 419 | 1642 | - _ _
LUT gray 43 92 | 239 | 510 | 1166
auto 112 250 668 1454 3334
H DT  LUT 21 41 99 190 407
E 205 | 224 | 241 | 268 | 2.86
Table 4 — Results of GSA G, studies
M 100 200 500 1000 2000
one-hot 155 311 799 | 1958 | 4051
CAD sequential 130 269 656 1368 | 2767
H™"™ ™ johnson | 412 | 1219 | 3978 | - -
LUT gray 127 | 254 | 631 | 1240 | 2498
auto 155 311 799 | 1958 | 4051
HOT Lut 51 72 155 318 586
E 249 | 354 | 407 | 3.90 | 4.26

OPEN 8#CCESS @ @ @



p-ISSN 1607-3274 Panioenexrpownika, indpopmatrka, ynpasminss. 2023. Ne 3
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 3

Table 5 — Results of GSA Gs studies

M 100 | 200 | 500 | 1000 | 2000

one-hot 145 | 298 | 831 | 1782 | 4050

CAD | Sequential 166 357 | 1048 | 2286 | 5123
H™™ [ johnson | 589 | 1967 | - _ Z

LuT gray 155 | 348 | 995 | 2281 | 4922

auto 145 | 298 | 831 | 1782 | 4050

HOT LuT 58 117 225 | 454 931

E 250 | 254 | 369 | 392 | 435

The content of the last row of each table is calculated
as the result of dividing the values in the row of the table,
marked with a gray background, by the value in the row

HPT of the table. For example, in the table 1, the value
of 1.5 in the last row of the table is calculated as a fraction
of the division of 9 by 6, where 9 is the minimum possible
value of hardware expenses obtained using the XST tool,
6 is the value of hardware expenses for the implementa-
tion of circuit of the equivalent FSM with DT.

6 DISCUSSION

A finite state machine with datapath of transitions dif-
fers from a canonical finite state machine in that it uses a
set of arithmetic and logic operations to transform state
codes, which form a datapath of transitions. The complex-
ity of the DT circuit depends on the number of operations
used by datapath to transform state codes. If, for a given
GSA, the complexity of the DT turns out to be less than
the complexity of the transitions formation circuit of the
canonical FSM, the use of the structure of FSM with DT
is preferable compared to the canonical FSM.

The synthesis results shown in tables 1-5 demonstrate
a clear gain (sometimes several times) in hardware ex-
penses when implementing the FSM transition function
using the method of operational transformation of state
codes and the structure of FSM with DT. This allows us
to draw the following conclusions.

1. Finite state machine synthesis methods built into
Xilinx Vivado CAD do not always give the best result in
terms of hardware expenses in comparison with third-
party FSM optimization methods.

2. The use of finite state machine synthesis methods
built into CAD does not allow choosing specific values of
state codes. This makes it impossible to simultaneously
use other known methods of optimization of the FSM
circuit, in particular, optimization of the output function
circuit. Instead, the use of FSM with DT is based on pre-
selected values of state codes, which potentially allows
combining other optimization methods with the method of
operational transformation of state codes.

3. The theory of synthesis and optimization of circuits
of finite state machine remains relevant today, provided
that modern CAD digital systems and elemental basis are
used. A promising scientific and practical direction is the
formalization and algorithmization of well-known meth-
ods of FSM circuit optimization.

Certain limitations of the conducted research should
also be taken into account when analyzing the obtained
results.
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1. The comparative analysis of hardware expenses was
carried out only for the circuit of transition function with-
out taking into account expenses in the circuit that im-
plements the output function. If, for a given FSM, the
hardware expenses for the implementation of the output
function significantly exceed expenses for the implemen-
tation of the transition function, the effect of using an
FSM with DT instead of a canonical FSM will be much
smaller. However, from the point of view of Xilinx Viva-
do CAD, the use of FSM with DT is not the only third-
party approach to reducing hardware expenses. Therefore,
the potential possibility of surpassing the methods built
into CAD remains for other well-known synthesis and
optimization methods.

2. The structure of studied GSAs is artificially adapted
in such a way that the implementation of microprogram
transitions in the corresponding FSM with DT takes place
with the help of a smaller number of operations. This
made it possible to obtain efficiency values greater than 1.
This fact indicates the need to optimize the FSM with DT
circuit, which is possible under the condition of develop-
ment and application of special methods of synthesis of
this FSM class. At that time, the use of methods built into
CAD allows for synthesis in automatic mode, following
only the rules of building VHDL models to ensure auto-
matic extraction of the finite state machine by means of
XST.

However, these limitations do not negate (and in some
ways emphasize) the general possibility and expediency
of using known optimization methods, as opposed to the
methods built into CAD.

CONCLUSIONS

The article proposes a solution to the scientific prob-
lem of researching the effectiveness of the method of op-
erational transformation of state codes in comparison with
the methods of synthesis of finite state machines built into
Xilinx Vivado CAD, according to the criterion of hard-
ware expenses.

The scientific novelty of the work consists in the ex-
perimental confirmation of the advantage (under certain
conditions) of the use of well-known methods of synthe-
sis of finite state machines (in particular, the method of
operational transformation of state codes) compared to the
methods of synthesis of finite state machines built into
Xilinx Vivado CAD. This confirmation is provided by the
efficiency values obtained during research (Tables 1-5).
Thus, the hypothesis that finite state machine synthesis
methods built into Xilinx Vivado are always able to gen-
erate FSM circuits with lower hardware expenses com-
pared to other hardware expenses optimization methods is
disproved.

The practical use of the obtained results is possible in
the development of methods for evaluating the effective-
ness of the structure of a finite state machine with
datapath of transitions, as well as other structures and
methods aimed at optimizing the characteristics of the

circuit of a finite state machine.
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AHOTAIIA

AKTyaJbHicTh. Po3riisHyTO 3amady OMIHKH €QEeKTHBHOCTI aBTOMATH30BAHOTO MPOEKTYBAHHS MIKPOIPOrPaMHOTO aBTOMATa 3
ornepauiifHuM mepeTBopeHHsM kofiB craniB i3 Bukopuctanusm CAITP Xilinx Vivado. O6’ekrom mocmimkensst Oyiu rpad-cxemu
QITOPUTMIB KepyBaHHS, 10 IMIUIEMEHTYIOTbCS MIKPOIPOrpaMHHM aBTOMATOM Ta 3/aTHi J0BeCTH e()eKTHBHICTh NPUHIMIY Orepa-
LiIfHOTO TIepPeTBOPEHHS KOMIB CTAHIB y MOPIBHSIHHI 31 CTaHAAPTHUMH METOJaMH cuHTe3y, BOynosanuMu B CAIIP, B KOHTEKCTi onTH-
Mi3auii anapaTtypHHX BUTpaT.

Merta. Po3po0ka i JociiukeHHs rpad-cXeM alropuTMIB KepyBaHHS 3 METOI0 OOIPYHTYBaHHS €(pEKTHBHOCTI 3aCTOCYBaHHS CTpPY-
KTYPHU MIKpOIIPOrpaMHOT0 aBTOMaTa 3 OlepaliiiHiM aBTOMATOM IepPeXO/IiB y NOPIBHSHHI i3 BOYZOBaHHMH METOIaMU CHHTE3y aBTO-
maris B CAIIP Xilinx Vivado B 6a3uci nporpaMyBajbHHX JIOTTYHHX TIPUCTPOIB.

Metoa. B ocHOBY mocimimKeHHs NOKIAAEHO rinoreTudHe npuimymienus npo e, mo CAIIP Xilinx Vivado mae BOyzoBani MeTomu
ABTOMATH30BaHOTO MPOCKTYBAHHS CXEMH MIKPOIPOrPaMHOIO aBTOMaTa, ¢(EKTHBHICTh SKHX 3a KPUTEpiEM amapaTypHHX BHTpAT
MepeBeplIye iHIII BiIOMHX METOOHM ONTHUMI3alil anapaTypHUX BHTPAT B CXEMi aBTOMaTa. 3 METOK CHPOCTYBAaHHS JAHOI IilOTE3H
3aIPOIIOHOBAHO JIOBECTH, 10 B OKPEMUX BHIIaJKaX BiOMi METOAM ONTHMi3allii amapaTypHHX BHUTpaT B CXeMi aBTOMaTa € Oiiblr
e(eKTHBHUMH y MOPIBHSHI 3 MeTogamu, BOynoBanumu B CAIIP. B naniit po6GoTi B SIKOCTI BiJOMOTO METOAY ONTHMI3aLil oOpaHuit
METOJI ONepaliifHOro NepeTBOPEHHSI KO/IB CTaHiB, LI0 MOPOIKYE CTPYKTYPY MIiKpPOIMPOrPaMHOIO aBTOMATa 3 ONepalliiHUM aBToMa-
TOM Tepexo/iB. EQEeKTHBHICTh bOrO METOLY JOBOAUTHCS Ha MPHUKIAMl KUTBKOX TECTOBUX Tpad-CXeM aIrOPUTMIB, CTPYKTYpa SKHX €
a0CTPaKTHOIO 1 IITYYHO aJjaNnTOBaHa 10 00paHOro METOMy ONTHUMi3awil. AnanTanis oopaHux rpad-cxeM alropUTMIB MOJISATae B TOMY,
110 Juts X peasizawii 3a JOIOMOrOK MIKpOIIPOrpaMHOTO aBTOMATa 3 OIepallifHIM aBTOMAaTOM IepexoaiB NOTpiOHa BiJHOCHO Maia
KIUTBKICTh omepaiii mepexoxis. Lle cripusie copomeHHI0 cXeMr aBTOMaTa 1 3MEHIIICHHIO anapaTypHUX BHTpAT Ha ii pearnizamiro. Pa-
30M 3 TUM TECTOBI Tpa-CXeMH aJrOPUTMIB MAIOTh MOXKJIMBICTh MacIITa0yBaHHS, 10 J03BOJISIE aBTOMAaTH3yBatu modynoy VHDL-
MoJerel BIIIOBIIHOTO aBTOMAaTa Ul Tpag)-CXeM Pi3HOTO pO3Mipy i OLIHUTH ONTHMI3AIi0 alapaTypHUX BUTPAT IS aBTOMATIB pi3-
HOI CKJIaIHOCTI.
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PesyansTaTn. Ha mpuxiiani nexiapkox rpad-cxeM anropUTMiB MPOIEMOHCTPOBAHO, IO B OKPEMHX BHUIIAJKaX >KOIEH i3 METOAIB
cuHTe3y KiHIeBHX aBroMmariB, BOymoBanux B CAIIP Xilinx Vivado, He 3nateH nepeBepuinTi METOJ| ONEPAIiHOrO MepETBOPCHHS
KOJIiB CTaHiB 3a KPUTEPIEM amapaTypHUX BUTPAT Ha peaji3alilo CXeMH MiKporporpaMHoro apromara. [Ipu oMy Moxe DocAraTuch
KiJIbKapa30BUH BUIPALll y BUTpATax anaparyp, IO CBIIYUTh NPO AOLIIBHICTS BUKOPHCTAHHS JJAHOTO METOY 3a NEBHUX yMOB. Do-
pMaJIbHE BU3HAYEHHS TaKMX YMOB JUIS PO3IVIIHYTOTO Ta iHIIMX BiZIOMHMX METOAIB ONTHMIi3allil € OKPEMOIO HEBUPIIIEHOI0 HAyKOBOO
poOIEMOIO.

BucnoBku. [IpoBeeHi ekciepuMEHTH MiATBEPAMIIN, IO B OKPEMHUX BHIIAIKaX BiIOMi METOAU CHHTE3Y MiKPOIPOTPAMHHX aBTO-
MarTiB JJO3BOJIAIOTH OTPUMATH CXEMH aBTOMATIB i3 MCHIIMMHM BUTPAaTaMU arapaTypH, HDK PU BUKOPUCTaHHI METOMIB CHHTE3Y aBTO-
MariB, BOyznoBanux B CAIIP Xilinx Vivado. Ile cBiquuth npo 3aranbHy DOLUIBHICTD BUKOPHCTAHHS ICHYIOUHMX i PO3POOKH HOBHX
METOJIB ONTUMI3allii armapaTypHUX BUTPAT B CXEMi aBTOMara Ta Ipo ChOTOJICHHY aKTyaJbHICTh Teopii CHHTE3y HU(POBUX aBTOMATIB
SIK HAYKOBOT'O HAIIPSIMKY .

KJIKFOUYOBI CJIOBA: rpadg-cxema anroputmy, MikporporpaMHHii aBTOMaT, ONepaliiHuil aBTOMaT Mepexo/iB, anapaTrypHi BU-
tparu, CATIP Xilinx Vivado.
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ABSTRACT

Context. Local government organizations have significant decision-making power in the field of education. This requires the de-
velopment of understandable tools that help form a network of educational institutions that provide high-quality educational services.
The object of the study was the process of forming an educational network (ENW) of the community in the implementation of terri-
torial development projects as part of the reform of local self-government.

Objective. The goal of the work is to increase objectivity of decisions made in the formation of the ENW territorial community,
summarizing demographic, infrastructural, personnel, economic factors when choosing the location of ENW facilities.

Method. The study of the classical placement problem and its further adaptation to real problems arising from the implementa-
tion of the education reform made it possible to represent ENW territorial communities as a set of independent complete bipartite
graphs. In this case, to solve the problem of choosing the location of an educational institution on the network, an information tech-
nology (IT) was developed to form an ENW territorial community. Based on the adapted p-median model and methods of geospatial
analysis, generalizing the requirements of the current legislation, a set of input and output parameters of IT and a set of its operations
are formed. The representation of the IT structure in the form of an IDEFO-model clearly explains how a combination of various
factors is processed and generalized when making decisions while creating ENW and looking for ways to improve it.

Results. The developed IT was investigated in solving the problem of forming a network of lyceums in the Kharkiv region using
geospatial information, open statistical data and data on lyceums. The proposed accommodation options make it possible to achieve a
general level of accessibility of specialized secondary education of almost 94%. IT has additional tools for solving the problems of
transporting students to the place of study and home.

Conclusions. The experiments carried out confirmed the operability of the proposed IT. The generalization of the results ob-
tained makes it possible to recommend it for practical use in solving the problems of analyzing the current state of ENW, finding
ways to improve it and possible directions for development, as well as evaluating solutions related to the spatial planning of ENW.

KEYWORDS: p-median model, geospatial analysis, model of information flows of the process, IDEFO-model, accessibility as-

sessments.

ABBREVIATIONS
ENW is an educational network;
IT is an information technology;
GIS is a geoinformation systems;
VGl is voluntary geographic information.

NOMENCLATURE
A is the admissible value of the spatial accessibility of
the educational institution relative to the points of de-
mand;
pj is the weight of the vertex u;, depending on the

number of students at the demand point D; ;

¢ is an update function;

y is an output function, that generates an output data;

Ais a set of operations that implement the ENW form-
ing process;

D; is a demand point (i=1, ..., I);

E is a set of graph edges Kip,,,

I_Pr is a model of information flows of the ENW
forming process;

Kip,, is a complete bipartite graph as a graphical
model “center — points of demand”;

L(-) is a distance function between educational institu-
tion (center) and demand points;
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N is the maximum number of students assigned to an
educational institution;

Nens is an estimated number of students;

Npa is a population in the planning area;

O is a set of output data the ENW forming process;

R is a location of the educational institution (center);

U is a set of graph vertices Ky p _;

V is a set of input data, incoming into an input of the
ENW forming process;
(Xj,yj) are graph vertex coordinates Kip,.,

Z is a set of documents, regulating the ENW forming
process.

INTRODUCTION

Education is a vital “driving force” for the develop-
ment of countries, a necessary proviso for achieving so-
cial, economic, political, and cultural advantages. Glob-
ally, it affects the level of employment of the country’s
population, the growth of its well-being, individual in-
come, the distribution of wages, the efficiency of re-
sources distribution, the state of health [1], becomes a key
incentive and factor that allows countries to introduce
new technologies, increase labor productivity, change
production systems for development of society. Experts
from the World Economic Forum emphasize that among
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the key indicators that affect the level of economic and
industrial development of the country, education takes the
most important place (its importance is comparable to the
development of Technology & Innovation and Global
Trade & Investment) [2]. At the same time, according to
the estimates of the economies of countries of the nascent
archetypes, such as Cyprus, Saudi Arabia, Latvia,
Ukraine, Bulgaria et al., a strong positive correlation
(with a correlation coefficient) is recorded between the
level of development of the drivers of production of the
country and education outcomes score (Fig. 1).
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Figure 1 — The scatterplot (for the top-countries of the nas-
cent archetypes) that illustrates dependence between indicators
of drivers of production and education outcomes
(According to the results of the analysis of work [2])

Therefore, education becomes a necessary condition for
the effective transformation of production forces in the
world of rapidly developing technologies, characterizes: the
country’s ability to respond to shifts in the labor market
that are triggered by the Fourth Industrial Revolution, cur-
rent labor force capabilities to adopt and use emerging
technologies in production systems, the ability in the future
to cultivate the right skills and talent of workforce [2].

The reform of local self-government, carried out in
Ukraine since 2014, gives the authorities significant pow-
ers and functions to independently decide on the methods
and resources for providing quality and affordable basic
education in the respective territory. But the problems that
are most often fixed at the local level (unequal occupancy
of schools and classes, the lack of access to education for
all children, the existence of a cumbersome school infra-
structure with low occupancy in the presence of over-
crowded schools, etc.) require the improvement of meth-
odological approaches to the integrated development of
territories and the development of effective tools for cre-
ating an educational network (ENW), which infrastructur-
ally, organizationally, personnel, and financially will en-
sure the provision of quality education [3].

The object of study is the process of forming the
educational network of the territorial community in the
implementation of territorial development projects as part
of the reform of local self-government.

To create conditions that ensure the provision of qual-
ity education, it is necessary to systematically study the
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existing ENW of the territorial community, identifying
shortcomings and developing possible directions for its
improvement in terms of changes that have occurred in
connection with the education reform in the context of
constantly changing legal norms, while there are no build-
ing requirements for the placement of educational institu-
tions, establishments. Geospatial analysis methods are
considered to be one of the most powerful and promising
tools for solving such problems [4-6]. Therefore, in order
to increase the objectivity of decisions made when form-
ing the ENW of the community, it is necessary to expand
the use of these methods, introducing approaches that, in
the current economic conditions, will take into account
the demographic characteristics of the settlements of the
community, as well as the availability and prospects for
the development of the existing ENW within the planning
area.

The subject of study is the information technology
for the formation of a territorial community educational
network that uses geospatial analysis to determine the
location of its infrastructure and find ways to improve it.

Therefore, the known sampling methods [4 — 14],
which, unfortunately, are focused on assessing the avail-
ability of educational services, have excellent prospects
for using information technology (IT) to form an educa-
tional community network.

The purpose of the work is to increase the objectiv-
ity of the decisions made when forming the educational
network of the territorial community, generalizing various
factors (demographic, infrastructural, personnel, eco-
nomic) when choosing the location of its facilities.

1 PROBLEM STATEMENT
Consider the ENW facility as a center designed to
meet the demand for educational services of students liv-
ing in the planning area. In accordance with the
J. Von Thunen model, the choice of the location of this
center is subject to the provision of a minimum of trans-
port costs, i.e.:

argmin F(R)=argminZI:L(R,Di). Q)
R R =l

Let us assume that the demand for educational ser-
vices is unchanged, and the decision on which educational
institutions (centers) to satisfy it is made centrally with
the assignment of students from district to the correspond-
ing territorial areas. In this case, there is a need to develop
IT, focused on the use of geoinformation systems (GIS) in
the processes of forming an ENW territorial community,
which allows an educational institution to find R, given
that

IZL(R,Di)—min for vD; (i=11).
i=1
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2 REVIEW OF THE LITERATURE

The modern concept of sustainable territorial planning
of Professor C. Moreno is aimed at creating self-sufficient
neighborhoods with the necessary functions for life,
health care, education, etc. by decentralizing functions
and services. In this regard, a territorial community is a
complex socio-economic system for which the availability
and accessibility of social infrastructure are of fundamen-
tal importance in ensuring the necessary quality of life for
the population [4, 7]. For example, in the works of
Ch. Jing et al. [4] or M. Ogryzek et al. [8] noted that the
growth of cities increases the demand for education and
other social services, leading to both positive outcomes
and significant threats, affecting resilience. The spatial
arrangement of social facilities, in particular educational
institutions, plays an important role in organizing a num-
ber of economic processes, affects the attractiveness of
places of residence, and leads to the movement of labor
resources that are looking for better living conditions in
their habitat. Similar studies of the urban ENW record
uneven accessibility to social infrastructure and a trend
towards a constant decrease in this accessibility [4, 8, 9].
However, a relatively small area of study (a city, its dis-
trict or street) helps to solve a separate problem of placing
an educational institution within a small area, but the re-
sults obtained are difficult to transfer to larger territorial
counterparts (ENW of a district or region), take into ac-
count the influence of geographical factors when identify-
ing inequality compulsory education. At the same time, in
the generalizing studies of M. Kompil et al. [5] and
A. Milbert et al. [9], the hypothesis about the uneven
availability of services (including educational ones) in
European countries is confirmed. The availability of ser-
vices differs in urban areas and differs significantly be-
tween urban and rural areas, significantly increasing the
average distance to services and inequality in education
between rural and urban residents [5, 9].

Y. Gao et al. [10] analyze the inequality of compul-
sory education in terms of unbalanced spatial distribution,
confirming the presence of educationally excluded areas —
areas where the location of schools does not correspond to
the real needs of residents. As noted in the work of J. Rao
and J. Ye [11], attempts to reduce the gap between cities
and rural areas by adjusting financial investments in basic
education in rural areas and adapting the school map re-
quire significant efforts, affect rural areas and exacerbate
the problem of educational disparity, in fact widening the
gap between urban and rural areas, and between the rich
and the poor people.

In this regard, the social infrastructure of Ukrainian
regions also functions and develops very unevenly, lead-
ing to a significant imbalance in the field of social ser-
vices provided to the population, which manifests itself in
a massive decline in housing and communal services,
consumer services, education, sports and medicine [12].
At the same time, it is noted that the governing bodies
need an effective system that can help in analyzing the
current state of the educational infrastructure, education

itself and its progress, as well as in making decisions and
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formulating a policy for providing quality and affordable
basic education in the relevant territory [6, 8, 10].

S. Agrawal and R. D. Gupta [6] suggest using GIS to
analyze the current state of education in the region, as
well as to identify possible problem areas in the study
area. Focusing on gender inequality in education, on the
demographic, social and economic situation in this area,
the authors illustrate the advantage of geospatial analysis
as an innovative way to critically study a variety of social
and economic problems. These findings support D. Rod-
riguez-Segura et al. [13] and O. Mustapha et al. [14]. It is
noted in their works that recent advances in remote sens-
ing are making detailed geospatial population data avail-
able and can be used to pinpoint educationally excluded
areas with unprecedented scale, detail, and cost-
effectiveness [13], locating schools based on population
size. population and their proximity, ensuring the sustain-
able development of territories [14].

Thus, regardless of the considered aspects of the prob-
lem of ENW territorial community formation, the litera-
ture review results confirm the following. The effective-
ness of its formation is reduced due to the large size of the
planning area, restrictions on the number of specialists
involved in the analysis, and the reduction in funding al-
located to local governments [3, 11, 13]. At the same
time, studies of the potential of geospatial analysis meth-
ods confirm the possible reduction in socio-economic
costs when the ENW facility is located in the context of
the service area, taking into account a number of basic
factors [6, 12, 14]:

— demographic, taking into account the demographic
characteristics of settlements in the planning area;

— infrastructural, taking into account the availability
and prospects for the development of the relevant educa-
tional infrastructure;

— economic, taking into account the correspondence of
the volume of financing to the real needs and possibilities
of the local budget, etc.

Therefore, in order to increase the objectivity of deci-
sions made when forming an ENW territorial community
based on the analysis of independent diverse data, it is
necessary to introduce IT that combines spatial analysis
technology with minimum distance methods, ensuring
spatial accessibility (taking into account the real distance
of students to the ENW object) and the availability of
opportunities (taking into account the possibility of ob-
taining educational services in the existing ENW).

3 MATERIALS AND METHODS

The Law of Ukraine “On Education” guarantees equal
rights to quality education, defining accessibility as “... a
set of conditions that help meet the educational needs of
individuals and provide each of them with equal opportu-
nities to receive education ..” [15]. Local self-
government bodies are responsible for the implementation
of state policy in this area, plan and ensure the develop-
ment of a network of educational institutions, guarantee-
ing their accessibility to all citizens living in the respec-
tive territory [3, 15]. Based on this, in model (1), the
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places of residence of students can be considered as
points of demand for educational services — D; (i=11),

but, based on the idea of self-sufficient neighborhoods
[7], consider the ENW territorial community model as a
collection of complete bipartite graphs of the type
Ky p,,, - From the condition of centralized assignment of

students to the corresponding educational institution, each
aggregate graph Kip,,, We will consider it an independ-

ent structure that has little influence on other columns of
the ENW territorial community. Then, in the general case,
while i=1..,1 structure K;p defines in the space a

set of vertices U={uj|j=1(i+1)} with coordinates
(xj,yj) and a set of

loops) E ={e, | k =1,i}.
Let’s assume that at the top 1 of the graph Kyp,,, an

edges  (without

educational facility is located. Every vertex u; (j#1)
match the weight pj >0, the value of which depends on

the number of students living at the point of demand
D;( j=i+1,VD; whilei=11). In doing so

J

which determines the possibility of obtaining educational
services by the N-th number of students assigned to this
educational institution.

The value of N is selected taking into account the dif-
ferences and different possibilities for filling schools in
rural and urban areas, which leads to significant fluctua-
tions in its value [3, 16]. This is due to the fact that, for
example, the number of students in a class in rural areas
should be at least 5, ideally, it is necessary to provide an
average occupancy rate for elementary schools of 13 stu-
dents, for a gymnasium — 17 students and for a lyceum —
21 students. The average occupancy of classes in urban
areas for all three levels is 25 students or more (ideally,
30 students per class) [16]. Thus, the value of N affects
the maximum number of demand points and, as a result,
the number of vertices in the graph Ky p .

Each edge of the graph e, corresponds to its length
Iy >0 (for e =(uj,uj) while j=2,(i+1) introduced
designation (ly,; =1y ). In this case, for any pair of verti-

ces (1,)) (j=1) itis possible to find the function of spa-

tial (territorial) accessibility as a function of distance (or
length) L((X(, 1), (Xj,Yj)) between vertex 1 with coor-

dinates (X, Y1) and vertex j with coordinates (xj,y;).
Then formula (1) will take the form:

1+1
argminF (x, yp) =argmin > u;L((x, Y1), (Xj, ¥j)) . (3)
(X2, y1) (X, 1) j=2
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In the Law of Ukraine «On Complete General Secon-
dary Education» it is mentioned, that «...every child has
the right to receive education in the most accessible and
closest institution to his place of residence” [16]. There-
fore,

L((xq, Y1) (X, Y <A 4
for Vj=2,(i+1) while i=11.

Inequality (4) limits the real distance from students to
the ENW object, directly affecting the location of the
educational institution (xq, y1) .

Note that for all the importance (even at the legislative
level) of the concept of spatial accessibility, its unambi-
guous definition does not exist. Most often (for example,
in [9, 12, 17]), accessibility is discussed in the context of
social services, considering it from different points of
view.

By spatial accessibility, we mean “... a set of indica-
tors for quantitative assessment, reflecting the ease with
which a person (the population of a city, a separate mu-
nicipality, etc.) can reach a certain object from their place
of residence using different modes of movement ... [18]".
This provides convenient and fast connections with all
functional areas of the settlement, leads to an increase in
the quality of life and social activity, reducing socio-
spatial inequality [17, 18]. In this context, better accessi-
bility means the shortest travel time, the limit of which,
depending on the number of inhabitants of the settlement,
is determined by the Building Code 2.07.01-89 “Urban
planning. Planning and development of urban and rural
settlements”.

Thus, the solution of the placement problem and the
search for the coordinates of the educational institution
( Xq, y1) are possible by multiobjective optimization while

minimizing the function (3) taking into account the re-
strictions on the number of students (2) (in the context of
the availability of opportunities) and the distance from
students to the educational institution (4) (in the context
of spatial availability).

Function (3) corresponds to the p-median placement
model, for which the analytical finding of coordinates is
possible by solving a system of differential equations of
the form [19, 20]:

OF () _ o,
6x1 ,

F(Gan) _q
1

Note that the presence of a significant number of de-
mand points D; while simultaneously observing con-

straints (2) and (4) leads to certain computational difficul-
ties and requires the use of special algorithms and meth-
ods for finding coordinates (X, y;), for example, using

the ideas of geospatial analysis.
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The search for a solution to the formed placement
problem (3) in the presence of constraints (2) and (4) is
implemented as part of the information process of the
ENW territorial community formation. Based on the re-
quirements of the current legislation, we systematize the
information flows of this process and, using the author’s
research methodology [21, 22], conceptually represent it
in the form of a set-theoretic model of information flows:

the internal content of the sets of which is shown in
Fig. 2.

In model (5), the set V ={v;,v,,v3} is converted to a
set O={0;,00,03,04} by successive implementation of
set operations A={aj,a,a3}, defined by a sequence
[12, 13]:

Step 1. Assess the demographic situation and its
trends in the planning area.

| _Pr=(V,0,Avy,Z,0), (5) Step 2. Analyze the comr_nunity’s existing'ENV\/_. _
Step 3. Choose the location of the educational institu-
tion.
" Z, - requirements of th z ,- criteria for choosing the location
z,- horms of pkr_ammn I_aws on the ) Building Code 9\1\ of an educational institution
organization of policy in the field of education < 2
v 0, - database of students
Vv, - data on children of school assigned to educational
and preschool age living in To assess the institutions in the community
the planning area demographic situation in >
q the planning area 0, - assessment of the
ai spatial accessibility of
[ A A A 4 educational institutions
Vv, - data on educational institutions N> o >
located in the planning area | To analyzg existing >
”|  community ENW 0, - database of educational
' q a, institutions that are
V, - geospatial data about the x x promising for use in ENW
planning area A 4
To choose the
L 4 location of the
d educational
q institution
Analyst W, 4 j 0, - The list of
- - educational
Geoinformation institutions that form

system "
ENW communities

Figure 2 — IDEFO-model as a structure of information technology of forming the ENW territorial community

The set transformation is defined by the output func-
tion y — displaying the view [21, 22]:

y:AxV >0, (6)

the implementation rules of which are disclosed in Ta-
ble 1, where each row corresponds to one operation of the
formation of an ENW territorial community a,

(n=1,...,3), and the column is one valid input element of
the set v, (m=1,...,3). The cell at the intersection of a
row and a column contains an operation a,,, the execu-
tion of which occurs when an element arrives at the input
Vi, and the output element o4 (q=1,...,4), which will
appear when the operation is performed a,, [22].

In Table 1, for example, upon receipt of an input v3 to
get the output o, during operation ag is required. In this
case, is a necessary output o, obtained as a result of the

operation a; , output o, , obtained as a result of the op-
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eration a, by summarizing input data v, and v3, and
output 03, obtained as a result of the operation a, .

Table 1 — Exit Function Tabular View (6)

Operations of the set A Input elements of the set V
Vi Vo V3

a ai)os a0y as|01

az - a0, 5|02

as - |03 aslo,

To normalize the internal content of the information
flows of the model (5) when converting input data into
output data, a set of regulatory documents is required.
They are determined by a set Z ={z,,z,,z3}. The nor-

malization rules are set by the update function ¢ [21, 22]:

OV xZ >V, @

which for each element of the set V specifies the imple-
mentation Vin = 0V, Z) YWm eV, Vi eZ
whilem,k =1,...,.3. For example, for operation a, func-
tion execution (7) allows you to create, supplement and
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expand the database template of establishments that are
promising for using in ENW. So, the implementation
o(v,,7) fulfills the requirement on the need to take into

account information about the material base of the educa-
tional institution, the qualifications of its teaching staff,
etc., the implementation of ¢(v,,z,) expands this tem-

plate, supplementing it with information about the design
capacity of the educational institution, age, etc., the im-
plementation of ¢(vs, z,) requires taking into account the

geospatial data of educational institutions, etc., in the da-
tabase.

Summarizing the information flows, operations and
functions of the model (5), in order to facilitate their per-
ception while maintaining the rigor and formality of the
representation, we depict it as an IDEFO-model (Fig. 2)
[22, 23]. Based on the provisions of the functional model-
ing methodology, IDEFO-model determines the structure
of IT of ENW territorial community formation. The im-
plementation of proposed IT is possible by using the Ar-
cGIS software suite by Esri.

Thus, the proposed IT, based on a consistent analysis
of demographic, personnel, and infrastructural factors,
will allow, when forming the ENW territorial community,
to find a solution to problem (3), taking into account con-
straints (2) and (4), focusing on the real volumes of fund-
ing for the activities of educational institutions. The re-
sults obtained with the help of IT will make it possible to
make informed decisions when choosing directions for
optimization, for example, in conditions of limited finan-
cial support, when significant costs for maintaining
schools with low occupancy can be reduced by reorganiz-
ing or reprofiling them [3, 15].

4 EXPERIMENTS

The possibility of using the proposed IT in the forma-
tion of a network of lyceums — institutions (structural di-
visions) that provide specialized secondary education (ll1
level education) — is considered on the example of the
communities of the Kharkiv region. At the same time,
data on the city of Kharkiv and its educational institutions
were excluded and were not considered when construct-
ing ENW, which is associated with the specifics of the
tasks of a large metropolis, which are not typical for other
settlements [4, 8] of the region.

The purpose of the experiment was to assess the pos-
sibility of using spatial data to justify the choice of the
location of an educational institution on the territory of
the community in the formation of ENW. In particular,
attention was focused on assessing the impact on the
structure of the network element of the set Z — z3 — crite-

rion for choosing the location of the educational institu-
tion. In this case, such possible formulations were used
3.

1. Lyceums are located in settlements with a popula-
tion of at least 10,000 inhabitants;

2. Lyceums are located in the settlements of the dis-
tricts of the territorial community, provided that the total

© Danshyna S. Yu., Nechausov A. S., 2023
DOI 10.15588/1607-3274-2023-3-13

population of the district is not less than 10,000 inhabi-
tants.
Thus, according to the wording z3 and taking into ac-

count the requirements of the Building Code 2.07.01-89,
in expression (4) admissible value A for spatial accessibil-
ity was assumed to be 30 min. Due to the specificity of
the information and the lack of accurate login data v,

assessment of the demographic situation at the operation
a; carried out using voluntary geographic information

(VGI), the effectiveness of which for such tasks is con-
firmed in the works [12, 13, 23]. At the same time, the
estimated number of lyceum students in the planning area,
found by the formula [3, 12]:

97402

e )
2583141 ®

Nens = Npa -

is considered as a part of the number of residents in the
planning area, taking into account the fact that the total
population of the Kharkiv region as of January 1, 2022 is
2.583.141 people, including 15-18 years old (the age of
applicants for specialized education) — 97.402 people.

In accordance with the requirements of The Law of
Ukraine “On Complete General Secondary Education”,
lyceums must ensure the functioning of at least two
classes in three areas of study at the level of specialized
secondary education. Taking into account the cycles of
the profile educational process and restrictions on the
number of students in the class [1, 16], in expression (2)
the value of N is taken equal to 500 people.

The following data were used as initial data:

— statistical data of the Main Department of Statistics
of the Kharkiv region (http://kh.ukrstat.gov.ua/);

— data on educational institutions from the Education
Management Information System of the Kharkiv region
(https://kh.isuo.org/);

— VGI about the planning area from the OpenStreet-
Map (https://www.openstreetmap.org/) and Detsentrali-
zatsiia (https://decentralization.gov.ua/) services.

As a result of the experiment, conclusions were drawn
about the possibility of using geospatial analysis methods,
as well as their effectiveness in the context of the reform
of local self-government and the creation of new territo-
rial communities, in particular, when solving problems:

— search for ways to improve ENW and possible di-
rections of its development;

— analysis of the current state of ENW and assessment
of decisions made related to spatial planning and the im-
plementation of accessibility standards for specific places.

5 RESULTS
There are 19 settlements in the Kharkiv region (ex-
cluding Kharkiv) with a population of more than 10,000
people. Using VGI, according to formula (8), the esti-
mated number of students was found and, taking into ac-
count the accepted value of N, the required number of
lyceums was determined as 28. Their spatial distribution
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on the territory of the Kharkiv region is shown in Fig. 3,
while in the Bohodukhiv city there is 1 lyceum, in the
Balakliia city — 2 lyceums, in the Izium city — 3 lyceums,
in the Krasnohrad city — 1 lyceum, in the Slobozhanske
urban-type settlement — 1 lyceum, in the Kivsharivka ur-
ban-type settlement — 1 lyceum, in the Kupiansk city — 2
lyceums, in the Lozova city — 4 lyceums, in the Per-
vomaiskyi city — 2 lyceum, in the Vysokyi urban-type
settlement— 1 lyceum, in the Vovchansk city — 1 lyceum,
in the Derhachi city — 1 lyceum, in the Liubotyn city — 1
lyceum, in the Merefa city — 1 lyceum, in the Nova
Vodolaha urban-type settlement — 1 lyceum, in the Pi-
sochyn urban-type settlement — 1 lyceum, in the Solonyt-
sivka urban-type settlement — 1 lyceum, in the Zmiiv city
— 1 lyceum, in the Chuhuiv city — 2 lyceums.

The spatial distribution of lyceums (Fig. 3) was found
under the condition of uniform distribution of students
throughout the territory of settlements. In case of their
uneven settlement, the location of the lyceum is chosen in
the places of maximum location of demand points D;.

./

Bohodukhiv
=

\/\J/‘chhansk

‘Derhachl

= q' ;hurkrv

-Vysokyi
/_.Meref‘a ) ’Chuhulv
= Zmiiv Kupiansk
()

. =
.Slobozhanske: - Kivsharivka
@ kg \

Balakliia

Krasnohrad Pervomaiskyi
» v

\'Izium ‘]

blozova %
\ Sloviansk

Figure 3 — A fragment of the distribution of lyceums across the
territory of the Kharkiv region in settlements with a population
of more than 10,000 people

In accordance with expression (3), for each lyceum,
the distance to the expected demand points was found and
the accessibility zones were determined (walking accessi-
bility zone — 3 km, transport accessibility zone — 15 km
and 30 min.) The results of the experiment are presented
in Table 2.

Table 2 — Comparative results of lyceum accessibility assessments obtained using different placement criteria

Assessment parameter Placement of lyceums in settlements with population Comparison
P More than 10.000 people More and less 10.000 people result, times

Level of accessibility (%), including:
walking distance (3 km) 0.95 1.76 1185
using transport distance (15 km) 16.46 38.69 1235
using transport time (30 minutes) 47.6 93.96 11.97
-r::r? ?rekarln(;f the transport accessibility zone (30 14 968.36 2943436 1197
Estimated number of lyceums in ENW 28 84 13.0

Taking into account the total number of inhabitants of
the district (the second version of the wording) leads to
the need to locate lyceums in settlements with a popula-
tion of less than 10,000 people. In this case, the number of
lyceums increases to 84. For example, in the Bohodukhiv
district, instead of one lyceum in Bohodukhiv territorial
community, 9 lyceums are created and operate, providing
specialized secondary education in Bohodukhiv, Valky,
Zolochiv, Krasnokutsk territorial communities. This al-
lows you to increase the total area of the area of transport
accessibility of the lyceums at the region to 29434,36
km?, reaching the level of accessibility of specialized sec-
ondary education to almost 94 % (Table 2).

The final geospatial assessment of the accessibility
zones of lyceums, obtained using the developed informa-
tion technology for different formulations z3 , is presented

in Fig. 4.
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6 DISCUSSION

Analysis of statistical data on the distribution of the
population of the Kharkiv region showed that the number
of urban residents is more than 5 times higher than the
population of rural areas. This confirms the correctness of
the idea of locating educational institutions in urban areas
of the region. However, the focus on placing lyceums
only in settlements with a population of at least 10,000
people (and in the first edition of the law [16] — at least
50,000 people) leads to a significant violation of the re-
quirement for the availability of specialized education.
The zone of regulated transport accessibility covers only
47.6% of the Kharkiv region. (Table 2), which can lead to
the problem of the lack of places in the created lyceums
for all students (including those who are living in
neighboring settlements) due to exceeding their design
capacity (violation of constraint (2)).

Due to the significant distance between the recom-
mended settlements (Fig. 5), areas with difficult access to
specialized education are formed, which is especially no-
ticeable in areas located closer to the borders of the region
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(violation of the constraint (4)). In this case, the resulting
economic effect from the reduction in the number of ly-
ceums is leveled by the need to create and maintain
boarding schools for students from remote areas. These
problems explain the public outcry and negative attitude
towards the first edition of the law “On Complete General
Secondary Education” and the subsequent withdrawal of
the discriminatory norm “on the placement of lyceums” in
its new edition.

Sloviansk

Kramatorsk

Legend
Lyceum accessibility zones for settlements with a population of

more than 10,000 people more and less than 10,000 people

-- walking distance (3 km)

- transport accessibility (15 km)

- - walking distance (3 km)
- transport accessibility (15 km)

- transport accessibility (30 minutes) - transport accessibility (30 minutes)

Figure 4 — An example of a geospatial assessment of the acces-
sibility of lyceums obtained as a result of the application of the
developed information technology
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Figure 5 — Estimation of the distance between two neighboring
lyceums in Bohodukhiv and Krasnohrad, Kharkov region

On the other hand, in cities located closer to Kharkiv,
access zones overlap each other (Fig. 5). As a result, the
problem of small-group classes arises, which, in addition
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to the emergence of financial support problems, is the
cause of a decrease in the quality of education, a decrease
in the number of education profiles, etc.

The placement of lyceums in the settlements of the
districts of the territorial community in accordance with
the second formulation of the criterion allows, on average,
to increase the total accessibility zone by 2 times (Ta-
ble 2), reduce the burden on cities, provide children with
comfortable conditions and reduce the distance between
lyceums so that students can choose the right lyceum
which is closer to where you live. At the same time, if the
idea of locating educational institutions in large settle-
ments of the region’s districts is observed, the recom-
mended number of lyceums is increased by 3 times (Ta-
ble 2).

CONCLUSIONS

The urgent problem of developing scientific and
methodological support of information support for the
process of forming the educational network of the com-
munity in order to find ways to improve it in the imple-
mentation of community development projects has been
solved.

The scientific novelty of obtained results is that the
adaptation of the p-median model to solve the problem of
creating an ENW in the presence of constraints made it
possible to combine demographic and infrastructural fac-
tors in making decisions about choosing the location of
educational institutions. As a tool for solving the problem
of choosing the location of educational institutions in
ENW, the methodology for studying information proc-
esses was further developed by clarifying the set-theoretic
model of information flows of the process. As a result of
the clarification, an information technology for the forma-
tion of an ENW community was developed, which, based
on an adapted p-median model and geospatial analysis
methods, explains how a combination of various factors
(demographic, infrastructural, personnel, economic) are
processed and presented to support decision-making when
formation of the educational network of the community
and search for ways to improve it.

The practical significance of the obtained results is
that the representation of the IT structure based on the
IDEF functional modeling standard allows one to proceed
to the creation of information systems for the formation of
ENW based on spatial data. The conducted experiment on
studying the capabilities of the developed IT showed its
effectiveness in solving classical problems of accommo-
dation, taking into account the accepted restrictions on the
capacity of the educational institution and its spatial ac-
cessibility. At the same time, additional tools for solving
the problems of ensuring the accessibility of education
appear, in particular, the task of transporting students to
the place of study and home. Using data about students,
supplemented by geospatial information about their places
of residence, and geospatial data about the locations of
lyceums, the process implementation mechanism were
proposed in the IDEFO-model — GIS — makes it possible
to form student transportation routes, focusing on the al-
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lowable value of A (Fig. 6). At the same time, all the nec-
essary information for solving this problem is in the data-
bases of outputs o; and o3. The results of the experiment

make it possible to recommend the proposed IT for the
formation of a competitive educational network in accor-
dance with the Laws of Ukraine, as well as to determine
the effective conditions for its application.

Shevchenkove

Znamianka

My O ijca-

v, 51908k

Prospects for further research are in adjusting the
data obtained in accordance with the actual occupancy of
the classes of lyceums located in the planning territories.
The use of actual data in the proposed IT will allow opti-
mizing the network of lyceums, taking into account the
possibility of organizing the functioning of parallel
classes, transporting students from other settlements, etc.,
while the procedure for choosing the location of lyceums
will remain unchanged.

N Start of the End of the route | Number of | Travel time, Route
route | route (town) |(lyceum location) stops minutes length, km
1 Perekip 3 26 11,75

Hryntsiv Rih i 34 16,19

Khvorostove = 4 46 726
-
Z

4 Koviahy = 3 29 1486
]
z

Sharivka = i 14

3

6 Fedorivka = 24 13,12
g

7 Mynakivka S 4 30 9,26
=
. =

8 Buhaivka = 4 30 13,19
-

9 Yaseneve 3 3 14,62

10 Kantakuzivka 4 40 17,36

Note: Routes are marked red, the implementation of which does not allow to achieve
the value of spatial accessibility at the accepted (recommended) level without
applying the additional organizational measures.

Figure 6 — An example of the routes for transporting students to the Valky lyceum of O. Maselsky
obtained with the help of developed information technology
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THO®OPMAIIAHA TEXHOJIOI TSI ®OPMYBAHHSI OCBITHHOI MEPEKI TEPUTOPIAJIBHOI TPOMA TN
Janmmua C. FO. — n-p TexH. Hayk, mpodecop Kadenpu reoiHGpopMaifHUX TEXHOIOTIH Ta KOCMIYHOTO MOHITOPHHTY 3eMili,
HamionanpHu# aepoKocMiYHUH yHIBEpCUTET « XapKiBChKUH aBiamiiHUA iHCTUTYT», XapKiB, YKpaiHa.
HeuaycoB A. C. — kaHJ. TeXH. HayK, IOLEHT KadeapHu reoinhopMaLifHIX TEXHOJIOTIH Ta KOCMIYHOTO MOHITOpUHTY 3emii, Ha-
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AHOTAIIIA

AxTyanbHicTh. Opranam MiCIIeBOIO CaMOBPsIyBaHHS HaJJaHO 3HAYHi MOBHOBAYKEHHS II0/I0 NMPUITHATTS pillleHb y cdepi OCBITH.
Ie motpedye po3poOIIeHHs iTKHX 1 3pO3yMUITUX IHCTPYMEHTIB, SIKi TOMOMOXYTh c(OPMYBaTH MEPEXy OCBITHIX 3aKiIafiB st 3a0e3-
MeYCHHsI IKICHOTO HaJaHHs OCBITHIX mociayr. O6’€KTOM JOCIiHKEHHS € mporec GopMyBaHHs OCBITHBOI MEpexkKi rpOMaIH P peati-
3amii MPOEKTIB PO3BUTKY MiJ Yac 3AiHCHEHHS pedopMH MiCLIEBOrO caMOBPsIyBaHHS. MeTOI pOoOOTH € MiABUIIECHHS 00’ €KTHBHOCTI
pilleHb, M0 MPUHMAIOTHCS NpU GOPMYBaHHI OCBITHBOI MEpEeXi TepUTOPiaJbHOI TPOMaJH, y3aradbHIOIUYH JeMorpadiuHi, Kaaposi,
iH(pacTPyKTypHi, eKOHOMIYHI YUHHHUKH IIPU BHOOPI MiCIs pO3MIIeHHS ii 00’ €KTiB.

Mertoa. {ocii/keHHs KITaCHYHOT 3a/1a4i po po3MillieHHs Ta i1 mojaiblia aJanTtamis 10 pealbHUX 3aBlaHb, 110 BUHUKAIOTh TIPU
peanizauii ocBiTHbOT peopMH, JO3BOIMIN MOAATH OCBITHIO MEPEXKY TEPHTOPIAILHOI TPOMaaN K CYKYHHICTh HE3aJIeKHUX ITOBHUX
JIBOJIOJIBHUX rpadiB. Y bOMY BUNAIKY AJIS BUPIIICHHS 3aBIaHHS BUOOPY MICIs PO3MIILEHHS Y400BOI0 3aKiIaay Ha MEpexi po3poo-
JIeHO iH(opMalliiiHy TEXHOOr 0 (OPMYBaHHS OCBITHBOI MEpEXi rpomamu. I pyHTYIOUMCh Ha aJanToBaHil P-MemiaHHiil Moxeni Ta
METO/IaX I'eOHPOCTOPOBOTO aHAII3Y, y3arajabHIOIUH BUMOTM YHHHOTO 3aKOHOAABCTBA, COPMOBAHO MHOXKHHY BXIJHUX I BUXIZHHMX
nmapameTpiB iHopMaLiitHOT TexHooril Ta MHOKUHY 11 onepauiil. [lomanns ctpykrypu IT y Burnsagi IDEFO-moneni maouno mosic-
HIOE, SIK 00pOOJISIOTH Ta y3arajJbHIOIOTH CYKYIHICTD Pi3HUAX (HAaKTOPIB Mig Yyac (OPMyBaHHS pillleHb IPH CTBOPEHHI OCBITHBOI MEpEXi
Ta MOUIYKY HUISXIB ii BAOCKOHATICHHS.

Pe3yabTaTn. Po3pobneny indopManiiiHy TEXHOJIOTIIO JOCITIIPKEHO Mij Yac BUPIMICHHS 3aBAaHHS (OPMYBAHHS Mepexi JIIeiB y
XapkiBCbKill 00J1aCTi 3 BUKOPUCTaHHSIM Ie0NpOCTOPOBOI iH(opMarlii, BIIKpUTHUX CTATUCTUYHHX JAHUX i JaHUX Hpo Jinel. 3amporo-
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HOBaHI BapiaHTH PO3MIIIEHHS JIIEIB JAIOTh 3MOTY JOCSTTH 3araJIbHOTO PIiBHS JOCTYIHOCTI NMPOQiTbHOI CepeHbOoi OCBITH Maibke
94%. ¥ 3anpornonoBaniii IT € qonaTkoBi IHCTPYMEHTH BHPILIEHHS 3aBJaHHsI Ii[BE3CHHS YUHIB JI0 MICLIsI HABYAHHS Ta JOAOMY.

BucnoBku. [IpoBeneHi excriepuMeHTH HiITBEPIWIN Mpale3aaTHICTh 3anpornoHoBanoi IT. Y3araipHeHHsT OTpUMaHUX pe3yJsbTa-
TiB J1a€ 3MOT'y PEKOMEHAYBATH ii 0 BUKOPHCTAHHS HA MPAKTHL NP BUPIIICHH] 3aBIaHb aHAIi3y [TOTOYHOIO CTaHY OCBITHBOI Mepe-
X1, MOIIYKY IUISXiB 11 BIOCKOHAJICHHS Ta MOMKJIMBUX HAIPSMIB PO3BUTKY, a TAKOXK OLIHIOBAHHS PillleHb, OB S3aHMUX i3 IPOCTOPOBUM
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HYBaHHIM MEPEXi.

KJIFOYOBI CJIOBA: p-meniana Moemns, T€ONPOCTOPOBHUIT aHaNi3, MOJIENb iHpOopMaLiiiHuX MOTOKiB mpouecy, IDEFO-moznens,
OLIHKH JAOCTYHMHOCTI.
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ABSTRACT

Context. The article considers a technique for the sequential application of flow schemes for distributing a homogeneous re-
source 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 method of streaming resource distribution using the backtracking scheme is posed. The use of Orlin’s meth-
od to optimize the flow distribution on the graph is proposed.

Obijective. The goal of the work is to develop an algorithm for solving the traveling salesman problem based on the implementa-
tion of the method of streaming resource distribution and the backtracking scheme with the minimum duration of movement along
the route.

Method. This paper proposes a method for solving the traveling salesman problem by the method of streaming resource distribu-
tion with the backtracking scheme. A scheme for formalizing the procedure for solving the traveling salesman problem with the min-
imum duration of movement along the route is described. A variant of accelerating the speed of the developed algorithm is proposed,
which consists in using a greedy technique in the procedure for selecting route sections: planning each subsequent stage of movement
is determined based on the choice of the fastest direction of movement. The results of the proposed algorithm for calculating solu-
tions to the traveling salesman problem with minimization of the duration of movement are presented, the obtained solutions are
compared with the solutions found by other exact and heuristic methods.

Results. The method for solving the traveling salesman problem using the method of streaming resource allocation and using the
backtracking scheme is developed. A variant of accelerating the speed of the developed algorithm is proposed, which consists in
using a greedy technique in the procedure for selecting route sections: planning each subsequent stage of movement is determined
based on the choice of the fastest direction of movement. The application of the greedy approach makes it possible to obtain a con-
structive scheme for solving the traveling salesman problem. The results of the proposed algorithm for calculating solutions to the
traveling salesman problem with minimization of the duration of movement are presented, the obtained solutions are compared with
the solutions found by other exact and heuristic methods.

Conclusions. The paper considers a method for formalizing the algorithm for solving the traveling salesman problem using the
method of streaming resource allocation and the backtracking scheme. The use of Orlin’s method to optimize the flow distribution on
the graph is proposed. The scheme of formalization of the procedure for using the method with the implementation of the backtrack-
ing scheme for solving the traveling salesman problem with the minimum duration of movement along the route is briefly described.
A variant of accelerating the speed of the developed algorithm is proposed.

KEYWORDS: traveling salesman problem, resource allocation method, recursive backtracking scheme, greedy approach.

ABBREVIATIONS xjj are the elements of matrix X, which equal to 0 or
TSP is a traveling salesman problem. 1

NOMENCLATURE . )
t is cyclic permutation of numbers; G(V E) is a graph; .
jysmn Jy are different city numbers; V is a anon-empty set of vertices;

E is a set of edges;

vj is a vertex of graph, i=1,N ;

N is a number of vertices of the graph;

e; is a edge of graph, =L M ;

M is a number edges of the graph;

V, is asubset of initial nodes of the graph;

V,, is asubset of intermediate nodes of the graph;

n is a number of cities;
cij are the travel time between all pairs of vertices;

C isamatrix of ¢; ,i,j=1n;

i, j, k are the indexes;
I is a the set of vertex indices;
X is a binary matrix of transitions between vertices

Xij » i,j=Ln;
V, is a subset of final nodes;
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F (i) is a subset of edges of the graph coming out of
the i -th vertex;

e'j time distribution coefficients, i=1K ;

K isa the power of subset vertices Vy ;

Vq is aset that unites sets Vg and V;

f(-) isacriterion for optimization;

Jy is apower of F(k);

N, is a power of Vg ;

Ny is a power of V;

N5 is a power of Vg ;

t, () is a element of vector-function that determines
the amount of time spent on moving to the k-th vertex of
the graph, k =1,T3;

H™ is a matrix for the forward flows of dimension
NxM ;

HO s a matrix for backward flows of dimension
M xN ;

S" is a incidence matrix NxN for a path of multi-
plicity r;

r is a number of edges through which there is a path
from vertex v; to vertex v;;

wj() is a element of vector-function of dimension N

that determines the amount of the time resource formed
by the initial vertices;

yg{(-) is a element of the vector-function of dimension
N;

7" () is a element of the vector-function of dimen-
sion N;

B(-) is a matrix-function;

Q is a vector of dimension N3 whose elements deter-
mine the numbers vertices of the final points of the
movement.

INTRODUCTION

Recently, most global companies have experienced
disruptions in logistics caused by the pandemic and the
war in Ukraine. Due to the sanctions and events related to
the pandemic, managers of logistics companies have ex-
perienced serious disruptions in determining the routes
and volumes of transportation, as the mentioned processes
have exposed the weaknesses of the traditional existing
supply chains in logistics.

A lack of vertical vision of manufacturing processes
and connections, outdated demand management proc-
esses, insufficient resilience to changes in demand, and
unexpected disruptions due to reliance on manual efforts
in logistics operations have disrupted the supply chain.

Logistics companies are forced to analyze their logis-
tics processes. It is clear that changes in customer behav-
ior and expectations are unlikely to address these unex-
pected logistics challenges, as shoppers expected faster
delivery and easier product tracking.
© lvohin E. V., Gavrylenko V. V., Ivohina K. E., 2023
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It is becoming clear that companies need to quickly
optimize their logistics management. Depending on the
task at hand, there are many different mathematical ap-
proaches to various logistical problems, such as linear
programming, network optimization, decision analysis,
genetic algorithms, and so on.

Logistics problems experience their own difficulties,
some of which are solved thanks to the work of the man-
agement department, while others involve the analysis
and optimization of logistics operations, including plan-
ning, coordination and control of the movement and stor-
age of goods, services and information, optimization of
network flows [1-3]. Simulation modeling methods and
models allow you to create computer models of a logistics
system and use them to test various scenarios and opti-
mize system performance.

Attracting mathematical approaches to solving logis-
tics problems is becoming widespread, the specific con-
tent of which depends on the nature of the problem and
the available data. Sometimes it is possible to find atypi-
cal methods for solving known problems, one of which is
the traveling salesman problem.

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

The subject of study is the development of the effi-
cient algorithm for solving for solving the traveling
salesman problem by the method of streaming resource
distribution using the backtracking scheme.

The purpose of the work is to develop an algorithm
for solving the traveling salesman problem based on the
implementation of the method of streaming resource dis-
tribution and the backtracking scheme with the minimum
duration of movement along the route

1 PROBLEM STATEMENT

According to the content of the traveling salesman
problem (TSP, Traveling Salesman Problem), it is neces-
sary to create a route of movement within a given set of
interconnected points (bridges) that form the transport
network of a particular region [4]. A feature of the prob-
lem is that the route must contain all the points specified
in the task, and each of the points must be visited no more
than once. It is clear that such trips take a lot of time, so it
is logical that it is necessary to plan the route in such a
way that the distance to be covered, or the time to over-
come it, is minimal (finding the path with the least cost
can also be considered as a criterion).

The traveling salesman problem is a combinatorial
problem that can be solved using mathematical program-
ming methods. To reduce the problem to a general form,
we number the cities by numbers (1, 2, 3, ..., n), and de-
scribe the traveling salesman’s route by a cyclic permuta-
tion of numbers t=(jy, jo, ins J1) » Where all j ..., Iy

are different numbers. The number j;, repeated from the

very beginning and at the end, shows that the permutation
is cyclic [5].

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

i,j=1,n. We assume that the matrix is symmetric. The
formal problem then is to find the shortest route (in time
or length) t 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 I={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 C=(c;; ), i,jel .

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

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

the task, O otherwise [6]. The shortest route in terms of
distance or time is optimal:

Z ZCinij — min (1)

iel jel, j=i

with constraints
inj =1, iel s
jel, j=i
inj :l, j€|, (2)

il ji

vi—vj+nxijsn—1,1si¢j§n.

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

2 REVIEW OF LITERATURE

Algorithms that allow solving the problem of finding
the optimal route are divided into exact and heuristic.
Exact methods guarantee finding the optimal solution to
the problem in a certain time or taking into account cer-
tain resource constraints. In this case, the search for solu-
tions is based on optimization methods such as linear pro-
gramming, dynamic programming, or the branch and
bound method [7]. However, it is expedient to use exact
methods only for small-scale problems (for example, for
the purpose of primary design of a small-sized transport
network), since their implementation requires large com-
puting power.

On the other hand, heuristic methods are algorithms
that do not guarantee finding an optimal solution, but are
aimed at quickly finding a locally optimal solution. Tradi-
tionally, “trial and error” approaches, such as random
search or greedy algorithm, are used to quickly explore
the solution space and find a promising solution [8]. Heu-
ristics are more flexible and can be applied to larger prob-
lems, but the solution they offer may not be optimal.
Among such heuristic methods, attention should also be
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paid to methods that imitate biological (ant colony algo-
rithm and genetic algorithm [9, 10]) or physical processes
(imitation annealing [11]).

3 MATERIALS AND METHODS

When forming a route, it is necessary to pay attention
to the fact that each subsequent stage of movement can be
chosen based on the consistent use of methods for opti-
mizing the distribution of a homogeneous resource, one of
the most effective among which is the Orlin method [12].
Then the problem of this study can be formulated by for-
malizing the algorithm for solving the traveling salesman
problem using the method of streaming resource alloca-
tion and using a backtracking scheme.

Consider the application of the method for our prob-
lem. This method allows solving the problem of distribu-
tion of a homogeneous resource with intermediate points
in the form of a directed graph without loops and parallel
edges, given by a set of a non-empty set of vertices and a
set of edges

Ec{vi,vj}=(V.E), GV,E)=(V.E), V=, )
Vi, VeV, i#j
where V ={v; v,,..vy}, E={e;.65,..ey }, Nand M
are the total number of vertices and edges of the graph,
respectively. It is assumed that the set V of graph verti-
ces G(V,E) is represented by a set of non-intersecting
subsets:

1. Vg — a subset of initial nodes (vertices) of the
graph;

2. V, — a subset of intermediate nodes (vertices) of
the graph;

3. V, —asubset of final nodes (vertices),
that is V=V UV, UV, provided that

(Vs va)mve = and Ns|: Ny, Np‘z Na, Ne|: N3,
N=N;+N,+N3, and the weight of the ribs is under-

stood as the time to overcome the corresponding stage of
the route.
Let’s denote V4 =Vs UV, . Then the weight of the

edges from the set E emanating from the vertices of the
subset Vg is determined by the value
E'={e",,€'5,..&' | of the corresponding time distribu-
tion coefficients for the route, where K — the number of
vertices of the graph G(V,E) belonging to the subset Vy ,
ie. Vgl= K=Ng|[+Vp|= Ny +N,. Let be F(i)cE -a
subset of edges of the graph G(V,E) coming out of the i -

N N
th vertex, with E=(JF(i) and "F(i)=2.
i=1 i=1
Then the problem of optimal distribution of a homo-
geneous resource is the problem of determining the
weight of edges emanating from the vertices of the subset

Vq , taking into account the criterion
OPEN 8#CCESS m
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Ns
f(Tl""’TN ,e'l,...,e'K)=(—1)Ztk('l'1,...,TN ,e'l,...,elK)—) /mlr)
! a ! godc (4)
12'N

1

and the restriction on the distribution coefficients, which
is given by the relation:

%
2.¢j=1 ®)
=1

where e¥cF(k), 0<e<1, j=1,3,, I =|F(k),

F(k)cE, k=1,K.
To find a solution of the optimization problem (4) in
the form of a vector function

t(l'l,...,TNl,ei,...,e'K) = (tl(Tl""'TNl’ell ,...,eIK),...,
tN3(I'1,...,TN1,e'1 +€'k)), the k-th element of which
characterizes the time spent to move to the k-th vertex

(k=1,N3), we introduce the notation. The indicative
graph G(V,E) will be specified in the form of incidence
matrices for the forward H™ and backward H°“ flows

of dimensions N xM and M x N, respectively, whose
elements are defined as:

in 1, node v; isincidenttoedge e,, and isitsend .
Him =1, : ’
0,in opposite case (6)

out _ 1, node v;j isincident toedge e, and isits beginning :
™! 10,in opposite case (7

i=LN,m=LM.

For a indicative graph G(V,E), we define a matrix

S" of dimension NxN, which is the incidence matrix
for a path of multiplicity r (r specifies the number of edg-
es through which there is a path from vertex v; to vertex

vj). The matrix S" is defined by the equality:

s“:(Hf”(—H"“t)Tjr. ®)

Consider a vector function W(Tl,...,TNl,ei,...,ek)=

= (Wl(Tl!""TNl ,e:i_,...,Ek) ey WN (Tl!""TNl ,e:i_,...,ek )) s the

j-th element of which determines the amount of time
spent on moving to the j-th vertex of the graph G(V,E),

j=LN:
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WJ (Tl""’TNl ,ei,...,ek) = W’] (Tl""'TNl) +

{%[Hin *diag(yR(Tl,...,TNl,ei,...,ek))*(_Hout)Tﬂ )

p= i

where the sum in the second term is taken over all N ele-
ments of the j-th row of the matrix

- T
H" *diag(yR(Tl,...,TNl,ei,...,e’K))*(—H°“t) ,
the vector function w' (T; ""’TNl) =(w((m ’""TNl)

wy (Tq ""’TNl)) of dimension N determines the amount of

the time resource formed by the initial vertices of the
graph G(V,E), the vector function

YR (TLren Ty € i) = (7R (T Ty ) ooy
y,’;' (I'l,...,TNl,ei,...,ek )) of dimension N, the elements of

which are calculated recursively by the formula

ST T E | W

M

+ Z(B(ei,...,ek)Hi"diag(yr_l(Tl,...,TNl,ei,...,ek))) , (10)

g=1 m

r=2,R, m=1,N, and the sum in the second term is
taken over all M elements of the m-th row of the matrix

B(e],...ek JH '”diag(yr_l(Tl v TNy € o€ ))

In the recursive expression (10), the initial values of
the elements of the vector function
yl(l'l,...,TNl,e'l ~€'k ) and the elements of the matrix

function B(e],...ek ) are determined by relations:

V]r.n (Tl’---’TNl €' 'K ) =

= 3B e ) *diag (T, Ty )
-| 2B e ) diag (T Ty, )|

p=1

m
m=1,N;
B(ei,...,e’K)=[(—H°”t)*diag(E'(ei,...,ek))]T. (11)
Then the elements of the wvector function

w(l'l,...,TNl,ei,...,ei() determine the elements of the
original vector function t(Tl,...,TNl,ei,...,ek), which is
the solution of the optimization problem (4):

tk(Tl,...,TNl,e:i_,...,ek) = WQk (I'l,...,TNl ,ei,...,Ek) s (12)

where Q is a vector of dimension N3 whose elements de-
termine the numbers of the graph G(V,E) vertices that

make up the subset V, of the final points of the move-

ment, k=1,K .
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It is clear that such a search for a route involves the
use of a solution technique with return (backtracking)
[13]. The solution of the problem based on the use of
backtracking is reduced to a consistent expansion of a
particular solution. If the expansion fails at the next step,
then a return to a shorter particular solution occurs and the
search continues further in a new direction. This algo-
rithm allows you to find all solutions to the problem, if
any. It is known that the use of algorithms based on the
backtracking scheme in solving practical problems is sig-
nificantly limited by the low speed of operation and puts
forward high requirements for computing resources. To
speed up the work of the method, they try to organize
calculations in such a way as to identify non-optimal op-
tions as early as possible, or use a selection scheme based
on a greedy approach when constructing each step. This
can significantly reduce the time to find a solution.

The greedy approach is formulated in accordance with
the principle of choosing the optimal solution at every
step, despite previous steps or those taken ahead. In other
words, the greedy technique is based on a locally optimal
choice with the hope that this choice will lead to a glob-
ally optimal solution.

It should be noted that there is no way to check the
quality of the application of greedy algorithms in solving
a specific applied problem, however, for problems in
which the sequence of local optima goes to the global
optimal solution, this approach is very promising.

The greedy method proposed by the authors assumes
consideration at each stage of the formation of the route
of the fastest in time section of the route of movement. A
combined approach based on the method of resource allo-
cation and greedy choice of the direction of movement
made it possible to implement a constructive scheme for
solving the traveling salesman problem, that can be for-
mulated as the following recursive algorithm for a net-
work of N nodes and a given travel time for each pair of
vertices. :

Step 0. We form the initial information for the flow
distribution method. The starting vertex of the traveling
salesman route defines a subset of the initial nodes of the
method, the set of directions from it defines a subset of
intermediate nodes, and the graph vertices accessible from
this subset defines the set of end nodes.

Based on the Orlin method of flow distribution, we
determine the time to reach each of the end vertices on a
subnet of initial, intermediate, and final vertices.

We select the shortest travel time and the correspond-
ing stage of the route, mark the selected vertices and pro-
ceed to the formation of data for a new flow distribution
problem. We pass to the next step of the algorithm.

Step s, s=1,2,... We construct new subsets of initial,
intermediate, and final vertices, excluding from further
consideration the previously noted vertices.

If at the current step it is impossible to determine new
subsets (all vertices are marked), we return to the previous
step, unmark the route stage, marking the dead end direc-
tion, and move on to the next possible one by choosing
the fastest direction of movement.
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We repeat this process until we reach the end point of
the route, which coincides with the starting point.

If the route is built, but does not include all the verti-
ces of the graph, we return to the previous levels and re-
build all the working subsets, choosing new directions of
movement, taking into account the speed of movement.

Final step. As a result of the work, we finally obtain a
cyclic permutation of the numbers of the vertices of the
graph, which determines the sequence of stages of the
traveling salesman’s route.

4 EXPERIMENTS

To analyze the efficiency of the algorithm, computa-
tional experiments were carried out, in which various
methods (complete search, greedy, annealing and the one
proposed above) were used to solve the traveling sales-
man problem on a network of 11 points [14]. The graph of
the network of movements with the given time costs is
shown in Figure 1.

5 RESULTS

The results of the numerical experiments performed
are shown in Table 1.

The optimal route in the considered problem was
found by full search and is determined by the sequence of
numbers 1, 2,5,9,7,4,3,6,8,11,10,10r1, 2,5,9, 7, 4,
3, 6,10, 11, 8, 1. The proposed algorithm made it possible
to quickly find a route for visiting all graph vertices (1, 4,
3,6,2,5,9,7, 10, 11, 8, 1), but the time it took more to
move along this route.

As a result of the computational experiments the effi-
ciency of using the developed algorithm was established,
the obtained solutions are compared with the solutions
found by other exact and heuristic methods.

6 DISCUSSION

Several remarks should be noted. The search proce-
dure is based on the use of the backtracking technique,
according to which the solution of the problem is reduced
to a sequential expansion of a particular solution. If at the
next step the expansion fails, then a return to a shorter
particular solution occurs and the search continues fur-
ther. This algorithm allows you to find all solutions to the
problem, if any. It is known that the use of algorithms
based on the backtracking scheme in solving practical
problems is significantly limited by the low speed and
significant requirements for computing resources. To
speed up the work of the method, calculations are organ-
ized in such a way as to identify non-optimal options as
early as possible, or use selection schemes based on a
greedy campaign. This can significantly reduce the time
to find a solution.

The greedy technique is based on a locally optimal
choice under the assumption that this choice will lead to a
globally optimal solution. Unfortunately, there is no way
to check the quality of using greedy algorithms in solving
a specific applied problem, however, for problems in
which a sequence of local optima goes to a global optimal

solution, this approach is very promising.
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Figure 1 — The network of n=11 nodes and a given travel time for each pair of vertices for the traveling salesman problem

Table 1 — The comparison of search time and solutions of the traveling salesman problem for n=11

Calculation method Operation time Optimal solution Solution characteristic
Complete search 30 sec 157 h Exact
Greedy algorithm 21 sec 169 h Approximate
Annealing method 23 sec 174 h Approximate
The proposed algorithm 25 sec 169 h Approximate

The greedy method proposed by the authors assumes
consideration at each stage of the route formation of the
fastest direction of movement in terms of time. A com-
bined approach based on the method of resource alloca-
tion and greedy choice of the direction of movement
made it possible to implement a constructive scheme for
solving the traveling salesman problem.

CONCLUSIONS

The paper considers a method for formalizing the al-
gorithm for solving the traveling salesman problem using
the method of streaming resource allocation and using the
backtracking scheme. The use of Orlin’s method to opti-
mize the flow distribution on the graph is proposed. The
scheme of formalization of the procedure for using the
method with the implementation of the backtracking
scheme for solving the traveling salesman problem with
the minimum duration of movement along the route is
briefly described. A variant of accelerating the speed of
the developed algorithm is proposed, which consists in
using a greedy technique in the procedure for selecting
route sections: the planning of each next stage of move-
ment is determined based on the choice of the fastest di-
rection of movement, which makes it possible to obtain a
constructive scheme for solving the traveling salesman
problem. The results of the proposed algorithm for calcu-
lating solutions to the traveling salesman problem with
minimization of the duration of movement are presented,
the obtained solutions are compared with the solutions
found by known exact and heuristic methods. The influ-
ence of the greedy approach on the speed of the devel-
oped algorithm was analyzed. Conclusions are drawn,
further development of the proposed methodology for
solving traveling salesman problems based on the use of
other principles of greedy choice of direction of move-
ment and for solving fuzzy and dynamic traveling sales-
man problems is proposed.
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E®EKTUBHUI METO/I PO3BSI3AHHS 3AJAYI PO3NOALTY HOTYXKHOCTEN KAHAJIIB
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AHOTAIIA

AKTyanbHicTh. BaxxnnBoio cy4acHor0 mpo0i1eMoro € IIBHIKE BiIHOBJICHHS Ta ONTUMI3allisl YIPaBIiHHS JIOTICTHKOIO0. B 3amex-
HOCTI BiJl MOCTABJICHOI 3a/1a4i iCHy€e 0araTo pi3HMX MaTEeMaTHYHHUX METOJIB Ta MiJXOJIB IO BUPIMICHHS Pi3HUX JIOTICTHYHUX 3a/1a4,
PO3B’SI3yBAHHS SKHX HAGYBA€ MIHMPOKOrO MPAKTHYHOIO BIPOBAIKEHHS. 1IOro KOHKPETHUH 3MICT 3aJIeXMTh Bij XapaKTepy IpobieMu
Ta MOBHOTH HAsBHUX JAaHMX. [HOAI 171 pO3B’sI3aHHA BiJOMHUX 3a/ia4, OJHIEIO 3 AKHUX € 33/1aua KOMIBOSDKEpa, BIAETHCS 3HANTH HETH-
HOBi METOJIMKH HAa OCHOBI MOE€HAHHS JICKIIBKOX 00YHCITIOBAIBHUX CXEM Ta METOIB.

Line. Meta po60oTH — pO3pOOHTH AITOPUTM PO3B’s3aHHS 3a/1a4i KOMIBOSDKEpa Ha OCHOBI peaizamii MeToay MOTOKOBOTO PO3IIO-
niny pecypciB i cxemu backtracking 3 MiHiMambHOIO TPHBAIICTIO PyXy 3a MApPIIPyTOM.

MeToa. Y cTaTTi po3MILAAETHECS METOAUKA ITOCTITOBHOIO 3aCTOCYBAaHHS IOTOKOBUX CXEM PO3HOALTY OTHOPITHOTO PEecypey ULt
PO3B’sI3aHHA 331a4i KOMIBOSDKEPA, IO (GOPMYIIIOEThCS SIK 3a/1ada 3HAXO/PKSHHS MapIIpyTy BiJBiIyBaHHS 3aJaHOi KUTEKOCTI MICT 0e3
MOBTOPCHb 3 MIHIMAJIBHOI TPHUBANICTIO pyxy. [locTaBieHO Ta BHpIIICHO 3aaa4y (GopMaizailii airopuTMy po3B’s3aHHS MPoOIeMU
KOMiBOsDKEpa Ha OCHOBI METOJLy PO3IOJILTy pecypciB 3 BUKOopucTaHHsaM cxeMu backtracking. 3ampornoHoBaHO BUKOPUCTaHHS METOIY
Opina Ui onTHMi3anii po3noiy MoToky Ha rpagi. Po3po6i1eHo KOHCTPYKTHBHHI aJrOpUTM pO3B’si3aHHs 3aaadi. [IpoBeneHo 06-
YUCIIOBAJIbHI €KCIIEPUMEHTH.

Pe3yabTaTi. Po3po6ieHo MeTo po3B’si3aHHsI 3a/1a4i KOMIBOSDKEpa 3 BHKOPHCTAHHIM METO/IY ITOTOKOBOTO PO3IOIIIY pecypciB i
CXEMH IIOIIYKY 3 TIOBEPHEHHSM. 3alpONOHOBAHO BapiaHT MPUCKOPEHHS IIBHAKOCTI PO3POOJICHOr0 arOPUTMY, SKE IOJArae B 3aiy-
YeHHi kafi0Horo crmocody B mpoueaypi BUOOPY IUISHOK MapIIpyTy: IUIAHYBaHHS KOYKHOTO HACTYITHOTO €Taly MepeMilleHHs] BU3HA-
Ya€eTHCSl BUXOIIYH 3 BiOOPY HaMOIIBII MIBUAKOTO HANPSIMY PyXy. 3aCTOCYBAaHHS aJi0HOTO MiJXOMy JO3BOJMIO OTPUMATH KOHC-
TPYKTUBHY CXEMy pO3B’sI3aHHS 3amadi KoMiBospkepa. IIpencraBiieHO pe3yinbTaTH pO3paxyHKIiB 3a JOIIOMOTOIO 3alPONOHOBAHOIO
ITOPUTMY B 331a4axX KOMIBOsDKepa 3 MiHIMI3aIli€l0 TPUBAIOCTI PyXY, IPOBEACHO MOPIBHIHHS OTPUMAHMUX PO3B’S3KiB 3 PO3B’sI3KaMHy,
3HAMJCHNIMH IHITUMU TOYHUMH TA €BPUCTUYHUMH METOIAMH.

BucHoBkH. Y crarTi po3risiHyTo MeTox (opmanizanii alroput™My po3B’si3aHHs 3aadi KOMIBOSDKEpa 3 BUKOPUCTAHHSM aJrOpUT-
My TOTOKOBOTO PO3MO/IiIY OJHOPIAHOTO pecypey Ta cxemu backtracking. 3anpornoHoBaHo BukopucTaHHs MeToay OpiiiHa Jjis ONTH-
Mi3alii po3noAiTy MoToKy Ha rpadi. Omucano cxemy (opmaiizarii mporexypy BUKOPUCTaHHS METOY 3 peaji3alielo CXeMH 3 IOBe-
PHEHHSM JUIs pO3B’I3aHHS 3a/1a4i KOMiBOSDKEpa 3 MiHIMI3aIi€0 TPUBAIOCTI PyXy 32 MapIIPyTOM. 3apoNOHOBAaHHUIA BapiaHT MPHUCKO-
peHHs poOOTH PO3POOIEHOTO AITOPHTMY .

KJIIOYOBI CJIOBA: 3agaga xoMiBosbKepa, METOA PO3INOJULY pecypciB, peKypCHBHA CXeMa ITOLIyKY 3 ITOBEPHEHHSM, aJi0-
HU X,
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ABSTRACT

Context. The decrease in the probability of successful frame transmission in the infrastructure domain of IEEE 802.11 DCF
wireless network is caused both by the influence of the collision intensity and by the impact of external interference in the radio path.
Using the Markov chain approach as a baseline, we explicitly expressed the dependence of the network throughput on the number of
operating stations, bit error rate (BER), and the frame fragmentation factor.

Objective. The purpose of this article is to study the influence of interference intensity on the throughput of a wireless network
domain in a wide range of the number of operating stations when transmitting frames of various lengths in the absence and with the
use of the fragmentation mechanism.

Method. The performed mathematical modelling showed, that in the range of increased and high noise intensity (BER = 10~ -
107, a decrease in the length of the frame data field from the standard length of 12000 bits to 3000 bits is accompanied by a de-
crease in the throughput for all values of the number of competing stations. At the same time, it must be noted that as the amount of
the frame data decreases, the throughput becomes less susceptible to an increase in the noise intensity. Qualitatively different results
are obtained in the region of very high interference intensity (BER = 2-:107). A significant increase in the probability of frame trans-
mission in this region observed with a decrease in the standard length of the frame data field by 2-3 times, made it possible to in-
crease the throughput compared to the original one. This effect is especially pronounced when the length is halved.

Results. The study of the standard frame transmitting process, but with a fragmented data field, showed that if for BER = 5-107°
and less with an increase in fragmentation factor, the throughput values decrease, in the entire range of the number of stations due to
the predominant increase in overhead costs, then in the region of high (BER = 10™) and very high noise intensity (BER = 2-107*) we
have the opposite effect. To the greatest extent, the throughput increases when the frame data is transmitted in two equal fragments.
We have made a comparison of the network throughput determined by simply reducing the length of the frame data field and using
fragmentation of a standard frame. The comparison showed that the use of the fragmentation mechanism is more beneficial both
when throughput is stabilized under conditions of increased noise intensity and when the throughput is increased under conditions of
high and very high noise intensity.

Conclusions. In this article, a mathematical model has been modified for direct calculation of the wireless network throughput.
Using this model, we studied the changes in throughput over a wide range of BER and a number of operation stations for various
values of the transmitted frame fragmentation factor. The conditions for increasing the throughput are determined.

KEYWORDS: IEEE 802.11 wireless networks, DCF, throughput, infrastructure domain, BER, frame, fragmentation factor, col-
lision.

ABBREVIATIONS
AP is an access point;
BER is a bit error rate;

FER is a frame error rate i.e. probability of frame dis-
tortion;
k is a fragmentation factor;

CSMAJ/CA is a Carrier Sense Multiple Access with
Collision Avoidance;

DCEF is a Distributed Coordination Function;

FCC is a Federal Communication Commission;

MAC is a Medium Access Protocol;

MIMO is a Multiple Input Multiple Output;

STA is a station;

Wi-Fi is a Wireless Fidelity;

WLAN is a Wireless Local Area Network.

NOMENCLATURE
ACK is a frame acknowledgment;
DIFS is an interframe space;
SIFS is a short interframe space;
bE is a number of erroneous bits;
H is a frame header transmission time;
Ey, is an amount of energy per bit;
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L is length of the frame data field in bits;

Lo is an initial length of the frame data field in bits;

MAC,, is a transmission time of a frame channel layer
header;

m is a number of window doubling allowed;

No is a noise power spectral density;

n is a number of competing stations;

Py is a bit error probability;

PHY/g is a transmission time of a frame physical layer
header;

Psis a probability of successful frame transmission;

p is the collision probability;

R is a data transfer rate;

S is a network throughput;

T, is an average time the channel is sensed busy be-
cause of collision;

Ts is an average time the channel is sensed busy be-

cause of successful transmission;
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t is a transmission time;

W, is a minimum value of contention window;

a is a multiplicative constant coefficient;

[ is a power constant coefficient;

d is a propagation delay;

n is a number of empty slots;

o is a duration of one slot;

T is a probability of successful frame transmission
over the channel without errors.

INTRODUCTION

In the last few decades, we have witnessed an expo-
nential growth of the demand for wireless networks that
provide reliable communications and ensure ubiquitous
coverage, high spectral efficiency, and low latency [1, 2].
From 2012 to 2017, mobile networks have been a seven-
teen-fold cumulative growth, registering an increment in
71% in data traffic from 2016 to 2017 alone. Recent stud-
ies also show, that 54% of the traffic, generated by de-
vices that support cellular and Wi-Fi connectivity was
offloaded via Wi-Fi in 2017 and is expected that this
number increases up to 59% by 2022 [3, 4].

The 802.11 DCF WLANSs (Wi-Fi networks) work on
the basic of the well-known carrier-sense multiple access
with collision avoidance (CSMAJ/CA) protocol. In dis-
tributed WLAN’s environment a common wireless me-
dium is shared by a number of associated stations without
any centralized coordination. Whenever a given station
has a frame to transmit, it waits until the channel becomes
idle for a given amount of time (DIFS interval), and then
accesses the channel following exponential backoff rules.
If a successful reception occurs the access point responds
after a SIFS — interval with an ACKnowledgment frame.
The management of the common medium is specified by
two aspects: (1) multiple access resolution, i.e. the rules
that govern how a given station acquires the right to use
the channel; and (2) channel transmission operations, i.e.
the rules that govern how a station that wins a contention
performs transmissions without losing control over the
channel.

Despite significant progress in solving these and other
WLANS problems, achieved in the development of next-
generation networks such as 802.11ac and 802.11ax, the
effective throughput increases quite slowly, especially in
dense networks operating under conditions of high inter-
ference intensity. A high noise level is usually caused by
the presence of both external interference and interference
specific to a given data transmission technology, usually
caused the need to increase the transmission rate [5].

As noted by US Federal Communications Commis-
sion (FCC), an urgent problem for technologies using
channels with a width Af = 160 MHz, operating in the
range with a central frequency f = 5 GHz, is “clearing the
frequency range”. The effect of noise increases as the
channel bandwidth expands. A similar effect is also ob-
served with a decrease in the inter-symbol interval of
transmitted data and with an increase in the number of
subcarrier frequencies used in modern wireless technolo-
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gies. Being closer to each other adjacent subcarriers are
more sensitive to noise and mutual interference [6].

In the presence of a significant number of obstacles in
the signal propagation area, multiple reflected signals lose
their initial energy and arrive to wireless router with a
certain delay. To struggle the negative influence of multi-
path propagation, several antennas are used on the sender
side and on the receiver side of the channel (MIMO
scheme). This also allowed the formation of several paral-
lel spatial data streams. In 802.11ac technology, which
uses 8 antennas in the router, a directional signal forma-
tion mode (Beamforming) has been created. This mode is
used, for example, between two routers in the backbone
of the wireless network. At the same time, the concentra-
tion of several spatial streams in one region of the chan-
nel, even despite, for example, different polarization of
signals transmitted in each stream, leads to an increase in
the mutual influence of signals. This effect is further en-
hanced with an increase in the intensity of external noise,
blurring the distinctive features of signals of different
streams.

The object of study is the process of data transmis-
sion in wireless networks with heavy traffic at high inten-
sity of external interference.

The subject of study is the mathematical models of
IEEE.802.11 DCF networks operation under conditions of
collisions and external interference combine influence.

The purpose of the paper is to study the possibility
of increasing the throughput of a dense wireless network
at high noise intensity due to the fragmentation of trans-
mitted frames.

1 PROBLEM STATEMENT
In conditions of increased interference intensity, the
probability of successful frame transmission from the
station to the access point can be defined as [7, 8]

P =T -(1— FER). )

The probability T is traditionally determined using
Markov-chain models in the form of the function
F(p, Wq, m), where p is the collision probability, which in
turn depends on T; Wy= CW,,, is the minimum conten-
tion window; m is the number of window doublings after
every next collision [9-11].

Collisions coming from WLAN’s nodes using the
same MAC protocol, and interference coming from de-
vices outside the network, waste valuable transmission
time and radiated power, having a negative impact on the
energy efficiency, throughput, and delay of the system
[12]. Network nodes cannot distinguish one type of loss
from another because the symptoms are the same — not
receiving the acknowledgment from the access point. The
increase in the level of interference leads to the increase
in the loss of information frames during transmission,
which in turn decreases the network throughput.

Rational for improving the reliability of WLANS is to
avoid losing frames due to occurrence of channel induced
errors, collisions etc. The STA needs to retransmit the
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whole frame even if it contains only one bit error. When
the channel error rate is significantly high to get the frame
through would require a large number of retransmissions.
To mitigate this, fragmentation was proposed whereby big
frames are sent in small fragments which are individually
acknowledged or retransmitted. Doing this in case the
error the STA needs to retransmit only the error fragment
which takes short time compared to retransmitting the
whole initial frame. If the medium is significantly noisy, a
fragment has a higher probability to get through without
errors because it can be fitted between error bursts [13,
14]. By operating this way, the STA increases its chances
of successful frame transmission in bad channel condi-
tions.

At the same time, it should be considered that frag-
mentation increases the amount of service information
needed to transfer a given amount of data, which leads to
a decrease in network throughput.

The purpose of this work is to expand the mathemati-
cal model proposed by us in article [15], which in an ex-
plicit analytical form describes the impact of collisions
and external noise on the operation of IEEE 802.11 net-
works, for the case of frames fragmentation, and to study
the possibility of increasing network’s throughput due to
fragmentation under conditions of high intensity of exter-
nal interference.

2 REVIEW OF THE LITERATURE

The basic for the theoretical analysis of the frame
transmission probability in IEEE 802.11 DCF wireless
networks for more than the last two decades are Markov
chain models [9-11, 16-20]. In the widely known work
published by Bianchi [9] which was further developed by
Tinnirello, Bianchi, and Xiao [10] the authors use the
chain model for ideal channel conditions. The probability
that a station accessed a channel depends on when the
channel was idle or busy in a previous time slot. These
aspects were studied in [16]. In article [17] a Markovian
agent model is used to represent the behavior of wireless
nodes based on CSMA/CA access method.

In articles using the Markov model, it is often assumed
that traffic is saturated [18-21]. In these conditions nodes
can be modeled as being equally likely to send in any slot,
and this assumption also holds in the first approximation
for unsaturated traffic which nearly Poisson [22].

Work [23] is devoted to study of the optimization prob-
lem of retransmission number on transmission perform-
ance. The number of stations in the network is 20, 40, and
80. The author provides an analytical model on the per-
formance of real-time applications transmission over
WLAN. The analytical model evaluates the random-access
performance of real-time services based on two-
dimensional Markov-chain model by taking into account
the impact of the maximum optimal retransmission number
on the service time of the packet transmissions. Modelling
and performance evaluation of the IEEE 802.11 DCF for
real-time control is also carried out in article [24].

Electromagnetic interference that reduces the effi-
ciency of wireless networks occurs both due to external
sources and depends on the architecture and operating
conditions of the network itself. Sources such as automo-
biles, aircrafts, ignition electric motors and switching
gear, high voltage wires and fluorescent lamps cause in-
dustrial noise. Electromagnetic interference is a distur-
bance generated by these external sources that affects an
electrical circuit of electromagnetic induction, electro-
static coupling, discharging process or conduction disor-
der.

The problem of interference arises when more APs of
wireless network are placed near each other and the cov-
erage area of these APs starts to overlap, which causes
degradation of the bandwidth and the service received by
the recipients. Another challenge in wireless networks is
the handover, which is process of switching users from
one AP to other [25].

Significant interference in the process of information
transmission in some cases introduced the effect of multi-
path signal propagation. This effect is also known as mul-
tipath interference or multipath distortion. Notable conse-
guences of this are envelope fading and inter-symbol in-
terference [26]. If the propagation delay of the rays is
small compared to the channel symbol duration, then only
wave interference occurs, leading to the fading. Due to
the time difference between the base signal and the multi-
ple reflected copies, the access point may have problems
demodulating the received signal. In this case, the serious
problem is the overlapping of information bits on each
other, as a result of which the data is damaged. This effect
is called inter-symbol interference.

Interferences that have a various physical nature differ
in their spectral composition. At the same time, it is im-
portant to study the general patterns of the interference
influence on data transmitted in wireless networks over a
radio channel. For this purpose, it is advisable to use
Gaussian noise as the most general noise model that de-
scribes a wide range of noise sources and their superposi-
tion quite well [27].

An example of a simple channel model that is widely
used in information theory is additive white Gaussian
noise channel without fading [27, 28]. In [29], Tianji et al
analyze the throughput performance of the Block ACK
scheme over a noisy channel. In [30] authors present a
new discrete time Markov chain model to estimate the
packet transmission probability. They propose an en-
hancement of the IEEE 802.11 RTS/CTS scheme to rec-
ognize the reason of transmission failure (collision or
noise errors).

One of the changes that modern digital communica-
tion systems have brought to radio engineering is the need
to end-to-end performance evaluations. The measure of
that performance is usually bit error rate (BER), which
quantified the reliability of the radio system from “bits in”
to “bits out” [31],

BER = number of corrupted bits / total number of bits = bE / (R't). @
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In a noisy channel, the BER is often expressed as a
function of the normalized carrier-to-noise ratio denoted
Ep/ No (energy per bit to noise power spectral density)
[28]. The Gaussian approximation of the noise in deter-
mining the BER is used to estimate the number of itera-
tions needed to the convergence the parity code decoder
in function of the level of noise power [32]. Bit-error rate
analysis of low-density parity-check codes using Gaussian
approximation of a channel is considered in [33].

In general, errors at different locations of an informa-
tion sequence of length L can occur with different prob-
abilities. In this article, we use for transmission a time-
discrete channel without memory with white Gaussian
noise. A channel of this type is characterized by the fact
that the bit errors in it are independent and equally dis-
tributed over the bits of the frame data [27].

3 MATERIALS AND METHODS

Improving the transmission reliability of a frame can
be achieved by reducing the size of its data field [28, 30,
34]. At the same time, this leads to an increase in the rela-
tive contribution of the time spent on the transmission of
the MAC protocol information of the 802.11 standard,
which is necessary to ensure a successful transmission
process. Let us study this process under conditions of
high noise intensity.

In work [15], we have expressed in an explicit analyti-
cal form the dependence of the throughput of the IEEE
802.11 DCF wireless computer network on the number of
stations operation in saturation mode and the value of
BER, which is determined by the intensity of interference
in the radio path. This dependence can be represented in
the following form:

S - 2ngL
- +1 '
2na(Tse ~Te)+ @ +1-200Tc (g 3 50"+l )
In expression (3)
Tsc —Tc =SIFS + ACK +3, ()
Te = PHYpgr + MAChq, +%+ DIFS +6, (5)
_ W - 2[3(n—1) (6)
1+a(n-1)

In accordance with the justification given in the previ-
ous section, bit errors occurring in the noisy channel are
independent and equally distributed over the bits of the
frame data field. Then the probability that a frame with a
data field of length L will be transmitted undistorted is
equal to

q=(1-Pp)d-Ry2)d-Ryz)...(A- Ry ).
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And since the probabilities of distortion of individuals
bits are the same, then

a=(1-R)". Y

Using expressions (3)—(7), we calculated the depend-
ences S(n, Pyp) for different values of L. The probability of
an error of one bit in a frame was taken equal to P,= 107,
5-107°, 10~ which corresponds to increased and high in-
terference intensity. We took the initial length of the
frame data field equal to Lo = 12000 bits.

To calculate the dependences S(n, L) for different val-
ues of Py, we used the following data [15, 35, 36]:

SIFS =16 ps, DIFS =34 ps, 6 = 0,33 ps (the distance
between the station and AP was taken equal 100 m),
6 =9 ps, ACK=138,66 us, H=PHYg+ MACpq = 68 ps,
R =54 Mbps, a = 0,05, = 0,2, W, = 16.

4 EXPERIMENTS

Tables 1, 2 and 3 for P,= 107, 5:107 and 10~ respec-
tively show the values of the throughput S depending on
the number of simultaneously operating stations n and the
length of the frame data field L.

In [36] the authors carried out the numerical study of
the well-known bi-dimensional Markovian mathematical
model [9, 10] under ideal channel conditions using the
ns-3 discrete-event network simulator. Comparison of the
throughput values S obtained by them with our data de-
termined during the transmission in a noisy channel with
a relatively low noise level P,=10" (Table 1) showed
acceptable results. For example, for n =10, the decrease
in the value of S in our case is 27%, for n = 10 — 26%.

Analyzing the numerical dependences presented in
Table 1, the following can be noted. With an increase in
the number n of stations competing for access to the
communication channel, the value of the throughput S
monotonically decreases. This is due to the growth of the
collision intensity of simultaneously operating stations.
Reducing the length of the transmitted frames data field
from 12000 bits to 6000 bits and further to 3000 bits al-
lows you to increase the probability of the frame success-
ful transmission g in expression (3). So, at L=1L,
g=0,887, at L=Lo/2 q=0,942, at L=Lq/4 q =0,97.
However, despite this, in Table 1 we observe a decrease
in the value of S with a decrease in the length of transmit-
ted frames. This is due to the fact that with a decrease in
amount of transmitted data L, the relative part of the
overhead costs, i.e., service information that ensures the
process of the frames transmitting increases.

The probabilities of successful frame transmission for
Table 2 are: at L=1L,0=0,549, at L=1,/2 q=0,741, at
L=1L,/49=0,86.

The probabilities of successful frame transmission for
Table 3 are: at L=L,q=0,30, at L=L,/2 q=0,549, at
L=1Le/4q=0,74.

Using Tables 1, 2 and 3 we determined the relative
decrease in the throughput value with a growth of inter-
ference intensity for various lengths of the frame data

field.
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Table 1 — Results of throughput S calculations for P, = 107

n 5 7 10 15 20 25 30 40 50 60 80
S. L=1L, 19.440 | 19.300 [ 19.220 | 18.690 | 18.100 | 16.130 | 13.410 | 7.430 [ 3.210 | 1.180 | 0.130
Mbps | L=Lp/2 | 12550 | 12.470 | 12.430 [ 11.980 | 11.480 | 9.960 8.020 | 4.200 [ 1.400 [ 0.630 | 0.068
L=Lo/4 7.350 7.310 7.290 6.980 6.640 5.640 4.450 | 2.240 [ 0910 [ 0.330 | 0.035
Table 2 — Results of throughput S calculations for P, = 5-107°
n 5 7 10 15 20 25 30 40 50 60 80
S. L=1Lo 16.80 16.79 16.76 | 1611 | 1527 | 1286 | 10.08 | 507 | 207 0.74 0.08
Mbps L=1,/2 11.57 11.55 1153 | 11.05 | 10.47 8.81 6.90 [ 345 | 1.40 0.50 0.05
L=Lo/4 7.03 7.01 6.98 6.67 6.31 5.28 410 | 202 [ 082 0.29 0.03
Table 3 — Results of throughput S calculations for P,= 107
n 5 7 10 15 20 25 30 40 50 60 80
S. L=L, 12.61 | 1259 | 1255 | 11.96 11.07 8.79 | 6.51 299 [ 116 | 041 0.04
Mbps L=Lo/2 10.16 | 1015 | 1012 9.66 9.04 7.37 | 559 2.66 | 1.05 | 037 0.04
L=Lo/4 6.59 6.58 6.56 6.25 5.87 483 | 370 178 | 071 | 0.25 0.03
Let the number of simultaneously operating stations S
n=20. Then for L =L, an increase in P, from 107 to 8 L=Ly/2
5-10°° leads to a decrease in the value of S by 15,6%, and ~ ’
a further increase in P, from 510 to 10~ by another  °©
27,5% relative to the level at P,=5-10"°. Similar calcula- 5
tions for n=30 give AS;,/S;=248% and 4 \N\
AS,3/ S, =35,4%, where 1, 2 and 3 are the Tables num- 3
bers. For n =40 AS;,/ S;=31,8% and ASy3/ S, = 41%. 2 \\\
When the length L, of the frame data field is halved,
we get the following data: for n = 20 AS;,/ S;=8,8% and 0 . . an
ASy3/ S;=13%; for n=30 AS;,/S$;=14% and 0 20 40 60 20
ASy/S;=19%; for n=40 AS;;/$=17,9% and Figure 1 — Throughput S versus the number of competing

AS»/ S,=22,9%. By reducing the length L, of the frame
data field by four times, we get the following data: for
Nn=20 AS;,/S5;=5% and ASy/S,=7%; for n=30
ASlzl S1=7,9% and A823/ S,=9,8%; for n=40
ASlzl S1=9,9% and ASzgl S,=11,9%.

The performed calculation shows that with a decrease
in the length L of the transmitted frame data field from
12000 bits to 6000 bits and further to 3000 bits, the
throughput S becomes less susceptible to an increase in
the noise intensity. So, for example, for n =20, an in-
crease in the error probability Py from 107 to 5:10™ leads
for L =12000 bhits to a decrease in the value of S by
15,6%, for L = 6000 bits — by 8,8%, for L = 3000 bits — by
5%. In the zone of more intensive noise increase in P,
from 5-107° to 107 leads for L = 12000 bits to a decrease
in S by 27,5%, for L=6000 bits — by 13%, for
L = 3000 bits — by 7%. Similar results are observed for
other values of n.

Qualitatively different results are obtained in the re-
gion of very high interference intensity, at P,=2-10".
Corresponding dependences S(n) at L =L, L =L,/ 2 and
L = Lo/ 4 are shown in Fig. 1.

As can be seen from the graphs, the dependence S(n)
at L = Lo/ 2 is located significantly higher than the similar
dependence at L = L,. Thus, in the region of high-intensity
noise, a two-fold decrease in the length of the frame data
field made it possible to significantly increase the
throughput S compared to the original one. Reducing L to
3000 bits also allows, although to a lesser extent, to in-
crease the throughput compared to the original.
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stations n at different length of the frame data field L for
BER = 2107, Ly = 12000 bits

5 RESULTS

The increase in throughput within the framework of
the fragmentation mechanism can be achieved by reduc-
ing the overhead that is spent on a frame transmission. In
the overhead, we also include the time spent on the re-
transmissions of frames distorted by interferences.

Reducing the length of the data field L of the transmit-
ted frames decreases the probability of its distortion by
external interference and can, at the same time, increase
throughput by reducing the number of retransmissions. It
follows from the results of the previous section that this
effect is more pronounced in the range of very high noise
intensity. Let us study this process under the condition of
a constant total length of the data field of the frame
transmitted using the fragmentation mechanism.

We will divide the standard original frame with data
field of length Lo= 12000 bits into fragments so that the
sum of the data fragments is L. In the basic DCF scheme,
only first fragment in a transmitted frame contends for a
channel access, the other fragments are transmitted after
differing a SIFS interval and after each fragment an ACK
is sent back by access point [14, 19, 34]. When creating a
model for studying the throughput, we assumed that
channel errors don’t corrupt ACK frames. Since the ACK
frames are usually transmitted at lower transmission rate
than the data frames, this should be a reasonable assump-
tion in many practical environments [37]. For all these
conditions, and taking into account the fragmentation
factor k, expression (3) is transformed to the following

form:
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Ly
2nLO(l—Pb) k
S= )
2n(1-Ry) K (Tse —Te )k +[Q+1-2(1—Ry) K K{Texl Lo]n+n6}
Q+1-2(1-R) ¢

where
TCk = PHYhdI’ +k- MAChdr +%+ DIFS + k3, (9)

(Tsc —=Tc )k =k - (SIFS+ ACK +3). (10)

Dependences S(n) calculated in accordance with ex-
pressions (8)—(10) at different values of k for conditions
of increased noise intensity (BER = 5:10™), high intensity
(BER = 107" and very high intensity (BER =2-107) are
shown in Fig. 2, 3 and 4, respectively.
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Figure 2 — Throughput S versus the number of competing sta-
tions n at different value of fragmentation factor k for

BER =5107°
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Figure 3 — Throughput S versus the number of competing sta-
tions n at different value of fragmentation factor k for
BER=10"*

As follows from the graphs shown in Fig. 2-4, if for
BER = 5-10" with an increase in the fragmentation factor
k, the values of S decrease for all values of n due to the

predominant influence of an increase in overhead costs,
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then for BER = 10 and especially for BER = 2:10™* we
observe the opposite effect. This is most characteristically
for fragmentation with k=2, in which the throughput
values in relation to the initial frame increase most sig-
nificantly for all values of n.
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Figure 4 — Throughput S versus the number of competing sta-
tions n at different value of fragmentation factor k for
BER=2'10"

6 DISCUSSION

Based on the Markov chain model, which is used by
many researchers as the basic for studying the behavior of
wireless networks of IEEE 802.11 DCF standard, we ex-
pressed in an explicit analytical form the dependence of
the throughput of the network infrastructure domain on
the number of operating stations, the value of BER, which
is determined by the interference intensity in radio path,
and the size of the transmitted frames. This allowed us to
investigate these dependencies for different lengths of the
frame data field.

The initial length of the data field is taken equal to the
standard — 12000 bits. The calculations were carried out
with the error probabilities in one bit of data 107, 5-107,
107, 2-107. The first two values correspond to the prob-
abilities 0.887 and 0.549 of standard-length frame suc-
cessful transmission and correspond to increased noise
intensity. The third and fourth values correspond to the
probabilities 0.3 and 0.09 of successful transmission. We
can assume that they correspond to high and very high
noise levels, respectively. Reducing the length of the
frame data field to 3000 bits made it possible to increase
the probability of successful transmission to 0.97; 0.86;
0.74 and 0.55, respectively.

Analyzing the obtained dependencies, it should be
noted that in the range of increased and high noise inten-
sity, a decrease in the length of the frame data field from
the standard length of 12000 bits to 3000 bits is accompa-
nied by a decrease in the throughput for all values of the
number of competing stations. This is because as the
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amount of the transmitted data decreases, and the relative
overhead increases. At the same time, it can be seen from
the above tables that as the amount of the frame data de-
creases from 12000 bits to 6000 bits and further to 3000
bits, the throughput becomes less susceptible to an in-
crease in the noise intensity. So, for example, for 20 sta-
tions, an increase in the error probability in one bit from
5107 to 107 leads to a decrease in the throughput by
27,5 % for 12000 bits, by 13% for 6000 bits, and by 7%
for 3000 bits. Similar results are also observed for a dif-
ferent number of operating stations.

Qualitatively different results are obtained in the re-
gion of very high interference intensity. A significant in-
crease in the probability of frame transmission in this re-
gion observed with a decrease in the standard length of
the frame data field by 2 and 3 times, made it possible to
increase the throughput compared to the original one.
This effect is especially pronounced when the length is
halved.

Consider the process of sending a frame with data of
standard length but divided into a several fragments. In
the basic DCF scheme, only the first fragment of the
transmitted frame contends for access to the communica-
tion channel with the access point, each subsequent frag-
ment is transmitted after the separating SIFS interval and
is acknowledged by the ACK frame.

For these conditions, previously obtained by us ex-
pression for the throughput is transformed taking into
account the number of transmitted fragments. As follows
from the calculations, if for BER =5-10° with an in-
crease in the fragmentation factor, the throughput values
decrease over the entire range of the number of simulta-
neously operating stations, due to the predominant influ-
ence of the increase in the overhead costs, then already in
the region of high (BER =107 and, accordingly, very
high (BER = 2:10™) noise intensity we have the opposite
effect. The throughput increases the most at a fragmenta-
tion factor of two.

It is of interest to compare the results obtained in sec-
tions 3 and 4 of this article at different noise levels.

For BER =510, a simple decrease in the frame data
field from 12000 bits to 6000 bits and further to 3000 bits,
for example, for 25 stations, leads to a decrease in the
throughput by 1.46 and 2.44 times, respectively. In the
case of using fragmentation, an increase in the fragmenta-
tion factor from k = 1 to k = 2 and further to k = 4 with the
same number of the operating stations leads to a decrease
in the throughput by 1.13 and 1.69 times, respectively,
i.e., significantly less than in the previous case.

At BER =107 for the same conditions, in the first
case, a decrease in the throughput by 1,19 and 1,82 times
is observed, and in the second case, for fragmentation,
with an increase in k from 1 to 2, an increase in the
throughput by 1,07 times is observed, and with an in-
crease in k from 1 to 4 — a decrease in the throughput, but
only by 1,27 times.

For BER =2-10 at 25 stations, reducing the frame
data field from 12000 to 6000 bits leads to an increase in

the throughput by 1,44 times, and when reducing from
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12000 to 3000 bits to an increase in the throughput by
1.19 times. When fragmenting the data field of a standard
length of 12000 bits, the transition from k=1 to k=2
gives an increase in the throughput by 1,8 times, and from
k=1tok=4-by1,68 times.

Thus, it can be stated that the fragmentation mecha-
nism under conditions of increased and high noise inten-
sity is more beneficial in terms of stabilization or increase
in throughput than simply reducing the length of the
frame data field.

CONCLUSIONS

The scientific novelty. Using an approach based on
the Markov chains modeling of the operation of IEEE
802.11 DCF wireless networks, we first expressed in an
explicit analytical form the dependence of the infrastruc-
ture domain throughput on the number of operating sta-
tions, the value of BER, which is determined by the level
of interference in the domain space, and the fragmentation
factor of the transmitted frame data field.

It is shown that despite the increase the noise immu-
nity, a decrease in the length of the transmitted frame data
field is accompanied by reduce in throughput in the range
BER=10°-10"". And only at a very high noise intensity,
corresponding to BER =210, a decrease in the frame
size leads to an increase in the throughput.

The study of the process of the standard frame trans-
mitting, but with a fragmented data field, showed that if
for BER = 5-10" with an increase in fragmentation factor,
the throughput values decrease in the entire range of the
number of stations due to the predominant increase in
overhead costs, then in the region of high (BER =107
and very high noise intensity (BER = 2:10™) we have the
opposite effect. To the greatest extent, the throughput
increases when the frame data is transmitted in two equal
fragments.

For the first time, a comparison was made of the net-
work throughput determined by simply reducing the
length of the frame data field and using fragmentation of a
standard frame. The comparison showed that the use of
the fragmentation mechanism is more beneficial both
when throughput is stabilized under conditions of in-
creased noise intensity and when the throughput is in-
creased under conditions of high and very high noise in-
tensity.

The practical significance of this work lies in the fact
that the results obtained in it make it possible to determine
the optimal value of the fragmentation factor of the frame
data field transmitted in the wireless network, depending
on the number of operating in the domain stations and the
intensity of electromagnetic interference.

One of the priorities of wireless networks is their use
for the automation of production processes in a number of
industries. A common factor that reduces their efficiency
is the high electromagnetic interference level in the shops
of industrial enterprises, due to the operation of techno-
logical equipment. Studying the possibilities of increasing
the networks throughput in such conditions, with
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BER =10°-2-10", is of significant practical impor-
tance.

Prospects for further research are to study the re- 11.

veal regularities of the joint influence of collisions and
noise on the transmission efficiency of fragmented frames
in the conditions of further development of modern wire-
less network technologies.
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AHAJII3 ®YHKIHIOHYBAHHS BE3IPOTOBUX KOMIT'IOTEPHUX MEPEXK
B YMOBAX BUCOKOI IHTEHCUBHOCTI 3ABA |

Xaungeubknii B. C. — 1-p TexH. Hayk, npodecop, 3aBinyBad kadeapy eIeKTPOHHHX OO0YHCIIOBAIBHUX MAaIIiH JIHIIPOBCHKOTO
HaLiOHaJBHOTO YHiBepcuTeTy iMeHi Onecs ['onuapa, J{uinpo, Ykpaina.

I'epacumoB B. B. — kaHj. TexH. HayK, JIOLUCHT Kadeapr eneKTPOHHUX 00UNCIIOBATBHIX MAIIHH J[HIIPOBCHKOIO HAI[IOHATEHOTO
yHiBepcutety imeHi Onecst ['onuapa, Juinpo, Ykpaina.

Kapnenxo H. B. — xanz. ¢i3.-Mar. Hayk, JOLEHT Kadelpu eNeKTPOHHUX OOYHCITIOBAIBHUX MamiH J[HIMPOBCHKOTO HaliOHAb-
Horo yHiBepcutety imeni Onecst ['onuapa, [Ininpo, Ykpaina.

AHOTAULIA

AKTyasbHicTh. 3HIKEHHS IMOBIPHOCTI YCIIMIHOI nepenadi ¢peiiMy B iHppacTpyKTypHOMY IOMEHi Oe3pOoTOBOi Mepexi cTaH-
napty |IEEE 802.11 DCF oGymoBieHO SIK BIUTHBOM IHTEHCHBHOCTI KOJIi3iif Tak i Ji€0 30BHIMIHIX 3aBaJ y paxiokaHami. Bukopucro-
BYIOUH B SKOCTI 0a30BOT0 MiJX0y TOH, 1110, 3aCHOBAHHWI Ha BUKOPUCTaHHI MapKiBChKHX JIAHIIIOTIB, MU B SIBHIA aHAMITHYHINA Hopmi
BUPA3UIIH 3aJICKHICTh HPOITYCKHOI 3aTHOCTI MEPEXi BiJl KiJIbKOCTI MPAIFOIOYMX CTaHIiH, mBuakocti OitoBux mommiok (BER) i
koeoirienra Gpparmenranii ppeiimy.

Meta po6oTu. MeToro AaHOT CTaTTi € AOCHIKSHHsI BIUIMBY IHTEHCHBHOCTI IIyMy Ha BEJIMYHHY HPOIYCKHOI 3aTHOCTI IOMEHY
0e3IpOTOBOI MEpeXi B ITUPOKOMY Iiana3oHi KUIBKOCTI MPAMIOI0YNX CTaHIH, i Yac nepenadi GppeiiMiB pi3HOT JOBKHUHU 32 BiACYT-
HOCTI Ta i3 32aCTOCYBaHHSIM MEXaHi3My (parMeHTarii.

Metoa. MartemaTuuHe MOJENIOBAHHS IIOKA3aJo, IO B Jiana3oHi MiABHINEHOI Ta BHCOKOI IHTEHCHBHOCTI HIIyMy
(BER =107~ 107), 3sMeHIIeH S IOBKHMHH TONS JaHHX (peiiMy, 0 mepenacTses, Bix cranmapraux 12000 it no 3000 6it cympo-
BOJIKYETHCS 3HIXKCHHSM TPOIYCKHOI 3MaTHOCTI It OY/1b-SKOT KIJIbKOCTI KOHKYPYFOUHUX CTaHI[ii. OHOYACHO 3 UM CIIiJI BIIMITUTH,
II0 TIPOIYCKHA 3[aTHICTh CTA€ MEHII CIIPHUATIMBOIO O 301BIICHHS IHTEHCUBHOCTI IyMy. B oGnacti myske BHCOKOT iIHTEHCHBHOCTI
3aBan (BER = 2:10™) onepxkani pesyisrary, ski SKiCHO BiIpi3HAIOThCS. 3HauHe 3GiIbIICHHS iMOBIipHOCTI mepenaui (peiimy B wiii
o0uacrTi, sike CIocTepiraeThes 31 3MEHIICHHSIM CTAHJAPTHOI JOBXKHHHU TMOJISL AaHKUX B 2—3 pa3d, 03BOJIMIIO MiABUIIUTH MIPOIYCKHY
3aTHICTh MOPIBHSIHO 3 MOYaTKOBOI0. Leit edekT € 0coOIUBO BUPaKEHUM y BUIA/IKY, KON JOBXKHWHA 3MEHIIYETHCS B/IBIYi.

PesyabTaTn. JociimkeHHs nporecy nepenadi GppeliMy cTaHIapTHOTO po3Mipy alie 3 parMeHTOBAaHHM IMOJIEM JaHUX MOKA3allo,
mo s BER < 5-107 3i 36inbeHmsM KoediieHTy (parMeHTalii 3HaueHHs POy CKHOI 3JaTHOCT] 3HIKYIOTECS Ha BCHOMY Jiara-
30HI KUIBKOCTI MPANIOIOUMX CTAHIIH MEpPeBaXHO 3a PaxyHOK BIUIMBY 3POCTAHHSA HakIagHUX BTpar. OmgHak B o6iacTi BHCOKOI
(BER =107 i mamsucoxoi (BER = 2-10™) inTencuBHOCTI mymMy ME MaeMo 3BopoTHHit edexT. HaifGinbire 3p0CTaHHS TIPOIYCKHOL
3JIaTHOCTI CIOCTEPIraeThesl, KOJIU AaHi GperMy nmepenaroThes JBOMa PiBHUMH (parMeHTaMu. Mu IpoBe IOPIBHSHHS IIPOITY CKHOT
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3[1aTHOCTI Mepexi, BU3HAUCHOI IIPU IIPOCTOMY 3MCHIIIEHHI JOBXKHHH MOJIS JaHUX (QpeiMy 1 it nepenadi ¢peiiMy 3 TaHuMHU cTaHga-
PTHOI IOBXXHHHU, PO3AUJICHUMH Ha JCKiibka (parMeHTiB. [IOpiBHSHHS MMOKa3ajo, 10 BHKOPUCTAHHS MEXaHi3My (parMeHraiii e
O1IbLI BUTIAHUM SIK TIPH cTaOLIi3aMii NpOIyCKHOT 34aTHOCTI B yMOBAaX Ii/IBUIICHOI IHTEHCHBHOCTI IIyMy, TaK i IpH 301J1bIICHHI IIPO-
MyCKHOT 37IaTHOCTI B YMOBaX BHUCOKOI 1 HAABHCOKOI IHTEHCHBHOCTI IIyMY.

BucHoBku. Y naniii crarTi Oysia MoaugikoBaHa MaTeMaTH4HAa MOJIENb, L0 JA03BOJISIE OE3MOCePeTHBO OOUHCITIOBATH IPOITYCKHY
3IaTHICTH 0E3APOTOBOI Mepeki. BUKOPHCTOBYIOUH 110 MOJENT, MH JOCTIIWIN 3MiHY MPOIYCKHOI 3aTHOCTI B IIMPOKOMY Iiana3oHi
BER 1 xiibKOCTI Tpamforoumx CTaHIil, [T pisHUX 3HaueHb KoediieHTta pparmenTamnii ¢ppeiimy, mo nepenaeTsesa. Busnaueno ymoBu
T ABUIIEHHS POIYCKHOI 3]aTHOCTI.
KJIIOYOBI CJIOBA: 6e3nporosi mepexi IEEE 802.11, DCF, npomyckna 31atHicTb, iHMpacTpykTypHuii nome, BER, dpeiim,
KoedimieHT pparMeHTaIlii, Koisis.
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ABSTRACT

Context. Optimization of logistics processes is one of the important tasks of supply chain management in various fields, includ-
ing medicine. Effective coordination in medical logistics is essential to ensure public health and prosperity. This is especially essen-
tial during global emergencies when the rapid and efficient distribution of medicines is critical. In addition, professional logistics
management is critical to delivering humanitarian aid, where the timely transportation of medical supplies and resources can be life-
saving. The most advanced technologies and algorithms are being used to improve medical logistics processes. This paper considers
modifying the genetic algorithm for solving the two-stage location problem in supply chain management in the distribution of medi-
cines and medical equipment.

Obijective. The work aims to build a model and develop an algorithm for solving a two-stage location problem in the context of
the medical logistics problem with further analysis of their applications and performance.

Method. We propose to use a genetic algorithm to solve a two-stage logistics problem. The peculiarities of this algorithm are the
modification of evaluation procedures and the use of mixed mutation, which allows for solving the problem effectively, considering
irregularities in the statement regarding the subject — the limits on the centers’ location at several stages of the logistic process.

Results. The paper deals with a two-stage location problem with constraints on the maximum number of centers. Considering the
specific requirements of medical logistics in the transportation context of medicines and medical equipment, a mathematical model
and modification of the genetic algorithm are proposed. The developed algorithm is tested on model tasks and can produce effective
solutions for problems ranging in size from 25 to 1000. The solution process takes longer for larger problems with dimensions from
1001 to 2035. Additionally, the influence of increasing the maximum generations number on the time of execution is investigated.
When the maximum generation value increases from 50 to 100 and from 100 to 150 generations, the algorithm’s execution time in-
creases by 45.69% and 51.68%, respectively. 73% of the total execution time is dedicated to the evaluation procedure. The algorithm
is applied to the medical logistics problem in the Dnipropetrovsk region (Ukraine). An efficient solution is obtained within an accept-
able execution time.

Conclusions. A mathematical model for a two-stage location problem in the context of medical logistics is introduced. It consid-
ers the peculiarities of the medical field. A solution algorithm based on a genetic approach is developed and applied to the medical
logistics problem. The algorithm has been tested on model tasks of varying sizes, with a comprehensive analysis conducted on the
correlation between the problem size and the algorithm’s running time. In addition, it is investigated how the maximum number of
generations affects the algorithm’s execution time. The role of each stage in the genetic algorithm research towards the overall effec-
tiveness of the algorithm is researched. The obtained results indicate high efficiency and wide application possibilities of the pro-
posed mathematical model and algorithm. The developed method demonstrates high performance and reliability.

KEYWORDS: two-stage location problem, genetic algorithm, priority-based encoding, medical logistics.

ABBREVIATIONS d, is the capacity of medical warehouse k (k =1, K);

Slgésr:rgﬁlgrrggig(ra]r;egzhters I i.s the number of regiona}l centers;
RAM is a random access mer{wory' J is the number of subre_glonal centers;
OSM is an Open Street Map servié:e. K is the n_umber of medical Wa_lrehouses;
L is the limit value of subregional centers that can be

located,;
NOMENCLATURE . . N is the limit value of regional centers that can be lo-
M; are the operating expenses associated with the ac- cated:
tivation of a subregional center j ( j = ]_,_‘]); R are the operating expenses associated with the acti-

ck are the transportation costs for volume weight unit ~ vation of a regional center i (i =1,1);

ij o ) . .
of medicines and medical equipment from regional center f; are the medicines and medical equipment stocks in

i to subregional center j (i=1,1,j=1J); the regional center i (i=11);
c% are the transportation costs for volume weight sj Is the capacity of subregional center j (j =1J);
unit of medicines and medical equipment from subre- v; is a boolean variable, where v; =1, if regional cen-

gional center j to medical warehouse k (j=1,J, teriislocated, v; =0 otherwise;

k=1K);
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x;j are the volume weight units number of medicines

and medical equipment transported from regional center i
to subregional center j;
yjk are the volume weight units number of medicines

and medical equipment transported from subregional cen-
ter j to medical warehouse k;

zj is a boolean variable, where z; =1, if subregional
center j is located, z; =0 otherwise.

INTRODUCTION

The optimization of the logistic processes is one of the
critical tasks in managing supply chains across various
sectors, including medicine. Effective management in
medical logistics plays a pivotal role in ensuring health-
care and public welfare. It becomes particularly relevant
during global crises when the quick and efficient distribu-
tion of medical supplies is crucial. Furthermore, the
proper organization of logistics is vital for humanitarian
aid when the timely delivery of medical resources can be
life-saving. To enhance medical logistic processes, ad-
vanced technologies and algorithms are utilized. One ap-
proach gaining wide recognition is the use of genetic al-
gorithms to solve two-stage location problems. Solving
this problem allows running optimization of the distribu-
tion and location of medical facilities, regional centers,
and resources. The healthcare industry can benefit greatly
from the use of an application that aids providers and
suppliers in making informed decisions. By doing so, the
industry can experience higher levels of productivity,
faster operations, and economic advantages in medical
logistics.

The object of study is the process that involves locat-
ing centers of medical facilities in two stages while limit-
ing their number.

The subject of study is the methods of modeling and
solving two-stage location problems in the context of
medical logistics.

The goal of study is to create a model and develop an
algorithm to solve the two-stage location problem related
to medical logistics issues. The next step is to analyze
their application to model and practical tasks.

1 PROBLEM STATEMENT

In extremely critical situations in a region, there may
arise the need for quick distribution of essential medical
supplies (medicines and medical equipment) among the
population. Each region has | regional centers (RCs) serv-
ing as primary distribution points. To facilitate the distri-
bution process, the local government identifies a set of J
potential subregional centers (SRCs) that can be used as
intermediate nodes for transporting medicines and medi-
cal equipment. To optimize costs due to logistical diffi-
culties and limited resources, only N out of | regional cen-
ters and L out of J potential subregional centers may be
activated by the government. Activated subregional cen-
ters will receive medical goods from regional centers and
then redistribute them to K medical warehouses distrib-
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uted throughout the region. The task is to determine the
most efficient combination of subregional centers and the
optimal transportation plan for drugs and medical devices
from subregional centers to facilities.

Let us move on to constructing the mathematical
model. The objective of the problem is to minimize the
total transportation costs of delivering drugs from re-
gional centers to medical warehouses and to select opti-
mal locations for regional and subregional centers:

I J

ZZC,JXU+ZZchy1k+ZPv,+ZM Z: 1)

i=1j=1 j=1k=1 j=1

under the following constraints:

J _

'Zlyjk <sjzj, Vk=1LN, )
J _
Z <r,Vi=11, ©)

J J K
2% =2 2 Yk @)

M_

i=1j=1 j=1k=1
|
2Vi<N, (5)
i=1
J
Z Zj <L y (6)
j=1

J

Z «>dy, Vk=LN. ©)

This model includes several constraints to ensure effi-
cient medical logistics. Firstly, constraint (2) limits the
capacity of subregional centers, meaning that the number
of drugs transported from each subregional center should
not exceed its capacity. Secondly, constraint (3) ensures
that the number of drugs transported from each regional
center does not exceed its stock. Constraint (4) is the bal-
ance equation between the first and second stages of
medical logistics. Additionally, constraints (5) and (6) set
a limit on the maximum number of regional and subre-
gional centers. Lastly, condition (7) ensures that the num-
ber of medical supplies received by each medical ware-
house does not exceed its capacity.

2 REVIEW OF THE LITERATURE
The facility allocation problem is a widespread prob-
lem in operations research and logistics. Its main goal is
determining the optimal location of facilities (such as
warehouses, factories and distribution centers) to serve a

given set of demand points.
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A genetic algorithm is utilized to study a two-stage
transportation problem involving fixed route fees and
goods transportation [1]. It is worth noting the generation
of the first population considering different algorithms for
building plans.

In [2], an iterative algorithm to solve a two-stage
transportation problem is proposed, including a procedure
for shuffling customers and efficiently removing dupli-
cates. It is shown that the algorithm works efficiently with
different input data.

Paper [3] is devoted to a multi-stage reverse logistics
network using a genetic algorithm with priority encoding.
Computational experiments confirm the effectiveness of
the algorithm.

The task of improving the spatial planning of public
health services through the development of location-
allocation and accessibility models is considered in [4].
The work aims to determine the optimal location of hospi-
tals and other medical facilities, considering factors such
as population demand, accessibility, and distance to other
healthcare facilities. The study is based on the example of
the organization of health care in Lisbon (Portugal),
where the application of the proposed methods has im-
proved the quality and efficiency of its provision.

The article [5] deals with a two-stage transportation
problem that aims to minimize logistics costs, considering
the cost of placing distribution centers and transportation
costs between facilities.

One potential drawback of discrete location problems
is their limited scalability and, as a result, finding a timely
and efficient solution for larger problems can be challeng-
ing. This is especially true for problems of significant
dimensionality. By applying exact methods, the problem’s
dimensionality is limited even more (rather small-sized
problems are usually being solved). Therefore, it is crucial
to take into account continuum problems. For example,
[6] proves the active requirements for more research on
the case of continuous multi-stage problems and gives
examples from the subject area. The authors develop a
class of problems in which there are several groups of
objects to be placed. Each group has its own set of possi-
ble locations (in some cases, these sets may overlap), and
the relationships between the objects are regulated. The
authors propose a model of a two-stage continuum loca-
tion-allocation problem. Continuity is considered for each
stage, sometimes combined with discrete cases. At the
same time, research [7] discusses how to create new
mathematical models for two-stage production allocation
processes and develop methods for solving them. It em-
phasizes the importance of ensuring resource allocation
continuity and managing multiple production stages. The
article also highlights the significance of experimental
studies and results analysis of model problem-solving.
Additionally, the article provides examples of the practi-
cal use of these models in optimizing the two-stage distri-
bution of material flow in fuel and energy enterprises.

In the paper [8], it is proposed to solve a two-stage
transportation problem using tabu search and encoding
procedures. The mathematical model corresponds to a

© Serhieiev O. S., Us S. A, 2023
DOl 10.15588/1607-3274-2023-3-16

discrete formulation of a two-stage transportation problem
with a limit on the enterprises’ number. The reasonable
planning and optimization of shelter location is consid-
ered in [9]. The main goal of the study is to reduce losses
from natural disasters and improve sustainable urban de-
velopment. The authors propose a sequential approach to
address a two-criteria problem by making decisions that
aim to optimize economic sustainability and social utility
step-by-step.

A two-stage transportation problem with a fixed fee
for route usage is investigated in [10]. It is proposed to
use a transition to a different form of the problem, similar
to the two-stage transportation problem with the transpor-
tation unit cost. It can be represented as a conditional ex-
pression depending on whether the route is used. A ge-
netic algorithm is utilized to solve the problem. The
chromosome is encoded in the form of a matrix represen-
tation.

The problem of optimal warehouse location is solved
in [11]. The authors propose a new mixed integer linear
programming model to solve the warehouse location
problem using Euclidean distance linearization.

Paper [12] proposes an original approach to the manu-
facturing enterprises’ location using fuzzy logic and in-
ference systems. This study provides decision-makers in
the production industry with valuable insights on utilizing
fuzzy logic and inference systems to effectively address
complex issues related to the location of manufacturing
facilities.

The problem of allocating production capacity with
differentiated convex production costs, as described in
reference [13], is a variation of the traditional allocation
problem. The cost of production at each plant is modeled
as a convex function of its production capacity. It is pro-
posed a fast, accurate method based on the branch-and-
price approach that takes advantage of the structure of the
problem and the convexity of production costs.

3 MATERIALS AND METHODS

To solve the problem (1)—(7), an algorithm based on a
genetic approach with priority encoding [5] is developed.
The general scheme of it is as follows.

Step 1. The population P(t) is initialized using prior-
ity-based encoding. In the current step, the first generation
of possible solutions to the problem is obtained.

Step 2. The fitness of each chromosome in the popula-
tion is calculated.

Step 3. Chromosomes are selected for reproduction
using the roulette wheel selection method.

Step 4. The selected chromosomes are crossed to pro-
duce offspring.

Step 5. Some chromosomes are affected by mutation
procedure to introduce variations.

Step 6. A new population P(t+1) is formed from the
offspring and some individuals from the current popula-
tion. The new generation replaces the old one.

Step 7. The termination condition is checked. If satis-
fied, proceed to the next step. Otherwise, return to Step 2

with the population value t+1.
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Step 8. Terminate the genetic algorithm. Decode the
most effective chromosome, return the value of the objec-
tive function, and the transportation plan.

Let us move on to detail each of the procedures used
in the genetic algorithm. A priority-based coding scheme
can represent each transportation plan as a chromosome.
In this case, each chromosome in the population consists
of two parts: the first describes the transportation tree
between regional and subregional centers, and the second
describes the transportation tree between subregional cen-
ters and medical warehouses. Fig. 1 visualizes the trans-
portation plan and the chromosome that corresponds to it
and can be obtained using priority encoding.

The Prufer sequence is used to represent chromo-
somes in a population. Each chromosome is an array of
integers, where each number represents a specific vertex
in the graph. This encoding represents each tree in the
population and has advantages, including compact repre-
sentation and speed of modification during crossover and
mutation processes.

Algorithm for encoding the transportation plan (using
the example of the first stage).

Step 1. Priority allocation between nodes starts with
the largest value for the total count of RCs (|I|) and SRCs
(3D

Step 2. Select the node with the lowest transportation
cost among the tree leaves (nodes with transportation vol-
umes to/from equal to their stocks/capacities). The se-
lected node is given the highest priority.

Step 3. Remove the corresponding arc from the trans-
portation tree. It means that the selected node is no longer
a leaf node.

Step 4. If all nodes have a priority, the algorithm ter-
minates. Otherwise, select a new leaf node and repeat
steps 2 and 3.

To evaluate each individual’s fitness in the population,
the Prufer sequence needs to be converted into a transpor-
tation plan using the decoding process. This process in-
volves recovering a contiguity list or matrix, which can
then be used to calculate different parameters for the
evaluation function.

1 stage 2 stage

0
0
00

Algorithm for decoding the chromosome plan (using
the example of the first stage).

Step 1. Select the SRC with the highest priority.

Step 2. Merge the selected SRC with the RC, consid-
ering the minimum transportation cost.

Step 3. Determine the transportation amount,

which is the minimum of the stock in the RC (i) and

the capacity of the SRC (bj). This can be expressed as

gij = min{ai,bj} .

Step 4. Update the values of the stock in the RC and
the available capacity of the SRC using the following
formulas: a; =a; —gj; and b; =b; —gj; .

Step 5. If the available capacity on the SRC (bj)

equals zero, set the priority of the SRC to zero.

Step 6. Repeat steps 1-5 until all capacities of the
SRC are filled.

Note that the encoding and decoding algorithms for
the second stage are the same, given that the SRCs are
replaced by medical warehouses and the RCs are used
instead of SRCs.

Let us define the initialization algorithm.

Step 0. Assume that we are generating a population of
size U =|P|.

Step 1. Generate random priorities for each part of the
chromosome (for example, from 1 to (|I| + |J|) for the first
part of the chromosome).

Step 2. Use the evaluation procedure to check whether
the generated chromosome satisfies the problem’s con-
straints. If so, insert chromosome to the population P.
Otherwise, try to regenerate it with a second attempt. If
1000 unsuccessful attempts to generate a chromosome
happen, the input data of the problem is incorrect. The
genetic algorithm procedure is terminated with an error
code.

Step 3. Continue to generate chromosomes until the
population reaches size U.

\

Chromosome

/

Figure 1 — Example of transportation plan encoding
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The initial population is generated randomly. This di-
versity is important for a genetic algorithm because it
allows a wide search in the solution space. The quality of
the initial population can significantly affect the conver-
gence rate and the quality of the solution.

The second step of initialization uses the evaluation
function. The algorithm is the following.

Step 1. Apply the decoding procedure and determine
the transportation plan.

Step 2. If the number of regional centers exceeds N,
discard the chromosome, otherwise proceed to the next. If
the transportation volume to a subregional center is zero,
do not place it. Go to the next step.

Step 4. If the total number of placed subregional cen-
ters is greater than L from (6), then discard the chromo-
some, otherwise proceed to the next step.

Step 5. If constraints (2), (3), (4), (7) are not met with
the specified transportation plan (transportation volume
constraints), then discard the chromosome, otherwise, go
to Step 6.

Step 6. Calculate the value of the objective function
using (7).

The evaluation function (or fitness function) is a solv-
able measure. It is always specific to the problem and
calculates a fitness score for each individual in the popu-
lation, with the value of the objective function calculated
according to (7). Higher fitness scores correspond to bet-
ter solutions.

After the initialization procedure, it is necessary to in-
troduce a selection procedure for each iteration. For this
purpose, we use the roulette wheel selection.

Step 1. Calculate the value of S — the sum of all values
of the chromosome objective functions for the population
P(t).

Step 2. Create an array of probabilities, where each
element p; is defined as:

fitness (chromosome; )
pi = 3 vie|P|,

where fitness(i)— the value of the evaluation function for

some chromosome i.

Step 3. Randomly select the index corresponding to
the chromosome from the probability array.

The roulette method is probabilistic — each individ-
ual’s chance of being selected is in proportion to its fit-
ness value. We revert the probabilities as the problem is
about minimization. Thus, individuals with a lower objec-
tive function value are more likely to be selected for the
next generation. This process mimics the survival of the
fittest mechanism observed in natural evolution.

The weight mapping crossover is used. Here is its al-
gorithm.

Input data: two parents vy, v, ; chromosome length n.

Step 1. Randomly select a chromosome cut point
p=rand(Ln), where rand(1,n) generates a random
number from 1 to n.

© Serhieiev O. S., Us S. A, 2023
DOl 10.15588/1607-3274-2023-3-16

Step 2. Determine the length of the chromosome seg-
ment after the cut point as
I=n—p. Generate new chromosomes v;' and v,' by

exchanging segments of parental chromosomes after the
cut point:

vi'=[wll: plvo[p+1:n]], sy [-]=sort(vy[p+1:n]),

Vo' =[Voll: plvi[p+1:n]], sp[-]=sort(vo[p+1:n]),

Step 3. For each i from 1 to | and for each j from 1 to
I, conditionally apply:

if vi[p+i]=s,[i], then v;'[p+i]=5[]] and
if v'2[p+i]:sj{j],the vo'[p+i]=sy[i].

This algorithm uses a random cut point to swap seg-
ments of the parent chromosomes and create new chro-
mosomes. It then adapts the new chromosomes by replac-
ing each value in the segment after the cut point with the
corresponding value from the sorted segment of the origi-
nal chromosome.

To solve the problem, we propose the use of mixed
mutation: with a probability of 0.5, either a substitution or
an insertion mutation is used. For the first type of muta-
tion, two unique elements are selected from each part of
the chromosomes and exchanged. For the insertion muta-
tion, a random index is selected for each part of the chro-
mosome, from which the element is moved to another
random position.

4 EXPERIMENTS

We developed a software implementation for a two-
stage location problem solution algorithm to run numeri-
cal experiments using the Python programming language
and Qt5 as a user interface library. To evaluate the algo-
rithm’s performance in solving the two-stage location
problem, we performed 456 tests using AMD Ryzen 7
5800X 3.8-4 GHz processor and 32 gigabytes of DD4-
3200 RAM.

The input data is generated pseudorandomly within
the range of values obtained by solving a practical prob-
lem. The number of regional centers ranged from 3 to 8;
the number of subregional centers ranged from 5 to 13.
The number of warehouses ranged from 10 to 500. Addi-
tional experiments are conducted for many warehouses —
from 600 to 2000.

We take time benchmarks on
parameters:

— the total execution of the genetic algorithm;

— one iteration execution;

— chromosomes generation;

— selection procedure;

— crossover procedure;

— mutation procedure;

— fitness procedure.
OPEN 8#CCESS
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Table 1 — Expenses calculations for DAF XF (XF105) and Geely MC

Parameter Calculating method DAF XF (XF105) Geely MC
Reference values Result Reference values Result
(UAH/km) (UAH/km)
Fuel cost Fuel consumption per Fuel consumption — 0.28 I/km, 12.12 | Fuel consumption —0.07 I/km, 3.11
(q) km multiplied by fuel fuel cost — 43.27 UAH/I fuel cost — 44.49 UAH/I
cost per liter
Driver’s (Monthly salary / Aver- | Monthly salary — 30.000 UAH; 0.03 | Monthly salary — 18.000 UAH 0.02
wage age number of hours per | 160 working hours. 160 working hours.
(c) month) / Average speed | Average speed — 60 km/h Average speed — 60 km/h
Deprecia- (Vehicle cost / Average | 1.500.000 UAH /1.000.000 km) 1.5 | 300.000 UAH /200.000 km) 15
tion (¢3) service life in km)
Mainte- Average cost per km 0.20/km 0.20 | 0.10/km 0.1
nance
expenses
(c4)
Insurance cost per km 5000 UAH per year 0.04 | 2500 UAH per year; 0.02
cost (¢g) Expected mileage — 124.800 Expected mileage — 124.800
km/year km/year
Total expenses per one km ( ct ) =13.89 Total expenses per one km (c2 )=4.75

Additionally, we introduce the value of estimate V -
the very last iteration number in the genetic algorithm
procedure when the improvement (decrease in the value
of the objective function) occurs.

To determine the size of the problem, we use the size
of the chromosome: hgjze = 1 +J + K.

Let’s consider the algorithm’s application to the real
medical logistic problem. The proposed mathematical
model and algorithm modification can be used to solve
the medical logistics problem in the Dnipropetrovsk re-
gion (Ukraine).

Before addressing the problem, we must determine the
input parameters based on the model (1) — (7). To make
this problem more factual, we consider a logistics sce-
nario where the distances between different centers are
crucial. To tackle this problem, we utilize the Open-
StreetMap (OSM) service, which provides a comprehen-
sive and publicly available geographic information data-
base, including the road network. By leveraging OSM, we
can obtain accurate data on the distance between medical
facilities, allowing us to incorporate real-time and dis-
tance metrics into our proposed logistics optimization
algorithms. Using real-world data from OSM ensures that
our analysis and decision-making process is grounded on
practical and reliable information.

Next, we determine the factors that affect the cost of
transporting a unit. To accomplish this, we provide a
breakdown of transportation costs for each kilometer of
distance.

¢, — fuel cost, which depends on the amount of fuel

consumed per kilometer, the cost of fuel per liter, and the
total distance;

¢, — driver’s wage, which can be calculated as the
product of the driver’s hourly rate and the time spent on
transportation;
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c3 — vehicle depreciation, calculated as the product of
the vehicle cost divided by the expected life of the vehicle
in kilometers and the total distance;

c, — maintenance and repair costs, calculated as the
product of the average maintenance and repair cost per
kilometer divided by the total distance;

C; — insurance costs, expressed as a known coeffi-
cient.

The total cost of transportation (c) can be defined as:

C=0C +Cy+C3+Cq +C5.

When locating a regional or subregional center, it is
important to factor in operating costs. These costs can be
defined as follows:

M =M;+My +M3+My+Mg+Mg+My,

where M; — expenses on renting unloading equipment;
M, — salaries of all employees, including taxes; M3 —
expenses on utility payments; M, — expenses on mainte-
nance and repair of the building; Mg — expenses on pur-

chasing and maintaining the necessary equipment for the
storage of medicines and medical equipment; Mg — in-

surance costs for the building; M, — IT infrastructure

costs.

The volumetric weight will be used to represent the
transportation volume of medicines and medical equip-
ment.

Next, we want to calculate the expense values consid-
ering the parameters specified in the problem statement
for the subject area. The resulting calculations are avail-
able in Table 1. DAF XF (XF105) trucks with a load ca-
pacity of up to 20 tons are used for transportation from
regional to subregional centers. Geely MC cars are used
for transportation from subregional centers to medical

warehouses.
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Moving further, let us determine the cost of activating
regional and subregional centers. According to the model,
the cost of activating a center depends on the possible
stock of drugs and capacity. The results of calculating the
activation cost of regional and subregional centers are
listed in Tables 2, 3. The minimum and maximum possi-
ble values are given for each parameter value.

Table 2 — Regional centers activation expenses

According to the mathematical model, we have |
(number of regional centers) is equals 4; J (humber of
subregional centers) is equals 7; K (number of medical
warehouses) is equals 65; N (the limit for regional cen-
ters) is equals 3; L (the limit for subregional centers) is
equals 6.

The algorithm will be applied using the input data in
Table 4.

The locations of regional, subregional centers and

Expense type Regional center (UAH/month) medical warehouses are shown in Fig. 2: red markers cor-
Drugs storage: respond to regional centers, blue markers indicate subre-
180 — 225 m3 volumetric . L .
weight gional centers and green dots indicate medical ware-
min max houses.
Renting unloading equipment 30000 50000 To solve this problem, we use the previously de-
(M;) scribed genetic algorithm procedure with the following
Salaries and wages and taxes 420000 660000 paramEter_S: ) )
(M,) — maximum population size — 50;
Utility payments (M) 00009 200 _ maexwrr:)t;)r:bglg? egflgnsl_'ﬁoo'éhe mixed mutation pro
- ili i ix utati -
Maintenance and repairments 15000 25000 P y PRlyIng P
cedure —0.15.
(My)
Maintaining the necessary 100000 200000 Table 4 — Input data for the problem of medical logistics in
equipment ( Ms) the Dnipropetrovsk region
Insurance (Mg ) 10000 20000 Input data Values
IT infrastructure ( M5 ) 8350 8350 _ _
Medicines and medical [213, 212, 215, 212]
Total (M) 643350 1043350 equipment stocks vector for

Table 3 — Subregional centers activation expenses

Expense type Subregional center (UAH/month)
Capacity:
110 — 150 m® volumetric weight
min min
Renting unloading equip- 15000 15000
ment (M, )
Salaries and wages and 210000 210000
taxes (M, )
Utility payments (M;) 20000 20000
Maintenance and repair- 7500 7500
ments (My )
Maintaining the necessary 50000 50000
equipment (Mg)
Insurance ( Mg ) 5000 5000
IT infrastructure ( M5 ) 4200 4200
Total (M ) 311700 708700

To determine the problem’s dimensionality, we use
the Ministry of Health statistical data for 2021 presented
in [14]. According to form N-47 “Report on the network
and activities of medical institutions”, we define the size
of the problem as 4x7x65.
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regional centers
Capacity vector for subre-

[102, 102, 100, 101, 101, 102,

gional center 101]
Total demand for medical 586
warehouses

Regional centers’ activation
cost vector

[846475, 906049, 937198,
669541]

[322878, 517037, 425303,
422976, 528656, 610396, 384027]

Subregional centers activa-
tion cost vector

The result of the solution is shown in Fig. 3. The first
stage routes are marked in green, the second stage routes
— in blue. The centers that were not activated are high-
lighted in gray. The following results are obtained:

— The objective function value for the most effective
solution to the problem is 5057722,23 UAH;

— 3 regional centers were activated, except for the cen-
ter in Pavlohrad;

— 6 subregional centers were activated, except for the
center in Tomakivka;

— total execution time of the algorithm (with visualiza-
tion) equals 47 seconds.

Fig. 4 (first stage only) and Fig. 5 (second stage only)
show detailed maps for each stage of the medical logistics
problem. It is shown that disabled centers have no in-
bound and outbound routes.
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o Figure 3 — Genetic algorithm results of for medical logistics in Dnipropetrovsk region
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Figure 4 — Visualization of the first stage of the solution
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Figure 5 — Visualization of the second stage of the solution
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5 RESULTS
Fig. 6 illustrates a graph of the dependence of the total
execution time of the algorithm on the size of the prob-
lem. The results are compared for different limits for gen-
erations.

o
=1
=
=

7
=
=
=4

4000

L
=]
=]
=]

P
=]

Total execution time (s)

-
=
2
=]

650

1150 1650

Size of model task

Maxgen. =50 ——Maxgen. =100 Max gen. = 150

Figure 6 — Total execution time to the model task size
Fig. 7 shows a diagram containing the average time
spent on each of the 456 tests. The value of the total time

is taken as 100%. The benchmarks also contain the per-
centage of each procedure time execution of the algo-

rithm.
Generation 5% I

Selection

5%
Mutation
11%

Figure 7 — Time execution of the genetic algorithm split by each
procedure

6 DISCUSSION

The results from Fig. 6 demonstrate that, on average,
the total execution time of the algorithm increases by
45.69% when the maximum number of generations is
increased from 50 to 100. When increasing it from 100 to
150, the algorithm execution time increases by 51.68%. If
the maximum generation limit is set at 150, it is improb-
able for value V to reach the highest number of iterations
possible. Using higher values for the maximum number of
generations will unlikely result in improvements. The
algorithm’s running time for problems of size 25 to 1000
is, at most, 17 minutes. For problems of size 1001 to
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2150

Crossover
6%

2035, the solution process takes much longer than those
of smaller dimensions.

From the diagram in Fig. 7, we can conclude that most
of the time is spent on the evaluation procedure, which
includes decoding the transportation plan and checking all
constraints.

CONCLUSIONS

The paper deals with a two-stage location problem
with constraints on the maximum number of centers.
Considering the specific requirements of medical logistics
in the transportation context of medicines and medical
equipment, a mathematical model and modification of the
genetic algorithm are proposed. The developed algorithm
is tested on model tasks and can produce effective solu-
tions for problems ranging in size from 25 to 1000. The
solution process takes more time for larger problems with
dimensions from 1001 to 2035. Additionally, the influ-
ence of increasing the maximum generations number on
the time of execution is investigated. When the maximum
generation value increases from 50 to 100 and from 100
to 150 generations, the algorithm’s execution time in-
creases by 45.69% and 51.68%, respectively. 73% of the
total execution time is spent on the evaluation procedure.
The algorithm is applied to the medical logistics problem
in the Dnipropetrovsk region (Ukraine). An efficient solu-
tion is obtained within an acceptable execution time.

The results of computational experiments demonstrate
the proposed algorithm’s correctness, high efficiency and
wide application possibilities.

The scientific novelty of obtained results is that the
mathematical model for a two-stage location problem
with constraints on the maximum number of centers is
proposed. An algorithm for solving this problem based on
a genetic approach has been developed.

The practical significance of obtained results is that,
based on research results, we recommend utilizing the
developed algorithm and software implementation for
medical logistics and other location problems in practical
environments.

Prospects for further research are to study problems
of higher dimensions and to extend the proposed approach
to continuum two-stage location problems.
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MOJIUPIKAINA TEHETHUHOT' O AJITOPATMY IS PO3B’SI3SAHHA IBOETAITHOI 3AJTAYT PO3MIIIIEHHA

CepreeB O. C. — acmipanT kadeapu cucteMHoOro amamnisy i ymnpasninas Hanionambaoro TY «J/IHIIpOBChKa MOJITEXHIKa»,
Huinpo, YkpaiHa.

Ye C. A, — xang. ¢i3.-Mat. Hayk, npodecop Kadeapu cucTeMHOro aHamizy i ynpasiuinHs HamionamsHoro TY «JlHimpoBcbka
noiitextikay, Jlninpo, Ykpaina.

AHOTAIIA

AxTyanbHicTh. OnTHMI3aLis JOTICTUYHHUX MPOLECIB € OAHUM i3 BOXKJIMBHX 3aBJIaHb YIIPABIIiHHS JIAHIFOTaMU ITOCTaBOK Y PI3HUX
chepax AiSUTBHOCTI, BKJIIOYaroun MeauiuHy. EdexTnBHa xoopauHanis y chepi MEIUUIHOI JIOTICTHKU Ma€ BaXKJIMBE 3HAUCHHS IJIS
3a0e3MeUeHHs] TPOMAJICbKOro 3J0poB’si Ta mpousiTaHHs. lle crae 0coOJIMBO aKTyaJbHUM B YMOBaxX IiI00ajlbHHMX Haa3BHYaHUX
CHUTYyaliif, Koau IWBHUAKE Ta e()eKTUBHE PO3IOBCIO/KCHHS MEIMKaMEHTIB Mae BUpillanbHe 3Ha4eHHs. Kpim Toro, BMine ynpaBiiHHs
JIOTICTHKOIO0 M€ MEepLIOPsIHE 3HAUCHHS M JOCTABKH IYMaHITapHOI JOIIOMOTH, y BUINAJIKY, KOJIM CBOEYACHE TPAHCIIOPTYBAHHS Me-
OUYHHUX TpenapariB i pecypciB MOXKe CTaTH PATIBHUAM IS KHUTTS. 3447 BAOCKOHAJICHHS MPOLEAYP Y MEAMYHIH JIOTICTUII BUKOPH-
CTOBYIOTHCS HACY9acCHIIII TEXHOJIOTII Ta alrOPUTMHU. Y poOOTi pOo3IIsIHyTa MOAU(IKALiS TEHETUYIHOTO AITOPUTMY JUIS PO3B’I3aHHS
JIBOETAITHUX 3a/{ad PO3MIIIEHHS Y KOHTEKCT] YIPaBIiHHS JIAHIFOTaMH ITOCTaBOK IIPH AUCTPUOYIIi JTiKiB Ta BUPOOIB MEAWYIHOTO IIPH-
3HAUCHHSL.

Merta. MeToro poboTH € moOymoBa MOJENi Ta po3poOKa aJrOpUTMY JJIsl PO3B’SI3aHHS JBOCTANHOI 3aJadi PO3MIILCHHS Y
KOHTEKCTi IPOOJIEMH MEANYHOT JIOTICTUKHM 3 MOJAJbIINM aHAJIi30M iX 3aCTOCYBaHHS HAa MOZCJIBHHUX Ta PUKIIAIHUX 3a/la4dax.

Metopn. 3anpornoHOBaHO BHKOPHCTAHHS TEHETHYHOIO ajJrOPUTMY Ul PO3B’sI3aHHS JBOETAMHOI 3amadi jorictukd. OcoOiuBo-
CTSIMU IIbOTO AJITOPUTMY € MOIM(iKalisg MpoUeayp OUIHIOBAHHS Ta BUKOPHUCTAHHS 3MIIIaHOI MyTalii, 10 JO3BOJIIOTH €(hEKTHBHO
po3B’si3yBaTH MpOOJIEMy, BpPaxXOBYIOUHM OCOOJMBOCTI NMPEAMETHOI MOCTAHOBKH — PO3MIIICHHS LEHTPIB Ha MAEKIIBKOX eTamax
JIOTICTUYHOTO TIPOIIECY .

Pe3yabTaTH. ABTOpaMH 3alIpONOHOBAHO MAaTEMaTUYHY MOJEIb i QJITOPHUTM, 1[0 BPaXOBYIOTh HEOOXiJHICTh PO3MIIICHHS ICHTPIB
Ha PI3HUX eTanax 3 BUKOPHCTAHHSAM MOJM(IKOBAaHMX IPOLEAyp MyTalii Ta OLiHIOBaHHS. AJITOPUTM HMPOTECTOBAHO HAa MOJCIIBHHX
3ajauax, OCHIHKCHO BIUTUB PO3MIPHOCTI 3a/1a4i Ha 4ac Horo BUKOHAHHS. PO3riIstHyTO MOJENbHI 3a1aui i3 po3MipHicTIO Bix 25 10
2035. Idns 3amau po3mipom Bix 1001 mo 2035 mpouec po3B’s3aHHs 3aiiMae 3HaYHO OLNBIINI Yac MOPIBHSIHO i3 33lauaMy MEHIIHX
po3mipnocreii. [Ipu 30inbiierni MoxiuBoro obcsry nomyssiuii Bix 50 go 100 Ta Bixg 100 o 150 mokoniHb, 4ac BUKOHAHHS alrOPUT-
My 30imbiryerbes Ha 45,69% Ta 51,68% BigmosigHo. Haiibinpmmii yac BUTpavaeThCcs Ha MPOLELYPY OLIHIOBAHHS i CTAaHOBHUTH 3%
Yacy BiJl 3arajJibHOTO Yacy pO3B’sI3aHHS

BucHoBkHu. BBeieHo MaTeMaTHUHy MOJENB IS ABOETAITHOI 33/1adi PO3MILIEHHS Y KOHTEKCTI MEIMYHOI JIOTICTHKH 3 BpaxyBaH-
HSIM ocoOJMBOCTeH ramysi. Po3po0OieHo anropuTM po3B’s3aHHS, IO 0a3yeTbCsl HA TEHETHYHOMY MIIXOJl Ta 3aCTOCOBAHUM IS
BUPILICHHS MTPOOJIEMHU MEIUYHOI JIOTICTUKH. AJTOPUTM JOCHI/DKEHO HAa MOJCIBHUX 3a/ladyaxX Pi3HHX PO3MIpPIB Ta MPOaHaTi30BaHO
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3aJIeKHICTh Yacy poOOTH alropuTMy Bix po3Mipy 3amadi. JJ0AaTKOBO PO3MIISTHYTO 3aJI€)KHOCTI 4acy poOOTH aaropuTMy Bifl 3HAUCHHS
obcsary momyssiniii. HaBeneHo aHaii3 9acTKH ydyacTi KOXKHOTO 3 €TaIliB TeHETHYHOTO AITOPUTMY y 3arajbHiil poOOTi anropurmy.
OTpuMaHi pe3ynbTaTd CBiIYaTh MPO BHCOKY C(PEKTHBHICTH Ta IIMPOKI MOKIMBOCTI 3aCTOCYBaHHS 3alPOIIOHOBAHOI MaTEeMaTHYHOI
MoJeNi Ta anropuTMy. Po3pobiaeHnii MeTo ] IeMOHCTPY€E BHCOKY NPOXYKTHBHICTh Ta HaAIHHICTE, OCOOIMBO JUIS 33/1a4 CepeHBOI Ta
BEJIMKOI PO3MIPHOCTI, MiATBEP/PKYIOUN CBOIO IIEPCIEKTHBHICTh Ta yHIBEPCAIBHICTb.

KJIIOUYOBI CJIOBA: nBoeramHa 3agaya pO3MIllleHHs, TEHETHYHI alrOPUTMH, KOJyBaHHS Ha OCHOBI NPIOPHUTETIB, MEAWYHA
JIOTiCTHKA.
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ABSTRACT
Context. The problem of personalizing search engine results, empowering users with search result management tools and de-
veloping new ranking models based on user’s subjective information needs. The object of the study was to modeling information
search results in the Internet based on user ratings.

Obijective. The goal of the work is to form unique expert groups for each user, based on calculating the measure of agreement
between the current user’s opinions and potential experts.

Method. Introducing a novel method for ranking search results based on user ratings, which takes a subjective approach to the
ranking process. This approach involves the formation of distinct expert groups tailored to individual users. Experts are selected
based on the level of agreement between their opinions and the current user, determined by shared ratings on a specific set of web
resources. User selection for the expert group is based on their weight relative to the current user, serving as a measure of agreement.

The proposed methodology offers a fresh approach to forming unique expert groups for each user, utilizing three different strate-
gies depending on the presence of shared ratings on a particular set of web resources between the user and potential experts.

The developed ranking method ensures that each user receives a personalized list of web resources with a distinct order. This is
accomplished by incorporating unique ratings from the expert group members associated with each user. Furthermore, each rating
contributes to the ranking model of web resources with an individual weight, calculated based on an analysis of their past system

activity.

Results. The developed methods have been implemented in software and investigated for complex web data operation in real

time.

Conclusions. The conducted experiments have confirmed the effectiveness of the proposed software and recommend its practical
use for solving complex web data operation in real time. Prospects for further research may include optimizing software implementa-
tions and conducting experimental investigations of the proposed methods on more complex practical tasks of various nature and

dimensions

KEYWORDS: information search, ranking, search results, user ratings, expert groups, social profile, inductive algorithms, poly-

nomial neural network, active neurons.

ABBREVIATIONS

ADE is a method of average differences of estimates,
method of calculating the expert’s weight;

CIDO is a complex Internet data operating system;

GMDH is a group method of data handling;

MIA is a multilayered iterative algorithm;

RIA is a relaxation iterative algorithm;

CIA is a combined iterative algorithm;

MICA is a multilayered iterative-combinational algo-
rithm;

RICA is a relaxation iterative-combinational algo-
rithm;

GIlA is a generalized iterative algorithm;

DM is a dialogue mode;

IC is a iterative-combinatorial mode;

MR is a multilayered-relaxative mode;

AM is a arithmetic mean;

WAM is a weighted arithmetic mean;

HM is a harmonic mean;

WHM is a weighted harmonic mean.

NOMENCLATURE
U is a current user, the user for whom the group of
experts is formed and for whom the ranking of search
results is carried out;

© Zosimov V. V., Bulgakova O. S., Perederyi V. I., 2023
DOI 10.15588/1607-3274-2023-3-17

U; is a first-level potential expert, the user who shares
ratings with the current user, but whose level of agree-
ment has not yet been calculated;

U i is a second-level potential expert, the user who

does not share ratings with the current user, but shares
ratings with a first-level expert;
U, is a third-level potential expert, the user who does

not share ratings with the current user or first-level ex-
perts;

Uo,exp is @ user’s who do not have any common ratings
with the current user or with the members of the expert
group, as potential experts of the third level,

X[Uo, ..., U,] is a set of all users of the system;

d(Uo, U;) is ametric on the metric space (X, d);

W is a coefficient of concordance;

n is a number of indicators;

m is a number of experts;

rij is a rank of the i-th indicator determined by the j-th
expert;

d; is a sum of ranks of the i-th indicator by all experts;

T; is a number of connections (types of repeated ele-
ments) in the evaluations of the i-th expert;

L; is a number of links (types of repeating elements) in

the evaluations of the i-th expert;
OPEN a#CCESS @ @ @
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t_ is a number of elements in the L-th link for the i-th
expert (the number of repeating elements);

x”is a consistency criterion;

F(x,0) is a distribution law;

X(o is a lower bound of the domain of definition of a
random variable;

X 1S an upper bound of the domain of definition of a
random variable;

Hgis a tested hypothesis;

X1 = (Y1 v YE 2 X, X ) i the input matrix for a
layer r+1 in GIA, where X,...,X, are the initial argu-

ments and y{,..,yg are the intermediate ones of the
layer r;

dk, k=123, d, ={0,1} are elements of the binary
structural vector d = (d;d, d3) where values 1 or 0 mean

inclusion or not a relevant argument;
CR is a selection criterion;
AR is a regularity criterion;
R?is a coefficient of determination;
K is a number of freedom degrees.

INTRODUCTION

At present, Internet advertising is the most effective
way to promote a business. This has led search engines to
no longer serve as information retrieval tools but rather
transformed them into advertising platforms, where the
pages displayed to users are not the most relevant to their
informational needs but rather those that have invested
more in promotion. Search engines benefit from artifi-
cially reducing the quality of organic search results, as
contextual advertising appears more appropriate in com-
parison, even though it is often less relevant to the search
query. The fact that search engines are not inclined to-
wards high-quality organic search is evident from the in-
troduction of the “Google SearchWiki” technology in
2009 by the world’s most popular search engine, Google.
It allowed users to customize the search results by sorting
and removing them. Additionally, a global rating system
for web resources was implemented. However, this tech-
nology was active for less than six months and was even-
tually discontinued due to low demand among users. Al-
though it is evident that personalized search results,
achieved through the accumulation of large amounts of
statistical data and user ratings, will significantly enhance
search efficiency in the long run, rendering many con-
temporary methods of artificial web resource promotion
ineffective [1-2].

Search engine ranking algorithms take into account a
large number of factors, but the main weight is given to
the page rating, which is calculated based on the analysis
of the number and quality of external links to the page [3].
Such assessment methods are objective, but they are easy
to falsify in the presence of a certain advertising budget,
due to the purchase of the necessary number of quality
links from external sources [4]. It follows that they are
focused on meeting the needs of advertisers, not users.
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The development of methods for personalizing search
engine results by providing users with search result man-
agement tools and the creation of new ranking models
based on users’ subjective information needs are therefore
crucial tasks.

The object of study is the process of web data opera-
tion. The paper discusses an approach to personalize
search results by utilizing a ranking model based on ex-
pert evaluations, which are considered authoritative for
the user. The obtained ranking model is significantly
more difficult to falsify as it is based on subjective fac-
tors. The ranking model will be unique for each user,
making it even more challenging to falsify since it would
require replicating each user’s preferences, which is much
more complex than acquiring links to one’s website from
authoritative sources.

The subject of study is the models and methods of
personalizing the ranking of search results.

The ranking algorithms of search engines primarily re-
ly on the page ranking, which is calculated based on the
analysis of external links [3]. However, these methods can
be easily manipulated through the acquisition of high-
quality links [5], prioritizing the needs of advertisers over
users.

The purpose of the work is to improve the quality of
search output for current user by means of personalization
methods in search engine systems, through providing us-
ers with search result management tools and developing
new ranking models based on subjective user information
needs.

1 PROBLEM STATEMENT

The paper considers an approach to personalization of
search results through the use of a ranking model based
on the assessments of experts whose opinion is authorita-
tive for the user.

To rank data based on expert evaluations, such meth-
ods as Kemeny’s median, Kendall’s concordance coeffi-
cient, Bord’s method, etc. are used [6-8]. The use of such
methods requires the presence of a predetermined group
of experts. However, in the real task of ranking search
results, the input data is the evaluations of users for whom
their status as an expert is not defined. It is obvious that it
would not be correct to accept the opinion of all users
who rated the web resource as expert. It is also obvious
that the assessment and personal data specified during
registration are not enough to uniquely identify the user as
an objective expert in the subject area. However, these
data are sufficient to determine subjective expert groups
for each user based on the criterion of closeness of the
user’s ratings to the ratings of each of the experts.

The evaluation of service quality is highly subjective.
It is also important to consider that the same service can
be provided differently to different clients due to various
subjective reasons of the provider. Therefore, the applica-
tion of methods for assessing consensus among experts,
such as the coefficient of concordance, may yield results

lower than expected values.
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The rankings of web resources in the search results for
the current user’s query are determined by calculating the
weighted harmonic mean of ratings from the expert
group. Unique expert groups are formed for each user in
the background mode of the CIDO system [9] using three
methods based on shared ratings for a specific set of web
resources between the user and potential experts. Experts
are categorized into three levels for clarity, corresponding
to the method of calculating their weight. This categoriza-
tion is purely logical, and all expert weights at each level
hold equal significance during the ranking of search re-
sults without requiring additional coefficients.

Expert weight is a measure of agreement between the
expert’s opinions and the current user, calculated based
on the similarity of their ratings for a certain set of web
resources. The weight of expert U; relative to the current
user Uy can be considered as the metric d(Uy, U;) in the
metric space (X, d), where X[U, ..., U] represents the set
of all users in the system

The function d satisfies the identity, symmetry, and
triangle axioms, but it cannot be defined for every pair of
elements from the set X, as not all users have common
ratings. Therefore, in the context of this problem, it is
incorrect to use the term metric space. Instead, we will
refer to the function d(U,, U;) as an analogue of a metric
for defining the weight of an expert.

The value of the expert’s weight is a number in the in-
terval d(Uy, Up)€]0, ..., 0.9], therefore, not the value it-
self, but the result of the normalization function is used to
determine the qualitative assessment:

W (d) :1—[1.1.7‘1(”0'”0] :
10

The obtained value is used as an indicator of the ex-
pert’s weight to further calculate the ranks of web re-
sources.

It is necessary to find measures of consistency of the
user’s opinions with each of the potential experts, depend-
ing on the presence of joint evaluations for some set of
web resources.

2 REVIEW OF THE LITERATURE

In [10], a learning-based ranking model is proposed to
enhance recommendation systems using implicit user
feedback. Adaptive learning is described in [11] to im-
prove content-based recommendation systems. [12] intro-
duces a hybrid ranking model for scientific articles, com-
bining content-based and citation-based approaches. A
neural network-based ranking model is presented in [13—
14], which can handle incomplete data, making it versatile
and user-friendly. However, understanding the principles
of neural network operation can be complex. [15] ex-
plores the use of BERT (Bidirectional Encoder Represen-
tations from Transformers) for search engine ranking,
demonstrating high accuracy compared to traditional
methods but requiring significant computational re-
sources. [16] proposes a novel ranking approach that em-
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ploys reinforcement learning to aggregate diverse page
ratings, leading to improved accuracy but with associated
computational and implementation complexity.

Sentiment analysis methods are discussed in [17],
covering rule-based and machine learning-based tech-
niques and their applications in domains like social media
monitoring and product review analysis. The integration
of recommender systems and sentiment analysis is em-
phasized for more effective and personalized recommen-
dations.

[18] presents a development aimed at enhancing
search relevance within organizations by capturing em-
ployee knowledge and expertise. While this approach
improves search results, its efficiency in utilizing contex-
tual information may be limited. Considering context and
adapting to evolving user requirements are crucial to
avoid irrelevant or incomplete results.

Brytsov R. A. addresses this issue in his work [19],
proposing a theoretical ranking model based on web re-
source Visit statistics and document viewing time. How-
ever, it does not consider user opinions or agreement lev-
els between users and experts. User rating-based methods
commonly employed for product ranking in online stores
rely solely on the number and values of ratings.

Recent studies demonstrate the potential of neural
networks and reinforcement learning in improving search
engine ranking accuracy, albeit at the cost of significant
computational resources. Information retrieval, as defined
in [20], involves searching for unstructured documentary
information to satisfy individual and subjective user in-
formation needs. Accordingly, search result ranking algo-
rithms should incorporate user-specific subjective factors.

3 MATERIALS AND METHODS

Let’s consider the method of average differences of
estimates. The direct calculation can be applied when the
current user shares ratings with the set of potential experts
X for a certain set of web resources. It allows for the cal-
culation of the similarity of ratings separately for each
pair of “current user — potential expert”, denoted as d(Uy,
U;). User ratings range from 1 to 10, where 10 represent
the most acceptable option. The expert weight value is
determined as the arithmetic mean of the absolute differ-
ences between each pair of user and potential expert rat-
ings:

)

A qualitative assessment of closeness is provided on
the Chaddock scale. Candidates with high and very high
connectivity strength are selected as experts. To deter-
mine the qualitative assessment on the Chaddock scale,
the result of a normalization function W(d) is used, rather
than the actual value itself.

To justify the choice of this method for calculating the
measure of agreement among experts, let’s compare its

OPEN a ACCESS m

173



p-ISSN 1607-3274 PanioenextpoHnika, inbpopmatrka, ynpasminss. 2023. Ne 3
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 3

effectiveness with the results obtained from calculating
Kendall’s concordance coefficient for each pair of “cur-
rent user — potential expert”.

The concordance coefficient is a numerical value that
serves as a measure of agreement among experts [21]:

" i @)
2,3 :
T (n —n)—méTI
where
m( d _ 2
S ZZEZ rij - rJ y (3)
i=1\s=1
T :ii(tg’—t ). 4)
i 12i:1 L~

If there are no associated ranks, then T; is zero. The
significance assessment of the concordance coefficient is
determined by the Pearson agreement criterion [22]. This
consistency criterion is the most widely used criterion for
testing the hypothesis that the studied sample xy, x5, ... x,
with volume n, belongs to some theoretical distribution
law F(x,0).

The hypothesis testing procedure using x’-type criteria
involves grouping observations. The domain of definition
of the random variable is divided into k non-overlapping
intervals with boundary points xq), X(1), X(1), Xk-

According to the given partition, the number n; of
sample values falling into the i-th interval and the prob-
abilities of falling into the interval
R (0) = F (X, 0) — F(X(i-),0) corresponding to the theo-

retical law with the distribution function F(x,0) are cal-

k k
culated. In addition n=)"n; and n=> R (6) =1. When
i=1 i=1
testing a simple hypothesis, both the form of the distribu-
tion law F(x,0)and all its parameters (known scalar or
vector parameter 6) are known. The statistics used in the
conditions of goodness-of-fit type % are based on meas-

uring deviations N from R (6). The Pearson’s good-

ness-of-fit test statistic ? is defined by the relationship:

2
SR (6)
2_k(n ' ()
Xp= nié—pl © )

In the case of testing a simple hypothesis within the
limits as n—oo, this statistic follows a sz -square distribu-
tion with r=k-1 degrees of freedom if the tested hypothe-
sis Hy is true. The probability density function of the y,2 -
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square distribution, which is a specific case of the gamma
distribution, is described by the formula:

r =S

g(s):r;SZ e?2.

22r(1) ©

The Hy hypothesis is rejected at large statistics values,
when the statistical value calculated from the sample

XE* is greater than the critical value X?,q, or the

achieved significance level (p-value) is less than the spec-
ified significance level (given probability of error of the
1st kind) a:

2% r(rj Xz )

The calculated value %2 is compared with the table
value for the number of degrees of freedom K = n-1 pre-
sented in Table 1.

Table 1 — The percentage points of distribution XZ

o
> | 90% | 70% | 50% | 30%
In
15 | 8547 | 11.721 | 14.339 | 17.322
16 | 9312 | 12.624 | 15.338 | 18.418
17 | 10.085 | 13.531 | 16.338 | 19.511
18 | 10.865 | 14.440 | 17.338 | 20.601
19 | 11.651 | 15.352 | 18.338 | 21.689
20 | 12.443 | 16.266 | 19.337 | 22.775
21 | 13.240 | 17.182 | 20.337 | 23.858
22 | 14.041 | 18.101 | 21.337 | 24.939
23 | 14.848 | 10.021 | 22.337 | 26.018
10% | 5% 1% | 05%
15| 22.307 | 24.996 | 30.578 | 32.801
16 | 23542 | 26.296 | 32.000 | 34.267
17 | 24.769 | 27.587 | 33.409 | 35.718
18| 25.989 | 28.869 | 34.805 | 37.156
19 | 27.204 | 30.144 | 36.191 | 38.582
20 | 28.412 | 31.410 | 37.566 | 39.997
21 | 29.615 | 32.671 | 38.932 | 41.401
22 | 30.813 | 33.924 | 40.289 | 42.796
23 | 32.007 | 35.172 | 41.638 | 44.181

Let’s consider the generalized iterative algorithm.

The GIA approach is employed at the third level to de-
termine the weight of users who lack any shared ratings.

The generalized iterative algorithm encompasses a
collection of iterative and iterative-combinatorial algo-
rithms, which are defined by three index sets: DM, IC,
MR. Each iterative algorithm is considered a specific in-
stance of the generalized GIA = {DM, IC, MR}. DM can
assume three distinct values: 1 — standard automatic
mode, 2 — planned automatic mode, 3 — interactive mode.
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IC can be either 1 — iterative or 2 — iterative-combinatorial
algorithms. MR has three potential values: 1 — classical
multilayered, 2 — relaxative, 3 — combined algorithms
[23]. In the case where DM is set to 1, we encounter three
standard variations of iterative algorithms:
MIA=GIA(1,1,1), RIA=GIA(1,1,2), CIA=GIA(1,1,3), as
well as three iterative-combinatorial  variants:
MICA=GIA(1,2,1); RICA=GIA(1,2,2),
CICA=GIA(1,2,3).

Formally, in general case, a layer of the GIA GMDH
may be defined as follows, Figure 1 [23]:

1) the input matrix is X, =(Y{ ., YE Xq,..., Xy) fOF

a layer r+1;
2) the operators of the kind:

v = f(yfy5), 1=12,...,C2, i,j=1F,

r+1_f r _ . Lo (8)
y| = (y,,xj),l_1,2,...,Fm,|_l,F,j_l,m

may be applied on the layer r+1 to construct linear, bilin-
ear and quadratic partial descriptions:

z=f(u,v)=a;+au+a,v;
z=f(u,v)=a;+a u+a,v+asuv; 9
z=f(u,v)=a,+au +a2v+a3uv+a4u2 +a5v2.
3) for any description, the optimal structure is searched
by combinatorial optimization; e.g.:

f(uv)=ayd; +a,d,u+a,d;v. (10)

Then the best
f(u,v,d,,), where

model will be described as

opt

dopt =argminCRy, q=2P -1,
1=1q (11)
fopt (U,V) = f(u,v,dgp) -

4) the algorithm stops when the condition CR" >CR"™*
is checked.

i’
| Combi .

selection

selection

Figure 1 —The generalized architecture of GIA GMDH
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4 EXPERIMENTS

To compare the results of expert agreement calcula-
tions using the described methods, a data sample (Ta-
ble 2) was used, where 20 users evaluated 20 web re-
sources based on the quality of presented information and
ease of use. The evaluation scale ranged from 1 to 10,
with 10 being the best rating. Expert NeO is the current
user, and a group of experts is selected based on their rat-
ings. To facilitate comprehension, the web resources will
be denoted by capital Latin letters with a numerical index
corresponding to the data sample number, and the users
will be represented by numbers.

Table 2 — The fragment of the user evaluations data sample
of web resources Nel

\web re-| A; B, Cl D, E, Ql R Sl T

source —

| User
0 10 [ 10 | 8 5 7 8 8 3 5
1 10110 | 9 6 | 8 8 8 4 4
2 8 8 9 5 6 7 7 3 4
3 9 9 9 517 7 6 3 3
4 10 110 | 9 717 9 9 4 3
5 2 7 1 6 7 7 2 7 9
6 9 10| 7 6 | 8 7 6 4 4
7 7 7 3 9 |10 5 2 9 9
8 8 8 6 |41 7 9 7 3 4
9 7 9 8 5] 6 9 7 4 3
10 7 9 7 1418 9 8 3 4
11 9 10 | 8 5 7 7 9 4 4
12 8 8 9 6 7 8 8 3 4
13 8 |10 | 7 6 | 8 3 4 9 |10
14 7 7 5 4 8 8 9 2 4
15 9 3 9 117 5 3 7 |10
16 4 2 10 | 3 1 4 6 9 7
17 5 2 9 3 2 4 4 9 10
18 7 7 106 4 5 8 6 7
19 7 9 9 8 5 6 7 7 9
20 8 7 9 71 4 5 8 8 4

Let’s consider the calculation of the weight of first-
level experts.

For each potential expert paired with user NeO, the
measure of agreement of opinions was calculated using
two methods. The significance evaluation of the concor-
dance coefficient was determined using the Pearson
agreement criterion. The tabulated value of the Pearson
criterion for k=20-1=19 degrees of freedom and a signifi-
cance level of ¢=0.05 is equal to 30.144. If the calculated
value x? is greater than or equal to the tabulated value, it
is considered that the value of the W criterion is not a ran-
dom variable, and the obtained results are meaningful and
can be used for further research. Otherwise, the value of
the W criterion is considered a random variable. The cal-
culation results are presented in Table 3.

The calculated values of the concordance coefficient
passed the Pearson criterion test at the given significance
level of a=0.05 for only 11 out of 20 potential experts.
The values of the concordance coefficient for the remain-
ing 9 users were very small (<30.144).

Additional research on artificially constructed datasets
has shown that the coefficient of concordance starts to
produce values that do not pass the Pearson criterion test
with a specified significance level of 0a=0.05 when the
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values according to the method of average differences of

estimates (ADE) are less than 0.85. This indicates that the

coefficient of concordance cannot accurately determine

experts across the entire range of correspondence accord-

ing to the Chaddock scale.

Table 3 — Measures of agreement between user NeO and each of
the potential experts

Concordance coefficient ADE method
w 2 | reliability | Weight value of the
User (x® >=30.144) potential expert |
Strength of the connec-
tion >0.7
1 W =0.96 36.63 | + 0.9285 | +
2 W =0.96 36.42 |+ 0.8735] +
3 W =0.94 35,53 | + 0.9010 | +
4 W =0.95 35.95|+ 0.9120 | +
5 W=04 15.40 | - 0.6370 | —
6 W=0.97 36.81 | + 0.9120 | +
7 W=0.24 9.120 | — 0.5765 | —
8 W =0.94 35.79 | + 0.8955 | +
9 W =0.94 35.63 | + 0.8955 | +
10 W =0.91 3447 |+ 0.9010 | +
11 W =0.97 36.80 | + 0.9285 | +
12 W = 0.95 36.14 | + 09175 +
13 W =047 17.69 | - 0.6975 | -
14 W =0.84 32.08| + 0.8570 | +
15 W =0.39 1491 |- 0.6315 | —
16 W =0.25 9.330|— 0.5600 | —
17 W =0.25 9.360 | — 0.5270 | -
18 W =0.64 24.35| + 0.7580 | +
19 W =0.49 18.75 | - 0.7195 | +
20 W =0.53 20.19 |- 0.7525 | +

These findings suggest that the coefficient of concor-
dance and similar methods that take a list of rankings as
input data cannot be used to solve the problem of expert
selection for ranking web resources based on evaluations.

The obvious reason for the low percentage of correct
results is the specific normalization of input data values in
such a method. The rankings provided by experts for each
object Se{1..n}, where n is the number of objects, are
used as input data for calculating the coefficient of con-
cordance. In contrast, in the task of evaluating web re-
sources, evaluations from 1 to 10 are used, regardless of
the number of evaluated objects, which leads to a signifi-
cant increase in the number of identical rankings for val-
ues of n far exceeding 10.

Therefore, the proposed method of average differences
of estimates (ADE), is the most acceptable for calculating
the weight of experts and will be used for further research
on ranking methods. Its application requires a large
amount of statistical evaluation data and can be effec-
tively applied at the intermediate stages of system devel-
opment.

Let’s consider the calculation of the weight of second-
level experts.

Forming expert groups only from users who have
common ratings with the current user significantly nar-
rows down the pool of potential experts. To address this
issue, a method for calculating the weight of experts in
the absence of common ratings with the current user has
been proposed. It involves having shared ratings with
first-level experts and determines the overall weight of a

second-level potential expert relative to the current user
© Zosimov V. V., Bulgakova O. S., Perederyi V. 1., 2023
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d(Uo,Ui ) taking into account their weight relative to the
first-level expert d(Ui,Uj) and the weight of the first-

level expert relative to the current user d(Ui ,ljj )

To investigate the potential use of ratings from sec-
ond-level experts, additional research was conducted.
Table 4 presents a fragment of the data illustrating the
calculation of the weight of all members in the expert
group for dataset Nel in relation to each other.

Since the calculated weights of the experts are the
same for both experts relative to each other, the weight
table is symmetric about the diagonal. However, it is pre-
sented in its complete form for the sake of simplifying the
illustration of further calculations. The analysis of the
data presented in Table 4 allows the following observa-
tions:

— All experts except one have weight values >0.7,
which, firstly, allows them to remain in the expert group,
and secondly, demonstrates a high level of agreement
within the expert group.

— It is evident that the weight of expert Nel4 relative
to expert Nel9 shows a value below 0.7, because the
weight of expert Nel4 relative to the current user has a
value of 0.72 and is in close proximity to the lower
boundary of the acceptable weight for participation in the
expert group.

— The calculated weights of the experts relative to
those who have a weight >0.9 relative to the current user
have values close to their weights relative to the current
user.

To develop a methodology for considering the weight
of second-level experts in ranking, it is necessary to select
criteria for evaluating the ratio of weights of second-level
experts relative to the current user, expressed through the
weight of first-level experts.

Table 5 presents the absolute differences in weights of
second-level experts from Table 4 and their weights rela-
tive to the current user, which were calculated earlier
(Table 3).

In Figure 2 are presented the obtained data.

Figure 3 shows a graph depicting the relationship be-
tween the average differences in the weights of second-
level experts relative to the weights of first-level experts.

From the graph, it can be observed that the weight de-
viation significantly increases when the weight of the
first-level expert is below 0.8.

Similar calculations based on expert groups from data
sets 2 to 4 yield comparable results (Figures 4-9).

The weight of second-level experts relative to the cur-
rent user is advisable to calculate as the product of the
weight of the first-level expert relative to the potential
second-level expert, who share common ratings, and the
weight of the first-level expert relative to the current user.

wlaluo.0)-wlalu;.0 ;) wlaluo. i)
The expert group selects potential second-level ex-
perts whose weight relative to the current user is

W(d(U,, U, ))> 0.7 on the Chaddock scale.
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Table 4 — The fragment of the sample: weights of experts relative to each other

Figure 2 — The weight difference of second-level users

Average difference of the weights of second-level
experts relative to the weights of first-level experts

o
&
¥

;,
5
Q@

]

o
G

Weight of a first-level expert relative to the current user

Figure 3 — The dependence of the average difference in weight
of a second-level user on the weight of a first-level expert
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Users Uo U, U, Us 4 Us Uy Us, Uy Usg Uy Uy
Up 1 0.9285 | 0.8735 | 0.901 0.912 0.912 | 0.9285 | 0.9175 | 0.857 0.758 | 0.7195 | 0.7525
U, 0.9285 1 0.868 0.9065 | 0.9285 | 0.8845 0.912 0.901 0.8625 | 0.7855 0.758 0.802
U, 0.8735 0.868 1 0.8845 | 0.8405 | 0.8735 0.879 0.901 0.8295 | 0.7855 0.769 0.802
Us 0.901 0.9065 | 0.8845 1 0.89 0.879 0.8955 | 0.8845 0.824 0.769 0.7525 | 0.7965
U, 0.912 0.9285 | 0.8405 0.89 1 0.868 0.9065 | 0.8845 0.868 0.747 0.7305 | 0.7745
Us 0.912 | 0.8845 | 0.8735 | 0.879 0.868 1 0.9285 | 0.8955 | 0.824 0.725 | 0.7085 | 0.7305
Uy 0.9285 0.912 0.879 0.8955 | 0.9065 | 0.9285 1 0.901 0.8515 | 0.7525 0.736 0.769
U, 0.9175 0.901 0.901 0.8845 | 0.8845 | 0.8955 0.901 1 0.8735 | 0.7745 0.725 0.791
Uy 0.857 0.8625 | 0.8295 0.824 0.868 0.824 0.8515 | 0.8735 1 0.758 0.6865 | 0.7635
Usg 0.758 0.7855 | 0.7855 0.769 0.747 0.725 0.7525 | 0.7745 0.758 1 0.8075 | 0.8405
[ 0.7195 | 0.758 0.769 | 0.7525 | 0.7305 | 0.7085 | 0.736 0.725 | 0.6865 | 0.8075 1 0.824
Uy 0.7525 0.802 0.802 0.7965 | 0.7745 | 0.7085 0.758 0.7525 0.769 0.791 0.736 1
Table 5 — The absolute difference values of the weights of second-level experts
Users Uo Uy U, Us Uy Ug Uy Uy Uy Usg Uyg Uy

Up 0 0.9285 | 0.8735 | 0.901 0.912 0.912 | 0.9285 | 0.9175 | 0.857 0.758 | 0.7195 | 0.7525
U, 0.9285 0 0.0055 | 0.0055 | 0.0165 | 0.0275 0.0165 | 0.0165 | 0.0055 | 0.0275 | 0.0385 | 0.0495
U, 0.8735 | 0.0605 0 0.0165 | 0.0715 | 0.0385 | 0.0495 | 0.0165 | 0.0275 | 0.0275 | 0.0495 | 0.0495
Us 0.901 0.022 0.011 0 0.022 0.033 0.033 0.033 0.033 0.011 0.033 0.044
U, 0.912 0 0.033 0.011 0 0.044 0.022 0.033 0.011 0.011 0.011 0.022
Us 0.912 0.044 0 0.022 0.044 0 0 0.022 0.033 0.033 0.011 0.022
Uy 0.9285 | 0.0165 | 0.0055 | 0.0055 | 0.0055 | 0.0165 0 0.0165 | 0.0055 | 0.0055 | 0.0165 | 0.0165
U, 0.9175 | 0.0275 | 0.0275 | 0.0165 | 0.0275 | 0.0165 | 0.0275 0 0.0165 | 0.0165 | 0.0055 | 0.0385
Uiy 0.857 0.066 0.044 0.077 0.044 0.088 0.077 0.044 0 0 0.033 0.011
Usg 0.758 0.143 0.088 0.132 0.165 0.187 0.176 0.143 0.099 0 0.088 0.088
Uyg 0.7195 | 0.1705 | 0.1045 | 0.1485 | 0.1815 | 0.2035 0.1925 | 0.1925 | 0.1705 | 0.0495 0 0.0715
Uy 0.7525 | 0.1265 | 0.0715 | 0.1045 | 0.1375 | 0.1815 0.1595 | 0.1265 | 0.0935 | 0.0825 | 0.1045 0

g 0.2 5

§ o 2 0.24

§ % 0.14 :5 018

g2 on £ 0.16

£ o £ . 0.14

52 i H 0.1

§ : p: [ 0.08 h

E’% § L L 0.06 7 o5

85 £ 0.04 ORI

i s 0.02

0

= 0.9505 m 0.9285 = 0.923

0.923 m0.9175 m 0.9065 m 0.9065 m 0.901

W089 WmWO0879 W0.868 WO0.8625W(0.8185 m0.7965 m 0.78
Figure 4 — The weight difference of second-level users for data
set Ne2

0.7305

Let’s consider the calculation of the weight of users
who do not have common ratings.

The indirect approach is suitable when there are lim-
ited or no shared ratings. It utilizes a model that calculates
the weight of potential experts based on their individual
social profiles. The most accurate results are obtained by
analyzing the experts’ previous activities. However, in the
system’s initial implementation phase and before accumu-
lating a substantial rating database, situations may arise
where there is insufficient data to apply this method. Ac-
cumulating a sufficient rating database means having a
significant number of shared ratings to form expert groups
for the majority of system users. Therefore, to ensure the
system’s proper functioning in its early stages, a method
was developed to determine the weight of users with no

shared ratings at all.
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Figure 6 — The weight difference of second-level users for data

set Ne3 A user’s social profile is formed based on the informa-

tion they provide during system registration [24]. Taking
into account global and domestic experience in conduct-
ing psychological research [25-27], a set of socio-
personal factors that may influence the formation of a
user’s opinion was selected. Based on the research results,
the factors found to be informative in building the model
for determining the weight of potential experts will be
included as mandatory fields in the system’s registration
form.
To build the model for calculating the weight of ex-
perts, a set of subjective features x,, was selected, which
can directly or indirectly influence the visitor’s rating.
Social profiles of users (U, — Ugg) Who participated in
previous experiments were used as input data. Since their
. weight relative to the user Uy has already been calculated
SR AR RS ARSI AR U S based on the data samples of ratings Nel-4, the same ex-
pert groups presented in tables 2-5 were used to construct
the model.

0.06

002

Figure 7 — The dependence between the average weight dif-
ference of second-level users and the weight of first-level ex-
perts in dataset Ne3
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It is necessary to construct a model of the influence of
socio-personal factors of Internet users on the degree of
consensus between the potential expert of the third level
Uo.exp and the current user.

The sample contains n = 20 observation points and is
divided into two parts: 2/3 of the points for the training
sample A and 1/3 of the points for the validation sample
B: na=14,ng = 6.

The accuracy of the obtained models was assessed us-
ing the coefficient of determination R®.

The GIA algorithm is used at the third level to deter-
mine the weight of users who have no shared ratings at all
[28-29].

The aggregated results of the modeling are presented
in Table 6.

From Table 6, it can be observed that the best model-
ing results were obtained using the GIA. The GIA allows
for the utilization of the mathematical model itself, which
is more convenient for this particular task, as the obtained
model serves as an intermediate step in solving the given
problem within a limited time frame. Furthermore, as
evident from the obtained dependency (GIA model), only
6 out of the 11 variables are significant. Detailed results
for the GIA are presented in Table 7 and Figures 10-12.

Figure 10 show that the generalized algorithm reaches
a minimum on the 7" layer.

Based on the above, a general conclusion can be
drawn: the modeling results indicate that the best model
was found using the generalized iterative algorithm,
which incorporates all previous iterative structures.

Table 6 — Summarized results of modeling by GMDH algorithms

- ial Number
rue monomials -
ol e
rithm '
X1 X2 X3 Xq Xs X X7 Xg X9 X10 X11 mono-
mials
Iterative algorithms with linear partial model description
MIA 42.2 + + + + + + + + 3
RIA 17.70 10
CIA 55.14 + + + + + + + + + 2
Iterative algorithms with quadratic partial model description
MIA 56.25 + + + + + + 5
RIA 54.25 + + + 8
CIA 77.17 + + 8
MICA 71.80 + + + + + + + 4
RICA 54.25 + + + 8
GIA 80.27 + + + + + 6
Table 7 — GIA results
Ne Data set y ¥y Error
(real) (model)
1 1 0.904 0.096
2 A (training) 0.9285 0.895 0.033
3 9 0.8735 0.752 0.122
4 0.901 0.882 0.019
5 0.912 0.810 0.102
6 0.637 0.628 0.009
7 0.912 0.865 0.047
8 0.5765 0.637 -0.061
9 0.8955 0.818 0.077
10 0.8955 0.961 —0.066
11 0.901 0.911 -0.010
12 0.9285 0.886 0.042
13 0.9175 0.928 -0.010
14 0.6975 0.737 -0.040
15 0.857 0.856 0.001
16 0.6315 0.730 —0.098
17 0.56 0.680 -0.120
18 B (testing) 0.527 0.574 -0.047
19 0.758 0.788 -0.030
20 0.7195 0.814 -0.094
21 0.7525 0.750 0.003
R % | 80.27%
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Figure 10 — The value of the evaluation criterion (AR criterion) by layers
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Figure 12 — The values of true and model results on sample B

5 RESULTS

The paper explores the challenge of ranking search
engine results using google.com.ua as a case study. Ini-
tially, this task may seem formidable due to the vast num-
ber of results, often reaching hundreds of thousands or
even millions. However, a closer examination of search
engine algorithms reveals that the computational com-
plexity is significantly lower [27]. In practice, the user’s
accessible search results are much fewer than what the
system claims during query execution. Consequently, the
ranking process effectively focuses on analyzing only a
few hundred results, requiring minimal computational
power.

To assess the effectiveness and accuracy of the afore-
mentioned ranking methods based on user ratings, four
experiments were conducted. Each experiment formed a
distinct data sample, consisting of 20 users rating 20 web
resources based on information quality and usability. A
total of 60 users participated across the four samples, with
some users rating web resources in multiple samples.
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Consistent numbering was employed for the same users
across all experiments, ensuring User Nel, for instance,
remained consistent. Additionally, each experiment in-
corporated a combination of previous experts and new
users, allowing for tracking the weight values of the same
experts across different data samples.

Let’s consider the determining the weight of experts
by the ADE method.

The weight values of potential experts relative to user
NeO for data sample Nel were calculated using the ADE
method. The results are presented in Table 8.

Based on the results presented in the table, an expert
group is formed for User NeQ. It includes users who have
a calculated weight value greater than 0.7 according to the
Cheddock scale.

Expert numbers: 1-4, 6, 8-12, 14, 18-20.

A new data sample is created for the ranking of web
resources, which includes evaluations only from the ex-

perts (Table 9).
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Table 8 — The weight values of potential experts relative to User
NeQ for data sample Nel

weights. The calculation results of the web resource rank-
ings using the average methods are presented in Table 11.

User User weight Selected to the expert group )
1 0.9285 + Table 10 — The reference ranking for the current user
2 0.8735 + The number Sort by de- Manual ranking of
3 0.9010 + of the web creasing the current user
4 0.9120 + resource in rating
5 0.6370 _ the data set
6 0.9120 + 1 A B
7 0.5765 - 2 By A
8 0.8955 + 3 I Ky
9 0.8955 + 4 Ji J
10 0.9010 + 5 Ky ls
11 0.9285 + 6 G G
12 0.9175 + 7 H, Ri
13 0.6975 - 8 Q Q
14 0.8570 + 9 Ru Hy
15 0.6315 - 10 E Es
16 0.5600 - 11 Ly Ly
17 0.5270 - 12 G, Gy
18 0.7580 + 13 My Ny
19 0.7195 + 14 Ny M
20 0.7525 + 15 D, D,
16 T, T,
Table 9 — The fragment of the expert group evaluations 1; gl gl
web re{ A; B C, | Dy E: Q1 R; S: T, 19 Pl Sl
source — 50 Sl Pl
| User L L
0 10,1018 157 8 8 3 15 Table 11 — The results of the web resource rankings using the
1 10109 |68 8 [ 8] 44
2 s T8 19 516 7 7 3 1 2 average methods
3 9 9 9 |51 7 7 6 3 3 Web The rank of the web resource, calculated by methods:
4 10(10] 9 |7 ] 7 9 9 4 3 resource | AM WAM HM WHM
6 9 [10[ 7 6] 8 71644
3 s T8 6 a7 s T 71312 A 8.142857 8.186422 8.158281 8.107372
9 7] 9856 9 | 7 | 4 | 3 B, 8.642857 8.692747 8.699647 8.561141
10 | r]9]714]8 9 | 813 |4 C 8.142857 | 8.11233 8101196 | 8.119847
11 9 [10]8[5]7 7 9] 44
7 s T8 967 8 18 13 [ 2 D 5.571429 5.527025 5.614922 5.502869
14 7] 7[5 ]4]s8 8 [ 9] 24 E: 6.571429 6.656235 6.639741 6.538092
18 7| 7106 4 5 |86 |7
19 —t 9 To 5= e T 19 F 5.214286 5.182274 5.272789 5.196464
20 81 71971 a 51 8 | 8 | 4 G 5.571429 5.538319 5.598789 5.574416
H, 7.428571 7.402497 7.459537 7.392929
Prior to commencing the ranking process using the se- I 7857143 | 7.937367 | 7.836755 | 7.877952
!ected meLhoc_is, flt is essentl_al to a;\t;lqmrle a re{gren;:he rankt; 3, 8071429 8128024 807852 8063776
Ing as a basls Tor comparls’on. Vierely sorting the we K 8.142857 8.204493 8.148353 8.135257
resources based on User NeQ’s ratings in descending order
yields only approximate outcomes. This approach solely L 6428571 | 6480204 | 6459537 | 6.412008
arranges clusters of web resources with identical ratings My 6.857143 | 6.776984 | 6.810695 | 6.901067
in descending order in Table 10. The precise order of web N; 6.071429 6.035609 5.976346 6.173482
resources within each cluster remains unknown. Hence, to 0, 3928571 | 3.863192 | 3.928512 | 3.910907
e_stabgsh thek refergnci ranlilr:g,zgster Ngg ma;)nually as- =) 1357143 1248973 2402527 7271915
signed a rank ranging from 1 to o0 each web resource,
: . ! 7.428571 7.505052 7.482288 7.391828
with 1 denoting the highest rank (Table 10). The reference &
ranking for the current user was created manually. Re 7642857 | 7643954 | 7.669863 | 7.644797
Let’s consider the ranking of web resources by the St 4.142857 | 4.045014 | 4.114847 | 4.126818
method of average points. T 4.357143 4.268852 4.427347 4.288059

Traditionally, the application of the average method
involves the use of the arithmetic mean for value calcula-
tion. In this work, the following methods were used to
calculate the averages: AM, WAM, HM, WHM.

Weighted modifications of the arithmetic mean and
harmonic mean allow for the calculation of new rankings
of web resources, taking into account the experts’

© Zosimov V. V., Bulgakova O. S., Perederyi V. 1., 2023
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The ranking outcomes are displayed in Table 12. To
evaluate the efficiency of the proposed techniques in
computing average scores, the mean deviation from the
reference ranking is utilized. This metric is obtained by
averaging the differences in positions among the web re-

sources.
OPEN 8 ACCESS m

181



p-ISSN 1607-3274 PanioenextpoHnika, indpopmaTrka, ynpasminns. 2023. Ne 3
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 3

Table 12 — The results of ranking

The |ranking by methods Position deviation by:
refer- |[AM |WAM [HM |WHM |AM |WAM [HM |WHM
ence
ranking
B, B; B, B, B, 0 0 0 0
Ar A; Ky Ar A 0 1 0 0
K1 C1 A1 K1 Kl 3 1 O O
J Ky J Ji i 1 0 0 0
Iy J C, C, C, 1 1 1 1
Cy Iy l; Iy Iy 1 1 1 1
Ry R, Ry Ry Ry 0 0 0 0
Q1 Ha Ql Hy Q1 1 0 1 0
H, Q H; Q1 H, 1 0 1 0
= M, M, M; M, | 4 4 4 4
I—l E1 E1 E1 El 1 1 1 1
G Ly Ly Ly Ly 1 1 1 1
N; Ny Ny N; Ny 0 0 0 0
M; D, G, D, D, 1 2 1 1
D, G: D; G, Gy 3 0 3 3
T, F, Fy Fy F; 1 1 1 1
F1 P1 T1 T1 Tl 3 1 1 1
0O, T, P, P, P, 2 2 2 2
Si Sy Sy Si Sy 0 0 0 0
Pl Ol 01 01 01 2 2 2 2
The sum of deviations:| 26 18 20 18
Average deviation value:| 1.3| 0,9 1 0,9

From the Table 12, it can be seen that the methods of
WAM and WHM have the smallest error, indicating the
relevance of considering the weight of experts when cal-
culating the ranking of web resources.

To justify the feasibility and effectiveness of using rat-
ings only from users who have a strong connection with
the current user in the ranking process, additional calcula-
tions were performed to determine the rankings of web
resources using ratings from all users in data set Nel.

Below is a comparative table of the final rankings of
web resources calculated based on the ratings from two
groups of users, Table 13:

— Expert group.

— All users from Sample Ne 1.

Ranking based on the ratings of all users compared to
ranking based on the ratings of a predefined expert group
produces significantly worse results.

The results presented in Tables 11-13 prove the effec-
tiveness of taking into account the weight of experts when
calculating the ranks of web resources and justify the
need to filter out users with low indicators of the degree
of agreement of opinions relative to the current user. Ex-
periments Ne 2, 3, 4 were conducted according to the
same method. Therefore, their description is not given.

Table 13 — Comparative table of rankings of web resources calculated based on ratings from two groups of users

Reference rank- Expert group All users
ing
AM WAM HM WHM AM WAM HM WHM

B, B, B, B, B, C, N Iy Iy

A Ay Ky A A Iy Iy M, i

K1 C, Ar Ky K1 B, C, Ji K1
N Ky NIt NI N Ky K1 K1 M,
1, A C, C, C, A Ay A Ay
cl I1 ll I1 Il Ml Ml Ql Bl
Rl Rl Rl Rl Rl Ql Ql Bl Ql
Ql Hl Ql Hl Ql 'Jl Bl Nl Cl
H; Q: H; Q: H; N, Ry C Ny
= M; M; M; M, Ry N; Fi Ry
L = = = E; = = H; H;
G Ly Ly Ly Ly Hi Hi R1 Fi
N; N; N; I\ Ny Fi Fi G, E;
M; D, G, D, D, Ty L Ty G,
D; G, D; G, G: Ly G, E: Ly
Tl Fl Fl Fl Fl Gl Pl Ll Tl
Fi Py Ty Ty Ty Py D, Py D,
O, Ty Py Py Py S Ty S Py
S1 S1 S; S; S D, S; D, S,
Pl Ol ol Ol Ol Ol Ol Ol Ol

II';ZZ‘;T of de- 26 18 20 18 62 58 74 56
ﬁ;’ﬁf‘agligev'a' 13| 09 1 0,9 3.1 2.9 3.7 2.8
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Table 14 presents the summarized results of the con-
ducted experiments. The last row of the table shows the
count of instances where each method yielded the best
ranking results. If more than one method achieved the
best results during the experiment, all of them are consid-
ered the best.

Table 14 — The summary results of experiments

The method of calculating values by
Experiment number the method of average points
AM WAM HM WHM
Nel The sum of deviations 26 18 20 18
Average value of deviation: 1.3 0,9 1 0,9
Ne2 The sum of deviations 32 28 32 24
Average value of deviation: 1.6 14 1.6 1.2
Ne3 The sum of deviations 32 30 24 22
Average value of deviation: 1.6 15 1.2 1.1
Ne4 The sum of deviations 22 22 20 20
Average value of deviation: 1.1 1.1 1 1
Best results 0 1 1 4

From the table 13, it can be seen that during the four
experiments, the method of average scores calculated
based on weighted harmonic mean showed the smallest
deviation from the reference ranking. Based on these re-
sults, this approach will be used in the development of the
meta-search engine.

6 DISCUSSION

The proposed methodology for forming unique expert
groups for each user involves three approaches depending
on the presence of shared ratings between the current user
and potential experts:

1. When there are shared ratings between potential ex-
perts and the current user, the weight is calculated using
the ADE method, which includes:

— calculating the average differences of estimates;

— applying a normalization function to scale the data
from 0 to 0.99.

— selecting users who have a strong connection with
the current user based on the Cheddock scale
(values > 0.7).

Research has shown that the ADE method is more ef-
fective in solving research tasks and provides signifi-
cantly better results compared to the Kendall’s concor-
dance method and similar approaches.

2. When there are no shared ratings with the current
user but there are shared ratings between potential sec-
ond-level experts and first-level experts, the weight of
second-level experts relative to the current user is calcu-
lated as the product of the weight of the first-level expert
relative to the potential second-level expert with shared
ratings and the weight of the first-level expert relative to
the current user.

3. When there are no shared ratings at all, the expert
group is formed based on a model constructed from the
user’s social profile using inductive algorithms.

To calculate the rankings of web resources in search
result ranking, the methods of average ratings were con-
sidered. However, the classical form of the average rat-

© Zosimov V. V., Bulgakova O. S., Perederyi V. 1., 2023
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ings method does not yield high results and does not take
into account the weight of experts. The results of con-
ducted experiments have shown that the best ranking re-
sults are achieved using the method of weighted average
ratings, specifically using the weighted harmonic mean
where the weights are based on the experts’ expertise.

Comparative analysis of inductive modeling methods
showed that GIA provides the most accurate results. The
task involved building a model that captures the relation-
ship between the measure of agreement of opinions and
the socio-personal factors of users, which is why the neu-
ral network approach was not applied for comparison, as
it does not allow obtaining such a model. The best model
for calculating the weight of third-level potential experts
relative to the current user was found using a generalized
iterative algorithm that incorporates all previous iteration
structures.

The described methodology of constructing a person-
alized model for ranking web resources based on user
ratings has demonstrated high effectiveness, indicating
the promising development of this direction.

CONCLUSIONS

The urgent problem of enhancing search efficiency, an
approach to search result management based on user’s
subjective information needs is employed.

The scientific novelty of obtained results is introduc-
ing scientific novelty through a search result ranking
method that generates a unique order of web resources for
individual users. This is accomplished by leveraging rat-
ings from user-specific expert groups and incorporating
each rating with a distinct weight into the model for cal-
culating final rankings. The weight is determined based
on an analysis of the web resources’ previous activities
within the system.

The practical significance of obtained results is that
the software that implements the proposed methods, along
with conducting experiments to examine their properties.
The experimental outcomes support the recommendation
of the proposed methods for practical use, while also
identifying effective conditions for their application.

Prospects for further research are to involve the ex-
ploration of building ranking models that incorporate a
multitude of factors, similar to contemporary search sys-
tems.
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PAHXYBAHHSA JAHUX HA OCHOBI KOPUCTYBAIIbKHX PEMTHUHIIB

3ocimoB B. B. — 1-p Texn. Hayk, npodecop xadeapu npukinagHux iHpopmaniiHux TexHonoriii KniBcbkoro yHiBepcuTeTy iMeHi
Tapaca llleBuenka, Kuis, Ykpaina.
Byarakosa O. C. — kaHA. TexH. HayK, AOLEHT Kadenpu npukiagHux indpopmauiiHux TexHonorii KuiBchkoro yHiBepcHTeTy
imeni Tapaca IlleBuenka, Kuis, Ykpaina.
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Iepenepiii B. I. — 1-p TexH. Hayk, npodecop kadenpu iHGOPMATUKH Ta KOMIT IOTEPHUX HAyK XEepPCOHCHKOTO HaliOHAIBLHOTO Te-
XHIYHOTO yHIBEpCHUTETY, XepCOH, YKpaiHa.

AHOTAIIA

AKTyanbHicTh. Po3risiHyTO npobieMa rnepcoHasizamii pe3ysibTaTiB poOOTH MOLTYKOBUX CHCTEM LULIXOM HAJaHHS KOPUCTYBady
IHCTPYMEHTIB YNPaBJIiHHS MOIIYKOBOIO BHIAYEI0, a TAKOXK PO3POOKM HOBUX MOJENICH paH)KyBaHHs, 3aCHOBAaHHX Ha Cy0’€KTHBHHX
iHpopMaLiitHux morpedax kopuctyBada. O6’€KTOM IOCIIIKEHHS € MOJCTIOBAHHS Pe3yJIbTaTiB MOIIYKy iHpopMaii B Mepexi [nTep-
HET Ha OCHOBi KOPHUCTYBAI[bKHX OL[IHOK.

Meta po6oTu — (GopMyBaHHS YHIKQIBHUX U1 KOXKHOTO KOPHUCTYBada SKCHEPTHHX IPYIl, 3aCHOBAHOTO Ha PO3PAaxXyHKY Mipu
Y3TOJDKEHOCTI TyMOK HOTOYHOTO KOPHUCTYBaya 3 MOTCHIIHHUMH eKCIIePTaMH.

MeTtoa. 3anpornoHOBaHHUI HOBHH MiAXiJ IO paHXXyBaHHS pe3yJbTaTiB IOIIYKYy Ha OCHOBI OIIHOK KOpHCTyBauiB. OCHOBHOIO
BIZIMIHHICTIO TaHOTO METOAY € cy0’€KTHBHHMIA MiXi]] IO IPOIIeCY pamKyBaHHA. Takuil e()eKT JOCATAETHCS 32 PAXyHOK MONEPETHEOTO
(opMyBaHHS eKCIIEPTHUX T'PYII, YHIKAIBHUX ISl KOXKHOTO KOpPUCTyBaya. EkCriepTH BiOMParoThCS 3a MipOIO y3TOPKEHOCTI TyMOK 3
HOTOYHHMM KOPHCTYBayeM, II0 PO3PaXOBYEThCS HAa OCHOBI CHUJIBHUX OIIHOK JUIS JIesIKOI MHOXHHH BeO-pecypciB. Bindip kopucrty-
BauiB 10 SKCIIEPTHOI I'PyNH BiIOYBA€THCSI HA OCHOBI HOTO Bard BiIHOCHO MOTOYHOI'O KOPUCTYBada, LIO € MipOI0 y3TO/PKEHOCTI iX
JIyMOK.

3anponoHOBaHa HOBAa METOAMKA (OPMYBAHHs YHIKaJbHHX AJI1 KOXKHOTO KOPHUCTyBa4ya eKCIEPTHHUX IpyI, II0 nepexdayae Tpu
MAXOH B 3aJICKHOCTI Bl HASBHOCTI CHUTBHHUX OIIHOK JUIS AESKOT MHOKHHH Be0-pecypciB MiXK IIOTOYHHUM KOPHCTYBA4eM Ta MOTEH-
LIHHUMH eKCIIePTaMHU.

Po3pobnennii MeTo pamKyBaHHSI pe3yJIbTaTiB IONIYKY BHJA€ AL KOKHOTO KOPHCTyBada CIHCOK BeG-pecypciB, IO Mae CBiit
YHIKQJIBHHUI NOpsIoK eneMeHTiB. Takuil edexT mocsraeTbcs 3a paXyHOK BHKOPHCTAHHS OI[IHOK WICHIB €KCIIEPTHOI IPYIH, L0 €
YHIKQJIBHOIO JUIsl KO)KHOTO KOPHCTYBaua, a TaKOX 3a PaXyHOK TOTO, IO KOXXHA OIIHKA BXOAMTH JI0 MOJENI pO3paxyHKy KiHIIEBUX
paHriB BeO-pecypcCiB 31 CBOEIO YHIKAIBHOK Barow, po3paxoBaHO Ha OCHOBI aHAIi3y iX MOMEPEHBOI AiSTIBHOCTI B CHCTEMI.

Pe3yabTaTn. Po3po6iieni Mmetou peasti3oBaHo B IPOrpaMHOMY 3a0e3nedeHHi Ta JOCIIHKEHO I BUPIIICHHS 3a/1a4 OllepyBaHHS
JaHUMH B Mepexi [HTepHer.

BucnoBku. [IpoBesneHi ekcriepuMEHTH MiATBEPAIIN MPALE3AaTHICTh 3aIPOIIOHOBAHOTO MPOTPAMHOTO 3a0€3MEeUYCHHS Ta J03BO-
JAI0Th PEKOMEHyBaTH HOTO sl BUKOPUCTAHHS Ha NPAKTHLL JUIs BUPILICHHS 33/1a4 ONepyBaHHs JaHUMH B Mepexi [Hrepuer. Ilep-
CIICKTUBH MOJAAIBLINX JOCHII/UKCHb MOXYTh BKIIIOYATH ONTHMI3allil0 MPOrpaMHUX peajizalliil, a TaKoX eKCIePUMEHTaJbHE J0-
CITI/PKSHHSI 3aIIPOIIOHOBAHUX METOJIIB Ha OLITBII CKIIaJHUX NPAKTHYHUX 3aadax Pi3HOi IPUPOIH Ta PO3MIPHOCTI.

KJIIOYOBI CJIOBA: nomyk indopmanii, pamxyBaHHs, pe3yJbTaTH IOIIYKY, OL[IHKA KOPUCTYBayiB, €KCIEPTHI TPyIH, colia-
JIBHUH TPOQ1IIb, IHIYKTHBHI alrOpUTMH, ITOJIIHOMiaJIbHA HEHPOHHA Mepexka, aKTHBHI HEHPOHU.
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ABSTRACT

Context. Business process management is a critical component in contemporary organizations for maintaining efficiency and
achieving operational objectives. Optimization of these processes in terms of time and cost can lead to significant improvements in
overall business performance. However, traditional optimization techniques often face challenges in handling multi-objective prob-
lems with a known time-cost trade-off, necessitating more effective solutions. The integration of a business process model and nota-
tion for a stochastic process simulation provides a robust foundation for analyzing these business processes and complies with state-
of-the-art business process management. In prior studies, we applied several heuristic algorithms, including the evolutionary NSGA-
11, to find a Pareto-optimal set of solutions. We defined a solution as a pair of cost and time associated with a specific resource allo-
cation. For one of the selected processes, the performance of NSGA-II was subpar compared to other techniques.

Objective. The goal of this study is to improve upon the NSGA-II’s performance and, in turn, enhance the efficiency of multi-
objective business process optimization. Specifically, we aim to incorporate reference points into NSGA-II. Our goal is to identify an
optimized set of solutions that represent a trade-off between process execution time and the associated cost. We expect this set to
have a higher spread and other quality metrics, compared to the prior outputs.

Method. To accomplish our objective, we adopted a two-step approach. Firstly, we modified the original genetic algorithm by
selecting and integrating the reference points that served to guide the search towards the Pareto-optimal front. This integration was
designed to enhance the exploration and exploitation capabilities of the algorithm. Secondly, we employed the improved algorithm,
namely R-NSGA-II, in the stochastic simulations of the business processes. The BPMN provided the input for these simulations,
wherein we altered the resource allocation to observe the impact on process time and cost.

Results. Our experimental results demonstrated that the R-NSGA-I1 significantly outperformed the original NSGA-I1I algorithm
for the given process model, derived from the event log. The modified algorithm was able to identify a wider and more diverse
Pareto-optimal front, thus providing a more comprehensive set of optimal solutions concerning cost and time.

Conclusions. The study confirmed and underscored the potential of integrating the reference points into NSGA-11 for optimizing
business processes. The improved performance of R-NSGA-II, evident from the better Pareto-optimal front it identified, highlights
its efficacy in multi-objective optimization problems, as well as the simplicity of the reference-based approaches in the scope of
BPM. Our research poses the direction for the further exploration of the heuristics to improve the outcomes of the optimization tech-
niques or their execution performance.

KEYWORDS: business process, genetic algorithm, reference points, multi-objective optimization, spacing.

ABBREVIATIONS
BPM is a business process management;
BPMN is a business process model and notation;
BPS is a business process simulation;
MOEA is a multi-objective evolutionary algorithm;
MOOP is a multi-objective optimization problem;
MORAP is a multi-objective resource allocation prob-

lem;

NSGA-II is a non-sorting genetic algorithm;
R-NSGA-II is a reference non-sorting genetic algo-

rithm;

CT is the cycle time;
TC is the total cost;
TCT is the theoretical cycle time;

© Filatov V. O., Yerokhin M. A., 2023
DOI 10.15588/1607-3274-2023-3-18

OMG is Object Management Group;
HA is hyperarea;

SP is spacing;

IGD is inverted generational distance.

NOMENCLATURE
M is the number of the conflicting objective functions;
R™ is the objective function space;
f() is a process simulation function;
S is a constrained search space;
a is a lower bound for the allocation;
b is an upper bound for the allocation;
X" is a Pareto-optimal solution;
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P.s is a Pareto front containing Pareto-dominating
points from the different applied algorithms;

Pref IS Pres including R-NSGA-I1;

x is an allocation parameter used in Tabu Search;

X' is an allocation parameter used in R-NSGA-II;

H is a set of heuristics used;

C; is the hourly cost for the resource;

t; is the number of hours spent by the resource;

p() is a purity metric function;

pi is the probability of the outgoing sequence flow;

T; is the average task execution time;

Prew IS the probability of necessity to rework the task;

ri is the resource pool;

cTime is an average CT of the process;

N is the number of resources assigned,;

TC, is the total cost for the resource pool;

Ry is a sequence of resource pools;

rtCost is the function that retrieves TC for r;;

€ is a threshold parameter;

RP. is a cost reference point;

RP; is a time reference point;

RP;, is a reference point to optimize HA;

Paporox is @ Pareto front obtained by a specific algo-
rithm;

M is the population size;

A is the size of the offspring;

rp is the number of reference points.

INTRODUCTION

Resource optimization in business processes is a criti-
cal aspect of the organizational efficacy and profitability
of enterprises. The process of resource management and
assigning resources to the work roles, as well as simulat-
ing their behaviour in a business process has been widely
addressed using various Petri net models [1, 2]. Although
the Petri nets are generally compliant and transformable
with the newer industry standard of BPMN [3], they pos-
sess a small toolset for modelling complex business proc-
esses that involve multiple objectives and high-level busi-
ness concepts [4]. The descriptive possibilities of the core
Petri nets and their’ extensions (e.g. stochastic Petri nets
or differential Petri nets) are of limited applicability to the
modern well-defined business flows, and not coupled to
the industry processes requirements. It leads to the neces-
sity for the specific enterprise to develop a model with a
custom architecture, which might require manual changes
to be compliant with other models.

From a practical standpoint, the classical Petri nets
typically aimed for a precise simulation of the basic
mechanisms present in the system and clearly communi-
cating its state. If the system becomes more complicated,
considering privacy requirements, unequal resources, and
other constraints, the specification complexity of this Petri
net increases. Since the Places, Transitions, and Tokens
are not self-descriptive, the built model has to carry all the
rules and assumptions for each element. While not all of
these constraints might be necessary for the simulation,
they are required to explicitly define an AS-IS process

and make it possible to interpret the results by manage-
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ment representatives. Moreover, BPMN provides a num-
ber of time-related primitives out-of-the-box, which are
often critical to describe the simulation scenarios, whereas
the notion of time is not natively defined in classical Petri
nets [5].

There are a number of extended notations of Petri
nets, such as stochastic, hierarchical, and differential Petri
nets, that were attempting to address multi-level proc-
esses, multi-agent systems, stochastic transitions, and
others. The diversity of non-standardized solutions could
be a ground that led the industry to create a conventional
standard, which includes the necessary primitives to ex-
haustively describe the business process and its scenarios,
without the necessity to introduce the common definitions
for each model.

BPMN 2.0 has become a standard, which expresses
the control logic such as choice, sequences, parallel exe-
cution, and iteration and introduces the respective com-
mon concepts such as Task, Event, and Resource Pool
instead of operating abstract places, transitions, and to-
kens. The more advanced elements such as timer event,
lane, or data object allow to cover typical use cases with
less architectural effort. BPMN has been approved by
OMG, it describes and formalizes the manifold of use
cases of the enterprise systems. Nevertheless, BPMN is
two-way compatible with the majority kinds of Petri nets
and other industrial frameworks, which are used by dif-
ferent simulation engines by building the mapping be-
tween BPMN and Petri nets [6, 7].

One of the classical problems of enterprise manage-
ment concerns choosing the number of people or, more
generally, resources to assign to a specific unit of work.
Increasing the number of resources typically leads to
lower execution times of the work units, which implies a
faster business process cycle. In its turn, the amount of
money (cost) required to spend on these resources also
increases. The improvement of the cost or time efficacy of
the business process is usually achieved by qualitative and
quantitative analysis. In this research we prioritize the
quantitative analysis, employing and assessing various
optimization methods in the scope of business process
modelling. However, enterprises usually do not seek to
minimize only the cost of their business process or to
make execution time the lowest possible. Instead, both
cost and time are objectives, and the goal is to find a suit-
able trade-off from a set of existing allocations. This is a
so-called MORAP.

In [8] the solution was developed to employ three al-
gorithms for finding the Pareto front containing resource
allocations for the given BPMN, so that there is not any
single allocation in the set with a better cost and time si-
multaneously, compared to another allocation from the
set. The Pareto front represents the trade-offs between
multiple objectives and allows one to select a suitable
solution depending on the management priority. The per-
formance metrics of the algorithms were compared across
multiple business processes. In particular, the output
Pareto front for the business process of the call center,
acquired by NSGA-II, diverged significantly with the
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reference front accumulated from all of the three ap-
proaches.

In this paper, we plan to set up a more advanced vari-
ant of the NSGA-II evolutionary algorithm, namely R-
NSGA-II, to assess the possibility to narrow the gap be-
tween accumulated outcomes of the regression descent
algorithms and NSGA-Il. We will select the reference
points that fit the common sense bounds of the selected
process, run the adjusted algorithm, and record the met-
rics of the updated Pareto front.

The object of study is the Pareto fronts of the domi-
nating resource allocations in the business processes, their
quality metrics, and the input data features.

The subject of study is the methods for identifying
the Pareto-optimal set of resource allocations in a busi-
ness process derived from the call center event log.

The purpose of the work is to improve the metrics of
the outputting Pareto front for the selected BPMN model,
by adding the reference points to the NSGA-II experimen-
tal run.

1 PROBLEM STATEMENT
Suppose given a classical MOOP, to find a single so-
lution we can use the formalism as follows:

minimize f ()= (f,(X), ., f, ()7,

xescrM, 1)
me{l,2,..,M},

where f: S — RM. S is limited by the boundaries:

X = (X0 X )

aj =xj =<bj,

()

considering the i-th resource. We say that the allocation
Xiy dominates Xi, only if fj (Xil) < fj (Xiz) for all

i{1,.,M} and fj (Xil) < fj (xi2) for at least one se-

*

quence entry, therefore we denote xil < xi2 . X encom-

passes a Pareto-optimal solution if Ax €Ssuch that

x<X . The aggregated set of solutions using H is a
Pareto front

Pret = £ (X)) T (X )} ES 3)

that contains global dominating points.

Then the overall goal of MOOP in this research is
finding a set of well-spread non-dominated solutions us-
ing H; wherein p(Pre) — P(Prer ).

2 REVIEW OF THE LITERATURE
In this section, we start with the state-of-the-art re-
search and applications for MOOP and MORAP related to
the BPM and proceed with the guided search methods.

© Filatov V. O., Yerokhin M. A., 2023
DOI 10.15588/1607-3274-2023-3-18

In [9], the authors investigate the parcel delivery being
procured by Employees and Drones. The resource-to-
process assignment is assessed in two ways. Firstly, they
selected a static allocation for both resources and meas-
ured how do those resources handle the variable work-
load, considering the execution time and the resource
utilization. Secondly, they fixated on the number of work
units and tracked how resource utilization and time are
affected depending on the lower or higher number of
drones and employees involved. The authors explored all
possible allocations since the possible pool sizes were
limited; the search space consisted of less than a hundred
variants. This approach is not well-applicable to the larger
search spaces and also does not consider the stochastic
nature of the real-life business process.

Other than resource utilization, the measure of cost is
typical and natural for human-related tasks. In [10] au-
thors proposed a modification of the ant-colony algorithm
for finding the global optimum of the multi-objective
function. In their experimental setup, the global Pareto-
optimal solutions are stored in the form of the Pareto
front. The algorithm is aimed at the resource allocation
problem but is also applicable to grouping and scheduling
problems. The advantage of the algorithm is the ability to
continue the exploration of the richer areas after reaching
the local optimum, which reminds the Tabu Search in this
regard. In the experiment, authors used cost and profit as
the optimization objectives, but it is also possible to work
with higher dimensionality. Authors claim a better com-
putational time in comparison with genetic algorithms. On
the other hand, the authors do not assess the quality of the
resulting Pareto front.

Genetic algorithms have become a baseline to ap-
proach multi-objective problems. Specifically, NSGA-II
is among the most popular and widely used algorithms
because of the simplicity of tuning. In [11] authors devel-
oped the hybrid algorithm to minimize the number of
simulations for multi-objective optimization. The paper
describes the custom algorithm based on the evolutionary
approach mixed with the predictions model. The authors
used the hypervolume metric to compare and assess the
Pareto front quality. The results are compared with the
conventional genetic algorithms such as NSGA-2 and
SPEA2 and claimed to be more efficient in the simula-
tions usage.

A common drawback of the evolutionary search algo-
rithms is a fixed sample size. While it is a convenient
parameter to specify the degree of reduction of the search
space, it may imply some uneven distribution of the solu-
tions [12]. As a result, we might see some poorly explored
areas, some parts of the Pareto set being distant from the
reference figure or not present at all. In [12-15] the differ-
ent methods proposed to guide the evolutionary algo-
rithms towards the areas of interest. They do not focus on
the BPM field, however, demonstrate a clear improve-
ment in the convergence, diversity, and quality of the out-
putting Pareto front. In our paper, we decided to follow
the approach described in [16], since it proved to work
well on the two-objective problem, allows us to specify
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more than one reference point, and is tuned to expand
toward particular areas of interest.

Finally, we refer to [8] as a baseline for our experi-
ment. The research introduces a comprehensive setup
with the multiple BPMN models, concerns the different
facets of MORAP in BPM, such as building the simula-
tion model out of the event log, the accuracy of the simu-
lation model, and proposes metrics to compare the output-
ting Pareto front from the applied algorithms. The authors
selected the well-known Hill Climbing, Tabu Search, and
NSGA-II to run. For one of the case studies, namely a
business process of a call center, there is a gap that we try
to cover in this paper.

3 MATERIALS AND METHODS
To estimate the business process performance, there
are two traditional measures: average cycle time and cost
of the process execution. In our case study, we assume
that the cost is a static measure meaning it has a prede-
fined value counted for a unit of time for each resource,
therefore the total cost value is described as:

n
TC = _Zlciti. (4)
1=

Calculating the cycle time for a flat single-lane busi-
ness process is straightforward: we calculate the average
execution time for each task and sum it up. However,
there are additional constraints that add up to additional
calculations:

— Alternative paths with the probability of choosing
one sequence flow over another; in this case cycle time

CT,

n
lternative = 2p;T; , considering the tasks and their

|1 =
respective sequence flows;
— Parallel CTparaIIeI =Max{T},T,..T_};

- Rework CTyawork = T/(1- prew) .

Combining these three rules, we can calculate TCT,
although it does not include waiting time, handover time,
or other non-value-adding activities [17]. Queueing the-
ory can be used to address those real-life parameters,
however, it has its own drawbacks. To calculate factual
CT, there is a BPS approach, which allows the tuning of
the resources’ waiting and handover times to calculate
factual CT in a versatile way, given that the BPMN model
can undergo frequent changes. Due to the high level of
output noise, it is common to run multiple simulations,
hence in our research we repeat the simulation 15 times
for each resource allocation and assume cTime is an aver-
age CT of the process.

The accuracy of a BPS, and hence the usefulness of
the outcomes, to a large extent relies on how accurately
the process model and simulation parameters capture the
observed reality. In general, process models are manually
designed by enterprise analysts for the sake of manage-
ment convenience. Typically, process models do not cap-
ture all the details and mechanisms of how the process is
actually carried out. If there is a significant variation in
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service times the actual cycle time of the business process
can diverge significantly from the predicted BPS metrics
using flow analysis. The simulation parameters for BPS
are commonly estimated based on the process manager’s
expertise and manual fitting, which does not always com-
ply with the real-life process execution [18].

As an input for the simulation, we denote a resource
allocation as a sequence of resource pools in the business
process R, = <ry, ..., >, each corresponding to a subset
of tasks in a business process. The function rtCost:
Ry — TCri retrieves the total cost of the selected resource

pool r;, I &€{N,T,Ci}.

R-NSGA-II is a multi-objective optimization algo-
rithm. It is an improved version of the original NSGA-II
algorithm, which aims to solve multi-objective optimiza-
tion problems. While both of them keep the population of
the Pareto-optimal points, R-NSGA-2 incorporates a ref-
erence point-based approach for selecting the individuals
from the offspring. By using the reference points, R-
NSGA-2 can effectively explore diverse and evenly-
distributed solutions along the Pareto front, allowing de-
cision-makers to make informed choices when dealing
with multiple conflicting objectives.

The algorithm ranks the current Pareto-optimal points
by Euclidean distance to each reference point in ascend-
ing order. The solution closest to the reference point ob-
tains the rank of one. The next step ranks the solutions by
crowding distance, meaning the solution should be closest
to a set of reference points. Then the solutions are
grouped by the sum of normalized distances between
them using e threshold parameter. The farther groups are
discouraged from being promoted to the next generation.
The higher value of e increases the range of explored
solutions.

By employing the aforementioned selection algorithm,
it becomes possible to allocate equal attention to solutions
that are in close proximity to each reference point. This
enables the identification of multiple regions of interest
concurrently.

4 EXPERIMENTS

In this research, we outline the three stages of multi-
objective business process optimization: Process Discov-
ery, Optimization, and Evaluation, which are denoted in
Figure 1 in BPMN format. We aim to improve and focus
on the latter two stages.

In the Process Discovery stage, we obtain the XES
event log as input for the business process. This is a com-
mon data source for existing enterprises since building the
BPMN model requires certain expertise and effort from
the management resources. The process mining technique
is used to build the BPMN simulation model. Specifi-
cally, we use the Simod tool to obtain the BPMN model
approximation with the necessary simulation parameters
described in [19]. These parameters include the initial
resource allocation:; resource pools, the number of re-
sources for each of the resource pools, resource cost per
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hour, resource pool linked to each of the BPMN tasks,
and the distribution of the processing time for each task.

In the Optimization stage, we try to change the initial
resource allocation, which means overriding the number
of resources in the BPMN pool of the simulation model.
To compare two resource allocations, we run the simula-
tion using the BIMP tool. For a given resource allocation,
it produces an output in CSV format. Among all of the
simulation outcomes, we are interested in the average
cycle time cTime of the simulation and the TC. In general,
better allocation means both lower cycle time and lower
total cost, making it Pareto-dominating. However, if only
one parameter is better in one allocation than another, we
cannot prefer a single solution. We have to keep a set of
non-dominating solutions as a Py

Due to the computationally intensive nature of simu-
lating the BPMN model, employing a brute-force ap-
proach to explore the vast search space of all potential
resource allocations is not feasible. Therefore, we adopt
established strategies to navigate the search space of solu-
tions and iterate through various allocation possibilities.

[

During the Evaluation stage, we compare the quality
of the output Pareto fronts obtained by different algo-
rithms and assess the selected quality metrics proposed in
[20]. To apply the reference point-based approach, we
extended the experimental setup introduced in [8] using
the R-NSGA-II from the Pymoo toolset [21]. During the
experiment run, we want to measure and compare the
efficacy of R-NSGA-II with a conventional regression
descent algorithm — Tabu Search. In the prior study, Tabu
Search outperformed the original NSGA-II evolutionary
algorithm on one of the business processes describing a
call center enterprise.

The resulting Pareto front significantly diverged in all
of the selected quality metrics including the Hyperarea
Ratio, IGD, Purity, and Spacing.

The research question to evaluate is as follows: how
good is the Pareto front obtained by R-NSGA-II com-
pared with the regression descent with respect to conver-
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gence, spread, and distribution, and does it perform better
than pure NSGA-I11?

Each experimental run constructs two outputs:

— Py contains the Pareto front points from all of the
applied approaches, in our case study it consists of the
points, independently acquired by R-NSGA-II and Tabu
Search. Namely, P, represents the cross-dominating
solutions from both of the algorithms;

— Papprox CONtains the Pareto front points obtained by a
specific algorithm.

To set up R-NSGA-II, we selected three reference
points, each one defining the desired direction of expan-
sion:

— RP, has to attract the Pareto front towards the Re-
source Allocation Cost axis and force the algorithm to
explore more solutions with smaller Cycle Time. There-
fore, we try to improve spread by X-axis;

— RP; has to attract the Pareto front towards to the Cy-
cle Time and force the algorithm to explore more solu-
tions with smaller Resource Allocation Cost. Therefore,
we try to improve spread by Y axis;

— RP}, aims to extend the Pareto front towards the cor-
ner, therefore improving the HA of the resulting Pareto
front P, This point stands for the wittingly unreachable
solution, with both low cost and time.

According to the guidance in [16, 22], we selected
the following parameters to reach the balanced and feasi-
ble advancement of a genetic algorithm, considering the
modification with the reference points approach:

— The population size p is set to 40;

— The size of the offspring A is set to 20;

— The number of reference points rp is set to 3, and
they are all infeasible as defined in [16];

— The e threshold for the sum of the normalized dis-
tances is set to 0.001.

In our experiment, we extend the quality evaluation
with two metrics commonly used in MOOP:

— SP is a straightforward measure to assess the spread
and distribution. Despite its known issue to process Pareto
fronts with clearly distinct groups of points, this downside
is not applicable to our output. It is calculated as follows:

S
SP(S) =\/L Sa-a2, (5)

[S|-1j=1

where dj =min(s;,sj) €S,s; #s; |[F(s))—F(sj)|; -

Higher value stands for better spread and diversity, in
case Pareto fronts are similarly dispersed.

— IGD is a classical convergence metric, which ranks
one Pareto front better than another if and only if the
given Pareto front is always preferred according to the
Pareto optimality rules:

1

P 1
LSy, ®)
i=1

|GD(S,P):|—Fﬂ

where dj =minx< S| F(x)—F(i)|. Lower value stands

for better Papprox.
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5 RESULTS

Figure 2 comprises the Pareto front Papprox discovered
by R-NSGA-II and P, containing all Pareto-optimal so-
lutions from all selected algorithms. The filled markers in
black stand for the solutions in both Paorox and P,
meaning these Pareto-optimal points were successfully
identified by the algorithms. The hollow markers in blue
designate the solutions in Py but not in Papprox, Which
implies the points from the reference Pareto set were not
identified by the current algorithm. The ones in red are
the points in Pagprox but not in P, they were selected by
the current algorithm, however, the more effective Pareto-
dominating solution exists in the reference set. Neverthe-
less, the solutions marked with red might be useful in
terms of improving the spread and diversity. Figure 3
denotes the same output for the previously winning TS
algorithm. We can observe that R-NSGA-II found 29 of
the 45 non-dominated points in P, while TS found a
different set containing only 23 of the points in P This
is a good entry indicator of the improved performance of
R-NSGA-II.

1e5 R-NSGAII

Table 1 compares the quality metrics of the obtained
Pareto fronts, and also the metrics for previously used
pure NSGA-II. The values in bold designate the best met-
ric across three algorithms. As we can see, adding the
reference points significantly improved original NSGA-II
efficacy, and overall demonstrated R-NSGA-II more per-
formant than TS in our case study. The HA Ratio and
Purity metrics in R-NSGA-II have overcome other algo-
rithms, although the advantage is not very noticeable. The
IGD dominance of TS over R-NSGA-II can be explained
by the former visually more spread by X-axis and the
latter more spread by Y-axis, while the X-axis possesses a
higher order of scale. Although TS kept its performance
dominance, the reference approach essentially improved
this metric of NSGA-II. Regarding the spread and distri-
bution metrics, namely Spacing and Delta, the results are
arguable. Although Delta is generally considered a more
sustainable and future-proof metric for Pareto fronts, the
Spacing metric still might be more applicable in our re-
search since the reference front follows the Gaussian dis-
tribution. This means that higher Spacing covers the solu-
tions closer to the extreme points.

Table 1 — Comparative quality metrics of the selected algorithms
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In general, we can observe that adding the reference
points to the original genetic algorithm can significantly
improve the quality of the output Pareto front, and also
outperform the competitor such as Tabu Search in a num-
ber of metrics.

6 DISCUSSION

This paper presented an approach to involve a genetic
algorithm for computing a set of Pareto-optimal resource
allocations for a given business process. In particular, a
prior case study evaluated the performance of the NSGA-
Il algorithm on a given set of business processes. The
overall experimental setup remained unchanged and is
based on the simulation model to evaluate the noisy value
of the objective function. However, we selected a specific
business process of a call center to optimize, since the
genetic algorithm performed the worst in that example.
The output significantly diverged from the Tabu Search
output and yielded a less spread Pareto front with a sig-
nificantly higher HA. We employed a more supervised
variant of the algorithm, namely R-NSGA-I1, based on the
chosen reference points. They provide a clue for a regres-
sion run and can improve the convergence and explora-
tion of the new solutions for the Pareto front. The evalua-
tion found that providing three reference points made the
Pareto front significantly closer to the one from the Tabu
Search, but also explores more of a search field. Overall,
providing the reference points can improve the output of
NSGA-II, however, requires prior knowledge of the
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Pareto front approximation. The further work direction
includes comparing other multi-objective algorithms with
conventional regression. We also attempt to revisit the
actuality of the Spacing metric to assess the spread and
the diversity of the Pareto fronts.

CONCLUSIONS

The resource allocation problem is common in BPM.
Although the narrower field of MORAP has a series of
research solutions, there are still some methods that are
not well-represented in the scope of BPM. If we look at
the specific case studies, there arises an even broader
spectre of research questions.

The scientific novelty of the obtained results is that
the method of populating the MOEA with the reference
points in the scope of the resource allocation for BPM has
been proposed. It characterizes the areas of interest for the
management purpose, in a scenario when another evolu-
tionary method did not output the adequate and desired
set of the time-cost trade-offs.

The practical significance of the obtained results is
that the applied reference points approach has improved
the existing metrics in a specific scenario. While the ex-
periment shows the potential of reference-based add-ons
to explore previously unsearched areas of interest, it also
asserts the extensibility of the existing framework to work
with the different MOOP methods and BPMN derived
from various sources.

Prospects for further research are to apply more al-
gorithms to the MORAP. Considering the evolutionary
approach, it is possible to extend the experiment with
SPEAZ2; also neural networks are a more profound way to
approximate the optimal Pareto front. Since the simula-
tion model captures the stochastic nature of the simulated
processes, it enables us to estimate if Bayesian optimiza-
tion is an applicable strategy.
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YJIK 004.93

INOKPAINEHA BATATOIIJIEBA OITUMI3AIIA B YITPABJIIHHI BI3BHEC-ITIPOIIECAMHU
3A JOIMOMOI'OIO R-NSGA-II

®inatoB B. 0. — 1-p TexH. Hayk, npodecop, 3aBimyBay KadeApH IITYYHOTO IHTENEKTY XapKiBCBKOTO HAaliOHAIBHOTO
YVHIBEPCHUTETY palioeleKTpoHIKH, XapKiB, YKpaiHa.

€poxin M. A. — acnipaHT Kadeapu MTyJHOro iHTeIeKTy XapKiBCHKOTO HAI[IOHAIFHOTO YHIBEPCHTETY PajiOeNeKTPOHIKH, Xap-
KiB, YKpaiHa.

AHOTANISL

AKTyalIbHicTB. YpaBninHs Gi3Hec-pouecaMu € KPUTHYHO BaXKIMBHM KOMIIOHEHTOM Y CYYaCHUX OpPraHi3awisix uis MiATPUMKH
e(eKTHBHOCTI Ta IOCATHEHHS OMepaliiHuX wineid. OnTuMisaiisi HUX MPOIECiB 3 TOYKH 30py 4Yacy Ta BUTPAT MOXE HPHU3BECTH JIO
3HAYHOTO MOKPAIeHHS 3arajbHol eekTUBHOCTI Oi3Hecy. OmHAK TpaAWLiitHI METOAN ONTHMI3allil YaCTO CTUKAIOThCA 3 TPYAHOIIAMA
MpH BHUPIMIEHHI 0araTomissoBoi MpOOIIEMH 3 BiIOMHM KOMITPOMICOM Hacy Ta BapTOCTi, IO BHMarae OiTbII e()EeKTHBHUX PilICHb.
BuxopucranHns Mozelni Ta Hotaii 6i3Hec-mporecis (BPMN) st cTroxacTHYHOro MOJIEIIOBaHHS Hpoliecy 3abe3nedye HaaiiiHy OCHO-
By IS aHAJI3y UX Oi3HEC-TIPOIIECiB 1 BIAMOBINae HalicydacHINIOMY yNpaBIIiHHIO Oi3Hec-TporiecaMy. Y IONEpeHIX TOCTIHKEHHIX
MH 3aCTOCYBaJIM KiJIbKa €BPUCTHYHUX aJropuTMiB, BKirodaroun epoitouidHnit NSGA-IIl, mo6 3naiitn ontumanbhuii 3a [lapero
HaOip pimreHb. My BU3HAUMIN PIlICHHS SIK apy BUTPAT 1 4acy, IOB’s3aHKX i3 HEBHUM pO3MOIiIoM pecypciB. st ogHoro 3 BUOpa-
HUX npoiieciB npoxyktuBHicTs NSGA-II Oyna HIKYOIO MOPIBHIHO 3 IHIIMMH METOAAMH.

Mera po6oru — mnoxpamenus npoxykruBHocti NSGA-Il i, y cBoro dwepry, migBuineHHs e(eKTHBHOCTI 06araToLibOBOI
onrtuMmizamii Oi3Hec-miponeciB. 30KpeMa, MH IparHeMo BKIIOUUTH KOHTpoJbHI Toukd B NSGA-II. Hama mera monsirae B Tomy, mo6
BHU3HAYUTH ONITUMIi30BaHHUI HAOIp pillleHb, 0 MPEACTABISIE KOMIPOMIC Mi’K 9aCOM BHKOHAHHS MPOIIECY Ta OB’ I3aHUMH BUTPATAMH.
Mu ouikyemo, o el Habip MaTHMe BUIMH PO3KUJ Ta 1HIII IIOKA3HUKH SIKOCTI IIOPIBHSAHO 3 HOIEPEIHIMH pe3yIbTaTaMu.

Merton. 1106 mocsArti Hamol METH, MU 3aCTOCYBAJIM ABOeTanmHMII miaxin. [lo-nepie, Mu MoanQiKyBaal OpHUTiHAIBHUH FeHETHY-
HUH anropuT™, BUOpPaBIIM Ta IHTETPYBABILIM OIOPHI TOYKH, SIKi CIYTYBaJIM JUIsl CIIPSMYBAHH IOLIYKY O ONTHMajbHOro 3a ITapeto
¢pouty. Lla inrerpauis Oyna po3poGiieHa JUIsi MOKPAIIEHHS MOXIMBOCTEH alrOpUTMY JUIS JIOCIHI/KEHHS Ta BUKOpucTaHHs. Ilo-
Jpyre, MU 3aCTOCYBaJIM MoKpauieHuit anroput™, a came R-NSGA-II, anst croxactuunoro mozentoBanHs OizHec-mpouecis. BPMN
HaJaB BXiJHI AaHi JJI IbOrO MOJCTIOBAHHS, Y SKOMY MM 3MIiHHJIHM PO3MOALT pecypciB, o6 crnocTepiraTé BIUIMB HA Yac i BapTicTh
POLIECy.

PesyabTaTn. Hamni ekcnepuMmeHTanbHI pe3ynbTaT mpoaeMoHcTpyBaid, mo R-NSGA-Il 3HauHO mepeBepiinB BUXiAHUI airo-
put™M NSGA-II ost nanoi Mozeni nponecy, OTpUMaHO] 3 XKypHaTy mofAii. MoangikoBaHU aITOPUTM 3MIT iIeHTU(IKYBaTH MUPIITY i
OipII PI3HOMAHITHY ONTHMAaNbHY 3a KpuTepieM Ilapero kpuBy, TakuM YMHOM 3a0€3MEUMBINN OUIBII ITOBHUH HaOip ONTHMAaNbHHX
pillIeHb IO/I0 BapTOCTI Ta Jacy.

BucHoBku. JlocmipKeHHs MIATBEPIMIIO Ta MiAKpeciIwio noTeHuian iHrerpanii onopHux To4ok y NSGA-II mnst onrumizamii
6i3Hec-mporeciB. [lokpamena npoxykrtuBHicTh R-NSGA-II, oueBnana 3 xpamoro I[Tapero-onTumanbHOI KpHBOi, Ky aJTOPHTM
izeHTH(iKyBaB, MiAKPeCIIoe iforo edexTUBHICTh y 3amayax 6araToliIb0BOI ONTHMI3aLii, a TAKOX MPOCTOTY €TAJOHHHUX MiIXOIIB Yy
cepi BPM. Hae nocimipkeHHsT BU3HAYa€e HANPSIMOK JUISl TIOJAJIBIIOT0 BUBUCHHS €BPUCTHUK JUIS TIOKPAILCHHS PE3YJIbTaTiB METO/IB
onrtuMizamii a00 MPOTYKTUBHOCTI X BUKOHAHHS.

KJIFOYOBI CJIOBA: 6i3Hec-tiporiec, TeHETUYHUI aJTrOPHTM, OTIOPHI TOYKH, OaraToKkpuTepiajJbHa ONTHMI3allis, CIIEHCIHT.
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APPLICATION OF BLOW-UP THEORY TO DETERMINE THE
SERVICE LIFE OF SMALL-SERIES AND SINGLE ITEMS

Nahornyi V. V. — PhD, Associate Professor, Associate Professor of the Information Technologies Department,
Sumy State University, Sumy, Ukraine.

ABSTRACT

Context. The actual task of developing a method for determining the service life of small-series and single items based on the
blow-up modes theory has been solved.

Objective. Application of the blow-up theory in conditions where there are no statistical data on the dynamics of behaviour dur-
ing the operation of small-series and single items.

Method. To determine the service life of a particular product manufactured in large series, information obtained for a set of simi-
lar products of the same type is used. This information is based on numerous experiments, mathematical statistics and probability
theory. When operating small-series and single items, such information is not available. In this case, it is necessary to determine the
individual resource of an individual product based on the results of an analysis of its behaviour in the past. The method presented in
the article is based on the application for such an analysis of the method used when considering systems operating in blow-up mode.
The essence of the technique is to extract the periodic component from the temporal realization of the control parameter. This com-
ponent is modelled by a Fourier series consisting of log-periodic functions. The main coefficients of these functions are the time
equal to the operating time of the product until the end of its service life.

Results. The method under consideration has been successfully tested in determining the service life of the transport-dumping
bridge, related to products that are actually single items.

Conclusions. An analysis of the experimental data on the behaviour of the load-bearing elements of a transport-dump bridge con-
firms the assumption about the behaviour of the bridge structure as a system operating in a blow-up mode. This made it possible to
determine in advance the service life of the power units of the bridge and obtain the result directly in units of time, without requiring
information about the maximum permissible value of the controlled parameter to obtain this information.

For the first time, the possibility is shown to consider the behaviour of small-series and single items as dynamic systems operat-
ing in a blow-up mode.

Practical significance. A solution to the topical problem of determining the service life of small-series and single items is pro-
posed.

KEYWORDS: life time, transport and dump bridge, small-series products, log-periodic component, direct and indirect con-

trol methods, blow-up theory.

NOMENCLATURE
T - service life of products;
t. — moment of exacerbation;
a — actual exponent;
o +Bi —complex exponent;
aj — polynomial coefficients;
F(-) — some periodic function;,
T —size phase;
m,a,p — exponent;
C, n,y - coefficients;
f (t) — probability density function;
F(t) — distribution function;
R(t) — reliability function;
n — number of experiments;
Br — controlled signal trend;
Apgr — Variable component of the controlled signal;
Asym — controlled signal value;
Byvop — Mozienb epeMeHHOM COCTaBIISIOLIEH;
Ao— amplitude;
Agxt — variable component extremum Byc.
Aextm — extreme array model of the variable compo-
nent Byc;
th,thi theo — extreme time of the controlled signal
variable component;
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p —time parameter;
o — log-periodic frequency;
¢ — phase of log-periodic oscillations;

TruL — residual useful life ;
ag,ay b, — Fourier series coefficients;

x — serial number of the Fourier series term;
to— integration lower limit;

tm— integration upper limit;

n — number of Fourier series terms.

INTRODUCTION

The service life of multi-series products is tradition-
ally determined by the results of a mass, collective fore-
cast based on numerous experimental data on the resource
of products, mathematical statistics and probability the-
ory. At the same time, the determination of the service life
of a wide class of technical products is carried out, as a
rule, indirectly upon the fact that the controlled parameter
reaches the maximum permissible level according to the
standards. This level is an average statistical value estab-
lished by the results of a sufficiently long operation of a
significant number of the same type of products. For
small-series products, as well as products produced in
single copies, this approach is not applicable. The solution
to this problem is to determine for each product sample its
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individual service life. In this case, it is desirable to de-
termine the duration of operation not indirectly, but di-
rectly in units of time and to obtain the information of
interest long before the end of the service life of the prod-
uct.

These requirements are met by information obtained,
for example, from the results of approximating the trend
of the controlled parameter by a predictive model, which
is @a smooth monotonically changing function. The coeffi-
cients of the model determined in this case include a coef-
ficient that coincides in magnitude and dimension with
the end time of the product’s operation. This coefficient
can be determined long before the expiration of its service
life each time when monitoring the condition of the prod-
uct.

If the initial information does not meet these require-
ments, and fluctuations are superimposed on a smooth
trend, the frequency of which increases with time, then
the product can be considered as a dynamic system devel-
oping in a blow-up mode. A distinctive feature of the be-
haviour of these systems is that as the catastrophe ap-
proaches, which means the destruction of the system or a
radical change in the law of its development, the fre-
quency value reaches infinity.

The fact of frequency change is fixed long before the
catastrophe, and the oscillation model allows you to di-
rectly determine the service life of the product, without
requiring knowledge of the maximum permissible stan-
dard level of the controlled parameter.

The object of work is the process of determining the
service life of small-scale and single items.

The subject of the work is a model that describes the
change in the periodic component of the control parame-
ter recorded during the operation of products.

The purpose of the work is to develop a method for
determining the service life of small-series and single
items.

1 PROBLEM STATEMENT

Periodic processes, apparently, are one of the founda-
tions for constructing theories in various fields, including
for determining the service life of small-scale and single
products. Periodicity — the regular repetition of something
in time — testifies to the cognoscibility of the world, in the
causal conditionality of phenomena. Understanding the
nature of periodicity makes it possible to predict events,
and such predictions are the basis of a method for deter-
mining the life of a dynamic system under control.

In dynamic systems developing in blow-up mode, a
periodic process is superimposed on the main trend of the
controlled parameter. This process is described by a
model, one of whose coefficients coincides in value and
dimension with the moment of system destruction or a
radical change in the law of its development [1].

Such modes are described by the following equation

dX  14/a
—=x . 1
pm 1)
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The equation solution increases without limit as we
approach the peaking moment t;.:

X(t) ~ (tr -] @)

To obtain a solution acceptable for practice (2), we
pass from the real indicator a to the complex one « + i,

which allows us to obtain an equation of the following
form:

x(t)=Re a, (tf _t)ﬂHkBi = (tf _t)ia : F(In(tf _t)) (3)

The function F(-) is described by several multiple

harmonics, characterizing in the general case the signifi-
cant nonlinearity of systems developing in the blow-up
mode. However, in practice [2], the function F(-) is lim-

ited to one first harmonic:

X(t) =(tf —tfo‘ -(ao +a1cos([3~ln ﬁj} (4)
T

This expression is a smooth trend, on which log-
periodic fluctuations are superimposed, which serve as
precursor of approaching the blow-up moment t;. Taking
t —>t¢ the oscillation frequency tends to infinity, which

meets the dynamic law requirements followed by the
blow-up mode. The continuous increase in the log-
periodic oscillations frequency allows them to react sensi-
tively to the course of catastrophically developing proc-
esses long before the blow-up moment.

If we consider the exhaustion moment of the tool life
T as the blow-up moment t;, then the materials cutting
can be attributed to the blow-up modes. At the same time,
to improve the quality of predicting tool life, it is neces-
sary to isolate the sensitive log-periodic part of the re-
corded signal. In practice, this means that the total signal
periodic component must be separated from the smooth
trend and its behavior should be analyzed separately
throughout the entire cutting process.

The periodic component model should be subjected to
direct analysis, which fully describes the complex poly-
harmonic in structure of the actually recorded signal.

2 REVIEW OF THE LITERATURE

The service life of similar products produced in
significant quantities is determined using a mass,
statistical model, when the behavior of a set of products
over time is observed. Based on the observation made
over a certain time, a prediction is made of the behavior
of one specific product in the future time interval. The
service life of products in this case is determined, as a
rule, in three ways [2]. The first method is based on the
use of statistics on the cumulative probability function
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P(t) of the normal distribution, showing the probability of

failure of a given type of product depending on its service

life (Fig. 1).
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Figure 1 — Probability of product failure depending
on from its service life [2]

k=]

The second method establishes the degree of similar-
ity of current information about the trajectory of the con-
trolled parameter that characterizes the behaviours of the
product of interest (degradation profile), with statistical
data on similar trajectories compiled from the results of
operating similar products (Fig. 2).
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Figure 2 — Statistics of degradation profiles and the actual
trajectory of the controlled parameter [2]

In Fig. 2, the statistical set of degradation profiles is
highlighted in blue, the current trajectory of the controlled
parameter is highlighted in red. In this case, based on the
degree of closeness of the current curve and the set of
blue curves, the residual life of the product is estimated
by the authors at about 65 conditional cycles.

The third method predicts the moment of product fail-
ure by the value of the coordinate of the time axis (appli-
cator) of the point of intersection of the skeletal curve of
the trajectory of the controlled parameter with its thresh-
old level (Fig. 3).

In practice, smooth monotonically varying functions
are used as models of backbone curves [3]. In Fig. 4, for
example, the behaviours of 4 types of backbone curves is
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shown, described by linear, parabolic, S-shaped
(Gompertz curve) and exponential dependences.
40
RUL ~ 9.5 days
5 w| Failure Threshold %
g wl Measured Data Prediction
, , ! , ! |
0 10 20 30 40 50 60

Life time variable (cycles)
Figure 3 — Intersection of the skeletal curve, described by
the exponent, with a threshold level of the
controlled parameter [2]
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Figure 4 — Behaviours of 4 different analytical
description of backbone curves

Forecasting the service life of a product using skeletal
curves requires knowledge of the threshold level of the
controlled parameter, which is not feasible for small-scale
products, and, moreover, single products.

The controlled parameter of a given product sample
changes along a single (individual) trajectory. Therefore,
the threshold level, being in essence an average statistical
value, refers to a specific sample of even the same type of
products only with a certain degree of probability.

Thus, according to the most common normal distribu-
tion law for the uptime of a product, 50% of products fail
before the threshold level is reached, and, accordingly,
50% work after it is crossed [4]. This serves as a serious,
error-prone, problem of predicting the life of products in
general, and not just small-scale or single ones.

In this case, it is legitimate to use an individual model,
in which it is required to regularly monitor the technical
condition of the product, comparing the recorded data
with the skeletal curve. The analytical description of the
skeletal curve model contains a coefficient that coincides
in value and dimension with the operating time of the
product until the end of its service life.

So, in [5], the model (5) is considered, which includes
a similar coefficient T. The model was obtained on the
basis of the expression for the fatigue curve.
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1/m _+ \*
oea{y) = A(t):%'[i to] O

The coefficients of the model A(t), including the coor-
dinate T, are determined numerically by minimizing the
deviation from the backbone curve of the time series
Acon(t) compiled from the results of measuring the control
parameters (6).

U@ =3 (Acon () - 40 . (6)

i=1

A similar approach to determining the service life is
proposed in [6]. Here, as a model of the backbone curve,
the analytical expression (7) is used to describe the
Weibull distribution.

A(t):{—ln[l—%ﬂk +C. @)

When choosing models of backbone curves (5) and
(7), following the phenomenological approach to model-
ling, a generalized scheme of the change in the controlled
parameter during the life cycle of the product was repro-
duced (Fig.5). Three characteristic sections are distin-
guished in this diagram: the initial section, where an in-
creased flow of product failures is noted, due to the run-
ning in of its components and parts; stationary site — the
main time of operation of the product; site of catastrophic
failures of the product, leading to the termination of its
operation. The generalized scheme of the change in the
controlled parameter (Fig. 5), consisting of three sections,
characterizes the change in the process of the life cycle of
the product of gradual failures, the negative impact of
which on the quality of the product’s functioning gradu-
ally accumulates. For this reason, these failures in the
literature are often referred to as “wear-out”, and “wear-
out” is understood in an extended sense [4]. Accordingly,
the generalized scheme is called the “wear curve” [7].

Controlled parameter

Duration of operation
Figure 5 — Generalized scheme of changes in the product life
cycle of a controlled parameter characterizing its technical
Condition

Based on the results of gaining experience in operat-
ing the model of the skeletal curve (5), its modification
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was carried out [8]. The purpose of the modification was
to develop a model (8) that describes all three sections of
the product life cycle (Fig. 6). The graph of this model at
the site of stationary operation of the product has a curva-
ture of a different sign, which makes it possible to more
flexibly describe the nature of the change in the technical
condition of the supervised product during its operation.

A(t)=Ao+n-[t‘t°Ja—v-[t‘t(’Jﬁ. ®)

T -t T -t

CAreaofihe’
disaster

Lo Stationary operation area
Run-in area

Controlled parameter

Duration of operation
Figure 6 — Skeletal curve model (8)

The use of this approach to determine the service life
of small-scale and single products in various fields of
human activity is clearly shown in the monograph [9].

The introduction of digital measurement systems
made it possible to refine the method for monitoring the
state of the product. In particular, what earlier, with the
analogy method of monitoring the state of the product,
was considered as a measurement error, for example, fluc-
tuations (fluctuations) of the measured value relative to
some of its average value (skeletal curve) in practice
turned out to be an informative component of the meas-
ured data [10].

The wear curve (Fig. 5, 6) ends with a catastrophe sec-
tion, which characterizes a sharp change in the value of
the controlled parameter, which is the result of the cumu-
lative impact on the product of its gradual failures. This
gives grounds to believe that the behaviour of the product
during its operation can be interpreted as the behaviour of
a system developing in a blow-up mode [1].

In this case, the trajectory of the control parameter
should be considered as the sum of a smooth skeletal
curve and periodic oscillations about it. Periodic oscilla-
tions obey the log-periodic law, according to which the
frequency of oscillations increases as it approaches the
moment of product failure.

Monitoring the fact of changing the frequency of log-
periodic oscillations makes it possible to predict the mo-
ment of product failure individually for each of its sam-
ples, regardless of the stage of its operation and does not
require knowledge of statistical data on the threshold level

of the controlled parameter.
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The latter is very important, since it allows solving the
urgent problem of determining the service life of products
manufactured in small batches or, in general, in single
copies, which were the goal of the research, the results of
which are presented in this article.

3 MATERIALS AND METHODS
The controlled parameter Acon (t) is considered as the
sum of the smooth (trend) Btz and the periodic compo-
nent Apgr -

Acon (t) = Bir + Apgr 9)

According to (4), at 7= t;, Br is determined from the
following expression

Brr =ag-(T-t)™. (10)
The periodic component Apgr is extracted from the in-
formation (total) signal 4sym by decomposing it into em-
pirical modes [11].
APER = _O'ZSASUM i1 + O'SASUM i _O'ZSASUM w1 (11)
The periodic component Apgr, according to (4), is de-
termined from the following expression

T-t

Apgr =81 - cos[B -In Tj (12)

For the convenience of further research, expression
(12) should be reduced to the classical form of the log-
periodic function (13), considering it as a Byop model of
the periodic component Apgr, .

Byop = Ay cos(o-In(T —t)-g),

where Ay=a;-(T-t)*; 0=B;0=p-In(x) 13)

Expression (13) contains fore unknown parameters:
T,®,¢ ,4o. The first three parameters are determined by

solving the system of two nonlinear equations (14).

In(T —ty)~ In(T —tp,) = =2,
()]

2n
In(T —tqy1) = In(T —tn,5) = o

(14)

Equations (14) are based on the knowledge of the time
t,, which account for the extremes Agyr of the periodic
component Apgr .

To search for these extremes, the following algorithm
is used

— at least three local extreme stand out in the periodic
component Apgr. They are separated from each other in
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phase by an angle 2, and there are consecutive and iden-
tical in sign (maximum or minimum);
—the time t is marked when extremes occur

(th that the2);
— the parameter p is calculated that characterizes the
relationship between the extremes occurrence time.

T —t
p=M,p>l. (15)
tn+2 _tn+1

Parameter p must exceed one. This indicates a de-

crease in the period of its oscillations, characteristic of the
log-periodic function, over time.

A decrease in the period leads to an increase in the os-
cillation frequency of the log-periodic function in the
limit to infinity. This function feature was the basis for
choosing it as a model Byop (13) for describing systems
operating in the blowup mode [1].

The set of extremes forms an array composed of dis-
crete values of Agyr extremes of the periodic component
Apkr

The solution of system (14) gives the following ex-
pressions for the first three unknowns of equation (13)
[12]:

2
T= thi1 —thsoln
2tn+1_tn+2 —ty
o =2n/In(p),
¢=n-0-In(T —ty,2).

(16)

To check the correctness of the obtained unknowns
values (16) and, if necessary, to refine them, the differ-
ence between the components of the array of extreme
values Agxr and their model Byop (13) is minimized. In
this case, the parameter A4, is also determined.

m 2
Z(AEXTi - BMODi) = min .

(A7)

In practice, the array of extreme values 4gxy contains a
number of components, indicating the polyharmonic na-
ture of the oscillations of the periodic component Apgr .
Therefore, when refining the values of parameters (16), as
a model Aexry (predictive model) describing an array of
extreme values Agyr, one should use a trigonometric
polynomial composed of log-periodic functions (Fourier
series).

AexTM :7+k§l +hysin(k-o-In(T -t))| 1)

ag {ak cos(k - - In(T —t)) }

The coefficients of the series ag,ay,b, are deter-

mined from the following expressions
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3
3

= tO s

a = { ~In(T—t)]~ldt
t0 ~tp ~t T-t (19)
"ot JAEXT sm[ i In(T - t)] %dt.

The remaining useful life Tgy, is determined from the
following expression.

Toy =T-t. (20)
4 EXPERIMENTS

The purpose of the experiment was to test the effec-
tiveness of determining the service life of small-series and
single products, considering their behaviour during opera-
tion, as systems operating in the blow-up mode.

As an object of study, a hydro turbine, a representative
of a small-series product [9] (Fig. 7), and a transport and
dump bridge, related to single products [12] (Fig. 13),
were considered.

5 RESULTS
The initial information for the analysis was the vibra-
tion of the turbine support, which was measured along the
y-axis (Fig. 7).

| = .:p
=&
el

Figure 7 — Diagram of the hydro turbine indicating the point of
its vibration monitoring: 1—generator bearing; 2—turbine bear-
ing; 3 — turbine impeller;

4 — vibration sensor of the turbine bearing

The trajectory of the turbine vibration level during the
observed period (120 days) is shown in Fig. 8.
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Figure 8 — Changing the vibration level of the turbine support

Fig. 9 shows the change over time in the frequency of
logo-periodic oscillations superimposed on the trajectory
of turbine vibrations
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Figure 9 — Changing the frequency of logo-periodic oscilla-
tions, superimposed on the trajectory turbine vibration level
changes

Fig. 10 shows the approximation by the log-periodic
oscillations model Byop (13) of the periodic component
of turbine vibration.

o - Aper
— - Bmod

Aper, Bmod, mkm
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Figure 10 — Approximation by the model Byop (13) of the
periodic component Apgg turbine vibration

The results of determining the service life of hydro
turbine are shown in Fig. 11.
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Figure 11 — Forecast of the service life of hydro turbine

Fig. 12 shows the change during the operation of the
residual useful life of the Try, (20) of the hydro turbine.
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Figure 12 — Change in the forecast of the residual service life of
the hydro turbine

Figu
Changes during the controlled period of the truss de-

flection trajectories in nodes No. 8 and No. 9 (marked in
red in Fig. 13) are shown in Fig. 14.
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Figure 14 — The trajectory of deflections of the farm transport
and dump bridge at its nodes No. 8 and 9 fixed during the period
of control of his condition [12]

Fig. 15 and 16 show the change over time in the fre-
quency of logo-periodic oscillations superimposed on the
trajectory of the deflection of nodes No. 8 and No. 9 and
the model approximating them.
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Figure 15 — Changing the frequency of logo-periodic oscilla-

tions, superimposed on the trajectory of the deflection of node
No. 8
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Figure 16 — Changing the frequency of logo-periodic oscilla-
tions, superimposed on the trajectory
of the deflection of node No. 9
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Figures 17 and 18 show the approximation by the log-
periodic oscillations model Byop (13) of the periodic
component of deflections Apgr recorded during the period
of monitoring the state of the bridge, respectively, at
nodes No. 8 and No. 9
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Figure 17 — Approximation by the model Byop (13) of the peri-
odic component Apgr Of the deflection of node No. 8

2000 2005
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Figure 18 — Approximation by the model Byop (13)
of the periodic component Apgr Of the deflection of node No. 9
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The results of predicting the service life of nodes
No.8 and 9 of the farm transport — dump bridge are
shown in Fig. 19 and 20.
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Figure 19 — Forecast of the service life of node No. 8.
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Figure 20 — Forecast of the service life of node No. 9
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Fig. 21 shows the change during the operation of the
residual useful life of the Try. (20) nodes No. 8 and 9 of
the truss of the transport and dump bridge.
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Figure 21 — Change in the forecast of the residual service life of
nodes No. 8 and No. 9
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6 DISCUSSION

Monitoring of the state of the turbine and the bridge
confirmed the assumption that the trajectory of change of
the control parameter (Fig. 8, 14) contains a variable
component (Fig. 10, 17, 18). This component is described
by the model of logo-periodic fluctuations. The frequency
of these oscillations increases as the products approach
and the expiration of their service life (Fig. 9, 15, 16),
which corresponds to the behaviour of systems operating
in the blow-up mode. The calculation of the coefficients
of the logo-periodic oscillations model made it possible to
determine the operating time of the turbine before the
accident (127 days, fig. 11) and the calendar date of the
resource exhaustion of nodes No. 8 and No. 9 (fig.19,20),
which, respectively, was 09.12.2005 and 01.26.2005. The
remaining service life of the turbine and bridge at the time
of the last control of their condition was 2 days for the
turbine, and 2.38 years for the bridge (node No. 8) and
1.69 years (node No. 9).

CONCLUSIONS

The scientific novelty of obtained results is that the
analysis of experimental data on the behaviour of the hy-
dro turbine and of the transport-dump bridge confirms the
assumption about the behaviour of the turbine and bridge
structure as a system operating in the blow-up mode.

The practical significance of obtained results is
made it possible to determine in advance the moment
when the service life of the turbine and power units of the
bridge is exhausted, and to obtain a forecast directly in
units of time, and without requiring information about the
maximum permissible value of the controlled parameter
(turbine vibration level and deflection of the truss unit) to
obtain this information.

Prospects for further research are to study the possi-
bility of using the developed technique to predict the ser-
vice life of products of various purposes and designs.
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3ACTOCYBAHHS TEOPII PEXKMUMIB I3 3ATOCTPEHHSIM JIJISI BASHAYEHHSI TEPMIHY EKCILTY ATAIIT
MAJIOCEPIMTHUAX TA OJUHAYHAX BUPOEIB

Haropumii B. B. — kaHI. TexH. HayK, JOIEHT, NOUECHT Kadenpu iHdopmamifHuX TexHOJOTiH CyMCBKOTO IEpKaBHOTO
yHiBepcurery, M. Cymu, Ykpaina.

AHOTAIIIA

AKTyanbHicTh. BupinieHo akTyanpHe 3aBJlaHHS PO3POOKHM Ha OCHOBI TeOpil PEXKUMIB i3 3aTOCTPEHHSIM METOJMKH BH3HAYCHHS
TepMiHy CIly)k0H ManocepiiiHuX BUpOOiB Ta BUPOOiB, BUTOTOBICHUX Y OJUHUYHOMY €K3EMILISIPI.

iab. 3acTocyBaHHsT Teopil peXKUMIB i3 3arOCTPEHHSIM 32 YMOB, KOJIM BiJICYTHI CTATUCTHYHI [aHi PO AWHAMIKY MOBEIiHKH B
MpoIIeci eKCIUTyaTarii MatocepiiHuX BHPOOiB Ta BUPOOiB, BATOTOBICHUX Yy ONUHUIHOMY €K3EMILISPI.

Mertoa. [l BU3HAYCHHS TEPMiHY CIIy>KOM KOHKPETHOTO BUPOOY, SIKHi BHIOTOBIISIOTH BETMKUMH CEPiSIMHM, BUKOPHCTOBYETHCS
iHdopMmarlist, oTpuMaHa JUIs CyKyITHOCTI MOAIOHNX OJHOTUITHUX BUPOOiB. Lls iHdopmamis ckiageHa Ha OCHOBI YHCIEHHUX EKCIIEPH-
MCHTIB, MaTeMaTHIHOI CTATHCTUKH Ta Teopii iMoBipHOCTEH. [Ipn excruryararii ManocepiHIX BEpOOIB Ta BUPOOIB, BUTOTOBIECHHUX Y
OJIMHUYHOMY €K3eMILIApi, Takol iHdopmarlii Hemae. | TyT HeOOXiIHO BH3HAYATH IHAUBIAYAILHUN pecypc «BUPOOY-iHAMBIIa» 3a pe-
3yJIbTaTaMH aHaJli3y HOro MOBeIiHKK y MHUHYysnoMy. [loganuii y cTtaTTi MeTOA 3aCHOBAaHUI Ha 3aCTOCYBAHHI JUIsl TAKOTO aHAJTIZy Me-
TOJUKH, SIKa BUKOPHCTOBY€ETHCS MPH PO3IIIA/AI CHCTEM, IO HPALOIOTh y PEXUMI i3 3arocTpeHHsAM. CyTh METOAMKH HOJIATae y BUI-
JICHHI 3 4acoBol peastizallii KOHTPOJIBHOTO MapameTpa nepioguynol koMnoHeHTu. Ll kommoneHTa MoaeoeThest psagom Dyp’e, 1o
CKJIaJJA€THCS 3 JIOTO-TIepioANIHUX QyHKIiH. OCHOBHUM Koe(ilieHTOM UX (PyHKIIH € Yac, 0 JOPIBHIOE HAIIPAIIOBAaHHIO BUPOOY 10
3aKiHYCHHS TEPMiHY HOTO CITyKOH.

Pe3yabTaT. MeTon, M0 PO3IIIAAAETHCS, YCIIIHO arpoOOBaHUM NPH BU3HAYEHHI TEPMiHYy CITy>KOM TPaHCIOPTHO-BIJBAJILHOTO
MOCTY, IIIO BiTHOCHTBHCS IO BUPOOIB, SIKi BUTOTOBJISIOTHCS (PAKTHIHO B OMUHUYHHUX €K3EMILIIPaX.

BucHOBKH. AHalli3 €KCIIEPUMEHTAIBHHX JIAaHUX NP0 MOBEIIHKY HECY4YHX €JIEMEHTIB TPaHCIIOPTHO-BiBAaJIbHOIO MOCTY IiJTBEp-
JDKY€ TIPHITYIIEHHS I10J0 HOBEIIHKH KOHCTPYKIIi MOCTa SIK CHCTEMH, L0 MPAIIOE B PEXKUMI 3 3arocTpeHHsM. Lle mo3Bonmio 3a3na-
JIerifib BUSHAYUTHU TEPMiH CTy>KOM CHIIOBUX arperariB MOCTa i OTPHUMATH pe3y/bTaT 0e3M0CepeJHbO B OAMHULIAX Yacy, He BUMAraro-
Y1 U1 OTPUMAaHHS iHpopMaLil PO rpaHMYHO JIOIyCTHME 3HAUEHHSI KOHTPOJILOBAHOTO MapamMeTpa.

Bnepie noka3aHo MOKJIUBICTb PO3TISIATH MOBEAIHKY MaJOCEPiHHUX BHPOOIB Ta BUPOOIB, IO BUTOTOBISIOTHCS B OUHUIHO-
My €K3EeMIUTAPI, IK JUHAMIYHIX CHCTEM, IO MPAMIOIOTh Y PEXKUMI 13 3aTOCTPEHHSIM.

IpakTHyHa 3HaYNMicTh. 3aIPONIOHOBAHO BHUPINIEHHS aKTYAJIBHOTO 3aBJAaHHS IOA0 BH3HAUCHHS TEPMiHY CIIy>kKOM Majocepiii-
HUX BHPOOIB Ta BUPOOIB, III0 BUTOTOBISIIOTHCS B OJUHIYHUX €K3EMILIIpax

KJIIOYOBI CJIOBA: pecypc, TpaHCHOPTHO-BiABAIBHNUIT MiCT, IpiOHOCEpiifHa IIPOYKIis, JIOTTIEpIOANYHA CKJIAJIOBA, TIPSMI Ta
HENpsIMi METOJIM KepYBaHHSI, TEOPisl PeXKUMIB i3 3arOCTPEHHSIM.
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ABSTRACT

Context. Due to the need for practical implementation of the theoretical provisions of the proposed method of the wireless trans-
mission of the commands for controlling a moving object in conditions of intentional interference.

Objective of the work is a practical verification of the possibility of using a phase-pulse modulation of the linear-frequency-
modulated signal for transmission a control commands through physical modeling using microcontrollers.

Method. Analytical calculations of the change in time of the voltage at the input and output of the device for optimal processing
of the linear frequency-modulated signal were carried out exclusively using the computing capabilities of the microcontroller. The
graphs of changes in time of the relevant parameters were built with the help of Excel using the data output to the monitor of the
serial port of the Arduino IDE software environment. A digital oscilloscope with a USB host was used to monitor the operation of a
wireless modem to transmit control commands to a moving object.

Results. Analytical calculations and physical modeling using a modern microcontroller proved the operability of the low-
frequency part the wireless remote control modem with using phase-pulse modulation of the linear frequency-modulated signal.

Conclusions. The possibility of using phase-pulse modulation of the linear-frequency modulated signal for the transmission of
control commands is considered. This method of transmitting the information component, unlike the existing methods, does not re-
quire changing the parameters of the linear frequency modulated signal. The use in the receiver of optimal processing of a linear-
frequency-modulated signal of sufficiently big base will allow of the wireless transmission of the commands for controlling a moving
object in conditions of the intentional interference. The use of modern microcontrollers made it possible to conduct a practical test of
the functionality of the low-frequency part the wireless remote control modem with phase-pulse modulation of the linear-frequency
modulated signal through physical modeling.

KEYWORDS: wireless, remote control, linear frequency modulation, phase-pulse modulation, simulation.

ABBREVIATIONS Af is a signal frequency deviation;
LFM is a linear frequency modulated; f (t) is a change of the frequency of the LFM signal;

CSS is a chirp spread spectrum; . . .
FHSS is a frequency hopping spread spectrum; V(t) is a pulse characteristic of the matched filter of

DSSS is a direct-sequence spread spectrum; the signal with LFM;

TH is a time hopping; fy (t) is a change the frequency of the pulse charac-
CDMA is a code-division multiple access; teristic of the matched filter;

GFSK is a Gaussian frequency-shift keying; C is a constant value;

DBPSK is a differential phase-shift keying; .

MU-MIMO is a multi-user MIMO; K(f) is a frequency characteristic of the optimal fil-
MIMO is a multiple-input and multiple-output; ter of the LFM signal;

LoRa is a “long range”; .

PPM is a phase-pulse modulation; g*(f) is a complex conjugation spectrum of the
DAC is a digital-to-analog converter; LFM radio impulse;

ADC is an analog-to-digital converter; w(t) is a voltage of the signal component at the out-

10T is an Internet of Things. put of the optimal filter:

T is a duration of the pulse at the filter output;
i isa command number;
Xj (t) is a command structure;

B is a base of the signal.

NOMENCLATURE
. IS an impulse duration;

u(t) is a voltage of the LFM signal;

Um is an amplitude of the radio pulse;
fe is an average frequency of the signal;

T
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INTRODUCTION

Modern conditions of operation of radio-electronic
communication complexes place increased demands on
their work. This is because qualitative changes in the
means of radio-electronic warfare of the leading countries
of the world in the last few decades allow them to create a
significant impact on the operation of radio-electronic
communication complexes. Radio communication in
range of short waves has special place in military com-
munication [1]. Most of the short wave and ultra-short
wave communication means use narrowband signals that
are transmitted at a fixed frequency of the communication
channel to transmit speech. A transmitter of sufficient
power tuned to the same frequency can suppress a nar-
rowband signal. This lack of protection against conven-
tional radio signal interference led to the need to expand
the spectrum of the emitted signal. At the same time, a
much wider frequency band than the spectrum width of
the information signal is used for information transmis-
sion. This leads to a decrease in the spectral power den-
sity of the signal emitted by the radio communication
device. At the same distance from the means of radio fre-
guency monitoring, the probability of detecting the radia-
tion of a broadband signal transmitter will be less than
that of a narrowband one with the same power. Drone
communication channels are also vulnerable to cyberat-
tacks [2]. Therefore, the study of the possibility of in-
crease the interference protection of radio communication
channels is an urgent scientific task. One of the problem-
atic issues in the creation of a test sample is the verifica-
tion of the correctness of theoretical calculations by con-
ducting physical modeling using the latest elemental base.

The object of research is the process of the wireless
transmission of commands for controlling a moving ob-
ject.

The subject of the study is the wireless remote con-
trol modem of the moving object with using phase-pulse
modulation (PPM) of the linear frequency-modulated
(LFM) signal.

The purpose of the work is to a physical simulation
of the operation the low-frequency part of the wireless
remote control modem using of the modern microcontrol-
lers.

1 PROBLEM STATEMENT
As a moving object, consider a car with a camera, for
control of which it is enough to send five commands. The
duration of command transmission should not exceed one
second. During this interval, each command with the
number i=1,...,5 will be transmitted by a pulse packet of a
certain structure:

" (t):%u(u(i—l)rc),

Aft?
u(t)=Up COS[ZT{ fot+ 20, }] . 1)
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Each command to provide for a change in the time posi-
tion of the pulse of the packet by a certain amount corre-
sponding to the command number. The minimum value
corresponds to the command with the number one. As the
command number increases, the time shift increases by an
amount equal to the pulse duration t. The change of the

signal frequency during the duration of the pulse should be
less than 25 kHz. In order to increase the interference pro-
tection of the radio communication channel, optimal signal
processing should be carried out in the receiver. We will
assume that frequency conversion cascade is used in the
transceiver. Therefore, the formation and processing of the
signal can be carried out at a frequency significantly lower
than the operating frequency of the transmitter.

To carry out a physical simulation of the operation of
the wireless modem to transmit control commands, it is
necessary to choose a controller based on which the mo-
dem will be implemented. It is also advisable to conduct
mathematical modeling to determine signal parameters for
command transmission. Next, using the mathematical
principles of forming and processing the signal develop
the program code for the controller. After that, conduct a
physical simulation of the operation of the wireless mo-
dem using the selected microcontroller to check the pos-
sibility of practical implementation of the proposed solu-
tions.

2 REVIEW OF THE LITERATURE

An overview of the promising directions of increasing
the secrecy of operation and interference protection of
communication means is carried out in [3-5]. There are
several methods of expanding the spectrum of signals,
which differ among themselves by the principles of ob-
taining a wide frequency band: the direct sequence
method — DSSS, the frequency hopping method — FHSS,
the method of expanding the spectrum with linear fre-
quency modulated signal — CSS, the time-hopping
method — TH. For example, the CDMA mobile communi-
cation system uses DSSS technology with signal spectrum
spreading by mutually orthogonal Walsh-Hadamard func-
tions. The IEEE 802.11 standard provides for the use of
various options for expanding the signal spectrum for the
organization of a wireless data transmission. The width of
the spectrum of the radio signal is much greater than the
data transmission rate, and the correlation function is sig-
nificantly narrower than the correlation function of a nar-
rowband signal. In particular, the use of FHSS technology
with GFSK modulation of the radio signal, or DSSS and
DBPSK modulation technology with the provision of data
transmission at a speed of no more than 1 Mbit/s over a
radio channel in the 2.4 GHz frequency range. As a per-
spective for a wireless local network, the IEEE 802.11ac
standard with a radio channel in the 5 GHz frequency
range and the use of MU-MIMO spatial multiplexing
technology with the formation of an adaptive directional
pattern can be considered. When designing complex elec-
tronic circuits, it is important to simulate their operation
using appropriate software. The experience and results of
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mathematical modeling in the MATLAB software envi-
ronment to study the problem of synchronization in the
receiver based on the technology of multiplexing with
orthogonal frequency distribution — OFDM is given in
[6]. The CSS spectrum expansion technology was used in
the creation of a LoRa physical radio interface [7-9]. The
frequency redundancy of the broadband radio signal de-
termines its high interference protection. The CSS fre-
quency of the radio signal can both increase and decrease.
However, the LoRa technology, optimal processing of the
CCS signal is not carried out, since the information is
transmitted by the signal frequency hopping. The neces-
sary range of the information transmission is provided by
the change duration of the signal.

The most technologies of the signal spectrum expan-
sion are aimed at use in the ultra-high frequency range. At
the same time, the question arises about the possibility of
implementing technologies for increase the interference
protection of short-wave and ultra-short-wave communi-
cation means and to ensure their operation in the condi-
tions of creating deliberate obstacles. A variant of ex-
panding the signal spectrum using Walsh functions with a
frequency separation of channels and frequency manipu-
lation of the carrier is considered in [10]. It is proposed to
use Walsh functions with a duration of an elementary
symbol of 0.5 ps to expand the signal spectrum. At the
same time, the width of the signal spectrum much exceeds
the frequency band allocated in this range for one chan-
nel. The frequency band of the radio channel of the nar-
rowband means of communication does not exceed 25
kHz. Therefore, when implementing the proposed
method, it will be difficult to ensure the necessary value
of the frequency band with the existing restrictions [11].
Therefore, it is necessary to offer the wireless method of
transmitting control commands with increased interfer-
ence protection within the frequency band allocated for
the operation of one channel.

One of the possible options is the transmission of con-
trol commands using the method, which based on the
LoRa technology, but instead of the signal frequency
hopping will changing the pulse repetition frequency of
the LFM pulses in accordance with the command being
transmitted. So, it method of transmitting the information
component, unlike the existing methods, does not require
changing the parameters of the LFM signal and we will
named is a PPM of the LFM signal. The frequency devia-
tion of the LFM signal of a certain duration should not
exceed 25 kHz. The optimal LFM signal processing in the
receiver will provide increase the interference protection
of the radio communication channel. Therefore, it is nec-
essary to carry out a practical check of the possibility of
creating blocks for the formation and processing of signal
of the wireless modem with PPM of the LFM signal using
the microcontrollers.

3 MATERIALS AND METHODS
To conduct research, we define the following parame-
ters of the LFM signal: an average frequency and fre-
quency deviation are ten kHz, an impulse duration is 0.1
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sec. To carry out a physical simulation of the operation of
the wireless remote control modem with PPM of the LFM
signal, it is necessary to choose a controller based on
which the modem will be implemented. For determinate
conditions, it is advisable to consider of use of the micro-
controller ESP-WROOM-32. It is based on the popular
two-core 32-bit Xtensa LX6 processor with a variable
clock frequency from 80 MHz to 240 MHz. ESP-
WROOM-32 has a RAM of 520 kilobytes and a rich pe-
ripheral that includes such inter-faces as UART, SPI, 12C,
12S, a twelve-bit ADC, and an eight-bit DAC [12].
Choosing this controller is also advisable in case of use on
the moving object the latest small size camera module
ESP32-CAM. Based on this module, it is also possible to
build a demodulator of the receiving device.

ESP32-CAM can be widely used in various the Inter-
net of Things (1oT) applications, suitable for home smart
devices, industrial wireless control, wireless monitoring,
wireless positioning system signals and ets. Using low-
power dual-core 32-bit CPU, can be used as an applica-
tion processor. Main frequency up to 240MHz, built-in
520 KB SRAM, external 8MB PSRAM. Support
UART/SPI/I2C/PWM/ADC/DAC and other interfaces
and OV2640 and OV7670 cameras with picture WiFi
upload [13].

In addition, by choosing these controllers, we can pro-
vide a connection to a Wi-Fi access point, or transfer data
via the Bluetooth interface. Moreover, the use of the
combination of the 10T and edge computing will allow
control of network security and access to the data trans-
mission channel [14]. The presence of the SPI interface
allows you to connect a transceiver module that uses
“LoRa” technology or an NRF24L01 radio module to the
microcontroller. Based on the NRF24L01 radio module, it
is possible to organize a mini-network in which up to 6
transmitters and 1 receiver can work on one frequency.
Line-of-sight communication ranges up to 100 m is pro-
vided [15]. ESP32 microcontrollers also use ESP-NOW
technology — a simplified WiFi communication protocol
with the transfer of short packets between devices. The
ESP-NOW technology provides communication distance
near 190m in conditions of non-existence of local internet
network [16].

The process of formation and optimal processing of
the LFM signal is not much different from the methods
used in radiolocation [17]. To use the digital method of
forming and processing the LFM signal, consider the
mathematical representation of the signal. Analytically, a

single rectangular radio pulse with LFM duration Teis
described by the expression (1).

The law of change of the frequency of the LFM signal
can be obtained by differentiating the phase of the LFM
signal (1):

f(t)= fc+%-t. (2)
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The impulse characteristic of the matched filter of the
signal with LFM, within the limits of the signal duration
1. has the form

V(t)=CU,, x

X COS| 21 fc(to—t)+£(to—t)2 ' (3)
oo 2o

Tc

The law of changing the frequency of the pulse char-
acteristic of the matched filter of the signal with LFM at

to = T% will have the form

AfAf
h(O)=fo+ Tt @)

Tc

and within the duration of the signal will decrease linearly
in time, in contrast to the frequency of the signal with
LFM, which increases linearly with time.

The synthesis of the optimal filter of the LFM signal
can be carried out both according to its frequency and
impulse characteristics. As is known, the frequency char-
acteristic of the optimal filter is determined by the expres-
sion

k(f):Cé*(f)exp{—jznfto}. ()

The frequency spectrum of the LFM-radio pulse is
given by the expression

° U 4/ T Af
* f _ m C
g*(f) TS
L (f-f P |
—j2r~—=xl (6)
xexp{ j2n AT rc}
Af
f—f.|<—.
[SAEE

Then the frequency characteristic of the optimal filter
matched to the LFM signal will be represented by the
expression:

K(f)=
() 2Af
L (F-f P ’
X eXp{JZﬂ[%TC - ﬂo]} (7)
Af
|f - f <=

The voltage of the signal component at the output of
the optimal filter at time t can be obtained using the in-
verse Fourier transform of the frequency spectrum of the
signal at the filter output:
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w(t)=C [g(F)g*(f)exp{j2nf (t—t)}of =

o (8)
=C Wcos(hfc (t—tg))

The voltage at the input and output of the optimal fil-
ter of the LFM signal is shown in Fig. 1.

AL
RVAVAVRRNEU| S

a) u(t)

b) Wit
VAf

ﬂnnﬁﬂhvnny g
JU U R A

6_ﬁh.-n'n-ﬂn‘h;]
SRR U\L

‘\‘J_ |

Figure 1 — Compression of the LFM signal in the optimal filter

An LFM signal is applied to the input of the filter
(Fig. 1, a), and the output signal of the optimal filter
(Fig. 1, b) is a harmonic oscillation cos(2nf.t) with the

envelope signal of the form sin(x/x). The maximum

value of the output signal is reached at the moment ending
of the input signal t.. The duration of the output pulse t

is inversely proportional to the width of the signal spec-
trum %f . Since the base of the LFM signal B =t Af ,

then t :éz% . Thus, the duration of the signal at the

output of the optimal filter is less in base times than at its
input. At the same time, the signal-to-noise ratio by the
power at the output of the optimal filter will be greater
than the signal-to-noise ratio by the power at its input.

4 RESULTS

A simplified structural diagram of the transceiver,
which uses the PPM of the LFM signal, is shown in
Fig. 2. The transmitter includes a modulator with phase-
pulse modulation and the generator LFM. Since the
phase-pulse modulation involves a change in the time
position of the LFM pulse by a certain amount corre-
sponding to the command number, then the modulator
contains a “command-time” converter and a pulse shaper
for starting the LFM generator. Since the phase-pulse
modulation involves a change in the time position of the
LFM pulse by a certain amount corresponding to the
command number, then the modulator contains a “com-
mand-time” converter and a pulse shaper for starting the
LFM generator. If a digital method of signal formation is
used in the LFM generator, then the transmitter addition-
ally includes a digital-to-analog converter (DAC), a fre-
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quency converter, a high-frequency amplifier, and a band-
pass filter. The receiver consists of a high-frequency am-
plifier, a frequency converter, an analog-to-digital con-
verter (ADC), a matched LFM signal filter, and a de-
modulator, which contains a converter “time-command”.
At the same time, the PPM modulator and the LFM signal
generator can be implemented on one ESP32 microcon-
troller. The LFM signal can be generated at an intermedi-
ate frequency and with a defined deviation value. The
frequency converter will be carried out the generated sig-
nal to the frequency of the channel selected for operation.
In the receiver, the selection of the required frequency
channel will be carried out by changing the frequency of
the local oscillator. From the output of the intermediate
frequency amplifier, the signal is sent to the ADC, where
it is converted to a digital form. An ADC, a matched LFM
filter and a demodulator can be implemented on an
ESP32CAM microcontroller. This controller also func-
tions as a decoder for control commands coming to the
flight controller.

‘ Transmitter

Modulator Generator LFM

5

Receiver

Demodulator

Optimal filter LFM

Figure 1 — Structural diagram of the receiver-transmitter

The results of mathematical modeling of the laws of
change in time of the frequency of the LFM signal with a
deviation of 10 kHz and the impulse characteristic of the
filter matched to this signal using Excel are shown in
Fig. 3. As can be seen, the LFM signal with a duration of
1. =0.1 sec relative to the average signal frequency of

10 kHz occupies the frequency range Af=10 kHz. There-
fore, the width of the spectrum occupied by the LFM sig-
nal is determined by the frequency deviation Af and does

not depend on the duration of the signal T,

The impulse characteristic of the optimal filter of the
LFM signal is a mirror image of the input signal, which is
evidenced by the nature of its frequency change.

Expression (1) was implemented programmatically
based on the ESP-32 microcontroller. For a better visu-
alization of the law of frequency change over time, the
value of the frequency of the LFM signal variable from
zero to one kHz. The voltage values of the signal, which
output to the serial port of the Arduino-IDE software en-
vironment from the DAC output of the microcontroller,
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are shown in Fig. 4. As can be seen from the given data,
the change in voltage over time at the analog output of the
microcontroller is a signal with a linearly increasing fre-
guency value within the duration of the signal, which cor-
responds to the analytically calculated value according to
expression (1).

25000 ~
20000

15000 +
—ft)

=fv(t)

fit)

10000

5000 +

0,02 0,04 0,06 0,08 0,1 t sec

' Figure 2 — Changing the frequency of the LFM signal and the
impulse characteristic of the matched filter

u(t)

" 'H""L H\ | h

0,04 0,06 0,08

0,1 t, sec

Figure 3 — Changing in time of the LFM signal

The result of the optimal processing of the LFM signal
for command number two from the output of the serial
port of the Arduino-IDE software environment is shown
in Fig. 5. The value of the voltage at the output of the
optimal processing block of the LFM signal for command
number two is shown in Fig. 6. As can be seen from the
given data, indeed, the duration of the signal at the output
of the optimal processing block of the LFM signal is
shorter than at its input. The time interval between the
maximum values of the output signal of the optimal proc-
essing block is equal to 0.2 sec, which corresponds to
command number two and proves the correct operation of
the PPM modulator.

Fig. 7 show oscillograms that can be used to deter-
mine the operation of the remote control modem for the
case of command number two. At the same time, it can be
seen from the upper (violet) oscillogram that the pulse
repetition interval of the LFM pulses is equal is 0.2 sec-
onds, which corresponds to the command number two.
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140,00 graphs of the voltage at the output of the optimal process-
120,00 ing block of the LFM signal shown in Fig. 6.

' Testing of the modem operation was also carried out
100.00 for the number one command with the minimum pulse
80,00 repetition interval of the LFM signal, and the oscil-

_ 60,00 lograms corresponding to the conditions of transmission
= 4000 of the command number one are shown in Fig.8. The re-
sults of testing the low-frequency part of the wireless re-

20,00 . ..
LLLod mote control modem for the conditions of transmission of

0.00 WA the command number three are shown in Fig. 9.

-20,00 Analysis of the given results confirms the possibility
40,00 of using the proposed method of command transmission
01 0,2 03 tsec  to control a moving object using a PPM of the LFM sig-

Figure 5 — The result of the optimal processing of the LFM sig-  pal.
nal for command number two

300

250

200

= 150

100 1— [ 1 I 1 1 1

50

0

0,2 0,4 0,6 0,8 1,0 t, sec

Figure 6 — The value of the voltage at the output of the optimal
processing block of the LFM signal for command number two

M1

M P 5
Figure 8 — The oscillograms o

f the voltage at the input and out-

put of the optimal processing block of the LFM signal for com-
mand number one

ZHI= 50,07V } "G M 5
Figure 7 — The oscillograms of the voltage at the input and out-
put of the optimal processing block of the LFM signal for com-
mand number two

put of the optimal processing block of the LFM signal for com-

The voltage at output of the optimal processing block mand number three

of the LFM signal is showed to the lower (yellow) chan-

nel of the digital oscilloscope with use the second DAC of Therefore, the possibility of conducting a practical test
the ESP-32 microcontroller. The maximum value of the ¢ 4 low-frequency part of the wireless remote control

output signal is corresponds to the end of the input LFM  ma4em using an ESP32 microcontroller has been proven.
signal. At the same time, the duration of the compressed
pulse is much shorter than the duration of the LFM signal,
which was equal to 0.1 sec. This corresponds to the
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6 DISCUSSION

The paper investigates the possibility of using a PPM
of the LFM signal to transmit commands for controlling a
moving object. The use of digital methods makes it possi-
ble to form and process the LFM signal with defined pa-
rameters at a reduced frequency. Transfer to the operating
frequency and power amplification will provide high-
frequency cascades. Thus, the wireless remote control
modem of the moving object consists of the low-
frequency and high-frequency parts. The low-frequency
part of the modem performs PPM of the LFM signal on at
a reduced frequency. Each command corresponds to the
given value of the change in the time position of the LFM
pulse. The duration of command transmission does not
exceed one second. During this time, several LFM pulses
are received, which can be used to increase the reliability
of identification of the command number. However,
without the development of a suitable demodulator, it is
almost impossible to gain unauthorized access to the radio
control channel.

Therefore, the conducted physical simulation using the
ESP-32 microcontroller proved the correct operation of the
PPM modulator, the generator LFM signal and the DAC of
the transmitter. In the receiving part the testing were cov-
ered the ADC and the optimal processing block of the LFM
signal. The practical implementation of the modem on the
ESP 32 microcontroller showed that the DAC and an
ACD have a rather low conversion rate. The frequency
deviation of the LFM pulse does not exceed 10 kHz.
Therefore, even when forming the LFM signal with an
average frequency of 10 kHz, it is quite difficult to ensure
the required number of transformations during the dura-
tion of the signal. This leads to slight distortions of the
LFM signal at the output of the DAC of the microcontrol-
ler, which can be observed on oscillograms. However,
these distortions did not significantly affect the operation
of the optimal processing block of the LFM signal.

CONCLUSIONS

The scientific problem The scientific problem by the
need to carry out a practical check of the signal formation
and processing blocks of the wireless remote control mo-
dem by means of physical modeling using microcontrol-
lers. The scientific novelty of obtained results is that using
phase-pulse modulation of the linear-frequency modu-
lated signal for the transmission of control commands is
firstly proposed. This method of transmitting the informa-
tion component, unlike the existing methods, does not
require changing the parameters of the linear frequency
modulated signal. The use in the receiver of optimal proc-
essing of a linear-frequency-modulated signal of suffi-
ciently big base will allow of the wireless transmission of
the commands for controlling a moving object in condi-
tions of intentional interference.

The practical significance. Used the possibility of a
PPM of the LFM signal for the wireless transmission of
the commands for controlling a moving object has been
proven.
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Conducted a practical test of the wireless remote con-
trol modem using an ESP32 microcontroller. The results
of the physical modeling of the transmitting and receiving
parts of the radio modem are presented.

The direction of further research consists in the de-
velopment of the high-frequency part of the modem and
checking the possibility of using of the wireless transmis-
sion of the commands for controlling a moving object in
conditions of intentional interference.
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MOJIEMA JUCTAHIIMHOT O KEPYBAHHS
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AHOTANIA

AKTyanbHicTBh 00yMOBIIeHa HEOOXIHICTIO MIPAKTUYHOI peastizanii TEOPEeTHYHHX MOJI0KSHB 3aIIPOIIOHOBAHOTO CIIOco0y 6e3apo-
TOBOI Iepeiaui KOMaH 1 KepyBaHHS PYXOMHM 00’ €KTOM B yMOBAaxX HABMUCHOI'O BTPYYaHHSI.

MeTo10 poGOTH € IpPaKTUYHA NEPeBipKa MOXIMBOCTI BUKOPUCTaHHS (a30BO-iMITyJIbCHOT MOAYJISILIT JIiHIHHO-4aCTOTHO MOJY-
JILOBAHOT'O CUTHAJY JUISl Ilepeadi KOMaH | KepyBaHHs IUIIXOM (Di3HYHOr0 MOZENIOBAHHS 3 BUKOPUCTaHHIM MiKPOKOHTPOJIEPIB.

Meton. AHaniTu4HI po3paxyHKH 3MiHHU B Yaci HAIPYTW Ha BXOJI Ta BUXO/I IPHCTPOIO ONTUMAIBEHOT 0OPOOKH JiHIHHO-4aCTOTHO
MO/IyJIbOBAaHOTO CHTHAJIy HMPOBOMMINCH BHKJIIOUHO 3 BUKOPUCTaHHAM OOYMCIIIOBAILHUX MOXIJIMBOCTEH MikpokoHTponepa. I'padiku
3MiH y 4aci BiAIOBiqHUX HapaMeTpiB MoOy0BaHi 32 JomoMororo nporpamu EXcel 3 BukopucranHsaM qaHuX, 110 BUBOJUIKCH Y MOHI-
TOp MOCIOBHOTO NOPTY mporpamuoro cepenosumra Arduino IDE. {ns korTpoio poboTu 6e3ap0TOBOro MoaeMy mepeaadi KOMaH
YIIPaBIIiHHS PyXOMOMY 00’ €KTy BUKOPHCTOBYBaBcs I poBuii ocrmorpad 3 USB-xocTom.

Pe3yjbTaTH. AHATITHYHUMH PO3paXyHKaMH Ta (i3HYHUM MOJICIFOBAHHSM, 3 BUKOPHCTAHHIM Cy4aCHOI'O MiKpPOKOHTpOJIEpa, J0-
BEJICHO IIPale3/1aTHICTh HU3bKOYACTOTHOI YacTHHH OE€31pOTOBOr0 MOJEMY IHCTAaHLIMHOTO KepyBaHHS 3 BUKOPUCTAHHSIM (a3oBO-
IMITyJIbCHOT MOJYJISILIT JITHIHHO-YaCTOTHO MOJYJIbOBAaHOTO CHTHAITY.

BucHoBKkH. Po3risiHyTO MOXKIIMBICTE BUKOPUCTaHHS (a30BO-iMITyJIbCHOI MOYJISILIT JTiHIFHO-4aCTOTHO MOJYJIbOBAHOTO CHTHAITY
Juist iepenadi koMan kepysanss. Leii crioci6 nepenadi indopmManuiiiHoi ckinagoBoi, Ha BiIMiHy BiJl iCHYIOUHX CIIOCO0iB, He MOTpedye
3MIiHM TMapameTpiB JiHIIIHO-4aCTOTHO MOMAYJbOBAHOTO CHIHANy. BHKOpPHCTaHHS B MpHHMAadi ONTUMAJIbHOI OOPOOKH JiHiHHO-
Y4aCTOTHO MOJYJIbOBAaHOTO CHUTHAILy JOCTaTHbO BEIMKOI 6a3u JO3BOJIMTH 3IiHCHIOBATH GE3pOTOBE NEPEAaBAaTH KOMaH[ KepyBaHHS
pyXoMuM 00’€KTOM B yMOBaxX HaBMHCHOT'O BTpYYaHH:. BHKOpHUCTaHHS Cy4acHHX MiKPOKOHTPOJIEPIB O3BOJIMIIO POBECTH IPAKTHY-
Hy TIepeBipKy Npare3JaTHOCTI HU3bKOYaCTOTHOI YaCTHHHU 0e3APOTOBOTO MOJEMY AUCTAHI[IMHOTO KepyBaHHS 3 ()a30BO-IMITyJILCHOIO
MOJIYJIALI€0 JTiHIHHO-4aCTOTHO MOJIYJIbOBAHOTO CUTHANY IUISIXOM (hi3HYHOIO MOJIEIFOBAHHS.

KJIFOYOBI CJIOBA: 6e31poToBuil 3B’S130K, AUCTAHIlIIIHE KEPYyBaHHS, JIiHIHO-4aCTOTHA MOIYJIsMis, (Ha30BO-IMIyJIbCHA MO-
JyJISILsT, MOJICTIFOBaHHSI.
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