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ABSTRACT

Context it is caused by the need to search for scientific and technical ways to ensure the effectiveness of protecting ground
(surface) objects from high-precision guided missile weapons.

Objective it is a necessity to ensure effective self-defense of objects from radar homing means.

Method. Electrodynamic modeling of Echo signals from spatially distributed objects, taking into account the features of their
design and related operational limitations.

Results. Based on the analysis of the shortcomings of the well-known method of protecting stationary objects from radar
surveillance and damage, based on the simulation of an effective reflection center outside the physical dimensions of the object, a
new method of countering high-precision measurement of coordinates of stationary and mobile ground (surface) objects is proposed.
The technique is based on the spatial deformation of the location of the effective target reflection center with dynamics that exceed
the inertial capabilities of the auto-observation contour of the attacking missile (projectile). A structural and functional scheme of
technical implementation of the methodology based on the first proposed relationship of simple design and technological solutions is
proposed and justified.

Conclusions. The analytical model of Echo signals of spatially distributed ground (surface) objects was further developed, which
takes into account the specifics of their design, and on its basis, for the first time, a universal method of self-defense of objects from
radar home-leading devices was developed, which is implemented in a patented method and complex to exclude damage to protected
objects.

KEYWORDS: radar home-leading head, electromagnetic wave scattering model, local reflection section, direction finding
characteristic, angular reflector, polarization grating.

ABBREVIATIONS SCS is a scattering cross-section
CU is a control unit; HLH is a home-leading head;
SGRH is a self-guided radar head; BSD is a Backscattering diagram
SP is a scatter plot LDA is a local display area;
LDA is a local display area; AR is an angle reflector;
CR is a corner reflector; RS is a radar set
MC is a motor controller; RO is a radar objects;
RD is a reduction drive; ESS is an effective scattering surface;
RS is a radar station; ESC is an effective scattering center.
RCS is a radar cross-section;
© Zubkov A. M., Kosovtsov Yu. M., Shcherba A. A., Petlyuk I. V., Yunda V. A., 2023
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NOMENCLATURE
a is an angle of view of the target by Yaw;
¢ is a Pitch angle of view of the target;
y is avector that characterizes the observation

conditions and object orientation;

A is an amplitude of the signal reflected from i LDA,;

Ri is a radius-vector i LDA;

E is an electromagnetic field strength;

o is a circular frequency;

A is a wavelength of the probing signal;

l.. is a geometric size of the target or a fragment of its
structure in the “picture” plane;

A8, is a width of the linear section of the direction
finding characteristic by Yaw a and Pitch 3;

Af.is an effective spectral band of the rocket control
circuit;

O, 18 an error of auto-tracking of the target by Yaw o
and Pitch p.

INTRODUCTION

Radar means of air (space) observation is the only
effective tool for highly informative remote monitoring of
the Earth’s surface in the interests of solving various
general technical and special tasks in the absence of
optical transparency of the surface layer of the
atmosphere.

An urgent scientific and applied problem is
minimizing the probability of high-precision weapons
hitting ground (surface) equipment objects. There is a
well-known method of self-defense of an object by
installing a simulator outside it, for example, in the form
of an angle reflector.

The disadvantages of this approach include:

— use only for stationary objects, since the AR ESS
must be guaranteed to exceed the ESS of the protected
object;

— a narrow corner protected area, which leads to an
increase in the number of AR in conditions of a priori
uncertainty in the direction of attack.

Taking into account the above, there is a scientific and
technical task-the development of methodological and
instrumental bases for electrodynamic simulation of Echo
signals of stationary and moving objects in the radar
home-leading channel, which exclude the defeat of the
protected object regardless of the direction of attack, and
optimal according to the criterion “efficiency/cost”.

Thus, the topic that involves the search for scientific
and technical ways to ensure effective protection of
ground (surface) objects (targets) from high-precision
missile weapons is relevant.

Object of research there is a process of forming echo
signals from ground (surface) targets in the radar home-
leading channel.

Subject of research is a analytical model of Echo
signals for developing a method of self-defense of targets
and a method of its practical implementation.

Purpose of the work is a ensuring effective self-
defense of objects from radar home-leading means, for
which it is necessary:

© Zubkov A. M., Kosovtsov Yu. M., Shcherba A. A., Petlyuk I. V., Yunda V. A., 2023
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— perform an analysis of known approaches to
describing echoes from spatially distributed targets;

— to develop and substantiate a model of scattering of
electromagnetic waves in the radio range from the
forming structure of observed objects in the form of a set
of LDA and its analytical description;

— based on the LDA model, develop a methodology
and method for self-defense of objects from homing
means and perform a model experiment to analyze their
effectiveness.

1 PROBLEM STATEMENT

It is known that the energy characteristics of the echo
signal, which determine the maximum range of the
homing section and potential accuracy, depend on the
target’S EER, and the total guidance error is a function of
the dynamics of missile-target movement [1-3]. At the
same time, the missile’s radar homing contour tracks the
angular position of the target’S ESC [4-7].

The analytical criterion for stable operation of the
homing circuit is the ratio

Oge << A@a,a. (1)

To ensure the failure of auto wiring, artificial
provision of the condition is necessary

Og,e > A@)u’s )

per hour 1
Af,

For the first time, a complex is proposed as an
instrumental basis for implementing this condition, which
includes a set of AR that rotate asynchronously and
provide a dynamic stochastic change in the BSD of the
protected object.

2 REVIEW OF THE LITERATURE

In the radar surveillance channel, two approaches are
used to model echoes from spatially distributed targets
[8-13].

The phenomenological model is based on direct
observations of the scattering process of the probing
signal of the forming surface of the target. In practice, two
types of phenomenological models are used:

— Radial model, which is the basis of the method of
geometric optics and geometric diffraction theory. The
radial representation of reflected waves is the main
feature of the model. Secondary effects are diffraction and
polarization. The model adequately describes the
scattering process when the condition is met:

lge >25

— a wave model based on the Huygens-Fresnel
principle (physical optics method). The Shape of the
object and the angle of the observation point relative to
the observed object play a crucial role.

The analog model is based not on direct observations
of the process of radio wave scattering, but on the results
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of studies of other phenomena that occur in a similar way
to the simulated process. At the same time, as in the
phenomenological model, the main features of the process
are highlighted:

— the “shiny dots” model. It is based on observations
of light reflection from polished target layouts. This
model is used to analyze the field reflected from rough
surfaces;

— facet model. It is based on the approximation of the
target surface in the form of a set of flat reflectors that are
normally oriented to the incident wave and on the
observation of light reflection from the water surface.

The limited possibilities of applying the above models
in practice are due to:

— the need to detail a priori information for a specific
phono-target situation accompanying the homing of a
missile (projectile);

— analytical complexity of obtaining the resulting
expressions describing the echo signal from real objects
that are observed;

— weak resistance to changes in observation conditions
(in particular, the object’s angle).

Therefore, the development of these models in the
direction of universality of application while ensuring
adequacy should be considered an urgent scientific and
applied task.

3 MATERIALS AND METHODS

In order to ensure the adequacy of modeling the
scattering process of sensing signals to real physical
phenomena accompanying observations of ground
(surface) objects in the radar channel, a model is proposed
that combines the capabilities of the phenomenological
and analog models discussed above — the LDA model
[14-16].

The essence of the model is based on the following
prerequisites:

Control 2

Control 1

— the field scattered by a spatially distributed object is
formed by a small number of waves, the source of which
is located on the “illuminated” part of its forming surface;

— the distances between LDA exceed the wavelength,
and the geometric area that they occupy is small
compared to the area of the entire “illuminated” part of
the object’s surface;

— LDA are partially coherent, but can contain pairs
that are either completely coherent or completely
incoherent;

— the location of the LDA is clearly related to the
design features of the forming surface of the observed
object.

Analytically, the field scattered by the LDA aggregate
can be represented as

[0 2R@

[
Eto. )= Alope  © . 3
i=1

The method of self-defense of a ground (surface)
object provides for artificial provision of the condition
(2). The latter can be achieved by asynchronously
changing A; in expression (3) due to the rotation of
angular reflectors located along the perimeter of the
protected object.

This leads to a chaotic change in the effective
scattering center of the target with dynamics that exceed
the capabilities of the missile (projectile) homing contour.

The practical implementation of the methodology is
illustrated in Fig. 1 [17].

Structurally, the complex includes a set of an angular
reflector with a polarization grating in the aperture to
achieve polarization invariance. Asynchronous rotation of
the angle reflector is provided by a controlled electric
drive through a gearbox by connecting to the control unit.

i
2,

Control 3

6

Control 4

Figure 1 — The structural and functional diagram of a complex for simulating a ground (surface) object in a radar homing channel
lis an angle reflector; 2 is a polarizing grating; 3 is a gearbox; 4 is a controlled electric drive; 5 is a Control Unit;
6 is a geometric contour of the protected object
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4 EXPERIMENTS

A model experiment was performed [18] to prove the
adequacy of the proposed LDA model to the real
conditions for applying the developed method of self-
defense of ground (surface) objects. The essence of the
experiment is electrodynamic modeling of Echo signals of
complex RO: a railway bridge, a missile system launcher,
a helicopter (priority objects of destruction) in a radar
home-leading channel. The inclined range was 10 000 m,
€ = 75...85 angle degrees and o = 0...180 angle degrees,
A =8 and 3 mm, and frequencies of 36 and 95 GHz.

To calculate the ratio of the ESS of complex RO when
irradiated with an electromagnetic wave with a probing
signal wavelength of 8 mm to the ESS of complex RO
when irradiated with an electromagnetic wave with
A = 3 mm in the Maple 15 Medium, data arrays were
created at Target viewing angles € = 75...85 angle degrees
and o = 0...180 angle degrees in increments of 1 angle
degrees.

Polygonal models of the bridge, launcher, and
helicopter are shown in Fig. 2—4.

5 RESULTS
The resulting BSD of these objects at wavelengths of
8 and 3 mm are shown in Fig. 5 — 7, respectively.
The obtained patterns allow for a clear physical
interpretation.
A graphical representation of the ratio of the ESS of
complex RO when irradiated with an electromagnetic

Figure 2 — Polygonal bridge model

wave with A = 8 mm to the ESS of complex RO when
irradiated with an electromagnetic wave with A =3 mm in
a linear ratio is shown in Fig. 8, respectively.

Plots with a positive value of 10lg (G)=gmm / Or=3mm)
correspond to the case when the ESS of a complex RO
when irradiated with an electromagnetic wave with A = 8
mm is greater than the ESS of the same object when
irradiated with an electromagnetic wave with A = 3 mm
(fig. 8).

Depending on the observation conditions, the value of
this ratio can be either greater than 1 or less. Based on the
dependence of the detection probability on the
signal/noise ratio at the input of the linear detector, the
probability of detection in each of these sections is
determined with a false alarm probability of 10 and the
fixed probability of detecting a complex RO as a whole is
0.9.

Under such conditions, the value of the signal/noise
ratio at the input of the linear detector will be 15 dB, then
in the section of the ESS ratio, where the ESS with
A = 8 mm is greater than the ESS with A = 3 mm, the
probability varies in the range of 0.9-1.

In the area where the ESS with A = 8 mm is 2 times
larger than the ESS with A = 3 mm or less, the signal — to
— noise ratio will be 13-15 DB, and the detection
probability will be 0.7-0.9.

Figure 3 — Polygonal model of a rocket system launcher

Figure 4 — Polygonal helicopter model
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P8

6e-07

5e-07

4e-07

3e-07

Figure 6 — Backscattering diagram of the launcher: a— A =8 mm; b — A = 3 mm;

Figure 7 — Helicopter backscattering diagram: a—A =8 mm; b —A =3 mm.
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LS D

helicopter

Figure 8 — The ratio of the ESS of complex RO when irradiated with an electromagnetic wave with A=8 mm to the ESS of complex
RO when irradiated with an electromagnetic wave with A=3 mm in a linear ratio

As can be seen from the nomogram (Fig. 8), Blue
shows the area where the ESS with A = 8 mm is larger,
yellow shows the area where the ESS with A = 8 mm is 2
times larger.

The results of the experiment confirm the initial
prerequisites, namely:

— the total energy of target Echo signals is determined
by a limited number of BSD extremes associated with the
spatial distribution of LDA;

— since the HLH “works” on the ESC, an artificial
dynamic change in its location is a universal means of
self-defense of an object from self-guided means.

6 DISCUSSION

The method of the experiment provided for:

— approximation of the forming surface of targets
observed in the radar channel in the form of an unbroken
set of tangent triangles;

— formation of target Echo signals as a superposition
of elementary Echo signals from triangles;

— obtaining backscattering diagrams of observed
objects at an inclined range of 10,000 m at Target viewing
angles of 75...85 angle. degrees in pitch and 0...180 angle.
degrees at yaw.

The developed method, in comparison with the known
ones, makes it possible to significantly expand the range
of practical application conditions, removes restrictions
on the type of protected object, its design, and the
presence or absence of movement.

The reliability of the results obtained is confirmed by
the possibility of their clear physical interpretation and
modeling data. The possibility of wide application of the
technique for protecting ground (surface) objects from
radar home-leading means is based on the simplicity of
technical implementation and low cost in comparison
with known approaches

For the first time, an analytical description of the echo
signal scattered by a complex object (3) was developed,
together with the mandatory fulfillment of Condition (2),
which gives an adequate description of the processes that
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accompany the observation of a spatially distributed
target and is the basis of the developed method of its self-
defense.

The practical implementation of the technique, in
contrast to the known approaches, can technically be
carried out in accordance with the proposed method for a
wide range of external conditions and different dynamics
of mutual movement of the protected and attacking
objects.

It is important to note that the proposed method and
method of self-defense are universal, since:

— invariant to the design and material of the forming
surface of the protected object;

— effective for any trajectory and number of attacking
objects;

— allow electrodynamic modeling to quantify the
effectiveness of self-defense.

CONCLUSIONS

The scientific problem of methodological support of
effective self-defense of ground (surface) objects from
radar home-leading combat elements by stochastic change
in the effective scattering surface of the protected object
with dynamics exceeding the speed of the home-leading
contour of attacking elements has been solved for that
purpose:

— the analysis of the shortcomings of known
approaches based on simulating the effective reflection
center of the protected object beyond its physical
dimensions is performed;

— for the first time, a universal model of a spatially
distributed target observed in a radar home-leading
channel in the form of a limited set of LDA is proposed
and justified;

— based on the new model of a spatially distributed
target, a system of self-defense of ground (surface)
objects from radar homing means is proposed for the first
time. It is based on the deformation of the location of the
effective reflection center with dynamics that exceed the

OPEN a ACCESS

11



p-ISSN 1607-3274 PagioenexktpoHika, iHpopMaTuka, ynpapiinas. 2023. Ne |
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. No 1

inertial capabilities of the home-leading contour of
attacking means.

Practical significance the obtained results are
determined by the proposed method and complex of self-
defense of ground (surface) objects, the priority of which
is confirmed by the patent for the invention, as well as the
data of the model experiment.

Directions for further research there is an
optimization of the number of AR based on the
“efficiency/cost” criterion with reference to the volume
(area) of the protected object.
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AHOTAIIA

AKTYyaJIbHICTh 3yMOBJICHAa HEOOXITHICTIO MOIIYKY HAyKOBO-TEXHIYHUX MIIAXIB 3a0e3reueHHs e(heKTHBHOCTI 3aXUCTy HAa3eMHHUX
(HazBoaHKX) 00’ €KTIB Bi/l BACOKOTOYHOI'O PAKETHOTO KEPOBAHOTO 030POEHHSI.

Mertoro po6oTu € 3abe3nedeHHs eeKTHBHOTO CaMO3aXUCTy 00 €KTIB BiJ] paJIioJIOKAIIfHIX CaMOHABIHUX 3ac00iB.

Mertopa. EnexkrpoaunaMiune MOJETIOBAaHHS €X0-CUTHANTIB BiJl MPOCTOPOBO PO3MOIUICHNX 00 €KTIB 3 ypaxyBaHHAM 0COOIMBOCTEH
X KOHCTPYKIUIT Ta CYIyTHIX eKCIUTyaTaliiHuX OOMEeXeHb.

Pe3yabtaTn. Ha ocHOBI aHami3y HEROMIKIB BiJOMOI METOAMKH 3aXHCTy CTalliOHAPHUX OO’ €KTIB Bif pajiosOKaIifHUX 3ac00iB
CIIOCTEPEIKCHHSI 1 YpaXKEeHHs, OCHOBaHil Ha iMmiTauii eeKTHBHOTO LEHTPY BimoOpaXkeHHs 3a MeXaMmy (i3HIHHUX PO3MIpIB 00’€KTY,
3alpONOHOBAaHA HOBAa METOJMKA IPOTHJII BHUCOKOTOYHOMY BHMIPIOBAHHIO KOOPAWHAT CTAL[IOHAPHUX 1 PYXOMHX Ha3eMHUX
(namBoaHMX) 00’ekTiB. MeToanka 06a3yeThest Ha POCTOPOBI nedopmaltii Micie3HaxoHKkeHHs eEeKTHBHOTO LEHTPY BiAOUTTS Lt 3
JIMHAMIKO0, SIKa TIEPEBHUIIYE 1HEPIIHHI MOXIMBOCTI KOHTYPY aBTO CIIOCTEPESIKEHHS aTaKyloo4oi pakeTd (CHapsay). 3amporoHOBaHa i
0o0TpyHTOBaHa CTPYKTYpHO-QYHKIIOHANIFHA CXeMa TEXHIYHOI peaji3amii METOAWKM Ha OCHOBiI BIIEpIIE 3aIpPOIIOHOBAHOTO
B3a€MO3B 3Ky HECKJIQIHUX KOHCTPYKTOPCHKO-TEXHOJIOTTUHHX PillleHb.

BucnoBku. OTpuMmana NOJANBIINA PO3BHTOK AaHAIITHYHA MOJENb €XO-CHTHAIIB IPOCTOPOBO PO3MOAUIEHHX Ha3eMHHX
(HagBomHUX) O0’€KTIB, sfIKa BpaxoBye crenudiky iX KOHCTPyKMLii, Ta Ha i OCHOBI Bmepliue po3pobieHa yHiBepcaabHa METOIUKA
caM03axHCTy 00’€KTiB BiJ pajiojoKalifHUX 3ac00iB caMOHABEIICHHS, sIKa peali3oBaHa y 3alaTeHTOBAaHOMY CHOCO0I Ta KOMILIEKCI
IUTSL BUKJTIOYCHHS YPaKEHHS 3aXHUIIA€MHUX 00’ €KTiB.

KJIOYOBI CJIOBA: panionokariiiHa TojJ0OBKa CaMOHaBEICHHS, MOJEIb PO3CIIOBaHHS EIEKTPOMArHITHUX XBWIIb, AUISHKA
JIOKJIBHOTO BiIOOpayKeHHs, TIeJICHTallifiHa XapaKTepuCTHKa, KyTOBUH BiIOMBaY, MOJIspU3aNiiiHa penriTKa.

JIITEPATYPA 12. Radar target recognition based on the multi-resolution
1. Kypkorkun B. 1. CamoHaBeIeHUE paker / analysis theory and neural network / [G. Sun, J. Wang,
B. U. Kypkotkun, B. JI. Crepnuros. — Mocksa : Boenuszar, S.Qin, J. Na] //Pattern Recognition Letters. — 2008. —
1990. - 226 c. Vol. 29, N 16. - P. 2109-2115. DOL
2. Kingsley S. Understanding Radar Systems / S. Kingsley, 10.1016/j.patrec.2008.07.006
Sh. Quegan. — Mendham NI : Sci Tech Publishing, 1999. —  13. Luo S. Automatic target recognition of radar HRRP based
375 p. DOIL: 10.1049/SBRA034E on high order central moments features / S. Luo, S. Li
3. Chen R. H. Optimality of Error Dynamics in Missile // Journal of Electronics (China). —2009. — Volume 26. —
Guidance Problems / R. H. Chen, J. L. Speyer, D. Lianos / P. 184-190. DOI: 10.1007/811767-007-0111-3
Journal of Guidance, Control, and Dynamics. — 2012. —  14. Legenkiy M. Numerical modeling of electromagnetic
Vol. 30, Ne 6. — P. 1579-1589. DOI: 10.2514/1.30107 scattering from complex shape object with coating /
4. He Sh. Homing Missile Guidance and Estimation under M. Legenkiy, V. Khrychov // Frequenz. —2022. — Vol. 76,
Agile Target Acceleration / Sh. He, Ch.-H. Lee // Journal of Ne 1-2. P. 75-82. DOLI: 10.1515/freq-2021-0062
Guidance, Control, and Dynamics. — 2018. — Vol. 41, Ne 7. —  15. Bass F. G. Electromagnetic Wave Scattering From Small
P. 1624-1633. DOI: 10.2514/1.G003343 Scatterers of Arbitrary Shape / F. G. Bass, V. D. Freilikher,
5. Boarov S. Evaluation accuracy for homing system of V. V. Prosentsov // Journal of Electromagnetic Waves and
ground-air missile / S. Boarov // Vojnotehnicki Glasnik. — Applications. — 2000. — Vol. 14, Ne3. — P. 269-283,
2006. — Vol. 54, Ne 2. - P. 151-159. DOI: DOI: 10.1163/156939300X00789
10.5937/vojtehg0602151b 16. Meronyka  caMO3aXHCTy  Ha3eMHHX  O0’€KTiB  BiA
6. De Maio A. Modern Radar Detection Theory / A. De Maio, BHUCOKOTOYHMX ~ Pa/IiONIOKAIliHHKUX ~ 3aCO0IB  TOBITPSHOTO
M. S. Greco. — Edison, NJ : Scitech Publishing, 2015. — cnocrepexxeHnss  /  [A. M. 3y6koB,  f. B. Kpachuk,
400 p. DOI: 10.1049/SBRAS509E C. A. Maprunenko ta iH.] // Cyvacui mnpobnemu i
7. Miwa S. Clutter effect on the guidance of a semi-active JIOCATHEHHA B Taly3i pajlioTeXHiKW, TeleKOMyHiKamii Ta
radar homing missile / S. Miwa, F.Imado //Journal of inpopmaniiaux TexHomorid : X MiKHapoIHA HAYKOBO-
Guidance, Control, and Dynamics. — 1986. — Vol. 9, Ne 3. — HpakTHYHa KoHdepeHis, 3anopixoks, 7-9 xostasa 2020 p. :
P.268-273. DOI: 10.2514/3.20102 Te3n jomoBimeil. — 3amopixoxs: HY  «3amopizbka
8. Ocrposutsnos P. B. CratucTiuyeckas Teopus nonirexuikay, 2020. — C. 23-24.
PaZMONIOKALIMM TIPOTKEHHBIX Lened / P. B. Ocrpoutsanos,  17. Ilar. 122340 Vkpaima, MIIK 2020.01 F41H 11/02
@. A. BacanoB. — Mocksa : Paguo u cBs3b, 1982. — 232 c. (2006.01), F41J 2/00. Croci6 cam03aXUCTy Ha3eMHHX ab0
9. Illtarep E. A. PaccesHue paavMOBONH Ha TeNax CIOXKHON HaJBOJHMX O00’€KTiB  Bifl  pajiosnokauifinux  3acobiB
¢dopmer / E. A. IlItarep. — Mocksa : Panguo u cBsass, 1986. — CaMOHABEJICHHA Ta KOMIUIEKC Juis Horo peamisamii /
184 c. A. M. 3y0KkoB, 0. M. KocoB1i0B, B. A. IOnpa,
10. Xpmuos B. C. ll[ogo MOAeNIOBAHHS PO3CISHHA XBHIb HA A. A. 3BoHKO, B. B. Aramamiok, P. B. bybenumxos
06exTi cknanuoi gpopmu / B. C. Xpuuos, M. M. Jlerenskuii (Yxpaina); 3aseEuK HarioHanpHa akamemis CyXOIMyTHHX
// BicHuk XapKiBChKOTO Hal[lOHAJIBHOTO YHIBEPCHTETY iMeHi Bilicbk  imeni rertbmana Ilerpa  Caraiimaunoro. —
B. H. Kapasina. Cepist «Pamiodpizika Ta eNeKTpOHiKa». — Nea201800937 ; zasen. 01.02.18 ; omy6um. 26.10.20, bro.
2018. — Ne 29. — C. 50-56. DOI: 10.26565/2311-0872-2018- Ne 20.
29-07 18. Komm’rorepue MOJICTTIOBaHHS MYJIBTUCIEKTPAIbHOT
11. Sukharevsky O. I. Electromagnetic Wave Scattering by 1ine(oHOBOi OOCTAHOBKM TIPU CAMOHABENEHHI PAKETH Ha
Aerial and Ground Radar Objects (Ist ed) / HazeMHy  nub  /  [A.M.3y0koB, B.A.IOuna,
O. I. Sukharevsky. — Boca Raton : CRC Press, 2015. — I0. M. KocoBoB Ta iH.] / Hayka i Texnika IloBiTpsHHX
334 p. DOI: 10.1201/9781315214511 Cun 360poitanx Cun Ykpainu. — 2016. — Ne 1 (22). — C. 151-
155.
© Zubkov A. M., Kosovtsov Yu. M., Shcherba A. A., Petlyuk I. V., Yunda V. A., 2023
DOI 10.15588/1607-3274-2023-1-1 °"E"a“““




p-ISSN 1607-3274 PanioenextpoHnika, inbpopmaTrka, ynpasminss. 2023. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 1

MATEMATHUYHE
TA KOMIT'IOTEPHE MOJAEJIIOBAHHSA

MATHEMATICAL
AND COMPUTER MODELING

UDC 004.4:004.032.26

COMPARISON OF SHORT-TERM FORECASTING METHODS OF
ELECTRICITY CONSUMPTION IN MICROGRIDS

Parfenenko Yu. V. — PhD, Associate Professor of the Information Technology Department, Sumy State Univer-
sity, Sumy, Ukraine.

Shendryk V. V. — PhD, Associate Professor of the Information Technology Department, Sumy State University,
Sumy, Ukraine.

Kholiavka Ye. P. — Postgraduate student, Information Technology Department, Sumy State University, Sumy,
Ukraine.

Pavlenko P. M. — Doctor of Science, Professor at Air Transportation Management Department, National Aviation
University, Kyiv, Ukraine.

ABSTRACT

Context. The current stage of development of the electric power industry is characterized by an intensive process of microgrid
development and management. The feasibility of using a microgrid is determined by the fact that it has a number of advantages
compared to classical methods of energy generation, transmission, and distribution. It is much easier to ensure the reliability of
electricity supply within the microgrid than in large energy systems. Energy consumers in a microgrid can affect the power balancing
process by regulating their loads, generating, storing, and releasing electricity. One of the main tasks of the microgrid is to provide
consumers with electrical energy in a balance between its generation and consumption. This is achieved thanks to the intelligent
management of the microgrid operation, which uses energy consumption forecasting data. This allows to increase the efficiency of
energy infrastructure management.

Objective. The purpose of this work is to develop short-term electricity consumption forecasting models for various types of
microgrid electricity consumers, which will improve the efficiency of energy infrastructure management and reduce electricity
consumption.

Method. The SARIMA autoregressive model and the LSTM machine learning model are used to obtain forecast values of
electricity consumption. AIC and BIC information criteria are used to compare autoregressive models. The accuracy of forecasting
models is evaluated using MAE, RMSE, MAPE errors.

Results. The experiments that forecast the amount of electricity consumption for the different types of consumers were
conducted. Forecasting was carried out for both LSTM and AR models on formed data sets at intervals of 6 hours, 1 day, and 3 days.
The forecasting results of the LSTM model met the forecasting requirements, providing better forecasting quality compared to AR
models.

Conclusions. The conducted study of electricity consumption forecasting made it possible to find universal forecasting models
that meet the requirements of forecasting quality. A comparative analysis of developed time series forecasting models was performed,
as a result of which the advantages of ML models over AR models were revealed. The predictive quality of the LSTM model showed
the accuracy of the MAPE of forecasting electricity consumption for a private house — 0.1%, a dairy plant — 3.74%, and a gas sta-
tion — 3.67%. The obtained results will allow to increase the efficiency of microgrid management, the distribution of electricity
between electricity consumers to reduce the amount of energy consumption and prevent peak loads on the power grid.

KEYWORDS: Microgrid, machine learning, LSTM model, AR model, forecasting, electricity consumption.

ABBREVIATIONS RMSE is a root-mean-square error;
AR is an autoregressive; MAPE is a mean absolute percentage error.
ARMA is an autoregressive moving average;
ARIMA is an autoregressive integrated moving aver- NOMENCLATURE
age; y; is the value of the time series at time t;

SARIMAX is a seasonal auto-regressive integrated

: . Xyt is an exogenous variables;
moving average with exogenous factors; '

ML is a machine learning; Pt is aregression parameters;

LSTM is a long short-term memory; ¢ Is a non-seasonal autoregression;

MAE is a mean absolute error;
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@, is a seasonal autoregression;
04 is a conditions of non-seasonal moving average;

®y is an average seasonal conditions of movement;

B® is a lag operator;
Z; is anoise;

X¢ IS an entrance;

f; is a forgotten gate;
iy IS an entrance gate;

C isan updating the cell;
C; is a state of the cell;

0; is an output gate;
h is an output;

tanh is an activation function;

52 is an expected variance;

n is a number of input data;
¥ is a predictive value.

INTRODUCTION

The current stage of the power industry development
is characterized by the intensive process of microgrid
development and its integration with the big centralized
electricity grid. The term microgrid is used to refer to an
integrated energy system of small power with distributed
generators and energy consumers. Such an energy system,
as arule, is located on a small area [1].

The feasibility of using a microgrid is determined by
the fact that it has several advantages compared to
classical methods of energy generation, transmission, and
distribution. In Microgrid, the energy produced is mainly
used by local consumers, which ensures a reduction in
losses associated with the transmission and distribution of
energy by electric networks [2].

It is much easier to ensure the reliability of electricity
supply within the microgrid than in large energy systems.
Energy consumers in a microgrid can participate in the
power balancing process by regulating their loads,
generating, storing, and releasing electricity. One of the
main tasks during microgrid management is to forecast
electricity consumption to prevent peak loads on the
power grid [3, 4].

The electricity consumption forecasting task is quite
relevant due to the necessity to correctly load distribution
in electrical networks, ensure their reliable operation and
uninterrupted power supply to consumers [5].

Efficiency in forecasting electricity consumption,
which is evaluated as the correspondence of the required
and actual data, can be achieved by solving the task,
formulated as follows: with the minimum number of
resources, it is necessary to provide consumers with all
the necessary electricity [6]. A similar task often arises for
power grid organizations and large industrial enterprises.
For enterprises, this problem is caused by the fact that
organizations of this type must calculate the demand for
electricity when it is generated or purchased on the

© Parfenenko Yu. V., Shendryk V. V., Kholiavka Ye. P., Pavlenko P. M., 2023
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wholesale market [7, 8]. In addition, such an independent
calculation can also be used as a factor in detecting
commercial losses of electricity, because currently it is
one of the rather serious problems at the stage of
electricity transmission to end users.

Electricity consumers face the task of calculating the
necessary load on the microgrid, which is influenced by
various factors, such as climate, geographical location,
time of day, socio-economic and other factors [16]. From
the available data, it is necessary to select the most
significant ones and make a forecast of energy
consumption [17].

Energy sources in a microgrid system may be
renewable sources of electricity generation from solar
panels and wind turbines, as well as energy stored in
large-capacity storage batteries. Microgrids can also
combine multiple energy sources to provide consumers
with uninterrupted access to electricity. The volume of
electricity consumption is not a stable value, therefore, for
the normal functioning of the microgrid, short-term
forecasting is necessary to determine the future volumes
of electricity consumption [7].

The electricity consumption forecast allows to reduce
risks when making decisions about balancing the
operation of the power system and reducing consumption
by end users.

The total energy consumption of the region depends on
internal changes for the enterprise, the sector of household
consumers and the social sphere [8]. All the changes that
occur in the demand for electric energy pose the task of
maintaining the balance between production and
consumption, because the energy service provider must
fully satisfy the needs of electricity. To forecast energy
consumption, a few stages must be completed [11]:

— carry out a graphic or descriptive analysis of the
available input information about electricity consumption
and factors affecting it;

— study the obtained time series;

— choose forecasting methods and make forecast
models taking into account the influence of external
factors;

— evaluate the received forecast values and choose the
best forecasting model.

There is no standard approach to forecasting
electricity consumption, as each consumer has its own
specific characteristics [5]. Electricity consumption has
cyclical,  specific, and random  components.
Approximately 70-80% of all changes have cyclical
trends. Also, one of the researched factors is the
regularities of a functional nature [6]. These regularities
include deviations explained by relatively well-known
factors that are specific to each consumer. The third
component of the forecast is random variation. When
forecasting, these changes are probabilistic in nature [16].

Microgrid control and operation is carried out using
specialized software. It is designed to monitor, control
and optimize distributed energy for management and
support of local IT infrastructure. For the uninterrupted
operation of the Microgrid, the monitoring of current
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electricity consumption and the forecasting for future time
periods are required, which ensures the energy systems
stability[8].

The object of the study is the process of improving
the microgrid efficiency by forecasting electricity
consumption for different types of electricity consumers.

The subject of the study are the time series
forecasting methods that provide electricity consumption
forecasting with high accuracy for various types of
consumers.

The purpose of the work is the development of
electricity consumption forecast models for various types
of microgrid consumers’, assessment of the forecast
quality of forecasting models.

1 PROBLEM STATEMENT
To calculate the values of a time series at future points
in time, it is necessary to define a functional dependence
that reflects the relationship between the past and future
values of this series [16]:

Z(7) =Dd(Z(r-1),Z(r-2),Z(t-3),..) + & . (1)

Dependency (1) is called the forecasting model. It is
necessary to create such a forecasting model for which the
average absolute deviation of the true value from the
forecast tends to the minimum for a given P [17]:

_ 1 T+P
E== > ler| > min. )
Pt:T+1

The forecasted amount of electricity consumption
depends on the values obtained in the previous time
intervals of consumption.

Consumers of electricity in microgrid can be
enterprises with a permanent or variable work schedule,
household consumers, etc. This necessitates the task to
create a universal forecasting model that will ensure high
forecasting accuracy for all possible users of microgrid
systems.

Short-term forecasting is used for decision support on
the microgrid operation to choose the optimal mode of
operation of the energy supply system, combining
different types of renewable energy sources.

2 REVIEW OF THE LITERATURE

Many domestic and foreign scientists were engaged in
solving the problem of electricity consumption
forecasting as time series forecasting task including using
machine learning methods. To generalize their
experience, we studied some theoretical, methodological,
and applied publications.

The high-precision data on electricity consumption by
households were analysed in [9]. The authors separated
the average demand profiles from demand fluctuations
based solely on time series data and proposed a stochastic
model for quantitative coverage of periodic demand
fluctuations. The authors used the empirical mode
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decomposition (EMD) to decompose the data into a finite
number of functions based on the local properties of the
data.

The authors of the [10] implemented machine learning
(ML) models and described the application of machine
learning for the development of energy collection
(photovoltaics), storage (batteries), conversion
(electrocatalysis), and control (smart grids).

In the study [11], a set of machine learning models of
electricity consumption of a shoe store was built. As
factors were taken: day of the week, day number, week
number, holiday/working day, consumption of the
previous day. The following machine learning methods
were used in [11]: Linear Regression, Random Forest
Regressor, Decision Tree Regressor, KNeighbors
Regressor, LinearSVR. The model trained by the
Random Forest Regressor method showed the best result.

The article [12] analyses the energy consumption of
residential buildings. The model proposed by the authors
generates a hidden space for demand peaks from the data
fed into the long-short-term memory of a convolutional
neural network (CNN-LSTM).

The authors of the article [13] used models based on
the integration of seasonal autoregressive integrated
moving average, Firefly optimization algorithm and
support vector regression (SAMFOR). The comparison
results showed that the SAMFOR model was more
efficient than others such as Seasonal Autoregressive
Integrated Moving Average (SARIMA) and Support
Vector Regression (SVR) models, SARIMA-SVR and
Random Forest (RF) models.

The authors of the article [20-21], on the basis of the
future behavior of the microgrid system, predict the
generation of electricity from the supply of energy
sources. The authors model a system of microgrid with a
large number of interchanges and changes for modeling
the technology of generation of electricity and physical
characteristics. In the article, there is a dynamic structure
with mixed logic, to guarantee the future behavior for the
microgrid, and also to protect the hour of the work of the
accumulative battery. In order to predict inconsistencies
in microgrid, a mechanism of reversal linkage is
introduced to eliminate the problem of additional control
of the horizon. With the help of model predictive control,
the minimization of operating costs is achieved for
planning the behavior of microgrid components.

The forecasting using artificial neural networks is
widely used in modern research in the forecasting of
electricity production and consumption [5]. Neural
network models allow consideration of a large amount of
data that must be processed in real-time and eliminate the
uncertainty factor that further complicates the task of
electricity consumption forecasting. Adaptation and
constant learning makes the use of ML models the most
effective for forecasting electricity consumption.

3 MATERIALS AND METHODS
The main factor that determines the power
consumption regimes of the object supplied with
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electricity in the microgrid is the nature of the electrical
loads, which are generally divided into three types [3]:

— household — the load consumed by the population
(residential buildings, dormitories);

- social — the load consumed by social objects (shops,
schools, cinemas, etc.)

— industrial — the load consumed by enterprises with a
permanent or variable work schedule.

To take into account all possible consumers,
predictive models of electricity consumption are built on
three data sets:

—household - a residential house;

- social — a gas station;

— industrial — a dairy plant.

Electricity consumption data was collected
automatically every hour and entered into a database.
Also, additional data such as ambient temperature, wind
speed, and daylight length were used.

After a literature review, autoregressive models and
machine learning models for electricity consumption
forecasting were chosen. Nowadays they are the most
popular time series forecasting models because, in most
of the analysed articles, they showed better forecasting
quality.

Autoregressive models are a statistical method of time
series analysis. They use the linear dependence of the
future value of the forecast on some number of previous
values of the time series [3]. One of the main
disadvantages of autoregressive models (AR, ARMA) is
the inability to work with non-stationary data [10],
therefore, the SARIMAX model was chosen. The
SARIMAX model is a seasonal autoregressive integrated
moving average model that considers exogenous variables
that influence the determination of the forecast value.

Yt =Bo+B1 X1t +B2 Xo ¢+ +Bk Xgt +

2 q s 28 Qs

(-0, B0, B2, BN (1-0, % -0, 8% -0, 8%) _ (3)
+ Zt,

(1-¢, B—p, B2——¢ BP)1-0, BS -0, B2 —.—0, BPS)
$15-02 ®p 1 2 P

A machine learning model such as long-short-term
memory (LSTM) network was also chosen for short-term
electricity consumption from microgrid (Figure 1). LSTM
is a recurrent neural network (RNN) [15] for forecasting
time series under conditions where peak values have
uncertain periodicity. An advantage over other time series
forecasting methods is the insensitivity to noise and
outliers.

Figure 1 — LSTM Neural Network Architecture [22]
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The principle of the model is as follows: first, the level
of the forgetting filter determines what information can be
forgotten or retained:

fe =o(Ws -[h_y. % ]+Db¢). 4)

Then the new information in the state of the cell is
selected. In the next step, the input filter layer (sigmoid
layer) updates the data. The tanh layer then creates a
vector of new candidate values C;, that can be added to

the state of the cell:
it = o(W; -[he_g.%c]+D;), (5)

Cy =than(W, -[hy_3,% ] +b), 6)

The next step is to replace the old state of the cell with
a new one:

Ct = ft . thl + it . Ct' (7)
The last step is to select the source information.

0oy = 6(Wp -[ht1,%1+0), (8)
hy = o -than(Cy). 9)

Information criteria are used to select the best
parameters for the autoregression model. They allow you
to compare models with each other and cannot test
models in the sense of statistical hypotheses checking.

Akaike (AIC) — the criterion for assessing the quality
of statistical models, that is defined as follows:

2(p+q+1)
-

AIC = In(6%) + (10)

The Bayesian Information Criterion (BIC) is based on
finding the maximum of the likelihood function. BIC is
defined as follows:

B|C:|n(;,2)+w, (11)
n

To compare various forecasting models forecasting

accuracy estimates are used.

Mean absolute error (MAE) is the arithmetic mean of
absolute errors, calculated as follows:

10 .
MAE =—Z|yi - y,|.
i

(12)

The root mean square error (RMSE) is the square root
of the root mean square error, calculated as follows:

18,
RMSE = |=>"|yi - -
Nzt
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The mean absolute percentage error (MAPE) is the
mean absolute percentage deviation calculated as follows:

n
MAPE =&Z
n

i=1

Yi— Vi

% 14
" (14)

Forecasting errors are used to evaluate the quality of
the developed forecasting models. Checking the accuracy
of the built models allows to change the input parameters
of the models to increase the forecasting accuracy. The
forecasting model meets the accepted requirements if the
value of the MAPE parameter is less than 5%.

4 EXPERIMENTS

The study was carried out in several stages. First, sev-
eral types of consumers with various sources of electricity
consumption were selected, then different forecasting
time intervals were considered. A microgrid system with
renewable sources of electricity has been installed at all
these consumers. Solar panels have been installed for a
residential house and a gas station, and a wind generator
for a dairy plant. Renewable sources partially cover the
need for electricity.

A data set containing information on -electricity
consumption in a two-story private house was selected as
a household consumer (Table 1).

Table 2 — An example of a data set for a gas station

Date (\l/:/:/uhe) Indication Iairzgy Month [Week| Hour
01.01.2020 0:00 | 29.0 68.0 36190 | 11 44 0
01.01.2020 1:00 | 60.0 136.0 36190 11 44 1
01.01.2020 2:00 | 61.0 136.0 36190 11 44 2
01.01.2020 3:00 | 61.0 136.0 | 36190 | 11 44 3
01.01.2020 4:00 | 61.0 138.0 36190 11 44 4

The volume of electricity consumption at the gas
station increases at night and in the cold season (Fig. 3).

Observed
e &

end
48
v oo

Seasonal
P
Ll -1

Residual
|
=
2o

h‘n fs;r Jul O!Ct ;a'n N;r Il.'il Oct Jan
2011 2012 2013
Date

Figure 3 — Time series decomposition for gas station

Industrial electricity consumption data was provided

by the dairy plant (Table 3).
Table 1 — An example of a data set for a residential house .
D Table 3 — An example of a data set for a dairy plant
Date Value | Day of notes |Hour|Month Length of Value |Length Day of 1
(kKwh) | week day Date I 1o | week y Hour
00| 1.057 | 2 kday| 0 |3 49834 (kWh) | of day week
01.01.2018 0:00) 1. weekday une 01012013 0:00| 223 | 42449 | 17 | 39 6 0
01.01.2018 1:00| 1.171 2 |weekday| 1 June | 49834 01.01.2013 1:00| 215 | 42449 | 16 39 6 1
01.01.20182:00| 0.560 | 2 |weekday| 2 | June | 49834 01.01.20132:00| 218 | 42449 | 16 | 39 6 2
01.01.20183:00| 0.828 | 2 |weekday| 3 | June | 49834 01.01.20133:00f 210 | 42449 | 14 | 39 6 3
01.01.20134:00| 214 |42449 | 14 | 39 6 4
01.01.2018 4:00| 0.932 2 |weekday| 4 | June | 49834

The level of electricity consumption in the house
increases at night and during the hot season (Fig. 2).

Value (kwh)

0
2018-012018-04 2018-07 2018-10 2019-01 2019-04 2019-07 2019-10 2020-01
€

& 085 %

2018-012018-04 2018-07 2018-10 2019-01 2019-04 2019-07 2019-10 2020-01

2 0.90 1

25
0.0
2018-012018-04 2018-07 2018-10 2019-01 2019-04 2019-07 2019-10 2020-01

25
0.0 4

=25 T T T T T T r
2018-012018-04 2018-07 2018-10 2019-01 2019-04 2019-07 2019-10 2020-01

Seasonal

Resid

Figure 2 — Time series decomposition for residential
consumer

The social electricity consumer is a gas station
(Table 2).

The amount of electricity used at the dairy plant
increases during the day and during the hot season

(Fig. 4).

Consumption
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—— |
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0.25
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Figure 4 — Time series decomposition for dairy plant

Resid

Data from the above sources contained gaps that were
filled with the average value of neighbouring indicators.
The decomposition of the time series showed a seasonal
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component, a large number of residuals, and the absence
of a trend. Weather indicators of the environment,
duration of a sunny day were taken as additional data.

The Python programming language and the Google
Colab development environment were used to forecast the
time series. The SARIMAX model was built for a
residential house with the following parameters: p = 0,
d=1,q=3,P=1,D=2,Q=1, m=12. The day of the
week and the current time are chosen as exogenous
parameters. The parameters which are shown in Table 4,
provided the best values of the information criteria for a
residential house.

Table 4 — Coefficients of the SARIMAX model for a
residential house

coef std err z [0.025 | 0.975]
Dayof | 0039 | 0004 | 0907 | —0.004 | 0.012
week
Hour | 0.0165 | 0.002 | 10.606 | 0.013 | 0.020
arLl | 0.6891 | 0004 | 162.102 | 0.681 | 0.697
mall | -0.9856 | 0001 | oo | -0.988 |-0.983
arS.L12 | —0.2341 | 0.006 | —40.045 | —0.246 | -0.223
maSL12 | -0.9450 | 0002 | o0 | -0.948 [-0.942
sigma2 | 02242 | 0001 | 221.779 | 0.222 | 0.226

For the gas station, the SARIMAX model was built
with the following parameters: p=1,d=1,9q=3,P =1,
D=1 Q=1 m=12. The length of the day and the
current time are additional data (Table 5).

Table 5 - Coefficients of the SARIMAX model for a gas

station
coef |std err z [0.025 [0.975]
Length of day | 0.0033 | 0.002 | 1.365 |-0.001|0.008
Hour 0.0285 [ 0.020 | 1.429 |-0.0110.068
ar.L1 0.7650 | 0.004 |187.115 |0.757 |0.773
ma.L1l -1.0199 | 0.002 |-616.789 |-1.023 |-1.017
ar.S.L12  |-0.5938 | 0.004 |-132.943 |-0.603 |-0.585
ma.S.L12 |-1.2057]0.005 |-251.137 |-1.215|-1.196
sigma2 8.4633 | 0.083 |102.044 |8.301 |8.626

For the dairy factory, the SARIMAX model was built

Another model for forecasting was the LSTM machine
learning model. The model was built using the Keras
library for Python. The model is built on four layers. First
the Sequential class is instantiated, then the LSTM layers
and the Dropout and Dense auxiliary layers are added.
The number of neurons in the LSTM layer is indicated.
Return_sequences parameter is set to “true” to add the
following data. The parameter Input_shape indicates the
number of time steps, and output shape shows the
number of indicators. A dropout layer is added to avoid
retraining. To ensure the reliability of the prediction, a
Dense layer with the number of neurons 1 is added. The
model for training uses 20 epochs, the data batch size is
100 (Table 7).

Table 7 — Coefficients of the LSTM model

Layer Shape Param
LSTM 100 52400
Dropout 100 0
Dense 1 101
Total params 52.501
Trainable params 52.501
Epochs 20
Batch size 100

Input values of the LSTM model for all types of
consumers are indicators of hourly electricity
consumption, the length of the day is used as an
additional value. The coefficients of the LSTM model
were selected in such a way that when the type of
electricity consumers changed, the forecasted accuracy
remained at a high level.

5 RESULTS

Experiments on forecasting volumes of electricity
consumption for selected data sets were conducted. The
predictive quality of the models was checked on test data.
The selected models forecast hourly electricity
consumption for 6 hours, 1 day, 3 days ahead.

The results of testing the forecasting accuracy of the
SARIMAX model are in Table 8.

Table 8 — Forecasting accuracy of the SARIMAX model

; i — - - - Forecast period/
with the following parameters: p=1,d=0,q=1,P =1, Assessment of accuracy 6 hours 1 day 3 days
D=1, Q=1 m = 12. The length of the day and the
ambient temperature serve as auxiliary data (Table 6). - MAE 36.6893 | 49.8139 | 64.2426
C
[+
Table 6 — Coefficients of the SARIMAX model for a > RMSE 507658 | 1102718 | 118.1284
; £
dairy plant a MAPE (%) 11.4544 | 13.1783 17.6610
coef |stderr z [0.025 | 0.975]
MAE 0.1145 0.2226 0.2393
Length of day | 0.0010 | 0.003 | 0.366 | -0.004 | 0.006 =
g
T 22368 | 0.156 | 14.346 | 1.931 | 2.542 g3 RMSE 0.1066 0.0043 0.3135
n C
[
ar.L1 0.8849 | 0.004 | 246.114 | 0.878 | 0.892 o MAPE (%) 0.0021 0.0070 0.0647
ma.L1l -1.0000 | 0.022 | -46.128 | -1.042 | -0.958 MAE 4.3309 4.6415 5.1155
c
o
ar.S.L12 | -0.4206 | 0.008 | -55.627 | -0.435 | —0.406 i RMSE 115534 | 129961 -
ma.S.L12 | -0.8688 | 0.004 |-214.637 | -0.877 | -0.861 @
o MAPE (%) 5.6638 9.0617 11.5512
sigma2 | 860.8387 | 19.769 | 43.545 |822.092 |899.585
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Forecasted by the SARIMAX model and the actual
values of electricity consumption by the dairy plant are
shown in Fig. 5.

— Actual

r\m Forecast
| /

Comparison of model loss

Consumption, kKWh

Y

J

)

OSITO0 DSI712  O0S3300 052312 052300 05291 053058
Date
Figure 5 — Actual and forecasted values of electricity

consumption by the dairy plant using the SARIMAX model

As a result of using the LSTM model built on
parameters (Table 7), forecasting results (Table 9) were
obtained for three types of electricity consumers.

Table 9 — LSTM model forecasting quality

Forecast period/

Assessment Opf accuracy 6 hours 1 day 3 days
MAE 15.4205 | 26.3461 | 24.5023

g g RMSE 20.5534 | 35.6533 | 32.5615
ey MAPE (%) | 3.7420 6.7309 6.6436
o o MAE 0.0902 0.0596 0.0908
283 RMSE 0.1048 0.0784 0.2396
& 2 [ MAPE (%) | 0.1586 0.1631 0.1243
- MAE 2.2020 3.0619 2.2143

§ -% RMSE 2.4266 3.8967 2.9812
& MAPE (%) | 3.6706 6.0989 4.6605

Forecasted by the LSTM model and the actual values
of electricity consumption by the dairy plant are shown in
Fig. 6.

The loss function (Fig. 7) was used to adjust the
model, it is used to adjust the weights during the next
evaluation of the model.
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Figure 6 — Actual and forecasted values of electricity
consumption by the dairy plant using the LSTM model

DOI 10.15588/1607-3274-2023-1-2

20

2200
ors Loss
Validation loss
oo1se
24115
gnom
oars
o I
B0 25 S0 75 M RS 18 DS
Epochs

Figure 7 — Dependence of LSTM network loss on the number of
training epochs on the dairy plant data set

6 DISCUSSION

The following conclusions can be drawn from the
analysis of the results of the forecasting of electric energy
in Microgrids. The SARIMAX model does not meet the
requirement for forecasting electricity consumption. This
model can only be used for short-term forecasting (from 1
hour to 6 hours). Only the prediction of electricity
consumption for a private house using the SARIMAX
model showed a slight advantage in predictive quality.

The forecasting results of the LSTM model met the
forecasting requirements, providing better forecasting
quality compared to AR models.

Compared to existing electricity forecasting works [7-
12], forecasting results for the private sector have been
significantly improved. The quality of forecasting of the
LSTM model with the proposed parameters showed better
results and forecasts than in the reviewed works. The
proposed universal model showed high forecasting results
for the considered types of consumers, compared to
articles [10] where model parameters need to be
constantly adjusted to obtain competitive forecasting
results.

CONCLUSIONS

A study of the forecasting of electricity consumption
by various types of consumers was conducted, which
made it possible to develop universal consumption
forecasting models that meet the requirements of forecast
quality.

Autoregressive models for selected data sets are built
with different values of input parameters. Since the
SARIMAX model is sensitive to the input data, there is a
need for a large number of values (6-10 seasons) unlike
the LTSM model. The parameters of the forecasting
models were selected experimentally. The forecasting
quality of each model was compared by conducting a
series of experiments for each data set and for each time
interval.

The comparative analysis of the developed time series
forecasting models made it possible to draw a conclusion
about the advantages of ML models over AR models. The
forecasted quality of the LSTM model showed the
accuracy of the MAPE of electricity consumption
forecasting: for a residential house — 0.1%, a dairy —

3.74%, and a gas station — 3.67%.
OPEN a#CCESS m
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The scientific novelty consists in building a universal
forecasting model that provides high forecasting accuracy
for different types of microgrid consumers.

The practical significance is that the developed
forecasting models are used in decision support system
for microgrid real-time operation. It allows effectively
implement microgrid technology to increase the
efficiency of energy infrastructure management and
reduce electricity consumption.

Prospects for further research include the
development of intelligent information technology to
support decision-making and a set of software tools for
energy infrastructure management, which will increase
the efficiency of decision-making at various levels of
energy infrastructure management.
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AHOTANIA

AKxTyanbsHicTh. CyyacHHIi eTal pO3BUTKY €JIEKTPOSCHEPTeTHKH XapaKTePH3y€eThCS IHTEHCHBHHUM MPOLIECOM PO3BHUTKY Ta YIPaBIiHHS
Mikpomepeskero. JIOinbHICTh BAKOPUCTAHHS MIKPOMEPEKi BU3HAYAETHCS THM, II0 BOHA Mae HU3KY IepeBar MOPIBHSHO 3 KIACHYHUMU
METOZIaMH TeHepallii, mepefayi ta po3noAity eHeprii. 3a0e3neunTy HaIiMHICTh €IEKTPOIOCTAuYaHHs B MIKpOMEpeKi HabaraTo Jieriie,
HDK y BEIMKHUX IEHTPOJi30BaHUX eHeprocucreMax. CHoKuMBadi eHeprii B MiKpoMepeki MOKYTh BIUIMBAaTH Ha Mpolec OanaHCyBaHHS
CIIEKTPOCHEPTii, PEryIIOI0UN CBOI HABAHTAKCHHS, TEHEPYIOUH, HAKOMMYYIOUH Ta BiMTyCKalO4M eJeKTpoeHepriro. OIHUM i3 TOJIOBHUX
3apaanb Microgrid e 3abe3nedeHHs ClIOKMBaYiB CICKTPUYHOIO SHEepriero B GanaHci Mix ii reHepariero Ta crioxusanHsM. e gocsraers-
sl 3aBIUSIKM IHTEJICKTyallbHOMY yIpaBIliHHIO poboToro Microgrid, sike BUKOPHCTOBYE JaHi MPOrHO3yBaHHs eHeprocroxusanHs. e j1o-
3BOJISIE MiZBUIUTH €()EKTHUBHICTD YIPaBIIiHHS €HEPreTHYHOIO iH(YPaCTPYKTyporo, poOHTH i OLIBII CTiHKOIO.

MeTta. Metoro 1aHoi po6oTH € po3podka MoieNeil KOPOTKOCTPOKOBOTO ITPOTHO3YBAHHSI CIIOKUBAHHS €JICKTPOCHEPTii JUIs Pi3HUX
THITB CMIOXWBAYiB eyekTpoeneprii y Microgrid, 1o 103B0nuTh migBUIIKTH ¢)EKTHBHICTD YIPABIiHHI CHEPreTHIHO iH(pACTPyK-
TYPOIO Ta 3arajoM 3MEHIIHUTH CIIO)KHBAHHS eJIEKTPOCHEPTii.

Mertopa. [{isi OTpMaHHS IPOTHO3HUX 3HAYECHb CHOXKHUBAHHS EIICKTPOCHEPTii BUKOPHCTOBYIOTHCS aBTOperpeciiina mozxens (AR)
SARIMA ta mozens mamuaHoro Hap4dauus (ML) LSTM. Indopmamiiiai kputepii AIC i BIC BUKOPHCTOBYIOTBCS ISl IOPIBHSIHHS
aBTOperpeciiiHux mMoneneid. TouHicTs Mozienell MPOrHO3yBaHHS OIHIOETECA 3a JoroMoroto nommiok MAE, RMSE, MAPE.

Pe3yabTaTn. [IpoBeneHo eKCrIepMMEHTH 3 IPOTHO3YBAaHHS OOCSTIB CIIOXKHBAHHS €JIEKTPOSHEPTil JUIS Pi3HUX THIIB CIIOKHBAYIB.
[Iporuo3yBaHHs MPOBOIUIOCS SIK 3 BUKOpHCTaHHAM Mojeineit LSTM, Tak i moneneit AR Ha chopmoBanux Habopax JaHMX 3 iHTepBa-
JIaMH KOXHY TOJUHY mpoTsroM 6 roxus, 1 jeHs i 3 qui. Pe3ynbTaTi mporHo3yBaHHsS 3 BUKOpUCTaHHSAM Mozaeni LSTM Binmosinamu
BUMOTraM, 3a0e31e4uyIouy Kpallly sSKiCTh IIPOrHO3yBaHHS MOPIBHAHO 3 aBTOPErPeCiiiHUIMH MOJIEIAMH.

BucHoBku. IIpoBenene IOCHIIKEHHS MPOrHO3YBAaHHS CIIOXKHMBAHHS €JIEKTPOSHEpPril J03BONMIIO 3HAWTH YHiBepcalbHI MOAENi
MIPOTHO3YBaHH!, fKi BiINOBIAAIOTH BUMOTAaM SKOCTi MPOrHO3yBaHHA. [IpoBeneHO MOPIBHAIBHUI aHAaMi3 PO3poOICHUX MOIeNneit mpo-
THO3YBaHHS YaCOBUX PsiB, y pe3yJIbTaTi SKOTO BHUsBJIEHO mepeBaru moneneil ML nepen monemssmu AR. TIporHoctiyHa SIKiCTh MO-
neni LSTM nokazana tounicte MAPE nporno3yBaHHS CIIOXKHBaHHS €JICKTpOeHeprii uist nmpuBatHoro Oymuuky — 0,1%, Monoko3a-
Boxy — 3,74%, A3C — 3,67%. OTtprMaHni pe3ynbTaTH JO3BOJIATH MiABUIIUTH €(EKTUBHICTD YIPABIIHHI MIKpOMEPEXKEI0, PO3IOILTY
SJIEKTPOCHEPTii MiXk CIIOKMBAa4aMHU JUIsl 3MEHIICHHS 3araJIbHAX OOCSATiB CIIOXKUBAHHS eHepril Ta 3amobiraHHs BUHUKHEHHS MIKOBHX
HaBaHTA)XCHb.

KJIIOYOBI CJIOBA: Mikpomeperka, MalnHHe HaBuaHHs, Moaens LSTM, mozxens AR, mporHo3yBaHHs, CIIOXKHUBAHHSI €IEKTPO-
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ABSTRACT

Context. In modern medical practice the automation and information technologies are increasingly being implemented for diag-
nosing diseases, monitoring the condition of patients, determining the treatment program, etc. Therefore, the development of new and
improvement of existing methods of the patient stratification in the medical monitoring systems is timely and necessary.

Obijective. The goal of intelligent diagnostics of patient’s state in the medical monitoring systems — reducing the likelihood of
adverse states based on the choice of an individual treatment program:

— reducing the probability of incorrectly determining the state of the patients when monitoring patients;

— obtaining stable effective estimates of unknown values of treatment actions for patients (corresponding to the found state);

— the choice of a rational individual treatment program for the patients, identified on the basis of the forecasted state.

Method. Proposed methodology, which includes the following computational intelligence methods to patient’s stratification in
the medical monitoring systems:

1) method of cluster analysis based on the agent-based approach — the determination of the possible number of patient’s states us-
ing controlled variables of state;

2) method of robust metamodels development by means artificial neuron networks under a priori data uncertainty (only accuracy
of measurements is known) in the monitoring data: a) a multidimensional logistic regression model in the form of analytical depend-
ences of the posterior probabilities of different states of the patients on the control and controlled variables of state; b) a multidimen-
sional diagnostic model in the form of analytical dependences of the objective functions (quality criteria of the patient’s state) on the
control and controlled variables of state;

3) method of estimating informativeness controlled variables of state at a priori data uncertainty;

© Bakumenko N. S., Strilets V. Y., Ugryumov M. L., Zelenskyi R. O., Ugryumova K. M.,
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4) method of robust multidimensional models development for the patient’s state control under a priori data uncertainty in the
monitoring data in the form of analytical dependencies predicted from the measured values of the control and controlled variables of
state in the monitoring process;

5) method of reducing the controlled state variables space dimension based on the analysis of the variables informativeness of the
robust multidimensional models for the patient’s state control;

6) method of patient’s states determination based on the classification problem solution with the values of the control and fore-
casted controlled variables of state with using the probabilistic neural networks;

7) method of synthesis the rational individual patient’s treatment program in the medical monitoring system, for the state identi-
fied on the basis of the forecast.

Proposed the structure of the model for choosing the rational individual patient’s treatment program based on IT Data Stream
Mining, which implements the «Big Data for Better Outcomes» concept.

Results. The developed advanced computational intelligence methods for forecast states were used in choosing the tactics of
treating patients, to forecast treatment complications and assess the patient’s curability before and during special treatment.

Conclusions. Experience in the implementation of “Big Data for Better Outcomes” concept for the solution of the problem of
computational models for new patient stratification strategies is presented. Advanced methodology, computational methods for a
patient stratification in the medical monitoring systems and applied information technology realizing them have been developed. The
developed methods for forecast states can be used in choosing the tactics of treating patients, to forecast treatment complications and
assess the patient’s curability before and during special treatment.

KEYWORDS: Information Technology Data Stream Mining, Medical Monitoring Systems, Machine Learning Methods,

Mathematical Models and Methods for Patient Stratification.

ABBREVIATIONS
ANN is an artificial neural network;
DM is a decision-makers;
CDSS is a computer decision support system;
IDS is an intellectual diagnostics of systems;
MFFN is a multilayer feedforward artificial neural
network;
MMS is a medical monitoring system;
RBF is a radial-basis function neural network.

NOMENCLATURE
X © isan input vector of state parameters values;
F is a vector of state’s target functions;
P is a number of the elements in the dataset;

Hq is a dimension of the input vector;
Hy+1 is a dimension of the output vector;

F(K+D s an output vector of the ANN model;
K is a number of neuron in the hidden layer;

X; is a set of the elements from j" cluster;

Xjp is p" vector of the element in the " cluster;

Pj is a number of elements in the j™ cluster;

k" is a number of clusters;
d()‘(jp,(:j) is an intra-cluster distance;

dl(ijp,éj) is Manhattan distance;

MD? is Mahalanobis distance;
Dy, is Kullback-Leibler entropy;
Wjp is @ membership matrix;

6J- is a vector of cluster’s centers;

M (6 j) is an average measure of the intra-cluster dis-

tance;

LF(x) is a loss function;

Z is a target set of pairs of cluster’s number and num-
ber of elements in them;

Z is a solution of an optimize problem;
k; is the cluster’s number;

© Bakumenko N. S., Strilets V. Y., Ugryumov M. L., Zelenskyi R. O., Ugryumova K. M.,
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Dy is correctness set;
p()?jp , 6]-) is Cauchy distribution;
n is a parameter of Cauchy distribution;

n is an iteration number;

N is total number of iterations;

kt(”) is estimated number of clusters on the n™ itera-
tion;

f; is selection function’s values at the ANN output;

Xp is parameter’s value at the input layer;

MV is selection function of the MV-problem;

& is significance level;

fq: is a fitness function;

fi* is required value of the selection function;

c?_ b is standard deviation of the selection function;
i

B¢ is regularization parameter;

n, is number of measurements for fixed state;

2 e o :
X,p 18 chi-squared test;

d; is metric of the state’s space;
Ly is convergence acceleration factor;

Ui fi*) is membership functions;

f; ()Z (0)) is fitness function value;
62_ is standard deviation of variables value f;;

fifp is required values of the function for p™ training

set;

f° is normalized values of a variables or target func-
tions;

fis current values of a variables or target functions;

fmin 1S Minimum value of a variables or target func-
tions;

fmax 1S maximum value of a variables or target func-
tions;

It is slope factor of the activation function;
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bt is slope factor of the function th();
G:((o) is required standard deviation of the input data;
h

Xr(]%ax is maximum value of the input data variables;
X é%in is minimum value of the input data variables;

D, is training dataset;

L is dimension of the training dataset (state’s space);
M is search variables set;

M is variables subset from D, set;

Dr, is dispersion of the target function, in decibels;

Dl(:Q) is dispersion of the base (linear) model;

D,(:f'"Ode') is dispersion of the other model;

D, is subset of informativeness variables;
Xy IS the covariance matrix of variables X, and X;;
ox, Isthe standard deviation of X;;

r, are the correlation coefficients between X; and X,
(I=1...L, n=1...L);

E; is a signal energy;

Ain is the informativeness coefficients;

Dq is monitoring results;

Q is dimension of monitoring data;

I1° is design and regime parameters;

UC is control variables;

@° is phase variables;

t is forecast moment;

T, is lower forecast moment;

T, is upper forecast moment;

a? is relative error;

Y is control state model;

Q is diagnostic model;

WY is quality criteria of the patient’s condition;
I is dimension of time series q°;

X" is vector of observed symptoms of unidentified
precedent;

XI,...,XZ are principal components projections of

— %

X,
A is number of the principal components;
ci are the classes centers (I, k=1...A);
p(Ry+) is the probability distribution density agreeing
to the Student’s t-law;

<>Zm> is average projections value principal compo-

nents vector of the observed symptoms of layer samples
element;

I'() is gamma function;

K, is number of precedents in I class, I=1...A;

Ky is number of precedents in k" class, k=1...A;

Y nooled 1S the combined correlation matrix for the con-
sidered scenarios (for classes);

P(Ry) is a prior probability of the classes realization;

X is quasisolution of MV-problem;
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t; is Student’s coefficient for considered function f;
Ror is Romanovsky’s coefficient for considered func-
onf;
M,[ ] is mathematical expectation with significance
level o

* . . .
Xp s required variables values X, for prototype;

* . « o e .
o Is required mean deviation values of variables X,
for prototype;
Sx, is mean square deviation of variables x, € X 0.

* . ., .. .
o, Is the mean deviation values of decision making

criterion f; for prototype;
of, is mean square deviation of decision making cri-

terion f; e F;
vy is a regularization parameter;

time is the value of the survival time for the patient af-
ter undergoing treatment.

INTRODUCTION

The actual problems of modern medicine — the prob-
lems of assessing the states, forecasting the outcome of
diseases, the effectiveness of treatment methods, assess-
ing the likelihood of complications in patients — can be
solved based on the use of advanced machine learning
methods and information technologies that implement
them. That’s why developing an applied information tech-
nology for patient stratification in medical monitoring
systems based on advanced machine learning methods is
an actual scientific and practical task.

An MMS consists of monitoring hardware for the pa-
tient’s condition, decision makers (physicians) and CDSS.
The aim of such systems — to ensure continuous observa-
tion, information collecting, data processing and analyz-
ing patient’s condition, forming recommendations for
treating [1, 2].

National ~Aerospace University named by N.
Zhukovsky “Kharkiv Aviation Institute” for more than 15
years has been developing applied information technology
for patient stratification in medical monitoring systems
based on machine learning methods. The university has
developed its own software to accomplish the assigned
problems and has qualified personnel who participate in
international projects in the field of applied mathematics,
statistics, and machine learning. In cooperation with the
Kharkov National Medical University, the developed
software is being tested for stratification of patients with
prostate cancer, squamous cell carcinoma of the head and
neck [3-14]. The developed methods for forecasted states
are also planned to be verified on the data obtained in
various oncological pathologies and to use them in choos-
ing the tactics of treating patients, to forecast treatment
complications and assess the patient’s curability before
and during special treatment.

The material and technical support and personnel base
of the Kharkov National Medical University allows col-
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lecting data on the course of treatment of cancer patients
receiving chemoradiation treatment, using the whole
range of non-invasive diagnostic methods, a wide range
of tumor markers. Working with patients is regulated by
the Bioethics and Deontology Committee and complies
with international GCP standards.

As part of the implementation of projects, an innova-
tive strategy is proposed for choosing a rational individual
tactics for treating patients based on forecasted states
identified using robust stratification methods, which will
improve clinical results and prevent complications.

It is also planned to collect data on patients with can-
cer who have undergone COVID-19 bhefore starting
treatment and to assess the effect of the latter on the tim-
ing of the start of radiation and chemotherapy, depending
on the severity of post Covid’s syndrome.

This paper shows computational models for process-
ing and research about a patient’s condition and his body
functioning based on the “Big data for better outcomes”
concept for MMS.

The object of study is the processes for predicting the
states and choosing individual treatment programs for
patients based on monitoring data.

The subject of study is the computational intelligence
methods to patient’s stratification in the medical monitor-
ing systems.

The purpose of the work is to reduce the likelihood
of adverse states for patients in medical monitoring sys-
tems based on the choice of an individual treatment pro-
gram by means of computational intelligence methods.

1 PROBLEM STATEMENT

Reducing material costs and time of forecasting of the
patients’ states in the medical monitoring systems are
possible through the automation forecasting process of the
patient’s states using information technology Big Data.
We define Big Data as an information technology based
on the use of approaches series, tools and processing
methods of the structured and unstructured data of large
volumes and considerable variety to obtain the results for
DM that are effective in conditions of continuous increase
and distribution by numerous nodes of the computer net-
work data stream.

The goals of intelligent diagnostics of patient’s state in
the medical monitoring systems:

— reducing the likelihood of adverse states based on
the choice of an individual treatment program;

— reducing the probability of incorrectly determining
the state of the patients (errors of the third kind in classi-
fying the state of the systems) when monitoring patients;

— obtaining stable effective estimates of unknown val-
ues of treatment actions for patients (corresponding to the
found state);

— the choice of a rational individual treatment program
for the patients, identified on the basis of the forecasted
state.
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The aim of the investigation is to develop advanced
methodology for solving the synthesis problem of pa-
tient’s individual treatment program in the medical moni-
toring systems by means of computational intelligence
methods for the medical information analysis and applied
information technology realizing them by means of new
robust estimation methodology (M-estimation) based on
the concept of invariance of the theory of optimal control
and apply it to solving nonlinear multidisciplinary prob-
lem of under uncertainty.

Let us input data ()Z ©), If)p, p=1.P are the results

of the anamnesis (personal, visual examination, laboratory
data), these are statistical data (dataset) from the observed
patients, accumulated by medical institutions, as well as
the individual results of patient monitoring, considered as
training pairs. An input vector and output vector is of di-
mension Hy and Hy. respectively.

The data model, such as information from the ambula-
tory card, formed by experts (physicians).

Statistical data (dataset) from the observed patients
had transferred to the database storage Big Data from
medical organizations.

Each patient must be able to contribute their own
monitoring results to the database.

Data processing and diagnostic results transmission
carried out by using Internet resources, which is available
to every user, including the use of CDSS on remote serv-
ers.

Structuring new mathematical statements and devel-
oping computational methods is necessary for solving the
synthesis problem of a patient’s individual treatment pro-
gram in the medical monitoring systems by means of
computational intelligence methods, in stochastic formu-
lation (MV-problem).

On the result of processing the input data, you need to
find the following:

— the required number of controlled state variables for
the classification of states (single or multiple diseases,
and their corresponding disease stages);

— results of the patient’s condition classification (sin-
gle or multiple cases and their corresponding disease
stages);

— estimates of survival rates and clinical effectiveness
of the treatment;

— quality of life assessments for patients during treat-
ment and in the follow-up period;

— results of informative monitored condition variables
synthesis for patients individually at the current point in
the monitoring process;

— results of predicting the time series of monitored
state variables (including medical influences);

— justification of the time intervals choice for measur-
ing values of controlled variables during monitoring de-
pending on the disease stage;

— the results of predicting patient conditions that can-
not be assessed using current clinical, laboratory and in-
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strumental methods (e.g. hormone resistant prostate can-
cer);

— selection of an individual treatment regimen (medi-
cal interventions) depending on the patient’s condition in
order to minimize the risk of serious adverse events.

Such developments compared to existing methods will
ensure a reduction in the probability of incorrectly deter-
mining the state of the systems (errors of the third kind in
classifying the state of the patients), as well as obtaining
stable effective estimations of the unknown values vari-
ables (corresponding to the found state).

2 REVIEW OF THE LITERATURE

Over the past decade, as a result of cooperation, the
authors have developed the methods for solving such
problems:

— formation of a subset of controlled variables of state,
the values of the quantities of which are check in by
measuring instruments [3, 9];

— patient’s classification of state results [4, 6, 7, 9];

— informativeness evaluations of the variables of for
different stages of patients’ diseases [4, 5, 9];

— robust metamodels: multidimensional diagnostic
model, multidimensional logistic regression [6, 8, 9, 11];

— robust multidimensional models of control the states
of the patients, evaluation of forecasted values of the con-
trolled variables of state based on medical monitoring
data for patients [11, 5];

— cluster analysis results — the number of recognizable
states [5, 9, 12];

— patient’s state classification results, using the values
of the control and forecasted controlled variables of state
[9, 11];

— the results of the synthesis of a rational individual
treatment program for the patients for the state, deter-
mined on the basis of a forecast (determination of control
variables (medical actions), that ensure the implementa-
tion of the treatment program) [9, 11, 14].

Numerical research was carried out with the help of
the computer program “Non-linear evaluation methods in
multicriteria problem of robust optimal designing and
diagnostics of systems under parametric a priori uncer-
tainty (methodology, methods, techniques and computer
systems of support and decision-making implementing
them)” (ROD&IDS) [13] developed by the authors.

The volumes of medical information about various
diseases and their course are extremely large, and ma-
chine learning methods make it possible to process the
accumulated information, take into account millions of
different factors, social, territorial, demographic, ge-
nomic, etc., and make it possible to identify the unique
features of each patient [15, 16]. It has been proven that
the automation of the collection processes and further
analysis of medical data allows to increase the accuracy
of early diagnosis, prediction of the disease’s develop-
ment and the treatment effectiveness assessment [17]. For
example, the Frost & Sullivan agency notes that artificial
intelligence technologies increase the accuracy of diagno-
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ses by 30-40%, and pathologist Andy Beck from Harvard
Medical School believes that the further use of artificial
intelligence technologies will reduce the errors rate in
diagnosis by 85% [18].

Modern technologies are also used to choose the most
effective treatment strategy. Recently, scales (systems) for
objectifying the assessment of clinical-physiological and
laboratory parameters have been used to choose treatment
tactics, the scope of anesthetic support and surgical inter-
vention, predict the frequency of probable postoperative
complications, lethality, and the treatment effectiveness
[19]. The priority of such a strategy is that after receiving
the sum of objective indicators, the doctor converts them
into a score, which is ranked into numerical and staging
corridors. This makes it possible to comprehensively as-
sess the patient’s condition at the moment, monitor his
condition and carry out appropriate treatment. The cor-
rectness and effectiveness of treatment with this method
depends on the qualifications and experience of the doctor
treating the patient [20].

The choice of mathematical methods for the descrip-
tion and research of biological and medical objects de-
pends both on the specialist’s individual knowledge and
on the specifics of the tasks to be solved [21].

The following methods are most often used to solve
the classification problem of the medical facilities state:

— binary classification (decision trees and random
forests) [22];

— artificial neural networks (ANN) [23];

— multidimensional logistic regression [24];

— naive Bayesian classifier [25];

— support vector machines [23, 26].

Obviously, the use of each of these methods sepa-
rately does not allow solving the general problem of syn-
thesizing an individual patient treatment program in a
medical monitoring system.

So, there is a need to structure the system model of
medical decision-making as a sequence of interrelated
tasks and the corresponding system model of decision
synthesis. In other words, it is necessary to create a meth-
odology for the synthesis of solution to the problem of
making medical decisions in general.

The work proposes methodology for solving the syn-
thesis problem of a patient’s individual treatment program
in the medical monitoring systems by means of computa-
tional intelligence methods for the medical information
analysis.

3 MATERIALS AND METHODS

Medical Monitoring System is a set of monitoring
states hardware, information technology Big Data tools
(which contains CDSS), patients and decision-makers
(doctors) who are in a communicate relation with each
other and united with the purpose of managing and orga-
nizing the process of systematic or continuous observa-
tion, collection, processing and information investigation
about the object state (of patient), its functioning (of vari-
ous organs) and development for a certain period of time.
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Its system is created and regulated by the monitoring enti-
ties (physicians) to ensure full, timely and accurate infor-
mation and appropriate organization of effective function-
ing and control of the object of diagnosis (patient).

The Context diagram of “Big Data for Better Out-
comes” concept implementation in the medical monitor-
ing systems is shown in Fig. 1.

Physician
Results of the
Hardyvarg status [« Patient CDSS > synthesis
monitoring tool solutions
Formation of .
the common Big Data
data model Storage

Figure 1 — Context diagram of “Big Data for Better Outcomes”
concept implementation in the medical monitoring systems

Generalized methodology for solving the problem of
synthesis problem of patient’s individual treatment pro-
gram in the medical monitoring systems by means of
computational intelligence methods as a result of its de-
composition may be given as a sequence of processing
techniques of structured and unstructured data of large
volumes and considerable diversity using developed soft-
ware. The solving result is sequence of steps to obtain

mathematical model F(K+D ()Z (0)) in order to solve di-

agnosing problems.

Patient stratification is carried out in two steps: Data
preprocessing and Monitoring the state of the patients.
Each stage is described below.

1. Data Preprocessing (Preliminary data preparation is
performed by a doctor):

1.1 Formation of a subset of controlled variables of

state ()Z(O),If)p ,p=1..P , the values of the quantities of

which are checked in by measuring instruments.

1.2 A total dataset of alternatives is generated. Each
alternative includes subsets of control variables and con-
trolled variables of state; objective functions. The total
dataset includes subsets of alternatives corresponding to
different states of the patients, including the healthy state.

1.3 Data cleaning from anomalous values of the quan-
tities (outliers). Normalization of data.

1.4 Cluster analysis — the determination of the possi-
ble number of states (states of the patients) using control
and controlled variables of state. We are looking for an
answer to the question whether there is enough data from
medical research to be able to recognize different states
and the corresponding stages of diseases with the maxi-
mum a posteriori probability? If the number of identified
clusters coincides with the specified one and the distances
between the clusters are statistically significant, then the
subset of monitored variables of state can be considered
complete. Otherwise, the diagnostic system, which is used
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for monitoring of patient’s states, should be equipped
with new measuring instruments.

Based on the agent-based approach and in accordance
with the chosen measures of intra-cluster distance, per-
missive elite selection rules are proposed for the forma-
tion of clusters, the selection of the best of them, and also
for the selection of elements into clusters in the process of
solution synthesis.

The result of solving such a problem is the number of
clusters, as well as the number of elements in them.

The c-means clustering method was chosen as the ba-
sis.

Let the considered  as

sample of data be

k*
X ={xjkxj ={>”<jp} and P = ZPJ- is the total number
j=1
of elements.
It is necessary to find {kj Pj f, =1k

Four measures of intra-cluster distance were used as a
metric for the clustering data:

(%, )
2(< =
o MD2(Rj.5 )
d(x- ,c-):

P witMp (. ),
ip pr*j
_DKL ij,Cj
Let us define the average measure of the intra-cluster
distance:

1
== 3d(%;.€ )
jprvj
Pi o1
Also the loss function is defined as

LF(X):%ELM(EJ-).
j=1

Then the research problem statement will take in the

| z=(k;.{p; )

Z =argmin LF(X).
XeDy

It is necessary to determine the number of clusters and
distribute the data among clusters so that the value of the
loss function is minimal.

To correct the centers of clusters, we use the expres-
sion
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where wj, = —P?(ij <)
J

> p(Rjp.5)
p=1

with the Cauchy distribution

P(ijp'ej): :

RRCEDA)

Data clustering algorithm based on agent-based ap-
proach:

is the membership matrix

1) set ki >k", P(n)—mt[ ()] and randomly
k"

generate cluster centers {61- };
2) using the selected measure with cluster distance
dl( Xjp.C ) choose P(”) the nearest neighbors for each

" cluster:

3) for each " cluster, using the {wj,|{ and

{p(X jp‘Pj )} the cluster centers {6 j} are corrected;

4) for each j"
within the cluster distance d()?jp

cluster, using the selected measure
,EJ-) and PJ-(”) the near-
est neighbors are chosen. Delete the points that are dupli-
cated: Pj(”) —>Pj;

5) for each j" cluster the average measure of the in-
tra-cluster distance M (Ej) is calculated, and also LF(X) is

calculated;
6) elite selection. Find the cluster with the largest
M (Ej) and delete it;

7 K =) -g; P - ‘(UN_FJ
1

8) back to step 2, if k("™ >1.

1.5 Development of robust metamodels at a priori data
uncertainty in the monitoring data (given that the results
of measurements of variables of states are random vari-
ables — only accuracy of measurements is known):

a) a multidimensional logistic regression in the form
of analytical dependences of the posterior probabilities of
different states of the patients on the control and con-
trolled variables of state;

b) a multidimensional diagnostic model in the form of
analytical dependences of the objective functions (quality
criteria of the patient’s state) on the control and controlled
variables of state.

To development of robust metamodels as initial in-
formation used the vector function is given by a training

sample ()Z ©) lf)p, p=1..P . We must approximate the
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given set. The problem can be solved with a resultant
mathematical mechanism, which may give any value of

the vector function IEFEK“)()Z 80)), represented by this

training set at a fixed input vector within the range, lim-
ited by the input data.

A multilayer feedforward artificial neural network
(MFFN) and radial basis function network (RBF), used
for data approximation, is a parallel distributed processor,
which is capable of saving acquired knowledge and proc-
essing information between local processor elements
(neuro-elements or neurons), bound by special links (syn-
aptic links).

To provide parameter stability (robustness) and infor-
mative capability of statistical systems and processes
models on the basis of learning ANN at the a priori input
data uncertainty and also practically sufficient data ap-
proximation, it is reasonable to use advanced deep learn-
ing methods — stable (robust) statistical assessment of
their parameters with adaptive learning rate as the ANN
learning method.

Student and V. I. Romanovsky are used as a smooth-
ing functional when choosing a rational solution, which
provides a stable (robust) estimation of the searching val-
ues with parametric uncertainty of the input data, as well
as sufficient, from a practical point of view, accuracy of
data approximation in problems of improving systems.

The function (MV-problem) was used as a scalar con-

volution ~ of  selection  functions,  considering
fi = Fi(z),xh = Xr(]o) ;
ilfin P
fhit| | — +
o i +Gfi,p
Z& "Z
2Pl a 2
i
+B¢ - Fhit| —=——
J2n,

here 1=Hy., & = [0.95, 0.99],

faip(di)=1- exp{—id,} Lt >4, (d>0);

s RO 0] o %5

I Gf
2
‘Xfiyp na+3‘

J2(n, -3) Jz ‘( )21+

For fitness functions fi()z (0)) in the expression for

scalar convolution of selection functions MV the mean-
ings of relative values are calculated by formulas:
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fo:2|f(f_<f>)

, here
- fmin

— direct conversation

fmax

<f>_ fmax + fmin §0
=,

- inverse

f= l(fmax ~ frmin ) f O/If +(frmax + fmin)J/Z '
l=th(bt) for MFFN and =1 for RBF.

The relative mean square deviations of input data are
calculated by formula

2( A0
PN LV
ot ) =
! fimax — fi,min 300

e[-11];
conversation
here

i,max Ne s

A% = 100% , here l=th(B) for MFFN and I=1 for
: i,max
RBF;
2
2 0
A
5 2 _ 2 (0) 0
x{ x @  _x© 300 ~ hmax | e

h.max h,min

By known training set D, the ANN parameters vector

M will choose according to the principle of maximum
aposteriori probability distribution density:

M4 = argmin MV(M|D,_).
MeD,

An advanced computational method is proposed for
estimating the parameters of structural-parametric models
of systems and processes in the form of trained ANNs
based on the method of stochastic approximation and the
use of a regularizing sequential (adaptive) algorithm for
the synthesis of solutions with delayed correction (based
on the ravine method of conjugate gradient methods and
the method of simulating the movement of bee colonies),
which implements adaptive control of calculations in ac-
cordance with the principle of minimum disturbance.

Application of the proposed methods avoids the ap-
pearance of false ravines or valleys on response surfaces
in case of gross errors in the input data.

In the paired comparison of metamodels models
changing of the signal variance is evaluating, which de-
fines the robustness of a particular model:

I:)(mod el)

D, .dB =101g (0) ,

here model = 1 for MFFN and model =2 for RBF.

1. Monitoring of the state of the patients (data proc-
essing and analysis is performed by the doctor together
with the patient):
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2.1 The values of the control and controlled variables
of state corresponding to the patient’s state at a given time
are measured.

2.2 Determination of the state for which the maximum
a posteriori probability of its realization corresponds with
the observed values of the quantities based on the solution
of the classification problem, which allows to determine
the disease stages that are not recognized by modern bio-
markers (e.g., hormone-resistant stage in prostate cancer).

2.3 Estimation informativeness controlled variables of
state at a priori data uncertainty, the synthesis of the set of
informative controlled variables of state according to the
patient’s state (disease stage) for the reduction of the vari-
ables of state space dimension, using multidimensional
diagnostic model, i.e. searching informative subset Dy,
of minimal dimension where Dy, < D,.

The set of input data F;(X), where X={x}, I=1...L is
presented as a Taylor series, while retaining only the
terms of the first infinitesimal order in the expansion. For
the dispersion of an arbitrary gotten linear function of
several random variables estimate holds:

oF;
—(grad /)" =y grad F; = —IZ(G IJ cil +

L& oF; oF,

+ fp ——-Gy &
Z Z In x| O%, X © X

1=1n=1,n=I

Let us define the signal energy by the expression

Ho
Ei = Z‘J DFi(Z)‘x ©

D_e 0 =| oy
Fi()‘xl'(m)

Ho a|: 2 F@
HouT ax @ X ©°
n=l,n¢h "JoX,
The informativeness coefficients (contribution weight
x? into £®) are defined by

here

D,:(Z)‘X(m L
Aih = Z =1

2.4 Development of robust multidimensional models
of control the state for the patients at a priori data uncer-
tainty in the monitoring data in the form of analytical de-
pendencies predicted from the measured values of the
control and controlled variables of state in the monitoring
process.

2.5 Forecasting multidimensional time series of con-
trolled variables of state based on multidimensional mod-
els of control of the state for the patients:
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Do = 20t +1)}
q0(t+1)= [0t +2)U°(t +1), 0t +1)],

where t=T;...T, is a limited set of I1°, U°, ®° and creating
time series.

It is required to obtain a functional dependence, that
will be reflect relationship between the next and previous
values of the time series which satisfies the system pref-
erences of DM, for a given forecast horizon:

q%t+1)= F(qo(t+T2 —1),...,q°(t—T1))+59 .
Controlled process mathematical model:

ADC = ‘P(A(DO AU 0),
aw° = ofaa® aU°)

where the first expression is recurrent mathematical
model for monitoring and the second expression is a di-
agnostic model:

XO(t+1)=1 [%J,i=1...I,t:(—T1+1)...T2.

2.6 Reducing the dimension of the space of controlled
variables of state based on the analysis of the informa-
tiveness of the variables of the robust multidimensional
models of control the state for the patients (Sensitivity
Analysis). Estimating the rank of time series cointegra-
tion.

2.7 Determination of the states of the patients based
on the solution of the classification problem and the val-
ues of the control and forecasted controlled variables of
state is conducted using probabilistic neural networks. An

input layer Xf XZ elements are the principal compo-
nent vector projections of the monitored state variables

X" The layer of samples cyy,...,Cax are the classes cen-
ters of the training samples. The number of exemplars
equals the number of classes in the training set. The layer
of input and the samples are entirely meshed structure. An
element activity of the samples layer was determined by
the dependence that related to the probability distribution
density agreeing to the Student’s t-law (that is proper for
the limited samples):

p<Rk)F(n—;1nj( t—]
at

here T" is gamma function with n=K+K,-2;

Cik =
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here MDﬁ( is Mahalanobis distance from an unidentified

precedent (it is supposed that it appropriate to | class) to
the k sample:

0§, <" ~(%0)] ().

here Ypo0iea 1S determined because of belonging of the
precedent to one, or another class:

L (k-2

R Ky —1)Zy ).
K, + Ky —2 +(Ky ~1)2¢)

z pooled =

The output layer k', p(Re) is a discriminator of the
threshold value indicating the class to which belongs an
unknown precedent.

The values of t-Student statistics depend on the selec-
tion of the degree of proximity of the precedent to the
samples (when solving the classification problem), as well
as between the samples (when analyzing the significance
of the distance between classes). Therefore, it is necessary
to further forming of supplementary statistical decision
rule selecting a single guide basis. According to the
maximum likelihood rule as a criterion for the transition
from one state to the other state of patients, Bayes for-

mula is used:
vk =0..A—1: plXi. >1,
p|Xk

Which is true provided that

2.8 Synthesis of a rational individual treatment pro-
gram for the patients in the medical monitoring system,
for the state identified on the basis of the forecast.

The control variables X :(M [Xo],(i?() estimation

problem can be presented like a MV-problem.

The MV-problem provides an efficient stable (robust)
estimation of the required quantities under parametric
input data uncertainty.

The quasisolution of this problem is

—argmf MV( ‘tf Rof)
XeDX

where the scalar convolution of selection functions MV is
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For the MV-problem solution the computing method
based on the memetic algorithm is applied. In this method
the evolutional algorithm was realized with the decremen-

Medical Monitoring
System

Data_
Stream

Clustering Analysis

Sensitivy Analysis

Anomaly detection
technologies

Principal Component Analysis (PCA)

Meta-models /
Classifier

tal neighborhood method and the randomize path laying
method together. The evolutional algorithm has next pa-
rameters, which change from epoch to epoch: real coding
operator, fitness function and relaxation function.

The proposed method application gives the stable (ro-
bust) estimation of desired values under parametric input
data uncertainty and lowers the difficulty of the quasisolu-
tion synthesis method.

The structure of the model for the choice of a rational
individual treatment program for the patients based on IT
Data Stream Mining, which implements the “Big Data for
Better Outcomes” concept is shown in Fig. 2.

4 EXPERIMENTS

In that work, as an implementation of the concept
“Big Data for Better Outcomes” for stratification of pa-
tients, the following tasks were solved:

— formation of a subset of controlled variables of state,
the values of the quantities of which are check in by
measuring instruments;

— robust metamodels: multidimensional diagnostic
model;

— informativeness evaluations of the variables of states
for different stages of patients’ diseases.

The authors considered the task of assessing the in-
creased survival rate of cancer patients who received
chemoradiotherapy.

The multidimensional diagnostic model — model for
estimating the survival of patients was built using a data
set obtained in the real medical practice of the authors.

The patients with squamous cell carcinomas of the
head and cancer (stages Ill, 1Va, IVb) was included in
study and did a comprehensive examination, including the
collection of anamnestic data, general clinical physical
examination, computed tomography of the head, neck and
chest organs before the start of radiation therapy and 1
month after its completion, laboratory general clinical and
biochemical blood tests. All patient received course of
radiation therapy 5 Gy per fraction till 6-7 weeks (32-35

Autoencoder (data
filtering)

Control Law
Synthesis
Optimization

Time-series Data
Analysis, Forecasting

Figure 2 — Context diagram on the implementation of the model of the choice of a rational individual treatment program for the
patients, identified on the basis of the forecasted state based on IT Data Stream Mining
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fractions) with chemomodification Cisplatin 100 mg/m? at
1,21, 42 days in Sl “Grigoriev Institute for Medical
Radiology and Oncology of NAMS of Ukraine”. This set
contains records of 57 patients on 9 indicators (parame-
ters) that characterize the current state of each patient:
age, localization, stage, tumor (T) and lymph (N) nodes
status (TNM classification, 8 edition), response (per
RECIST 1.1 criteria), tumor marker squamous cell carci-
noma’s antigen “before” and “after” the course treatment,
survival time. All indicators have a numerical type, but
some of them are enumerable, for example, the “localiza-
tion” indicator takes four values from 1 to 4. The objec-
tive function for each record is “survival time”, the other
parameters are attributed to the input data.

First, it is necessary to normalize the data. Since the
inputs are different in value and content, the normaliza-
tion for them will be different. The parameters “localiza-
tion”, “stage”, “T” and “response” are normalized accord-
ing to the formula

here fx =4.
The age indicator is normalized as follows:

Agenax — Age
Agenorm — max current :
Agemax
here we take age as the maximum value Agep.x =85.

The indicators of tumor markers “before” and “after”
are reduced to one parameter of tumor markers as fol-
lows:

mar ker_ after

Oncomarker =In———— .
mar ker_before

Let’s denote the objective function by Suv_time, its

The results of the patient survival assessment are a
functional relationship between the input data and the
survival time. Using a robust meta-model based on a ra-
dial-basis neural network, survival time estimation values
are calculated that correspond to the input data.

The structure of the simplest radial-basis function neu-
ral network includes three types of neuron layers. RBF
with one hidden layer (K=1). At the input layer RBF has
Ho =7 neurons, at the hidden layer — H; = 44 neurons and
H, =1 network outputs.

In addition, the task of determining the most influen-
tial (informative) parameters for assessing patient survival
was solved.

Numerical research was carried out with the help of
the computer program “Non-linear evaluation methods in
multicriteria problem of robust optimal designing and
intelligence diagnostics of systems under parametric a
priori uncertainty (methodology, methods, techniques and
computer systems of support and decision-making im-
plementing them)” (ROD&IDS) developed by the authors
[13].

5 RESULTS

To train the neural network and test its operation, the
data set of the patient’s survival time was divided into two
parts: training (47 records, 82%) and test (10 records,
18%).

As a result of training, the relative error was 1.5%.

The relative error on the test sample was 15.4%. The
trained neural network can then be used to provide sur-
vival estimates for new patients Table 1).

It was found by means of sensitive analysis of vari-
ables of the model for each patient from the training sam-
ple that on the average the indicators: T, age of the pa-
tient, response and stage of the disease are more likely to
be informative (Table 2).

Table 2 — The informativeness evaluations of the indicators

values are also pre-normalized by the formula

Res- | Tumor

Age | Local. | Stage T N
ponse | marker
Sw time = time ﬁm’e 0.262 | 0.0025 | 0.251 | 0.185 | 0.0006 | 0.289 | 0.009
- target _time ] _ —
Therefore, to assess the survival of patients, it is nec-
here target _time = 25 essary to pay attention to these indicators.
Table 1 — Result of model for test set
Tumor Suv_time | Suv_time
Age Local. Stage T N Response marker (target) (fact)

0.235294 0.75 0.5 1 0.75 0.25 —0.887762 1 1.112889

0.164705 1 1 0 1 0.75 —0.062609 0.28 0.261637

0.364705 1 0.75 2 1 0.5 —0.243848 0.52 0.682176

0.258823 0.25 0.5 1 0.75 0.75 —0.267833 0.44 0.385309

0.352941 0.5 1 0 1 0.75 0.2626409 0.32 0.259509

0.341176 0.75 1 1 1 0.5 -1.659763 0.44 0.387156

0.305882 0.5 0.25 2 1 0.5 —0.212148 0.6 0.591057

0.188235 0.25 0.5 1 0.75 0.25 —0.472130 1 1.026191

0.258823 0.75 0.75 2 1 0.75 —0.819898 0.36 0.512091
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Starenkiy V. P., Artiukh S. V., Nasonova A. M., 2023 OPEN 8#.:::555

DOI 10.15588/1607-3274-2023-1-3

34




p-ISSN 1607-3274 Panioenextpownika, indopmatrka, ynpasminss. 2023. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 1

6 DISCUSSION

Thus, the goal of the study was achieved — developed
advanced methodology for solving the synthesis problem
of the patient’s individual treatment program in the medi-
cal monitoring systems by means of computational intel-
ligence methods for the medical information analysis and
applied information technology realizing them have been
developed.

Its application allows:

— reducing the likelihood of adverse states based on
the choice of an individual treatment program;

— reducing the probability of incorrectly determining
the state of the patients (errors of the third kind in classi-
fying the state of the systems) when monitoring patients;

— obtaining stable effective estimates of unknown val-
ues of treatment actions for patients (corresponding to the
found state);

— the choice of a rational individual treatment program
for the patients, identified on the basis of the forecasted
state.

The developed software, which is described below in-
formation technology, is being tested for stratification of
patients with prostate cancer, squamous cell carcinoma of
the head and neck [3-11]. The developed methods for
forecasted states are also planned to be verified on the
data obtained in various oncological pathologies and to
use them in choosing the tactics of treating patients, to
forecast treatment complications and assess the patient’s
curability before and during special treatment.

The material and technical support and personnel base
of the Kharkov National Medical University allows col-
lecting data on the course of treatment of cancer patients
receiving chemoradiation treatment, using the whole
range of non-invasive diagnostic methods, a wide range
of tumor markers. Working with patients is regulated by
the Bioethics and Deontology Committee and complies
with international GCP standards.

As part of the implementation of projects, an innova-
tive strategy is proposed for choosing a rational individual
tactics for treating patients based on forecasted states
identified using robust stratification methods, which will
improve clinical results and prevent complications.

It is also planned to collect data on patients with can-
cer who have undergone COVID-19 before starting
treatment and to assess the effect of the latter on the tim-
ing of the start of radiation and chemotherapy, depending
on the severity of post Covid’s syndrome.

CONCLUSIONS

The scientific novelty obtained results in the fact that
an advanced methodology for solving the synthesis prob-
lem of a patient’s individual treatment program in the
medical monitoring systems by means of computational
intelligence methods for the medical information analysis
and applied information technology realizing them have
been developed.

The practical significance of obtained results is that
the advanced computational intelligence methods for
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forecast states can be used in choosing the tactics of treat-
ing patients, to forecast treatment complications and as-
sess the patient’s curability before and during special
treatment.

Prospects for further research are to study applica-
tion possibilities of the proposed methodology for the
choice of a rational individual treatment program for the
patients with various chronic diseases, identified on the
basis of the forecasted state by means of IT Data Stream
Mining.
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AHOTAIIA

AKTyasbHicTh. Y cydacHiI MeIWYHIH IpakTHIi Bce OLTbINE BIPOBAUKYETHCS aBTOMATH3ALIS i iHQOpMaLiifHi TeXHOIOTi] s
JliarHOCTYBaHHs 3aXBOPIOBaHb, MOHITOPUHI'Y CTaHy IAlli€HTa, BU3HAYCHHS IPOrPaMHu JIiKYBaHHs TowI0. ToMy po3pobKa HOBHX 1 yJ0-
CKOHAJICHHS ICHYIOYNX METOJIB cTpaTh(iKalil MamieHTiB y CUCTEMaxX MeIMYHOT0 MOHITOPHHI'Y € CBO€YACHOIO 1 HEOOXiHOIO.

Metoa. Po3po0iieHo MeTo10I0TiI0, sIKa BKIIFOUA€E TaKi METOAN OOYHCIIIOBAIBHOTO IHTEIEKTY I cTpaTH(dikalii NalieHTiB y cuc-
TEeMax MEANYHOIO MOHITOPHHTY, SK:

1) MeToJ KJIaCTepHOro aHaji3y Ha OCHOBI areHTHOTO MiJAXOLYy — BU3HAYCHHs MOXJIMBOI KUIBKOCTI CTaHIB MAI[i€HTIB 3 BUKOPHC-
TaHHSAM KOHTPOJIbOBAHNX 3MIHHHX CTaHiB;

2) meron moOymoBH poOACTHHX MeTaMoJesell 3a TOMOMOrO0 IMITyYHHX HEHPOHHUX MEPEeX MPU anpiopHiil HEBU3HAYEHOCTI Ja-
HHX (BiJOMa JIHIIE TOYHICTh BUMIPIOBaHb) 38 JAHUMU MOHITOPHHIY CTaHy Iali€HTIB: a) GaraToBHMIpHa JIOTiCTHYHA perpeciiHa Mo-
JIeTb y BUTIISII aHAMITHYHHX 3aJIKHOCTEH aroCTepiOpHUX HMOBIPHOCTEH pI3HHX CTAHIB NAI€HTIB BiJl KOHTPOJIBLOBAHUX 3MIHHUX
cTaHiB; ) 6araTOBUMipHa [JiarHOCTHYHA MOJICNb Y BUIJISAI aHAIITHYHMX 3aJICKHOCTEH UiNbOBUX QyHKIIN (KpUTEpIiB AKOCTI CTaHy
XBOPOI'0) BiJl KOHTPOJBOBAHUX 3MIHHUX CTaHIB;

3) MeTox OLiHKK IHPOPMATHBHOCTI KOHTPOJIBOBAHNX 3MIHHHMX CTaHIB MPH HEBU3HAYEHOCTI alPiOPHUX JAHHX;

4) Mertox moOyI0BH POOACTHUX 0AraTOBUMIPHHUX MOJENCH KOHTPOJIIO CTaHy MAIIEHTIB MPH anpiopHiil HEBU3HAYECHOCTI JaHHUX Y
JaHUX MOHITOPHMHTY Y BHUIJIAAI QHAITHYHUX 3aJICKHOCTEH, 1110 TIPOTHO3YIOTHCS 32 BUMIPSHUMH 3HAYCHHSIMH KOHTPOJIbOBAHUX 3MiH-
HUX CTaHiB y MpOIeci MOHITOPHUHTY;

5) MeTo 3MEHILIECHHST PO3MIPHOCTI HPOCTOPY KOHTPOJBOBAaHUX 3MIHHHX CTaHIB Ha OCHOBI aHaji3y iH(OPMATUBHOCTI 3MiHHHX
pobacTHUX GaraTOBUMIPHHUX MOJICNICH YIIPaBIiHHI CTAHOM HAIi€HTIB (aHaNi3 Yy TIMBOCTI);

6) MeTon BH3HAUYCHHS CTaHIB MALi€HTIB Ha OCHOBI BHpIIICHHS 3a1aui Knacudikamii 3a 3HAYSHHSIMH KOHTPOJIBHUX Ta IIPOTHO30-
BaHMX KOHTPOJILOBAHUX 3MIHHHX CTaHy 3 BUKOPUCTaHHIM IMOBIPHICHUX HEHPOHHUX MEPEX;

7) MeTo/l CHHTE3y paliOHABHOI 1HAMBIAyalbHOI MPOTPAMH JIIKYBaHHS XBOPHX Y CHCTEMi MEAMYHOIO MOHITOPHHTY UISl CTaHy,
BHSIBJICHOTO Ha OCHOBI IIPOTHO3Y.

V pobori 3anpornoHoBaHa CTpyKTypa MOAEINi BHOOPY pallioHanbHOT iHANWBILyanbHOT IpOrpaMu JIiKyBaHHsI MaLi€HTiB Ha OCHOBI I T
Data Stream Mining, sika peanizye xouuenuito « Big Data for Better Outcomes».

PesyabTaTn. Po3pobiieHi nepeaoBi MeToAn OOYNCTIOBAILHOTO IHTEIEKTY UL MPOTHO3YBAaHHS CTaHIB BUKOPHUCTOBYBAIUCS MPU
BHOOpI TaKTHKY JiKyBaHHS Mali€HTIB, IPOrHO3yBaHHI YCKJIQJHEHb JIIKyBaHHS Ta OLIHII BIJIIKOBHOCTI MAIli€HTa JIO Ta IiJ] 9ac CIIeli-
QIIBHOT'O JIIKYBaHHS.

Bucnosku. Ipezcrasieno nocsin Buposapkenns kounenii «Big Data for Better Outcomes» ajist BupiteHHs npo6iiemMu po3po-
OKHM IepeJOBIX METOMOJIOTiH HOBHX cTpaTerii crparudikauii manienTiB. Po3pobieHo nepesoBy MeTO0IOT 0, METOAN 00YUCITIOBa-
JBHOTO 1HTEJIEKTY Ul cTpaTudikauii MalieHTiB y CHCTeMax MEJUIHOr0 MOHITOPHHTY Ta MPUKIAAHY iH)OpMALiiHy TEXHOJIOTIO, L0
ix peamni3ye. Po3pobineHi nepeqoBi MeTou MPOrHO3yBaHHS CTaHIB MOXKYTh OyTH BUKOPUCTaHi NPU BUOOPI TAKTHKH JIIKYBaHHS XBO-
PUX, IPOTHO3YBAaHH] YCKIIaAHEHb JIKYBaHHS Ta OLIHI[ BIIIKOBHOCTI XBOPOTO J0 Ta IMiJ Yac CHEUiaIbHOTO JIiKyBaHHS.

KJIFOYOBI CJIOBA: inpopmariiiiHa TEXHOJIOTiS TOTOKOBOTO aHAIi3y JaHUX, CHCTEMH MEIUYHOTO MOHITOPHHTY, METOIU Ma-
IIMHHOTO HaBYaHH:, MATEMAaTH9HI MOJIEINI 1 METOM CTpaTu(iKaIlii mamieHTiB.

V]IK 519.876.5:681.518.2

BBIYUCJIUTEJBHBIE UHTEJIVIEKTYAJIBHBIE METO/IbI CTPATU®UKAIIUN TAIIUEHTOB
B CUCTEMAX MEJUIIUHCKOI'O MOHUTOPHUHI' A
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AHHOTALMUSA

AKTYaJIbHOCTB. B cOBpeMEHHON METUIIMHCKON MPaKTHKE BCEe OOJbINE BHEAPSIOTCS aBTOMATH3UPOBAHHBIC H HH(POPMAIIIOHHEIC
TEXHOJIOTHH JJIsl TUArHOCTHKH 3a00JIeBaHUN, MOHHTOPHHTA COCTOSHHS IMAIIMEHTOB, BEIOOpA MPOrpaMMBbI JICUCHUS U 1p. B cBs3m ¢
3TUM pa3pabOTKa HOBBIX U YCOBEPIICHCTBOBAHHE CYIICCTBYIOIIMX METOJOB BBIYHCIMTEILHOIO MHTECIUICKTA JUIS CTpaTH(UKAIMN
MAIMECHTOB B CUCTEMAX MEMIIMHCKOTO MOHUTOPUHTA SIBIISICTCSI CBOCBPEMEHHOM U HEOOXO0IMMOH 3a1aucii.

MeTtoa. Paspaborana MeTo0MOTHs, BKIIOYAIOIIAs CIECAYIOIINE METOIbI BBIYUCINTEILHOTO HHTEIUIEKTa I CTpaTU(UKAIMY Ha-
IIIEHTOB B CUCTEMaX MEIUIMHCKOTO MOHUTOPHHTA:

1) MeTox KIaCTepPHOTrO aHAIM3a HA OCHOBE ar€HTHOTO MOX0/a — ONPE/eJICHIe BO3MOKHOTO KOJIMYECTBA COCTOSIHUM MAHCHTOB
C MCTIONIb30BaHMEM KOHTPOJIHPYEMBIX IEPEMEHHBIX COCTOSHUS,

2) MeTo[ ToCTpOeHHsT POOACTHBIX METAMOJIENEH C IIOMOIIBI0 HCKYCCTBEHHBIX HEUPOHHBIX CETEH MPU allprOPHON HEOIlpeesieH-
HOCTH JaHHBIX MOHUTOPHHTA (M3BECTHA TOJBKO TOYHOCTH M3MEPEHUIi) B JIAHHBIX MOHHTOPHHTA: a) MHOTOMEpPHAs JIOTHCTHYECKAs
perpeccuoHHasi MOZIEIb B BUJIE aHATMTHUECKUX 3aBUCUMOCTEH arioCTEpUOPHBIX BEPOSITHOCTEH Pa3IMYHBIX COCTOSIHUI MAllMEHTOB OT
KOHTPOJIBHBIX M KOHTPOJIMPYEMBIX MEPEMEHHBIX COCTOSIHUsI; 0) MHOrOMepHas JUarHOCTHYECKas MOJENb B BUJE aHAJTUTHYECKHX
3aBHCHMOCTEH LeNeBbIX (QYHKIMI (KpUTEPHEB KauecTBa COCTOSHUS OOJIBHOI0) OT KOHTPOJIBHBIX M KOHTPOJHPYEMbBIX MEPEMEHHBIX
COCTOSIHHSI.

3) mMeron oneHKH HHOPMATUBHOCTH KOHTPOIUPYEMBIX MEPEMEHHBIX COCTOSHHUS IPU HEOPEISICHHOCTH AIIPHOPHBIX JaHHBIX;

4) meTo mOCTPOSHUSI pOOACTHBIX MHOTOMEPHBIX MOJIEIEH KOHTPOJISI COCTOSIHUS TALIMEHTOB MPH allPHOPHOM HEONPeeIeHHOCTH
JIAHHBIX MOHUTOPUHIA B BHUJIE aHAJUTUYECKUX 3aBUCUMOCTEH, IPOTHO3UPYEMBIX [0 U3MEPEHHBIM 3HaYEHUSM KOHTPOJBbHBIX U KOH-
TPOJUPYEMBIX IEPEMEHHBIX COCTOSIHUS B ITPOLIECCE MOHUTOPUHTA,

5) MeTon yMeHbIIEHHsT pa3MEPHOCTH MPOCTPAHCTBA KOHTPOJIMPYEMBIX MEPEMEHHBIX COCTOSHHS Ha OCHOBE aHaim3a HH(pOpMa-
TUBHOCTH MIEPEMEHHBIX POOACTHBIX MHOTOMEPHBIX MOJICICH YIIPABJICHHS COCTOSHUEM MAI[HCHTOB;

6) MeTO1 OIpeieNICHUs] COCTOSHU MAIIMEHTOB Ha OCHOBE PELICHHUS 3a0a4i KJIaCCU(PUKAIMHU 110 3HAYEHUSAM KOHTPOJIBHBIX U IIPO-
THO3UPYEMBIX KOHTPOJIMPYEMbIX MIEPEMEHHBIX COCTOSHUS C HCIIOIb30BAHUEM BEPOATHOCTHBIX HEMPOHHBIX CETeil;

7) METO/I CHHTE3a PAMOHATLHOM HHIMBUIYAIbHOM POrPaMMBI JICUCHHS OOJBHBIX B CHCTEME MEIUIIHHCKOTO MOHHTOPHHTA, JUIS
COCTOSIHUS, BBIIBJICHHOTO Ha OCHOBE IPOTHO3A.

B pabore npemiokeHa CTpyKTypa MOJEIH BEIOOpa PallOHAIBLHON HHANBUAYATBHOM IPOTPaMMBI JICUCHHUS MAIlIEHTOB HA OCHOBE
IT Data Stream Mining, koropas peanu3syer konuenuuto «Big Data for Better Outcomes».

Pe3yabTatel. Pa3paboTaHHbIC yCOBEPIICHCTBOBAHHBIC METOIBI BBHIYMCIUTEIBHOTO WHTEILICKTA JJISI MMPOTHO33a COCTOSHHHA HC-
MOJIb30BAIUCH PU BBIOOpPE TAKTUKH JICUEHHS MalMEHTOB, JJISl MPOTHO3UPOBAHUS OCIIOKHEHHH JICUCHHS] U OLICHKHU H3JI€UMMOCTH
MAaIMEeHTa 10 U BO BPEeMs IPOBEACHUS CIIELUATbHOIO JICUCHUSI.

BruiBoabl. IlpencTaBneH OmbIT peanu3aluy KOHLENUUH «bonplive AaHHbIE A JIyYLIMX PE3yJIbTaTOB» Ul PEIlCHHs 3aJauu
pa3paboTKK MepeIoBbIX METOMOJIOTHH /Uil HOBBIX CTpaTeruii crpatudukanny nanneHToB. PazpabotaHbl mepenoBas METOJONIOTHS,
METOZBI BEIYUCIUTENFHOTO HHTEIUICKTA IS CTPATH()UKAIIMK MAIMEHTOB B CHCTEMAaX MEAMLIMHCKOTO MOHHTOPHHTA M Peau3yIoLIre
WX MIPHUKIaTHbIe HH()OPMAMOHHBIE TEXHOJOTHH. Pa3paboTaHHbIe yCOBEPIICHCTBOBAHHBIE METOABI IPOTHO3a COCTOSIHUI MOTYT OBITh
HCTIOJIE30BaHbl TPH BBEIOOPE TAKTUKHU JICYCHHsI OOJBHBIX, JUIS MPOTHO3HPOBAHHS OCIOXHEHHHA JICUCHUS U OLUCHKH H3JICYUMOCTU
0OJIEHOTO JIO ¥ BO BpEMsI ITPOBEJICHHUS CIICIIMATBHOTO JICYCHUS.

KJIFOYUEBBIE CJIOBA: nHbOpMaIHOHHAS TEXHOJIOTHSI IOTOKOBOTO aHAIIN3a JIAHHBIX, CHCTEMbI METUIIMHCKOTO MOHHUTOPUHTA,
METO/IbI MAIIMHHOTO O0YYCHUS, MATEMATHICCKUE MOJICITH U METO/IbI CTPATH(UKAIIMH TAIIUCHTOB.
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ABSTRACT

Context. The problem of skin disease diagnosis was investigated in the paper. Its actuality is caused by the necessity of automa-
tion of at least advisory medical decision making. Such decisions are made in telemedicine, for instance, when skin disease diagnos-
tics is performed under specific conditions. These conditions are specified by situations when data for analysis are collected but a
qualified doctor has no possibility to process the data and to make a diagnosis decision based on it. The object of the study is a proc-
ess of skin disease diagnosis.

Obijective. The objective of the study is to develop a skin disease diagnosis method to automate making of advisory medical di-
agnosis decisions and to increase efficiency of such decisions.

Method. The skin disease diagnosis method was proposed in the work. This method applies the modified ResNet50 model. It
was proposed to add layers to the ResNet50 model and to train it using transfer learning and fine-tuning techniques. The method also
defines image processing in particular through the change of its resolution and uses oversampling technique to prepare a dataset for
model training.

Results. Experimental investigation of the proposed method was performed using the HAM10000 dataset which contains images
of skin diseases. The images were collected using dermatoscopy method. The dataset contains observations for 7 different skin dis-
eases. The proposed method is characterized by the accuracy of 96.31% on this dataset. It is improved accuracy in comparison with
the existing neural network models. Software component model was created to give a possibility to integrate the proposed method

into a medical diagnosis system.

Conclusions. The obtained results of the investigation suggest application of the proposed skin disease method in medical diag-
nostic system to make advisory decisions by the system and to support making final decisions by a doctor.
KEYWORDS: dermatoscopy, medical diagnosis, convolutional neural network, skin disease, ResNet50 model, software com-

ponent model.

ABBREVIATIONS

AdaBoost is Adaptive Boosting;

Al is Artificial intelligence;

AKIEC is Actinic Keratoses and Intraepithelial Carci-
noma;

ANN is Artificial Neural Network;

AUC is Area Under Curve;

BB is Balanced Bagging;

BCC is Basal Cell Carcinoma;

BKL is Benign Keratosis-like Lesions;

BRF is Balanced Random Forest;

CNN is Convolutional Neural Network;

DF is Dermatofibroma;

HAMZ10000 is Human Against Machine with 10000
training images;

LR is Logistic Regression;

MEL is Melanoma;

NV is Melanocytic Nevi;

ReLU is Rectified Linear Unit;

ResNet is Residual Network;

RF is Random Forest;

SVM is Support Vector Machine;

VASC is Vascular Lesions;

WHO is World Health Organization;
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XGBoost is eXtreme Gradient Boosting.

NOMENCLATURE

d is a standard deviation of pixels;

A is an accurancy;

C is a number of correctly classified observations;

D is a set of diagnoses;

d” is a skin disease diagnosis for an image of skin area
which was not diagnosed by a dermatologist as it was
classified by a model;

d; is an actual skin disease diagnosis for the i-th obser-
vation in a dataset;

di is a skin disease diagnosis for the i-th observation
in a dataset as it was classified by a model;

d; is a class of the i-th observation in a dataset;

f is a functional dependence;

M is a number of misclassified observations;

N is a number of observations in a dataset;

pi is the i-th image in a dataset;

pi® is an average pixel intensity value calculated
through all values of the i-th image;

pi%* is a pixel intensity in all channels for pixel in the

g-th row and k-th column of the i-th image;
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pn;** is a normalized pixel intensity in all channels for
a pixel in the g-th row and k-th column of the i-th image;

S is a dataset;

Sy IS a training dataset;

S is a test dataset;

S, is a validation dataset;

s* is an image of skin area which was not diagnosed
by a dermatologist;

s; is an image of the i-th observation in a dataset.

INTRODUCTION

Despite active current progress of medicine, skin dis-
eases are one of the most dangerous and widespread types
of diseases. At the same time cases of skin diseases in-
crease in number. Such trends are caused by either unfa-
vorable external factors (for instance, environmental deg-
radation, climate change, influence of ultraviolet radia-
tion) or individual factors (chronic stress, heredity, un-
healthy lifestyle, bad quality of diagnostics or untimely
diagnostics). This year the trends are additionally rein-
forced in Ukraine by the war. Access of displaced persons
or Ukrainian citizens in general to quality medicine (spe-
cialists with experience in a specified area) is complicated
in some territories.

According to the data presented by WHO, the number
of cases with detected nonmelanoma skin cancer in-
creased to the level of 1.2 million and the number of
melanoma cases reached more than 0.3 million in 2020
[1]. The percentage of fatal cases in these cases is the
following: 5% for nonmelanoma skin cancer and 17% for
melanoma skin cancer [1].

Official statistics in Ukraine confirm skin cancer as
the cancer type with the biggest number of cases: there
were more than 180 thousand of active cases in 2020 [2].

Skin diseases are more easily defined in comparison
with the other types of cancer in particular. But people do
not always consider its symptoms, paying necessary atten-
tion in visiting a doctor. Such a way may not only be the
reason for serious health problems but also for a death of
a human.

The source [3] states that only 40% of nonmelanoma
skin tumors are detected in the early stages (the first and
the second stages) in Ukraine. It should be noted that
early detection guarantees effective treatment of a patient.
At the same time melanoma is detected unfrequently at
the initial stage in Ukraine. But in this case a disease is
best treated.

The low quality of diagnostics is caused either by low
level of patient information awareness regarding these
diseases or by low level of procedure quality. The last one
is connected with insufficient qualifications of a doctor,
lack of necessary equipment, similarity of disease symp-
toms, analyses collected with procedural violations, hu-
man factor.

Diagnostic process includes gathering of data on pa-
tient’s condition and drawing a conclusion on health is-
sues. The process is realized through the following stages:
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— detection of health issues by a patient;

— patient’s referring to a medical institution for medi-
cal aid;

— collection, integration and interpretation of patient’s
medical data;

— generation of hypothesis on illness;

— confirmation/update of hypothesis via additional ob-
tained data;

— making final diagnosis [4].

Gathering of patient’s medical data for skin diseases
requires physical examination of a patient. The examina-
tion is traditionally organized using dermatoscopy
method. It requires to capture an image of an examined
skin area and to estimate the following criteria:

— skin pigmentation change;

—skin color uniformity;

— structure characteristics;

—skin contours and pattern change;

—skin peeling and inflammation;

— skin tightening;

—skin cracks and ulcer areas [5].

Estimations of the presented criteria results in making
a diagnosis and determining a treatment.

The object of the study is a process of skin disease
diagnosis.

Because these diseases have a great impact on the
quality of human life and can be dangerous for human
health, timely detection of skin neoplasms with increasing
accuracy of classification without doctor participation is
actual and important problem which should be solved.
This classification is necessary in telemedicine support
systems, in systems where advisory decisions are made to
decrease working time of a doctor with the necessary
qualification.

Dermatologist makes his job in a way similar to image
recognition by neural network: it demands input image
(skin lesions) processed through neural network (skills
and knowledge of dermatologist who analyses an image
and synthesizes data) to classify it (to make a diagnosis)
[6]. In addition, early diagnostics of a disease is one of
necessary conditions for successful treatment of a disease,
so modern approaches and methods of diagnosis support
based on Al (in particular CNN models) should be ap-
plied to increase classification accuracy.

In general, neural network models are widely used in
the field of dermatology presently taking into account the
described similarity between real process and such mod-
els. ANN models are assumed to be efficient diagnosis
tool [6, 7]. It can be applied to improve recognition results
and to decrease number of misdiagnosed cases.

The subject of the study are ANN models which are
applied for diagnostics of skin diseases based on classifi-
cation of images which present skin state observations
collected using dermatoscopy method.

The objective of the study is to develop a skin dis-
ease diagnosis method to automate making of advisory
medical diagnosis decisions and to increase efficiency of

such decisions.
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1 PROBLEM STATEMENT

Skin disease diagnosis problem lies in a recognition of
skin area images using appropriate mathematical model.
In this work the problem should be specified using CNN
as a mathematical model.

Let S be a dataset presenting skin disease cases with
known diagnoses.

The dataset S = {s;}, i = 1, 2, ..., N consists of N ob-
servations s;. Each i-th observation consists of a pair
s; = <p;, di>, where p; is an object which presents image of
skin area and d; is a diagnosis which was made by derma-
tologist based on an image p;.

Object p; is an array {p;**} of elements. Each element
pi** is a record of intensity for pixel in the g-th row and
k-th column. This record presents pixel intensity for each
channel of an image.

Let D be a set of diagnoses. A set D contains the fol-
lowing elements:

— d®— Actinic Keratoses and Intraepithelial Carcinoma
(to represent investigation results AKIEC is used to mark
this diagnosis);

— d' - Basal Cell Carcinoma (marked by BCC in in-
vestigation results);

— d? - Benign Keratosis-like Lesions (marked by BKL
in investigation results);

— d® — Dermatofibroma (marked by DF in investiga-
tion results);

- d* — Melanocytic Nevi (marked by NV in investiga-
tion results);

— d° — Melanoma (marked by MEL in investigation re-
sults);

— d° — Vascular Lesions (marked by VASC in investi-
gation results).

In this study the diagnoses from d, to dg are used in a
set D. This set could be extended if it is necessary in the
medical diagnostic system and there is appropriate
dataset.

The skin disease diagnosis problem is to determine a
functional dependence f (s)) = d;° which classifies an im-
age s; into a diagnosis d;° € D. This functional dependence
should define a model f minimizing accuracy A.

Accuracy A is calculated as a ratio of correctly classi-
fied C observations to misclassified M: A=C /M - 100.
Number C is calculated as a total number of correctly
classified observations between N observations of a data-
set. Number M is calculated as a total number of misclas-
sified observations between N observations of a dataset.

The defined model f should be used to classify new
diagnosis case s” into a class d” € D.

2 REVIEW OF THE LITERATURE

Al-based approach to medical diagnostics in general
and to diagnostics of skin diseases in particular became
widespread recently [8-9]. In a few years a lot of Al-
based diagnosis methods were investigated. To develop
an own method to support one of the stages of medical
diagnostic system according to the objective of the study
it is necessary to analyze existing solutions in the begin-
ning.
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In the paper [10] different classifiers, including SVM,
LR, RF, AdaBoost, BB, BRF, were investigated for mela-
noma detection using images collected by dermatoscopy
method. The best results were obtained by BRF method.
SVM, LR and RF were unstable. AdaBoost was a stable
classifier but with the lowest AUC value between all the
considered methods. AUC was used because the problem
in the paper was considered as a binary classification
problem. Classification was performed for two classes:
melanoma and benign tumor. The main shortcoming of
the study is in the binary classification. At the same time
this study allowed to compare different classifiers.

The methods investigated in the paper [10] are still ap-
plied for images recognition in medical diagnosis but ANN
became the most actively used model for solving these
problems. ANN popularity is conditioned on its higher
productivity, adaptability to different types of objects and
its ability to increase classification accuracy [11].

In the paper [12] the method for diagnostics based on
the proposed model of ANN was applied for skin disease
image recognition. Machine learning methods, including
RF, SVM and XGBoost methods, VGG16 and ResNet
models, were investigated for the problem solving. As a
result of this investigation ANN had significantly better
recognition results in comparison with the other consid-
ered machine learning methods. The main conclusion of
this investigation is in the efficiency and applicability of
ANN for the problem solving. The model proposed in the
paper [12] was characterized by less estimation results in
comparison with VGG16 and ResNet models. The ResNet
model had the highest accuracy (90.5%) in the investiga-
tion.

The paper [13] was aimed at investigation of different
models of CNN, including VGG16, VGG19, MaobileNet
and InceptionV3 with transfer learning, for recognition of
skin disease images. Main feature of the study is in the
modification of these models by extended convolution
technique, where filter is applied to an area which is big-
ger than filter length by excluding input values with a
step, which is equivalent to a convolution with big filter,
created from initial filter by placing zeros in it [14]. The
highest value of recognition accuracy was provided by
InceptionVV3 (90.95%) model. The obtained accuracy
value should be increased for practical application in
medical diagnostic system.

In the paper [15] efficiency of ANN application for
skin disease recognition was investigated in comparison
with diagnostics by general practitioners. The dataset was
processed for usage of two variants of images: images
with high and low resolution. VGG16, VGG19,
ResNet34,  ResNet50,  ResNet101,  SEResNet50,
EfficientNetB5, MobileNet models were investigated.
The highest accuracy (83.88% for images with high reso-
lution and 82.47% for images with low resolution) was
obtained using MobileNet model. The main result of this
investigation is in the higher recognition accuracy of the
worst investigated model in comparison with general
practitioners. It means that only decisions made by ex-
perienced specialists are valuable. At the same time the
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following decisions could be made using computer sys-
tems:

—advisory decisions;

— decisions in situations when there is no possibility of
access to a specialist;

— preliminary decisions on what specialist is needed
and if this specialist is needed.

The investigated works have such shortcomings as
application of outdated methods, classification into less
number of classes (for example, the work [10]) and be-
sides low recognition accuracy which is a major indicator
for the subject area. These drawbacks are a basis for the
next study of skin disease diagnosis methods and models
to improve the known results.

3 MATERIALS AND METHODS

To achieve the objective of the study the skin disease
diagnosis method was proposed. It consists of the follow-
ing stages.

At the first stage of the method data presenting images
of skin diseases from a set D collected using dermato-
scopy method should be processed to prepare it for a data-
set S creation. This preparation procedure includes change
of image resolution to guarantee higher speed of model
training because of the less size of images in dataset (in-
vestigated and confirmed in the study [16]). Higher train-
ing speed is important for practical application of the
method in medical diagnosis system because it decreases
time necessary for update when new data presenting new
cases are included to the dataset and model retraining is
performed.

At the second stage a dataset S ready for training
should be created.

During this stage dataset S should be separated into
the following subdatasets: training dataset S, and valida-
tion dataset S,. During this study of the method test data-
set S; should be separated from dataset S. Then these
subdatasets should be normalized using a procedure
which calculates a value of each pixel. Each pixel p;**
should be transformed into pn® by subtracting average
value pi" calculated through all values and by dividing
this result by standard pixel deviation &: pn** = (p** —
-p™) /8.

A dataset is possibly unbalanced, because a number of
observations referred to one class may significantly ex-
ceed a number of observations referred to another classes.
Such an issue notably impacts on model recognition accu-
racy, because classes, which observations are in minority,
may be ignored by a model. It results in misdiagnosing.
Oversampling technique should be used to solve this is-
sue. But oversampling has its own practical drawback.
After its application images will be duplicated in training
dataset for classes, causing model overtraining. It is ex-
plained by image learning without its analysis and detec-
tion of specified details of each disease. As a result this
model will not be able to highlight structural patterns of
tumors and could not be applied for new data observa-
tions, which were not used for training. Such methods of
image transformation as rotation, horizontal and vertical
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shift, wheeling and scaling should be used to solve the
issue.

At the third stage a model, which defines functional
dependence f, should be created by modification of pre-
trained ResNet50 model. This model was chosen, because
it fits the problem solved in the study, using connections
with quick access, missing one layer or some layers
avoiding model overtraining and increasing diagnosis
accuracy [17].

The structure of the full modified model is shown in
Fig. 1.
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Figure 1 — Structure of the modified model
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The structure of the ResNet50 model was extended by
the following additional layers:

— dropout layer;

— layer with 128 neurons and RelLu activation func-
tion;

— dropout layer;

— layer with 7 neurons and SoftMax activation func-
tion.

The structure of identity block of ResNet50 model is
shown in Fig. 2.
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v

Activation

v

Conv 3x3

v

BatchMormalization

v

Activation

v

Con 1x1

v

BatchNormalization
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Figure 2 — Structure of identity block of ResNet50 model

The structure of convolutional block of ResNet50
model is shown in Fig. 3.

At the fourth stage the created model is trained.
Transfer learning [18] and fine-tuning [19] should be used
for training. Transfer learning allows to reuse pre-trained
model for new problem. Fine-tuning allows to fix weights
of first layers, changing only last layers (aiming at more
specific forms and objects on an image) of the model
during training.

At the next stages the trained model is applied for new
cases when skin diseases should be diagnosed. Each new
case should be investigated through the following stages:
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— image creation using dermatoscopy method;

— image preprocessing through size change, transfor-
mation to a multidimensional array, normalization of its
values;

— image recognition, including transfer of preproc-
essed array to the trained model, classification by the
model, return of a class number d* € D and of the corre-
sponding diagnosis.

.......................................................................
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Figure 3 — Structure of convolutional block of ResNet50 model

4 EXPERIMENTS

Experimental investigation was held using the
HAMZ10000 dataset [20]. The dataset contains 10015 im-
ages of skin diseases. The images were collected using
dermatoscopy method. The dataset contains observations
for 7 different skin diseases (AKIEC, BCC, BKL, DF,
NV, MEL, VASC).

Histopathology (53% cases), further examination of a
patient (37% cases), consensus of experts (9%) and mi-
croscopy (1%) were used to detect diagnosis for every
case in the dataset. Localization of observations of skin
diseases is presented in Fig. 4.

This dataset was separated into subdatasets in the fol-
lowing manner: 60% of data were used as training dataset
Sir, 20% were used as validation dataset S, and 20% were
used as test dataset S;.

Preliminary analysis of the HAM10000 dataset de-
fined that the biggest number of cases in the dataset repre-
sents NV (6705). It is 6 times more than number of MEL
(1113) and BKL (1099) cases. Four other diagnoses are
represented by even less number of cases. Fraction of
every diagnosis in the initial dataset is visualized in

Fig. 5.
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Figure 5 — Part of disease cases in the initial dataset

Oversampling technique was applied to balance num-
ber of cases in the processed dataset. Number of cases for
each diagnosis is presented in Table 1.

Table 1 — Number of images in the dataset used for investigation
after oversampling

Diagnosis Number of images
AKIEC 4905
BCC 5140
BKL 5495
DF 5750
MEL 5565
NV 6705
VASC 5680
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Experimental investigation was performed using the
processed dataset. The following models were investi-
gated:

— VGG16 in modifications used in the papers [12],
[15], [21];

- VGG19 [15];

— ResNet in modifications used in the papers [12],
[21];

— ResNet34 [15];

— ResNet101 [15];

— SEResNet50 [15];

— ResNeXt101 [22];

— AlexNet [21];

— DenseNet [21];

— MobileNet in modifications in the papers [15], [21];

— EfficientNetB5 [15];

— Ensemble [22];

— the proposed model using appropriate method.

The proposed model was trained during 60 epochs
with Adam optimizer, which is used instead of stochastic
gradient descent algorithm and updates weights in net-
work iteratively, making possible to change learning rate
for each parameter and to adapt weight values according
to the learning process [23]. Dropout value was set to 0.5.
Last 22 layers of the model were used for training, be-
cause fine-tuning technique was applied in the method,
providing only last layers training.

Experimental investigation was performed using soft-
ware which was developed to support method practical
application. It was developed using the following tools:

— TensorFlow and Keras libraries for model creation
and training;

— NumPy, Pandas, scikit learn libraries for data proc-

essing;
©I0

— Python programming language;
45
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— Matplotlib library for data visualization. Model accuracy
Additional training parameters included: mini-batch 100 {[_— training data
size — 16, minimum learning rate — 0.00001, maximum validation data
learning rate — 0.001, reduce learning rate function — Re- 0 :
duceLROnPlateau, loss  function -  categori- 0.90
cal_crossentropy.

Software component model was created to give a pos- 0.85 1
sibility to integrate the proposed method into a medical
diagnosis system. Software component model provides
software interface to communicate with class model. The " 075
interface includes methods for the following tasks:

— to create modified model;

—to upload a dataset; 065 |

—to preprocess uploaded dataset;

— to train a model;

— to save trained model into a file;

—to upload saved model from a file;

—to upload new case;

— to preprocess new diagnosis case;
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o
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Figure 6 — Graph of accuracy change during model training for

training and validation datasets
Model accuracy

B - - - - —— training data
— to classify preprocessed diagnosis case using trained 175 o datE
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This decision allows to integrate this component
model into medical diagnosis system in the future. Medi- ¢ 1925
cal diagnosis system makes decisions for different tasks 3
using accumulated patient data. This approach allows to § 100
add necessary components after this system is developed g
and to create system after separate component models are &
created if these component models use the same ap- g 050
proach.
0.25
5 RESULTS S
During training of the proposed model values of rec- 0 10 20 30 0 0 &0
ognition accuracy (Fig. 6) and error function (Fig. 7) pre- Number of epochs
sented by categorical crossentropy were visualized in dy- Figure 7 — Graph of error function value change during model
namics. training for training and validation datasets
Appropriate values of accuracy and error function
were fixed in every epoch for training and validation
datasets (Fig. 8).
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1578/1569 [ - 88s 56ms/step - loss: @.@55%9 - scc: ©.9947 - val_loss: @.1663 al_acc: ©.9755

Epoch 59/6@

157@/1569 [===============z===============] - 875 55ms/step - loss: @.@563 - acc: ©.9949 - val_loss: @.163@ al_acc: @.9756

Epoch 6@/68

157@/156% [==============================] - 375 55ms/step - loss: @.@586 - acc: B.%946 - val_loss: @.17@6 al_acc: @.9752
Figure 8 — Model training results
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Confusion matrix (Table 2) was created to assess rec-
ognition quality for every skin disease from the set D.
This matrix represents number of images which were true
classified and misclassified by the proposed model. A row
in the matrix represents actual values, and a column
represents results of classification by the proposed model.

Table 2 — Confusion matrix for skin disease recognition

All observations, which actual skin disease diagnosis
d; from the dataset S; is not equal to a value d;° classified
by the model, are considered as misclassified.

Accuracy of the proposed and other investigated mod-
els was estimated using the test dataset. Results of accu-
racy comparison are presented in Table 3.

Table 3 — Results of classification by different CNN models

using the proposed method Model Source Accuracy A, %
Diagnosis|[AKIEC] BCC [ BKL | DF [ NV [ MEL [VASC VGG16 [12] 78.00
AKIEC 66 0 0 0 0 0 0 ResNet [12] 90.50
BCC 0 105 0 0 1 0 0 AlexNet [21] 88.81
BKL 0 0 196 2 1 0 0 ResNet [21] 85.20
DF 0 0 0 22 0 0 0 VGG16 [21] 86.09
NV 0 4 22 23 [ 1286 | 13 1 DenseNet [21] 85.25
MEL 0 0 0 1 5 222 0 MobileNet [21] 82.62
VASC 0 0 0 1 0 0 32 ResNet34 [15] 78.84
ResNet101 [15] 78.96
Fraction of true classified images for the proposed \S/EGnggﬁso Eg} g(l)'éé
model-is pres.ented in Fig. 9. The results are presented for  [\;5519 [15] 7902
each diagnosis separately. EfficientNetB5 [15] 77.14
MobileNet [15] 84.73
ResNeXt101 [22] 93.20
10 4 Ensemble [22] 92.83
The modified ResNet50
B o model of the proposed - 96.31
E method
w089 6 DISCUSSION
ﬁ A wide investigation (Table 3) of different CNN mod-
E 044 els was conducted to clarify its practical applicability for
c skin disease diagnosis problem solving. For the purpose
B o021 HAM10000 dataset was used. The dataset includes cases
& for 7 skin diseases. Since other investigations were
oo | mainly conducted for a smaller number of skin disease
AKIEC BCC BKL  OF Ny MEL  VASC such an investigation has practical significance.
Disgnosic The results of experimental investigation confirm that

Figure 9 — Chart displaying fraction of true classified images for
every diagnosis

Appropriate fraction of misclassified images for the
proposed model is presented in Fig. 10.

=2 =2 =
o [=] =}
] (] =

=2
(=1
=

Fraction of mizsclaszsified images

0.00 -

AKIEC BCC

Diagnosis

Figure 10 — Chart displaying fraction of misclassified images for
every diagnosis
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propositions for modification of mathematical model
based on ResNet50, presented in the appropriate method,
allowed to increase classification accuracy. The modified
model has accuracy of 96.31% on test dataset, which is
5.81% higher than base ResNet model and which is
3.11% higher than the best model in a group of other in-
vestigated models (ResNeXt101). The best results were
obtained by ResNet (90.5%), Ensemble (92.83%),
ResNeXt101 (93.2%) and the modified ResNet50 model.
Other models had accuracy lower than 90%.

Accuracy of models with less number of layers was
lower: VGG16, VGG19, ResNet34, MobileNet models all
had accuracy of less than 90% and closer to 80%. It ap-
proves that such a number of layers is not enough to learn
all patterns necessary to recognize all diseases which were
analyzed.

The proposed model allowed to get the number of
misclassified observations which was not higher than 5%
for all diagnoses (Fig. 10). All AKIEC and DF cases were
true classified (Table 2). NV had 1349 observations in test
dataset. The proposed model misclassified 63 observa-
tions: 4 cases were diagnosed as BCC, 22 cases as BKL,
23 cases as DF, 13 cases as MEL and 1 case as VASC.
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This diagnosis is characterized by the lowest accuracy of
95.33%.

The modified ResNet50 model has additional layers,
in such a way having large demands on dataset necessary
for model training. Oversampling technique together with
transformation methods, applied to dataset images, al-
lowed to get a wider training dataset with sufficient num-
ber of observations in it. Images used as input for the
model had size of 100x75 pixels. Learning curves (Fig. 6
and Fig. 7) together with model training results (Fig. 8)
approve this statement, demonstrating that there was no
under- or overtraining. The modified model has accuracy
of 97.53% on validation dataset

These experimental results allow to recommend to in-
tegrate the proposed method into medical diagnosis sys-
tem for practical usage as an advisory block [24]. It might
have significant effect in countries or territories, where
equal and wide access to quality medicine and qualified
specialists is impossible or temporarily restricted.

CONCLUSIONS

The problem of skin disease diagnosis was investi-
gated in the paper. It was considered as classification
problem. The existing methods for the problem solving
are not perfect and may be improved. These methods
classify observations into less number of classes and have
lower accuracy. The skin disease diagnosis method, based
on the modified ResNet50 model, was proposed.

To increase model recognition accuracy it was pro-
posed to perform preliminary data processing to balance
dataset, to reduce image size, to normalize values, to
transform images inside dataset using different methods
to avoid oversampling.

ResNet50 model was modified adding new layers.
Dropout layer, layer with 128 neurons and RelLu activa-
tion function, dropout layer, and layer with 7 neurons and
SoftMax activation function were added to the model.
The extended model was trained using transfer learning
and fine-tuning techniques Main learning settings were
defined. Separate stages were defined in the method to
apply the trained model to diagnose new cases.

Experimental investigation was performed using the
HAMZ10000 dataset, which consists of 10015 images of 7
skin diseases (AKIEC, BCC, BKL, DF, NV, MEL,
VASC). Accuracy of the proposed model and the existing
models was compared during experimental investigation.
The proposed method with the modified ResNet50 model
applied for classification had an accuracy 96.31 %, which
was the highest result between all investigated models.
This accuracy level of the method together with learning
results confirms possibility of its practical implementa-
tion.

Software component model was created to provide an
interface for integration of the proposed method into a
medical diagnosis system. This interface provides means
to manage classification model and to use it for decision
making.

© Lovkin V. M., Subbotin S. A., Oliinyk A. O., Myronenko N. V., 2023
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The scientific novelty of the obtained results is in the
proposed method of skin disease diagnosis.

The practical significance of the obtained results is
in classification accuracy of the proposed method and in
software, which was developed to support the proposed
method, as well as software component model, which
allows to integrate the developed software into medical
diagnosis system in the future.

Prospects for the further research are to integrate
the proposed method and software, which was created
based on appropriate software component, for skin dis-
ease diagnosis into medical diagnosis system.
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YJIK 004.896
METO/ TA TIPOI'PAMHA KOMIIOHEHTHA MOJEJIb JIATHOCTYBAHHSA IIKIPHUX 3AXBOPIOBAHb

JIboBkin B. M. — kaHj. TexH. HayK, JOIEHT, AOLEHT Kadeapy nporpaMHux 3acobiB HarioHanbpHoro yHiBepcuteTy «3amopisbka
MOJTITEXHiKay, 3amopixoks, YKpaiHa.

Cy66otin C. O. — 1-p TexH. Hayk, mpodecop, 3aBigyBau Kadeapu MporpaMHHX 3aco0iB HamioHaapHOTO YHiBEpCHTETY
«3armopi3bKa NOMiTeXHiKa», 3amopixoks, YKpaiHa.

Ouiitnuk A. O. — 1-p TexH. HayK, podecop, npodecop Kadenpu mporpaMHux 3acobiB HarionansHoTo yHIBEpcHTETYy «3aropi-
3bKa ITOJIITeXHIKa», 3armopixoks, YkpaiHa.

Muponenxko H. B. — crynenTka kadenpu mporpamMHux 3aco0iB HamioHambHOro yHiBepcHTeTy «3aropi3bka IOJITEXHIKa»,
3anopixoks, YKpaiHa.

AHOTALIA

AKTyaJbHicTb. Y JaHill CTaTTi PO3TIIHYTO MPOOJIEMy iarHOCTYBaHHS IIKIPHUX 3aXBOPIOBaHb. AKTYalbHICTh MPOOJIeMH MOsiC-
HIOETBCS HEOOXIMHICTIO aBTOMATH3allil MOHAIMEHIIe AOpaayiX pPilleHb B MEIUIMHI, 30KpeMa MpU MiATPUMII TEIeMEeTUIUHU TTi]
Yac JiarHOCTYBaHHS IIKIPHUX 3aXBOPIOBaHb, KOJIM MOXJIMBO OTPUMATH HPHUAATHI AJIS aHANi3y JAaHi, aje JiKap, 30aTHUH MPUHHATH
pilIeHHS, He MOXKE 3 THX UM IHIIMX NPUYMH 00poOuTy mi maHi BracHopyd. O6’€kTOM poOOTH € MpoIec MiarHOCTYBaHHS MIKipHUX
3aXBOPIOBAHb.

MeTta podoT — po3poOHUTH METO/] NiarHOCTYBAHHS IIKIPHUX 3aXBOPIOBAHb JUI aBTOMATH3alii JOpaJuuXx AiarHOCTYIOUYHX PillleHb
B MEJIMIMHI i MiABUIIEHHS e()eKTUBHOCTI TAKHUX PillICHb.

Meton. V crarTi 3ampornOHOBaHO METOJ HiarHOCTYBaHHS LIKIPHUX 3aXBOPIOBAaHb HA OCHOBI MOOYAOBH i HAaBYaHHS MOJEINI
ResNet50, moandikoBanoi HUIIXOM [OAaBaHHS HOBHX MIAPIB 1| BUKOPUCTAHHs TeXHIK TpaHchepHoro nasdanns ta fine-tuning. Me-
TOJI BUKOHYE TIOTIEPEIHI0 0OpOOKY 300pakeHb 30KpeMa IUIIXOM 3MiHH 1X po3Mipy Ta BUKOPUCTaHHS TexHiku oversampling mmst miz-
TOTOBKH BHOIPKH JAHUX ISl HABYAHHS MOJEIIL.

Pe3yasTaTn. ExcniepuMenTanbpHe OCIIHKEHHS IIPOBOAMIIOCS HAa HaOOpi JaHMX Mpo mKipHI 3axBoproBaHHs HAM10000, sxuit
cxianaerbes 3 10015 300pakeHb 3aXBOPIOBaHb IIKIPH, OTPUMAHUX METOJOM AEPMAaTOCKOMIl, Ui 7 pi3HMX JAiarHo3iB. Y pe3yJibraTi
3aCTOCYBaHHs MOIH(IKOBAHOT MOJICNI HA OCHOBI 3aITPOMIOHOBAHOTO METO/Iy TOYHICTh po3Mi3HaBaHHs ckiana 96.31%, 1o nepeBuiiye
TOYHICTb PO3IVIAHYTHX NMOAIOHUX MoJenel HeHpoHHUX Mepex. [IporpamMHa KOMIOHEHTa Mozielb Oysia CTBOPEHA Ul HAJlaHHS MOX-
JIMBOCTI IHTErpyBaTH 3alpONOHOBAHMI METOJ IO CKJIaly CHCTEMU MEIMYHOTO JIiarHOCTYBaHHS.

BucHoBku. OTpuMaHi B pe3ynbTarti IPOBEACHOTO JTOCIIPKEHHS PE3yJIbTaTh A03BOJIAIOTE PEKOMEHIYBaTH 3aIIpOIIOHOBAHUH Me-
TOJ AiarHOCTYBAaHHS IIKiPHUX 3aXBOPIOBAHB JJIs BIIPOBA/KCHHS Y CKIIaJli CHCTEMH MEAMYHOTO JIIarHOCTYBAHHS 3a11s 3a0e3MeueHHs
MITPUMKH BUHECCHHS IOPAI4UX PillIeHb CHCTEMOIO 3 MOAANIBIINM BUHECCHHSM OCTATOYHHX PIlLICHb JIiKapeM.
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IMAGE SEGMENTATION WITH A CONVOLUTIONAL NEURAL
NETWORK WITHOUT POOLING LAYERS IN DERMATOLOGICAL
DISEASE DIAGNOSTICS SYSTEMS

Polyakova M. V. — Dr. Sc., Associate Professor, Professor of the Department of Applied Mathematics and
Information Technologies, National University “Odessa Polytechnic”, Odessa, Ukraine.

ABSTRACT

Context. The problem of automating of the segmentation of spectral-statistical texture images is considered. The object of
research is image processing in dermatological disease diagnostic systems.

Objective. The aim of the research is to improve the segmentation performance of color images of psoriasis lesions by
elaboration of a deep learning convolutional neural network without pooling layers.

Method. The convolutional neural network is proposed to process a three-channel psoriasis image with a specified size. The
initial color images were scaled to the specified size and then inputed on the neural network. The architecture of the proposed neural
network consists of four convolutional layers with batch normalization layers and ReLU activation function. Feature maps from the
output of these layers were inputted to the 1x1 convolutional layer with the Softmax activation function. The resulting feature maps
were inputted to the image pixel classification layer. When segmenting images, convolutional and pooling layers extract the features
of image fragments, and fully connected layers classify the resulting feature vectors, forming a partition of the image into
homogeneous segments. The segmentation features are evaluated as a result of network training using ground-truth images which
segmented by an expert. Such features are robust to noise and distortion in images. The combination of segmentation results at
different scales is determined by the network architecture. Pooling layers were not included in the architecture of the proposed
convolutional neural network since they reduce the size of feature maps compared to the size of the original image and can decrease
the segmentation performance of small psoriasis lesions and psoriasis lesions of complex shape.

Results. The proposed convolutional neural network has been implemented in software and researched for solving the problem
of psoriasis images segmentation.

Conclusions. The use of the proposed convolutional neural network made it possible to enhance the segmentation performance
of plague and guttate psoriasis images, especially at the edges of the lesions. Prospects for further research are to study the
performance of the proposed CNN then abrupt changes in color and illumination, blurring, as well as the complex background areas
are present on dermatological images, for example, containing clothes or fragments of the interior. It is advisable to use the proposed
CNN in other problems of color image processing to segment statistical or spectral-statistical texture regions on a uniform or textured
background.

KEYWORDS: psoriasis image, image segmentation, convolutional network, pooling layer, color space, deep learning.

ABBREVIATIONS
BSA is the Body Surface Area;
PASI is the Psoriasis Area and Severity Index;
CNN is a convolutional neural network;
ReLU is a rectified linear unit;
TP is a number of true positive samples in percent;
TN is a number of true negative samples in percent;
FP is a number of false positive samples in percent;
FN is a number of false negative samples in percent;
FOM is a Figure of Merit.

INTRODUCTION

Medical diagnostic systems are widely used in the
field of health care. In particular, such systems can
provide information about the pathologies based on
medical images. For example, various datasets related to
the treatment of dermatological diseases have been
collected. A number of datasets include images obtained
during the diagnosis of psoriasis. The World Health
Organization statistics estimate the number of patients
suffering from this disease at 125 million people.
According to the International Federation of Psoriasis

NOMENCLATURE Associations, the prevalence of this disease depends on

I, is the number of pixels of the psoriasis lesion edges,
obtained by the proposed CNN;

I is the number of pixels of the psoriasis lesion edges
on the ground-truth image;

o is a scale factor;

d; is the distance between the pixel of the psoriasis
lesion edge, obtained by the proposed CNN, and the pixel
of the psoriasis lesion edge on the ground-thruth image,
measured along the normal to this edge.
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the region and ranges from 1.2% to 5%, averaging 3% of
the general population [1].

The disease of psoriasis is accompanied by unpleasant
sensations such as peeling and itching of the affected
areas of the skin, causing discomfort to the patient, and is
also a systemic disease, often accompanied by arthritis,
diabetes, cardiovascular diseases, etc. To diagnose and
monitor the effectiveness of treatment, psoriasis lesions
are isolated on photographs of the patient’s skin and
evaluate their geometric characteristics. The values of
these characteristics are used in assessing the clinical
severity of psoriasis using the BSA and the PASI [2].

OPEN 8 ACCESS




p-ISSN 1607-3274 PanioenextpoHnika, inbpopmaTrka, ynpasminss. 2023. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 1

The identification of psoriasis lesions on skin images
by a dermatologist requires a significant time and effort.
In addition, since there are other skin diseases similar to
psoriasis, then the diagnosis of psoriasis also requires
significant experience of a specialist in the field of
dermatology. Therefore, medical diagnostic systems are
used to perform automated processing of images of
psoriasis lesions [3-5].

The object of research is image processing in
dermatological disease diagnostic systems.

To assess the clinical severity of psoriasis using the
BSA and PASI indexes in dermatological disease
diagnostic systems, the results of segmentation of skin
images are needed to identify the psoriasis areas [4].
Segmentation of color images of skin affected by
psoriasis is a difficult problem due to uneven or
insufficient lighting, irregular shape and different sizes of
psoriasis lesions, blurred boundaries between lesions and
normal skin. In addition, the result of segmentation of
images of psoriasis lesions is affected by skin
pigmentation and texture that varies from person to
person, the presence of hair, as well as the type of skin
(dry, oily or combination), which determines its
reflectivity.

The subject of the research is the methods of
segmentation of color images of psoriasis lesions.

Methods for segmenting color images of psoriasis
lesions that do not use convolutional neural networks
(CNNs) are generally characterized by low performance
[6-8], which is due to the natural variability of human
skin and the size of psoriasis lesions. So, plaque psoriasis
is often characterized by the lesions of considerable size,
while guttate psoriasis is appeared by small lesions. The
psoriasis image segmentation is also significantly affected
by the experience of the researcher and the segmentation
feature selection. Therefore, deep learning CNNs have
recently been used to segment color images of psoriasis
lesions, providing automatic feature selection [9-10]. The
most common architecture of such networks includes
convolutional layers, pooling layers and fully connected
layers. When segmenting images, convolutional and
pooling layers extract the features of image fragments,
and fully connected layers classify the resulting feature
vectors, forming a partition of the image into
homogeneous segments. The pooling layers of the CNN
are reduce the size of image feature maps, but negatively
affects on the segmentation performance, especially for
the images of the small psoriasis lesions and complex-
shaped psoriasis lesions.

The aim of the research is to improve the of
segmentation performance of color images of psoriasis
lesions by elaboration of a deep learning CNN without
pooling layers.

1 PROBLEM STATEMENT
The color image of psoriasis lesions is represented by
the vector function 1(x,y)=(Ir(x,y), lc(x,y), Is(x,y)}, where
x=1, ..., n; y=1, ..., m; n, m are positive integers, n is the
number of rows, m is the number of columns of the
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image. The intensities of the color components Ir(X,y),
(X)), Is(xy) take values from the interval [0, 1]. Then
each pixel of the image with coordinates (x,y) is described
by three features, namely intensities of color components
with values Ig(xy), ls(Xy), Ig(Xy). To identify the
psoriasis lesions on the image, it is necessary to segment
it into non-overlapping regions corresponding to regions
of lesions and normal skin. To do this, each pixel of the
original image must be associated with the value of the
target feature. There is a label of one of two classes,
specifically, 0 for normal skin, 1 for psoriasis lesion. The
values of the target feature for the psoriasis image should
be represented as a binary image which is the result of
segmentation.

To segment the color images of psoriasis lesions, a
CNN elaboration is needed. The CNN input is a three-
dimensional matrix of intensity values of color
components for image pixels. At the output of this
network, a two-dimensional matrix of target feature
values is obtained for each image pixel. To construct a
convolutional neural network CNN = {struct, param}, it
is necessary to select its architecture struct and evaluate
network parameters param so as to minimize the cost
function on the training set [11, 12]. It is assumed that the
training set includes psoriasis images and corresponding
ground-truth images for CNN parameters learning.

2 REVIEW OF THE LITERATURE

An analysis of the literature shows that psoriasis
image processing implies either classification of such
images to determine the severity of the disease [13-15] or
psoriasis image segmentation [16-18], since the area of
psoriatic lesions is taken into account when determining
the severity of the disease and evaluating the effectiveness
of treatment [2, 4, 10]. When selecting and evaluating the
psoriasis image features it is important to consider that
normal skin regions differ from psoriasis lesions both in
color and texture. For example these regions can be
distinguished by the values of the amplitude and
frequency of the components of the spectral texture [19,
20]. Therefore, single-scale and multi-scale methods are
presented in the literature for psoriasis image processing.

Single-scale methods use color features and/or
spectral features at the dominant frequency. Such methods
segmenting psoriasis image into areas of normal skin and
psoriasis lesions, based on the feature vectors calculated
in the neighborhood of each pixel. The the resulting
segmentation performance depends on the parameter
values setting. In addition there are difficulties in
segmenting objects of different sizes and setting of
parameters.

Thus, in [7], two color spaces were used to segment
psoriatic plaques on skin images, namely CIE Luv and
CIE Lch. In the CIE Luv space, the color feature vectors
of the pixels were clustered based on the Gaussian
mixture model, and in the CIE Lch color space, a semi-
wrapped Gaussian mixture model was proposed to solve
this problem. For the localization of plagues on the skin,
the von Mises distribution was assumed to determine the
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confidence intervals for the distribution parameters of
normal skin and plaque color. This approach showed a
higher segmentation performance compared to the fuzzy
c-means, the segmentation accuracy was 79.53%.

In [8], a method for texture segmentation of plaque
psoriasis images was elaborated for express diagnostic
systems in dermatology. Psoriasis lesions on the images
were modelled as fragments of a quasi-periodic texture on
a complex background with additive Gaussian noise. To
segmenting psoriasis lesions, there was used sequentially
the localization of spatial frequencies of the image; the
amplitude detecting that transforms the texture features
into intensity; the edge detection of the resulting image.
Then 87% of image pixels were correctly segmented by
this method.

In [6], for the segmentation of color psoriasis images
the RGB images convert to the Lab space, and then k-
means clustering was applied to the color feature vectors
of image pixels. To improve the segmentation
performance the merged group of pixels was filtered, as a
result of which correctly segmented pixels averaged 95%.

In [19, 20], for systems of express diagnostics of
psoriasis, skin images were represented by a spectral-
statistical texture. The vector-difference method was
applied for image segmentation. This method is based on
the calculation of distances between feature vectors of
image pixel neighborhoods. Each feature vector is
involved the mean value and the standard deviation of the
intensities of the neighborhood pixels. For images of
plaque psoriasis, the percentage of correct pixel
segmentation was 92.7%, and for pixels of lesions of
plaque psoriasis, up to 96%, depending on the signal-to-
noise ratio.

Multiscale methods are elaborated for segmenting the
lesions of different sizes on psoriasis images. However,
there are difficulties when combining the results of
segmentation at different scales. For example, in [21], a
method for segmenting ot the psoriasis images in the Lab
color space was proposed. In this space, multi-scale
superpixels of images were identified, and superpixels
that did not correspond to the skin areas were discarded.
Next, at each scale, the superpixels were k-means
clustered. The merging of segmentation results at
different scales was performed using voting. Correctly
segmented pixels in the images were about 90%. The
method has shown its effectiveness in the treatment of
skin with hair, and with lesions of different sizes and
shapes.

A separate group of multiscale methods are CNNs that
are used both for segmentation and for classifying of
psoriasis images.

In [3], a classification system for skin diseases was
developed, implemented as Android application based on
the MobilNet. This network alternates convolutional
layers and depthwise separable convolutions with
depthwise and pointwise layers. Each of these 27 layers
was followed by batch normalization and a ReLU
activation function. The average percentage of correct

recognition of the seven skin diseases reached 94.4% after
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oversampling to balance the data set and pre-process the
researched images.

In [13], images of psoriasis lesions were classified
into images of plaque psoriasis and guttate psoriasis. A
CNN was used with two convolutional layers, followed
by pooling layers, then two fully connected layers were
applied. Correct image recognition of plaque and guttate
psoriasis was 82.9% and 72.4%.

In [4], psoriasis images were analyzed to automaticall
form the severity of the disease. The severity of the
psoriasis are assessed on the basis of the erythema or
redness level, the degree of scaliness, the thickness or
induration of psoriasis plaques on the human skin. The
percentage of the body surface area affected by psoriasis
also included in PASI estimation. Psoriasis images were
classified by a CNN that consisted of a shared subnet
followed by three parallel subnets. At the output of these
subnets, the level of the disease severity was obtained for
each of the three features as an integer from 0 to 4. The
shared subnet consisted of 5 convolutional layers with the
ReLU activation function and normalization after the 1st
and 2nd layers, as well as three pooling layers after the
1st, 2nd, 5th convolutional layers. Subnets for each
feature included 2 fully connected layers with the ReLU
activation function, after which the SoftMax activation
function was applied. The correct recognition of the
severity scores based on the each feature was 60%, and
about 94% if assuming a maximum deviation 1 from
the actual scores for any of erythema, scaling and
induration scores. Under this assumption, the correct
recognition of the severity scores is 85.3%.

In [9], a modified U-Net architecture referred as
PsLSNet was proposed for the segmentation of psoriasis
images. It is a deep learning CNN with 29 layers. By
reducing the covariant shift through the implementation
of PsLSNet, the training time is reduced compared to U-
Net. The PsLSNet network is able to segment psoriasis
images even under poor acquisition conditions and in the
presence of artifacts. The average percentage of correctly
segmented pixels was 94.8% with a sensitivity of 89.6%
and a specificity of 97.6%.

In [10], it was assumed that psoriasis images may be
blurred or contain areas of a complex background. For the
segmentation of such images, a YOLACT CNN has been
developed, which includes four consecutive subnets.
These are a subnet for evaluating segmentation features, a
subnet for generating feature maps at different image
scales, a subnet for classifying the obtained feature
vectors, and a subnet for generating the result of
segmentation and post-processing. Correct segmentation
of image pixels was achieved in 96-97% of cases.

The analysis of methods of psoriasis image
segmentation showed that the main characteristic of these
methods is the segmentation performance, which is
affected by the shape and sizes of isolated lesions that
differ for plague and guttate psoriasis. In the case of
express diagnostics, the time of image processing is also

significant.
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Single-scale methods are characterized by high speed,
but the segmentation performance is low, especially when
identifying small psoriasis lesions and complex-shaped
psoriasis lesions. The results of image segmentation often
contain defects in the form of small regions at the
boundaries of areas corresponding to psoriasis lesions. In
addition, parameters setting are time consuming for
single-scale methods.

Multiscale methods are characterized by a higher
performance of psoriasis image segmentation due to the
better localization of the boundaries of psoriasis lesions.
However, these methods are often unable to segment the
small lesions or fragments of lesions of complex shape,
mistaking them for areas of healthy skin. If the multiscale
methods of psoriasis image segmentation don’t use the
CNN, then it is necessary for the researcher to select
segmentation features, the procedure for their evaluation,
and a method for combining segmentation results at
different scales. The use of CNN allows to avoid these
difficulties, since segmentation features are evaluated as a
result of network training using ground-truth images
which segmented by an expert. Such features are robust
to noise and distortion in images. The combination of
segmentation results at different scales is determined by
the network architecture. However, deep learning CNN
contains a large number of layers and, accordingly, is
characterized by a significant number of parameters. The
training of such CNN requires a large training set, and the
complexity of the architecture increases the network
training time. In addition, a common drawback of the
CNN in solving the problem of psoriasis image
segmentation is the low performance if objects of small
sizes or complex shapes are processed. This due to the

inclusion of pooling layers in the network architecture,
which reduce the scale of image feature maps.

3 MATERIALS AND METHODS

The proposed neural network is elaborated to process
a three-channel image with a size of 224x224 pixels.
Therefore, the initial color images were scaled to the
specified size and then giving them as input of the neural
network. The architecture of the proposed neural network
is shown in Table 1. This CNN contains five
convolutional layers, four batch normalization layers, four
ReLU activation function layers, one Softmax activation
function layer, and one image pixel classification layer.
The first convolutional layer uses 18 convolution kernels
of size 85x85x3 pixels with a stride of 1 pixel. The
feature maps at the output of this layer are batch
normalized and then the ReLU activation function is
applied. Next, feature maps from the output of the ReLU
activation function layer, were inputed to the second
convolutional layer, which uses 18 convolution kernels of
size 55x55x3 pixels with a stride of 1 pixel. The feature
maps at the output of this layer are also batch normalized
and then the ReLU activation function is applied again.
The resulting feature maps were inputed to the third
convolutional layer, which uses 18 convolution kernels of
size 35x35x3 pixels with a stride of 1 pixel. The feature
maps at the output of this layer are again batch
normalized, and then the ReLU activation function is
applied again. It is followed by the fourth convolutional
layer, which uses 18 convolution kernels of size 15x15x3
pixels with a stride of 1 pixel. The obtained feature maps
at the output of this layer are batch normalized, and then
the ReLU activation function is applied again. Feature

Table 1 — The proposed CNN architecture

Layer number Type Comment Activations Learnables
1 Image Input 256x256x3 images with zero center 224x224x3 -
normalization
2 Convolution 18 85x85x3 convolutions with stride [1 1] 224x224x18 Weights: 85x85x3x18
and same padding Bias: 1x1x18
3 Batch normalization Batch normalization with 18 channels 224x224x18 Offset: 1x1x18
Scale: 1x1x18
4 ReLU Activation function 224x224x18 -
5 Convolution 18 55x55x3 convolutions with stride [1 1] 224x224x18 Weights: 55x55x3x18
and same padding Bias: 1x1x18
6 Batch normalization Batch normalization with 18 channels 224x224x18 Offset: 1x1x18
Scale: 1x1x18
7 ReLU Activation function 224x224x18 -
8 Convolution 18 35x35x3 convolutions with stride [1 1] 224%224x18 Weights: 35x35x3x18
and same padding Bias: 1x1x18
9 Batch normalization Batch normalization with 18 channels 224x224x18 Offset: 1x1x18
Scale: 1x1x18
10 ReLU Activation function 224x224x18 -
11 Convolution 18 15x15x3 convolutions with stride [1 1] 224x224x18 Weights: 15x15x3x18
and same padding Bias: 1x1x18
12 Batch normalization Batch normalization with 18 channels 224x224x18 Offset: 1x1x18
Scale: 1x1x18
13 ReLU Activation function 224x224x18 -
14 Convolution 2 1x1x18 convolutions with stride [1 1] 224x224x2 Weights: 1x1x18x2
and same padding Bias: 1x1x2
15 Softmax Activation function 224x224x2 -
16 Pixel classification - - -
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maps from the output of this layer were inputted to the
fifth convolutional layer, which uses 2 convolution
kernels of size 1x1x18 pixels with a stride of 1 pixel, then
the Softmax activation function is applied. The resulting
feature maps were applied to the image pixel
classification layer.

In the convolution layer, the matrix of the convolution
kernel moves through a two-dimensional array of image
pixels. The values of the corresponding image elements
and the convolution kernel are multiplied the results are
added up and inputted on the next layer. Usually, several
convolution kernels are used in the convolution layer. In
addition, it is the stride parameter, which indicates the
convolution kernel shift along the image matrix.

Batch normalization layer solves vanishing gradient
problem and train deep neural networks consisting of a
few dozen layers. It is known that the error
backpropagation algorithm converges faster if the input
data is normalized (has zero mean and unit variance) [13].
However, when a signal propagates through a neural
network, its mean value and variance can change
significantly. To avoid this, the standard normalization of
the outputs of the convolutional layer is performed by
subtracting from each output x; the average value ; of the
input packet examples by dimension i and dividing by
(oi+€)™®, where o; is the standard deviation of the input
packet images by dimension i, ¢ is a constant that ensures
the stability of calculations. However, normalizing the
output of a neural network convolutional layer can change
the representation of the data in the next layer. Therefore,
two parameters are introduced: compression vy; and shift f;
of the normalized value for each output, which are
adjusted in the learning process along with the rest of the
parameters and transform the normalized output value Xxy;
as Yi=yiXni+Pi. For convolutional neural networks, batch
normalization reduces training time and reduces the
chance of overfitting.

The ReLU activation function RelLU(y)=max(0,y)
returns O for a negative argument, and in the case of a
positive argument, returns the same. The advantages of
this function over the sigmoid are the fast calculation of
the derivative (for negative arguments it is 0, for positive
ones it is 1), and the sparseness of activation (fewer
neurons being activated).

Pooling layers were not included in the architecture of
the proposed CNN since they reduce the size of feature
maps compared to the size of the original image and can
decrease the segmentation performance of small psoriasis
lesions and psoriasis lesions of complex shape.

4 EXPERIMENTS

As a result of the experiment, the segmentation
performance was estimated for 50 images of psoriasis
lesions from the [22]. The researched images contained
only areas of healthy skin and psoriasis lesions. Areas
corresponding to the background were absent. The image
sizes varied as follows. For the images of plaque psoriasis
the height varied from 200 to 380 pixels, and the width
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varied from 180 to 500 pixels. The height of the images of
guttate psoriasis varied from 400 to 800 pixels, the width
from 300 to 530 pixels. These images were marked by an
expert on areas of normal skin and psoriasis lesions. Then
the segmentation performance was estimated by
confusion matrices [23, 24]. Since psoriasis images were
segmented on health skin and psoriasis lesions, then the
confusion matrix of size 2x2 consists of the following
elements. TP is the percentage of image pixels from the
class labeled “Normal skin” that are correctly assigned to
the class labeled “Normal skin”; FP is the percentage of
image pixels from the class labeled “Psoriasis lesion” that
are incorrectly assigned to the class labeled “Normal
skin”; FN is the percentage of image pixels from the class
labeled “Normal skin” incorrectly assigned to the class
labeled “Psoriasis lesion™; TN is the percentage of image
pixels from the class labeled “Psoriasis lesion” that are
correctly assigned to the class labeled “Psoriasis lesion”.

To characterize the detection of the edges of psoriasis
lesions, the FOM value [25] was used:

1l 1
FOM == A —— .
I Z:IZZI':|.+OLdi2

where 1=max(l,, 1,). The FOM value is normalized such
that FOM=1 for a well detected edge. The factor 1/
characterizes doubled and split edges.

When training the proposed CNN, a cross-entropy loss
function was used, for which the relative frequencies w
and 1-w of the appearance of pixels of the “Normal skin”
and “Psoriasis lesion” classes were taken into account.
For each image pixel, the value of cross-entropy L was
calculated by the formula

=~ (1/w) ty logz y1 — /(1 - w) t; logy Yo,

where tj = 1 if the image pixel is assigned to class i on the
ground-thruth image, otherwise t; = 0, with i = 1 for the
class “Normal skin” and i = 2 for the class “Psoriasis
lesion”. The y; value is the result of calculating the value
of the Softmax function for the image pixel under
consideration. It is interpreted as the probability that an
image pixel belongs to the class “Normal skin” (i = 1) or
“Psoriasis lesion” (i = 2). To calculate the cross-entropy
of the image, the values of L were summed over all its
pixels.

First, as part of the experiment, RGB, Lab, YChCr,
HSV, YIQ, XYZ color spaces were used to represent
images of psoriasis lesions [26]. In this part of experiment
the proposed CNN and U-Net [27] consisting of four
levels reliazed by 3x3 convolutions are researched. The
stochastic gradient descent with a moment of 0.9 and an
initial learning rate of 0.01 was used to train the proposed
CNN. The Adam method with an initial learning rate of
0.0001 was used to train the U-Net.

Note that the color images of lesions of plaque and
guttate psoriasis differ significantly in their properties,
primarily in the size of the lesions, as well as their color
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and texture. Plaque psoriasis usually presents by red or
light gray lesions of considerable size with coarse grained
texture, while guttate psoriasis presents by small reddish
lesions of fine texture. Therefore, in this research,
segmentation performance was evaluated separately for
images of plaque and guttate psoriasis, in contrast to the
papers [6-10, 19-21] and others, in which segmentation
performance measures were averaged over images of both
classes.

Second, as part of the experiment, the Adam method
with an initial learning rate of 0.05 and the stochastic
gradient descent with a moment of 0.9, and an initial
learning rate of 0.01 was used to train the proposed CNN
on the researched psoriasis images. To avoid overfitting
of the network, training was stopped when the value of
the loss function began to increase. The number of
training epochs depended on the color space in which the
images were presented.

Third, as part of the experiment, the psoriasis image
segmentation performance for the proposed CNN was
compared with the known segmentation methods [6-10,
19-21]. The accuracy measure is used. It represents the
integral characteristic of the segmentation performance
calculated by averaging of TP and TN.

And at last, the comparison of processing time was
made for the image segmentation by the proposed CNN
and the U-Net [27] for the researched psoriasis images
scaled to a size of 224x224 pixels.

5 RESULTS
The elements of confusion matrices for the results of
psoriasis image segmentation with representation in
different color spaces is shown in Table 2. Values in this
table were obtained by averaging the FOM, TP, and TN
for the segmentation of plaque psoriasis images, guttate
psoriasis images, and all the researched psoriasis images.

Table 2 — The values of TP and TN for the results of segmentation by the proposed CNN and U-Net of psoriasis images represented in
different color spaces

Color space Plaque psoriasis images Guttate psoriasis images All researched psoriasis images
TR [ TN | FOM TR TN | FOM TR [ TN | FoMm
Proposed CNN
RGB 98.48 99.55 0.7844 93.41 91.83 0.7637 95.53 96.78 0.7741
Lab 98.37 99.72 0.7256 91.57 88.01 0.5102 94.42 95.51 0.6179
HSV 97.92 99.56 0.7671 89.75 87.05 0.5996 93.17 95.07 0.6834
YIQ 97.51 99.40 0.7917 93.60 87.98 0.6591 95.24 95.30 0.7254
YCbCr 97.72 99.73 0.6568 93.29 87.33 0.5240 95.14 95.28 0.5904
XYz 96.04 98.42 0.5854 91.34 80.94 0.5597 93.31 92.15 0.5730
U-Net

RGB 95.78 99.46 0.4034 88.89 91.70 0.3995 91.77 96.67 0.4014
Lab 95.29 98.77 0.4413 88.91 87.93 0.4524 91.58 94.88 0.4469
HSV 98.00 99.66 0.3689 82.27 90.89 0.3573 86.34 96.51 0.3631
YIQ 94.76 99.67 0.4196 83.52 95.02 0.3821 88.22 98.00 0.4009
YChCr 96.14 99.61 0.5461 87.91 94.00 0.5167 91.35 97.60 0.5314
XYZ 94.29 97.88 0.3372 87.53 86.21 0.3945 90.36 93.69 0.3658
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w
Figure 1 — The segmentation results by proposed CNN:
a—d, m—p — the initial psoriasis images; e-h, g-t — the ground-truth images; i-Il, u—x — images, segmented by proposed CNN

g h
Figure 2 — The segmentation results by U-Net:
a—d — the psoriasis images from Figure 1, a—d, segmented by U-Net; e-h — the images from Figure 1, m—p, segmented by U-Net
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The accuracy of the psoriasis image segmentation by
the proposed CNN, the U-Net, and methods known from
the literature are given in Table 3.

Table 3 — The segmentation accuracy of the proposed CNN and
methods known from the literature

Reference, publication year, network name Segmentation
accuracy, %
Single Scale Methods
[7], 2015 79.53%
[8], 2019 87.20%
[19], 2022 92.68%
[6], 2017 95%
Multiscale Methods
[21], 2017 90%
[9], 2019, PsLSNet 94.8%
[10], 2021, YOLACT 96.6-97.3%
Proposed CNN, RGB images of plague psoriasis 99.02%
Proposed CNN, RGB images of guttate psoriasis 92.62%
Proposed CNN, Lab images of plaque psoriasis 99.05%
Proposed CNN, Lab images of guttate psoriasis 89.79%
Proposed CNN, Y1Q images of plaque psoriasis 98.46%
Proposed CNN, YIQ images of guttate psoriasis 90.79%
[27], 2015, U-Net, RGB images of plaque psoriasis | 97.62%
[27], 2015, U-Net, RGB images of guttate psoriasis | 90.30%
[27], 2015, U-Net, Lab images of plaque psoriasis 97.03%
[27], 2015, U-Net, Lab images of guttate psoriasis 88.42%
[27], 2015, U-Net, Y1Q images of plague psoriasis 97.22%
[27], 2015, U-Net, Y1Q images of guttate psoriasis | 89.27%

Fig. 1 illustrates the psoriasis images, the ground-truth
images, and the segmentation results, obtained by
proposed CNN. At Fig. 2 it is shown the segmentation
results, obtained by U-Net which consist of four levels
reliazed by 3x3 convolutions. It can be seen from the
Fig. 1 that image segmentation by the proposed CNN is
characterized by high accuracy in detection of the
psoriasis lesion edges.

6 DISCUSSIONS

Analysis of the segmentation performance measures
given in Table 2 showed the following. It is preferable to
segment images of guttate psoriasis lesions in color
spaces in which either the red component is isolated
separately (RGB), or there is a difference component of
red and another color (Lab, YCbCr, YI1Q). This is due to
the fact that the lesions of guttate psoriasis differ from
normal skin mainly by redness level.

Thus, the highest performance of image segmentation
of guttate psoriasis lesions by the proposed CNN was
obtained using the RGB color space. The Lab, YIQ,
YCbCr spaces showed similar results, but compared to
the use of the RGB space, TP decreased to 2%, TN
decreased by 4%. The presentation of images of guttate
psoriasis lesions in xyz and HSV spaces showed the worst
results compared to RGB. Specifically, TP is less by 2—
4%, TN is less by 4-11%. For images of lesions of plaque
psoriasis in the researched color spaces, the segmentation
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performance mainly differed within the statistical error.
Further, for guttate psoriasis images more often image
pixels from the class labeled “Psoriasis lesion” were
incorrectly assigned to the class labeled “Normal skin”.
For plaque psoriasis images, on the contrary, more often
the pixels from the class labeled “Normal skin” were
incorrectly assigned to the class labeled “Psoriasis
lesion”. This result is due to the relative size of lesions of
plaque and guttate psoriasis compared to the normal skin
areas in the researched images. Plaque psoriasis lesions
occupied a significant area on the researched images;
guttate psoriasis lesions are much smaller in area.

The use of U-Net for psoriasis image segmentation
[27] instead of the proposed CNN did not improve the
segmentation performance.

The proposed CNN is shown a particulary significant
advantage in detection of the psoriasis lesion edges. For
U-Net the FOM values is less by 17-53% with median
40% for plaque psoriasis images, and the FOM values is
less by 2-47% with median 40% for guttate psoriasis
images, as compared with the proposed CNN. For all
researched psoriasis images the FOM values of U-Net
segmentation is less by 10-48% with median 40%.

Next, the Adam method is used for training the
proposed CNN. In this case the lower segmentation
performance is obtained as compared to stochastic
gradient descent. For guttate psoriasis images, TP is less
by 3-7%, and TN is decreased by 5-11%, for plaque
psoriasis images TP is less by 3%.

Analysis of the segmentation performance of the
proposed CNN and the known segmentation methods [6—
10, 19-21] given in Table 3 showed the following. The
percentage of correctly segmented pixels (accuracy, %) of
the proposed CNN exceeds the known methods by up to
13% for guttate psoriasis images and by 4-20% for
plaque psoriasis images.

A comparison of processing time was made for the
image segmentation by the proposed CNN and the U-Net
[27]. The researched psoriasis images were scaled to a
size of 224x224 pixels. Then the processing time of the
proposed CNN was 3.7-3.8 seconds on average per image
when training the network using the stochastic gradient
descent method. For a 4-level UNet network, when
trained by the Adam method, the average processing time
for one image with a 3 x 3 filter was 1.9-2 seconds. The
research was performed using an Intel Core i5-7400
processor, 3 GHz CPU, 16GB memory, Windows 10
operating system, 64 bit. Thus, the proposed CNN
requires on average 2 times more time to process one
image than the 4-layer U-Net network. However, the
number of training epochs of the 4-layer U-Net for this
segmentation problem is, on average, 30-40% more than
is required for training the proposed CNN.

CONCLUSIONS
The problem of mathematical support elaboration is
solved to automate the image processing in

dermatological disease diagnostic systems.
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The scientific novelty of obtained results is that the
deep learning convolutional neural network was
elaborated to segment color psoriasis images. The
improved CNN differs from those known from the
literature in that its architecture did not include pooling
layers; only convolutional layers, batch normalization,
and an activation function were used. The use of the
proposed CNN made it possible to enhance the
segmentation performance of plaque psoriasis images
and, especially, guttate psoriasis images at comparable
processing time. There were no abrupt changes in color
and illumination, blurring, as well as the complex
background, for example, containing clothes or fragments
of the interior on the researched psoriasis images. For
such images, in cases of slow changes in image
illumination, the proposed CNN showed a high
segmentation performance, especially at the edges of the
lesions.

The practical significance of obtained results is that
the software realizing the proposed CNN is developed, as
well as experiments to research its image segmentation
performance are conducted. The experimental results
allow to recommend the proposed CNN for use in
practice, as well as to determine effective conditions for
the application of the proposed CNN.

Prospects for further research are to study the
performance of the proposed CNN then abrupt changes in
color and illumination, blurring, as well as the complex
background areas are present on dermatological images,
for example, containing clothes or fragments of the
interior. In addition, it is advisable to use the proposed
CNN in other problems of color image processing to
segment statistical or spectral-statistical texture regions on
a uniform or textured background.
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CETMEHTAIIIA 30BPAKEHD 3TOPTKOBOIO HEMPOHHOIO MEPEXEIO BE3 ITYJIIHTOBUX IIIAPIB
B CUCTEMAX JIATHOCTUKHU JEPMATOJIOT IYHUX 3AXBOPIOBAHb

IMoasikoBa M. B. — 1-p TexH. Hayk, JOUEHT, npodecop Kadeapu NPHUKIAIHOI MareMaTHKA Ta IHOOPMAIiMHUX TEXHOJIOTiH
HamionansHaoro yniBepcutety «Ofnecbka nomitexHika», Oneca, YkpaiHa.

AHOTAIIA

AxTyanbHicTh. Po3risiHyTO 3aqady aBTOMaTH3allll IpOIlecy CerMeHTamii CIeKTPaTbHO-CTATHCTHYHUX TEKCTYPHUX 300paKeHb.
006’ €KTOM JOCTIKEHHS € 00po0Ka 300paXKeHb y CUCTEMAax JIarHOCTUKHU JICPMATOJIOTIYHUX 3aXBOPIOBaHb. METOK TOCHIKCHHS €
MOKPAIIIEHHS SKOCTi CerMEHTallil KOJIbOPOBHX NCOPia3HUX 300paXkeHb LMIIIXOM PO3pOOKM 3ropTKOBOI HEHPOHHOT MEpeXi IITMO0KOro
HaB4yaHHs 0e3 MyJIiHIOBHX LIAPiB.

Mertoa. 3ampornoHOBaHO 3rOPTKOBY HEHPOHHY MEpexy i1 OOpoOKHM TPbOXKAHAIBHOTO IICOPIa3HOr0 300pa)K€HHs 3aaHOr0
po3mipy. IlogaTkoBi KOJIBOPOBI 300pakeHHs Oyno MacmTabOBaHO 1O 33aJaHOTO PO3MIpPY, a TMOTIM TMOJAHO Ha BXIOHWH IIap
HEHpPOHHOI Mepexi. ApXITeKTypa 3alpOIIOHOBaHOI HEHpPOHHOI Mepexi CKIaJaeThcs 3 YOTHPHOX 3TOPTKOBUX HIAPIB 3 MAKETHOIO
HopMadi3amiero Ta ¢yHkuiero aktuBanii ReLU. Kaptu o3Hak i3 BHXOAy HMX IIapiB mepenaBaliucs A0 3rOpTKoBoro mapy 1x1 3
¢byskuiero aktuBanii Softmax. Orpumani kapTu O3HaK TogaBamucs 10 Mapy kinacudikamii mikceniB 300paxkenHs. Ilpu
CerMEHTYBaHHI 300pa’keHb 3rOPTKOBI Ta MyJIHTOBI IIapH OLIHIOIOTH O3HAKHM ()pParMEeHTIB 300pakeHHS, a ITOBHICTIO 3B’s3aHi MIApH
KIIacU(]iKyIoTh OTPUMaHI BEKTOPH O3HAK, BUKOHYIOUH PO30HUTTS 300pa’keHHS HAa OMHOPiAHI cerMeHTH. O3HAaKHM CerMeHTamil
OLIHIOBAJIUCS B Pe3yJIbTaTi HaBUYAHHS MEPEXi a JIONOMOrol0 300paKeHb, CErMEHTOBaHHX ekcreproM. OTpuMaHi O3HAKM CTiHKi J0
3aBaJl Ta CIIOTBOPEHb 300paxkeHb. OO0’ eHaHHS pe3yJIbTATIB CErMEHTAlil B PI3HUX MacIiTadax BU3HAYAETHCS apXiTEKTYPOIO MEPExi.
ITys1iHroBi Mmapu BKIIOYAIKCS B apXiTEKTYpy 3alpONOHOBAHOI 3rOPTKOBOI HEHPOHHOI MEpEeXi, OCKIIbKM BOHH 3MEHIIYIOTh PO3Mip
KapT O3HAK IOPIBHAHO 3 PO3MIPOM MOYATKOBOTO 300payKeHHS Ta MOXKYTb 3HU3HUTH SKICTh CErMEHTALlil HEBEINKHUX MICOPIa3HUX UM
Ta MCOPia3sHUX UM CKJIAZAHOI (OPMH.

Pe3yabTaTn. 3anporoHOBaHy 3rOPTKOBY HEHPOHHY MEpEKY peajli3oBaHO MPOTPaMHO 1 JOCTIHKEHO NPH BHPIMICHHI 3a1adi
cerMeHTaii Icopia3HuX 300pakeHsb.

BucHoBkH. BuKOpHCTaHHS 3alIpOIIOHOBAHOI 3rOPTKOBOI HEHPOHHOI MepeXki [O3BOJMIO INJBHINUTH SIKICTh CErMEHTaIlil
300pakeHb OJIAIIKOBOTO Ta KPameJbHOTo Icopia3y, 0cOOJIIMBO HA TPAHHUISX IUIIM. [IepCHeKTHBH IMONANbIIMX JOCIIDKEHb MOXYTh
MOJISITaTH Y JIOCTIKCHHI SKOCTI CEerMEHTalii 300pakeHb 3alpONOHOBAHOK 3TOPTKOBOI0 HEHPOHHOK MEPEKEI0, SKII0 Ha
JePMATOJIOTTYHUX 300paKEHHSIX MPUCYTHI Pi3Ki 3MiHH KOJBOPY Ta OCBITJICHOCTi, PO3MHTTS, a TAKOXK (parMeHTH CKIaAHOTrO (OHY,
HaIpHUKIaA, O MicTATh omar abo ¢parmeHtH iHTep’epy. JlOLIBHO. BUKOPHCTOBYBAaTH 3alpPOIIOHOBAHY 3TOPTKOBY HEHPOHHY
MepexXy B IHIHX 3amadax OOpoOKH KONBOPOBHX 300paKeHb I CErMEHTAIlll CTaTHUCTHYHHX a00 CIIEKTPalbHO-CTaTHCTUYHHX
TEKCTYPHHUX 00JIaCTel Ha OHOPIAHOMY 200 TEKCTYpOBaHOMY (hOHi.

KJIIOUYOBI CJIOBA: ncopia3He 300paXeHHS, CErMEHTalisl 300paXKeHHs, 3rOPTKOBa HEHpOHHA Mepeska, IMyJIIHTOBHI miap,
KOJILOPOBUH IPOCTip, INTNOOKE HaBUYAHHSI.
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ABSTRACT

Context. The urgent task of increasing the functional efficiency of machine learning of decision support system (DSS) for
assessing compliance with content modern requirements of the educational disciplines of the graduation department based on the
results of the employer survey has been solved.

Obijective. Increasing the functional efficiency of machine learning of DSS for assessing compliance with modern requirements
of the educational disciplines content of the first (bachelor’s) level specialty educational and professional program based on machine
learning and pattern recognition.

Method. The method of machine learning of DSS is proposed for adapting the educational content of the graduation department
to the labor market requirements. The idea of the method is to maximize the information capacity of the DSS in the machine learning
process, which allows in the monitoring mode to guarantee a high full probability of making the correct classification decisions. The
method was developed as part of a functional approach to modeling cognitive processes of natural intelligence, which makes it
possible to provide DSS with flexibility when retraining the system due to increasing the power of the recognition classes alphabet.
The method is based on the principle of maximizing the amount of information in the machine learning process. The modified
Kullback information measure, which is a functional of the accuracy characteristics of classification solutions, is considered as a
criterion for optimizing machine learning parameters. According to the proposed functional category model, an information-extreme
machine learning algorithm was developed based on the hierarchical data structure in the form of a binary decursive tree. The use of
such a data structure allows you to automatically divide a large number of recognition classes into pairs of nearest neighbors, for
which optimization of machine learning parameters is carried out according to a linear algorithm of the required depth. The
geometric parameters of hyperspherical containers of recognition classes were considered as optimization parameters, which were
restored in the radial basis of the binary space of Hamming features in the machine learning process. At the same time, the input
traning matrix was transformed into a working binary training matrix, which was changed in the machine learning process through
admissible transformations in order to adapt the input information description of the DSS to the maximum reliability of classification
decisions.

Results. The informational, algorithmic, and software of the DSS was developed to assess the educational content quality based
on the machine analysis results of respondents’ answers. Within the framework of the geometric approach, based on the information-
extreme machine learning results, highly reliable decisive rules, practically invariant to the multidimensionality of the recognition
features space, were constructed based on the hierarchical data structure in the form of a binary decursive tree. The influence of
machine learning parameters on the functional effectiveness of machine learning of the DSS was studied on the evaluation example
of the educational content of the educational and professional bachelor’s program of the specialty 122 Computer Science.

Conclusions. The computer modeling results confirm the high functional efficiency of the proposed method of information-
extreme hierarchical machine learning and can be recommended for practical use in institutions of higher education to assess
compliance with modern requirements of the educational content of graduation departments.

KEYWORDS: information-extreme machine learning, functional categorical model, information criterion, hierarchical data
structure, decursive tree, educational content.

ABBREVIATIONS Jis a set of structured vectors of recognition features;
IEIT is an information-extreme intellectual J is a number of the structured vector;
technology; H is a set of tiers of decursive tree;
DSS is decision support system; h is a number of the tier of decursive tree;
CNN is convolutional neural network. S is a set of strata of decursive tree;

S is a number of the stratum of decursive tree;
m is a serial number of the recognition class in the
s-th stratum;

NOMENCLATURE
M is a set of recognition classes;
m is a number of the recognition class;

N is a set of recognition features in the structured dys Is a parameter that is equal to half of the
vector; N control tolerances field of the recognition feature.

i is a number of the recognition feature;
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Xp s, IS the averaged feature vector of the recognition
class neighboring in the stratum
8y is the field of normalized tolerances, which

specifies the values range of control tolerances
Ens,m (d) is the informational criterion for

optimization of machine learning parameters of DSS to

recognize feature vectors of recognition class Xﬁ sm.
19 illg

d is a distance measure that is equal to the value of
the the recognition class container radius;

Gg is the working area of defining the information
criterion;

Gy is the permissible area for changing the radii of
the recognition class containers;

P is a set of thematic modules of the educational
content, which are evaluated by the respondents;

T is a set of reading information time moments;

Q is the recognition features space;

A is the recognition classes alphabet;

Y is the input Euclidean training matrix;

Y8l s the set of input Euclidean traning matrices of
recognition classes for all levels of the decursive tree;

XISl is the set of working binary traning matrices for
all strata of the decursive tree;

f, is the training matrix formation operator Y ;

f, is the operator for constructing a decursive binary

tree H ;
f5 is the training matrix formation operator yiSl ;

f4 is the training matrix formation operator X IS| ;
{k} is a set of machine learning steps;

"Ml s a fuzzy division of the feature space into M
recognition classes;

!SI is an input training matrix of recognition classes
S strata of decursive tree;

X I81"is a binary training matrix of recognition classes
S strata of decursive tree;

E is a term set of values of the information criterion;

R is an operator of construction of division %2 of
space of signs on recognition classes;

v is an operator for testing the basic statistical
hypothesis about the affiliation of the vector Xn s m_ of the
recognition class X s ;

vy is an operator of the set formation of exact
characteristics for the set system of decisions estimations;

¢ is an operator for calculating the information
criterion for optimizing the machine learning parameters;

U is an operator that regulates the machine learning
process;
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(1)
Kh,s,mS

feature vectors do not belong to recognition class to the
container X,

h,s,mg ?

K@ (d)

h,s,mg
“foreign” feature vectors belong to the recognition class
container X,

h,s,mg ?

(d) is the number of events in which “own”

is the number of events in which

10~ P is a sufficiently small number, which is entered
to avoid division by zero (in practice, p=2 was
accepted);

x() is a structured feature vector that can be
recognized;

HUms is the function of belongingness of feature

o]

vector x(1) to the recognition class container Xp . ;
1S, Mg

d;,s,ms is the optimal radius of the recognition class

. 0
container Xh’s,ms .

INTRODUCTION

Establishing a stable connection between the
graduation department of a higher education institution
and employers is a necessary condition for improving the
quality of the educational process. The main way to
establish such a connection is to survey employers and
specialists in the relevant field of knowledge. The
development of modern information and communication
technologies makes it possible to automate data
collection. At the same time, in practice, the results of the
respondents  survey are processed using the
multidimensional statistical analysis methods. Such
methods to ensure statistical stability and homogeneity
require large volumes of input data, which requires
organizers to spend significant time and money on
processing and analyzing survey results.

The object of research is the process of sustainable
monitoring of the education quality by creation of the
DSS for adapting the educational content of the
graduation department to the labor market requirements
on the machine learning and pattern recognition basis.

The subject of research is the method of hierarchical
information-extreme machine learning of DSS for
adapting the educational content of the graduation
department to the labor market requirements.

The purpose of the work is to increase the functional
efficiency of the DSS machine learning during
automatically forming an input traning matrix based on
the respondents survey results, building decisive rules
according to the optimal (here and in the text in the text in
the informational sense) machine learning parameters,
and in the monitoring mode assessing the compliance of
the educational content of the graduation department with
modern requirements.
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1 LITERATURE REVIEW

The article considers the method of hierarchical
information-extreme machine learning of DSS for
adapting the educational content of the graduation
department to the labor market requirements. According
to European educational standards, the quality of
education is determined by the benefits that both
employers and graduates of a higher education institution
will receive [1, 2]. One of the main ways of organizing
sustainable monitoring of the education quality is the
creation of the DSS for adapting the educational content
of the graduation department to the labor market
requirements [3]. A traditional approach to processing and
analyzing the stakeholders survey results and specialists
in the knowledge relevant fields is the application of
decision-making systems existing in social
communications using  multidimensional  statistical
analysis methods [4-6]. At the same time, the
disadvantages of statistical decision-making methods are
the need for large volumes of data, ensuring their
statistical stability and homogeneity. A promising
direction for increasing the functional efficiency of
computerized systems for assessing the quality of
education is the wuse of intelligent information
technologies for data analysis [7-9]. Works [10, 11] give
examples of creating expert systems for evaluating the
quality of the educational process based on fuzzy logic.
The main disadvantages of such systems are that they are
inflexible and do not provide feedback in the monitoring
mode between the graduation department, employers and
students of higher education of wvarious forms of
education. The further development of computerized
systems for assessing the education quality is the
development of the scientific and methodological
foundations of the information synthesis of DSS, capable
of automatically forming an input information description
and identifying regularities based on machine learning
and pattern recognition [12]. CNN [13, 14] is the most
common among known intelligent information
technologies for data analysis, but the main drawback of
CNN s its sensitivity to the multidimensionality of the
feature space and the recognition classes alphabet. Works
[15, 16] consider the use of extractors based on artificial
neural networks to reduce the impact of input data
multidimensionality, but this approach is associated with
the information loss possibility.

Works [17-19] consider the use of fuzzy neural
networks for functional diagnosis, but at the same time
there is also the multidimensionality problem, which
significantly limits the capabilities of the fuzzy logic
apparatus.

The main scientific and methodological reasons that
complicate the use of CNN for the information synthesis
of the DSS for the education quality assessment are:

— arbitrary initial conditions of the evaluation process;

— intersection in the recognition classes features space
that characterize the corresponding levels of educational
content quality;

— multidimensionality of the signs dictionary;
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— the impact on the machine assessment of the
education quality of uncontrollable disturbing factors, for
example, man-made disasters, an unfavorable
epidemiological situation or the introduction of martial
law.

A promising way to reduce the multidimensionality
impact of the recognition features dictionary is the use of
machine learning methods, based on the results of which
decisive rules are built within the framework of a
geometric approach [20]. Among such methods, the
information technologies of the support vector method
[21, 22] deserve attention, but the functional effectiveness
of the algorithms of this method significantly depends on
the degree of recognition classes intersection in the
feature space. This shortcoming is not present in machine
learning methods, which are developed within the
framework of the so-called information-extreme
intelligent data analysis technology (IEIT) created at
Sumy State University (Ukraine) [23-25], the methods of
intelligent data analysis proposed within this technology
are based on the principle maximizing the information
capacity of the system in the process of its machine
learning. The work [25] considered information-extreme
machine learning based on a hierarchical data structure.
But in the case of hierarchical machine learning DSS to
assess the educational content quality, it is necessary to
take into account such a feature as the presence of an
ordered alphabet of recognition classes that characterize
different levels of educational content quality when
building a hierarchical data structure in the form of a
decursive tree.

The purpose of the article is to develop an algorithm
of hierarchical information-extreme machine learning of
DSS and to verify it on the example of assessing
compliance with modern requirements of the educational
content of the educational and professional bachelor’s
degree program of the “Computer Science” specialty.

2 PROBLEM STATEMENT

Let’s consider within the framework of IEIT the
formalized setting of the information synthesis task of
DSS to assess of the educational content quality and
professional program of the specialty, which is used to
train students of higher education at the graduation
department.

It is necessary to build a hierarchical data structure in
the form of a  decursive binary  tree

{XPsmIh=LH;s=1S,;ms =12} for the given alphabet

{x,?]|m:1,_M} of recognition classes that characterize

the levels of educational content quality assessment
according to the appropriate system.

According to the concept of IEIT, transform the input
training matrices of the recognition classes of each layer
into the corresponding working binary matrices specified
in the Hamming space. At the same time, let the DSS
machine learning parameters be set, which, for example,
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0

for recognition class Xh,s,ms

are represented in the form

of a structured vector
0
9h,s <X g m, dh,s,m,» Oh,s >- (1)

The number of optimization parameters in expression
(1) sets the second depth level of information-extreme
machine learning, since vector Xy, depends on

parametera &, ; depends on parameter.

Machine learning parameters are limited:

a) dh,s,mS e[0; d(Xh,s,ms D Xns.c)l;

b)  Shsel0;0n/2].

In the machine learning process of DSS, it is

necessary to:

1) optimize the parameters of the vector (1) by
finding the global maximum of the alphabetically
averaged recognition classes of the s-th stratum
h-th tier of the information criterion:

_ 1 2
Ens== Y max Epgn (d), 2
2 216Gy S:Ms )
2) in the information-extreme machine learning

process, build highly reliable decision rules based on the
optimal (here and in the text in the informational sense)
geometric parameters of the recognition classes
containers;

3) during the operation of the DSS in the monitoring
mode, determine whether the recognized feature vector
belongs to the corresponding class from the given
alphabet.

3 MATERIALS AND METHODS

Information-extreme machine learning of DSS was
carried out using a hierarchical data structure in the form
of a decursive binary tree [24]. With such a structure, the
attribute from the top of the stratum of the higher tier is
transferred to one of the vertices of the child stratum s, the
lower tier. At the same time, the training matrix of the
corresponding recognition class is considered as an
attribute of the vertex.

Construction of a decursive binary tree was carried out
according to the scheme:

1) alphabet {X;|m=1M} of ordered recognition
classes is divided into two groups, which define two
branches of the decursive tree, respectively;

2) as attributes of the vertices of the upper (first
according to dendrographic classification) tier of the
decursive tree, the training matrices of the boundaries for
each of the recognition classes groups are selected,;

3) the attributes of the strata of the upper tier are
transferred to the vertices of the corresponding strata of
the lower tier;
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4) the strata of the lower tiers of each branch of the
tree contain, in addition to the traning matrix transported
from the upper tier, also the traning matrix of the nearest
neighboring recognition class in its group;

5) the construction of the tree continues until the final
strata are formed, which contain the training matrices of
all recognition classes.

Thus, the binary decursive tree built according to the
above scheme divides the given recognition classes
alphabet into strata, each of which contains two nearest
neighboring classes, which allows applying a linear
information-extreme machine learning algorithm for each
final stratum. At the same time, the construction of error-
free decisive rules based on the training matrix is
achieved by optimizing additional parameters of the DSS
functioning.

The functional categorical model of the information-
extreme machine learning of DSS is considered in the
form of a directed graph, the edges of which are the
mapping operators of the corresponding sets. At the same
time, the input information description of the DSS is
given by the structure

| =<P,T,Q, AY,HYSUXBE £ £, f5f,>.

At the same time, the Cartesian product PxT xQxZ
is considered as a source of information.

The functional categorical model of information-
extreme machine learning of DSS with optimization of
machine learning parameters (1) is shown in Fig. 1.

De g tqo
8, ¥ .
Px TXQXZL Y ip H LY‘S LX\SL;Q%EIL]\U\

Figure 1 — Functional categorical model of machine learning of
DSS

In Figure 1 operator & maps the structured binary

feature vectors of training matrices X 50 a fuzzy, in the

general case, partition of SR'ﬁls recognition classes of each

stratum of the decursive tree. The classification operator
wiRA 51 where 1181 — is a set of G statistical
hypotheses, checks the basic statistical hypothesis that the

vector xr(]jgm belongs to the fuzzy recognition class
19yl

Xk?,s,ms . By evaluating statistical hypotheses, operator

vy forms a set of accuracy characteristics 3l | where

Q:G2 is the number of accuracy characteristics.
Operator ¢ calculates a set of values of information
of accuracy

E, which is a functional
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characteristics. The optimization contour of the geometric

parameters of partition %! . The optimization contour of
the geometric parameters of partition r, which at each
step of machine learning restores the recognition classes
containers in the radial basis of the Hamming feature
space. The optimization contour of parameter dy, s of the

control tolerances field includes the term set D, the
elements of which are the allowable values of control
tolerances for recognition features. At the same time,
operator §; changes the control tolerances, and operator

8, changes the quantization levels of the vector

recognition features of the training matrices %
Operator u regulates the machine learning process.

According to the functional category model (Fig. 1).
We will present the algorithm of information-extreme
machine learning of DSS in the form of a two-cycle
iterative procedure for finding the global maximum of an
information criterion in the working area of determining
its function:

8n.s =arg max{_ max En,s(d)}. (3)

Gs CenGy

The internal loop of the procedure (3) implements the
basic machine learning algorithm, the purpose of which is
to calculate at each step of learning the optimization

—(k
information criterion Eﬁ)s and search for the maximum

value in the working area of determining its function.

Since the values of recognition features have the same
measurement scale, a machine learning algorithm was
implemented with parallel optimization of the control
tolerances system, according to which control tolerances
are changed for all recognition features simultaneously at
each step of machine learning.

The input information for the machine learning

algorithm is arrays of training matrices {yr(]jg .t and a

system of fields of normalized tolerances {5y j} for

recognition features, which sets the values range of the
corresponding control tolerances.

Consider the optimization scheme of machine learning
parameters for the recognition classes of the s-th stratum
of the h-th tier of the decursive tree:

1) the recognition class counter of the s-th stratum of
the h-th tier of the decursive tree is reset: my:=0;

2) mg:=mg+1;

3) the parameter change step counter is reset to zero
dp s 1 1:=0;

4) the counter 1:=1+1 is started and the lower Ay j
and upper Agg j control tolerances are calculated for all
recognition features:
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{Au,ill1=Ynsi — 1} {Pek.illl=Ynsi +1Hi=LN,

5) the basic algorithm of information-extreme
machine learning is implemented, the tasks of which are
to calculate at each step of learning the value of the
information criterion (2) and search for the maximum
value of the criterion in the working area of determining
its function;

6) the optimal radius of the recognition class container

0 - -
Xh,s,ms is determined

*
dh,s,mS =argGLnr?éd En,s, m, (d),

7) if 1<6y/2, then point 4 is fulfilled, otherwise —
point 8;

8) if my<2, then point 2 is fulfilled, otherwise point
9;

9) the average value of information criterion Eh,s and

the optimal parameter of the control tolerances field 6?1,3

are calculated,

10) STOP.

Since the machine learning of DSS takes place
according to the hierarchical data structure, an algorithm
was implemented, the main stages of which are:

1) zeroing of the data structure tiers counter: h:=0;

2) initialization of the data structure tier counter:
hi=h+1;

3) zeroing of the sratum counter: s:=0;

4) initialization of the tier counter: s:=s+1;

5) for each s-th stratum of the h-th tier of the decursive
tree, an information-extreme algorithm of machine
learning with parallel optimization of control tolerances
for recognition features is implemented, which calculates:

a) the maximum value of the information criterion
E”, , averaged for the stratum;

b) averaged for the stratum {X;,s,ms} recognition
classes of the s-th stratum of the h-th tier;

c) optimal radii of {d;’s,ms} recognition classes of the
s-th stratum of the h-th tier;

d) optimal paramete 8;15 of the control tolerances

field for recognition classes features of the s-th stratum
of the h-th tier of the decursive tree;

6) if s < Sy, where S, is the number of strata on the
h-th tier, then point 4 is fulfilled, otherwise point 7;

7) if h < hpa, Where hya is the number of the
decursive tree levels, then point 2 is fulfilled, otherwise
point 8;

8) the maximum value of information criterion En
averaged over all strata of the decursive tree is calculated;
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9) a structured set of decisive rules is formed for all
recognition classes;

10) STOP.

As a criterion for optimizing machine learning
parameters, the modified Kullback information measure
was considered, which for two-alternative solutions and
equally likely hypotheses has the form [25]

) 2
o B @2, @)
h,s,ms( )_ n X
- 4
2n+10 p_[(Kr(]%)SW’mS )+ Klgzgm (d)] 4)

xlog,
[Kﬁsm )+ nggm (d)}lo*p

Based on the optimal geometric parameters of the
recognition classes containers obtained in the machine
learning process, decisive rules are constructed, which
will be presented in the form

(er(r)],h,s c ‘RlMl)(VX(j) c 9{|M|){|f [(Hms >0)&
& (= Trﬁ;({lflms | mg =1,2}] then x\V) Xr?,s,ms ()

(N 0
else x*/ ¢ Xh,s,ms}'

In expression (5), the membership function for the
(o]

hyperspherical container of recognition class X, .~ is
determined by the formula
d(xp s m @ x))
M, =1-——5 : (6)

s *
dh,s,ms

In expression (6), the code distance between the
optimal averaged feature vector X;,s,ms and the

recognized feature vector x(j), is denoted as

d(xns,m ©x).

Thus, the geometric decisive rules (5) built in the
information-extreme machine learning process of DSS are
characterized by low computational complexity and are
practically invariant to the multidimensionality of the
recognition features dictionary.

4 EXPERIMENTS

The implementation of the above information-extreme
machine learning algorithm of DSS was carried out on the
example of assessing the compliance with the labor
market requirements of the educational content of the
bachelor’s level educational and professional program in
the specialty “Computer Science”, which is taught to
students of Sumy State University. The input training
matrix was formed by simulating the evaluations of the

© Shelehov 1. V., Prylepa D. V., Khibovska Yu. O., Otroshcenko M. S., 2023

DOI 10.15588/1607-3274-2023-1-6

educational disciplines thematic modules, which were
randomly generated according to the normal distribution
of probabilities and displayed on a stobal scale. Since the
thematic modules were evaluated according to the
European rating scale, the stobal scale was previously
divided into six fuzzy intervals, which specified the areas
of the recognition classes:

1) recognition class X included feature vectors that
fell within the range from 88 to 100 points;
2) for recognition class Xg - from 81 to 91 points;

3) for recognition class X& — from 74 to 84 points;
4) for recognition class X — from 67 to 77 points;
5) for recognition class X g — from 59 to 69 points;

6) for recognition class X g — from 50 to 62 points.

The simulation training matrix for each recognition
class consisted of 40 syllabuses of educational disciplines
of the educational and professional program structured by
thematic modules. Each vector consisted of 144 features,
the number of which was equal to the thematic modules
number. In addition, according to the educational and
professional program of the specialty, educational
disciplines were divided into seven blocks, which
included: general scientific, fundamental, design,
technological organizational, humanitarian and selective
educational disciplines.

For a given recognition classes alphabet, a
hierarchical data structure in the form of a decursive tree
was built according to the above algorithm (Fig. 2).

O
&) (&
W~ @D
W © & @

Figure 2 — Hierarchical data structure in the form of a decursive
binary tree

According to the decursive tree (Fig. 2), information-
extreme machine learning was implemented according to
procedure (3). Optimization of machine learning
parameters specified by vector (1) was carried out for the
two nearest neighboring recognition classes of each
stratum. Based on the optimal geometric parameters of
the recognition class containers obtained in the machine
learning process, decisive rules (5) were constructed.
Since each recognition class belongs to two strata,
according to the minimum-distance principle of pattern
recognition theory, the geometric parameters of the
recognition class whose container had the minimum
optimal radius were taken as optimal.

According to the machine learning results of DSS, the
values of the averaged information criteria (4) were

OPEN a ACCESS




p-ISSN 1607-3274 Panioenexrpownika, indpopmatrka, ynpasminss. 2023. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 1

analyzed for each stratum in order to determine the need
to increase the depth of machine learning by optimizing
additional parameters of the DSS operation, including the
formation parameters of the input information description.

5 RESULTS

In the programmatic implementation process of
information-extreme machine learning of DSS according
to the iterative procedure (3), the optimal parameters of
the recognition classes for each of the strata of the
decursive binary tree were determined (Fig.2). As an
example, Figure 3 shows the dependency graph of the
averaged information criterion (4) for the stratum of the
first (upper according to dendrographic classification) tier
of the decursive tree, obtained by the machine learning
results.
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Figure 3 — Dependency graph of the information criterion on the
parameter of the control tolerances field for the strata of the first
tier

In Fig. 3 double hatching indicates the working area
of the definition of the criterion function (4), in which the
errors of the first and second kind are less than the first
and second reliabilities, respectively. The analysis of
Figure 3 shows that the global maximum of the
optimization criterion is reached in the area of the
plateau-type graph. In this case, the optimal parameter is
determined under the condition of the minimum value of
the so-called coefficient of recognition classes
intersection [23]

*

n=—s———--—"—- h’s’ms* — min. (7
d(Xns1®Xns2) M

In expression (7), the intercenter code distance
between the recognition classes and the Xgs; and

Xfs2 S-thstratum of theh-th tier of the decursive tree

is denoted as d(X;,s,l ® X;,S,Z) -

After checking the fulfililment of condition (7), the
optimal values interval of the control tolerance field

parameter 811 =5 was determined, from which the value

El,l =4.50 was selected. At the same time, the averaged
information optimization criterion reaches its maximum
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value at parameters n=40 and p=2 specified in
formula (4).

Since decisive rules (5) are built within the framework
of a geometric approach, they require knowledge of the
optimal geometric parameters of recognition class
containers obtained in the machine learning process.
Figure 4 shows dependency graphs of criterion (4) on the
radii of the recognition classes containers of the first tier
of the decursive tree (Fig. 2).
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Figure 4 - Dependency graphs of the information criterion (4)
on the radii of the recognition classes containers of the first
stratum of the second tier: a— class X 2 ; b —class X¢

The optimal radii of the recognition classes containers
of the first stratum according to the condition (7) are

equal to any number from the intervals: dBe[38,39]
(hereafter in code units) for class X3 and dé €[24,27]

for class X¢&. According to the minimum-distance
principle of the pattern recognition theory, the minimum
radii were chosen: dp =38 and d- =24.

Fig. 5 shows dependency graph of the averaged
information criterion (4) on parameter § , obtained during
machine learning based on the training matrix of
recognition classes of the first stratum of the second tier
of the decursive tree (Fig. 2).
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When condition (7) is fulfilled, the optimal parameter
of the control tolerances field for recognition classes of
the first stratum of the second tier of the decursive tree

(Fig. 2) is equal to &,, =4 at the maximum value of the

criterion E2,1 = 4.50 .

Figure 6 shows dependency graphs of criterion (4) on
the radii of the recognition classes containers of the first
stratum of the second tier of the decursive tree (Fig. 2).
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Figure 6 — Dependency graphs of the information criterion (4)
on the radii of the recognition classes containers of the first

stratum of the second tier: a - class X311 (Xg) ;b —class
9] 0
X3,1,2(Xc)

The optimal radii of the recognition classes containers
of the first stratum of the second tier according to

condition (7) are equal to d;,l,l =46 for class Xg and

d;’m =32 for class X . Similarly, the optimal machine
learning parameters for other recognition classes were
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determined. Table 1 shows the results of information-
extreme machine learning of DSS according to the
hierarchical structure (Fig. 2).

Table 1 — Optimal machine learning parameters

nmber | Ohs 7. ..
(hs)

1'1 81=5 | d11=dp=38 |di; ,=dc=24

21 Sy1=4 dns1=dg =46 | dy;,=dp=32

2:2 822=5 | dyp1=dc=52 | dy,,=dg=16

31 831=5 d311=dF =64 d3,2,2 =dg =12

3.2 S3p=4 | d3pq1=dg=57 | djpp=dr=16

Comparing in Table 1 the radii of the recognition
classes containers X% for the strata of the upper and

lower tiers, a smaller value of dE) =32, should be taken
as the optimal one, since class X2 is the nearest
neighbor for it. Similarly, for recognition class X8 the
permissible optimal radius is equal to dé =24, for class

X8 - dg =16 and for class X 2 - dg =12.

When calculating the membership function (6),
vectors X;,s,ms were determined by optimal control
tolerances for recognition features.

6 DISCUSSION

The advantages of building a hierarchical data
structure in the form of a decursive binary tree are shown
on the example of information-extreme machine learning
of DSS for adapting the educational content of the
educational and professional program of the second
(bachelor) level to the labor market requirements. Thanks
to the proposed structure, it was possible to automatically
divide a set of recognition classes into pairs of nearest
neighbors. In addition, the a priori structuring of the
recognition classes due to the corresponding knowledge
level assessment system is taken into account. As a result,
there is no need to form a variational series of recognition
classes, which is an advantage of the training required to
build a decursive binary tree. The use of a hierarchical
data structure in the form of a decursive binary tree, in
addition, allows for each stratum to implement
information-extreme machine learning according to a
linear algorithm with the required level of depth. Unlike
neuro-like structures in IEIT methods, the depth level of
information-extreme machine learning is determined by
the number of optimization parameters that affect the
functional efficiency of the intelligent system. This
approach corresponds to a greater extent to the
mechanism of making classification decisions by natural
intelligence. It is also justified to use information criterion
(4) in classification tasks as an optimization criterion,
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which in the logical and epistemological aspect is
considered as a measure of the diversity of recognition
classes.

The analysis of the obtained results of the
information-extreme machine learning of DSS for
adapting the educational content to the labor market
requirements shows that for each layer of the decursive
tree it was possible to build error-free decisive rules
according to the training matrix. At the same time, in
accordance with the minimum-distance principle of
pattern recognition theory, the radii of the recognition
classes containers determined relative to the nearest
neighboring class were considered optimal.

The specifics of the development of algorithmic and
software of the DSS for adapting educational content to
the labor market requirements is the use of simulation
modeling for the formation of the input traning matrix.
Such an approach is due to the large material and time
costs of obtaining the results of the respondents survey in
the absence of the DSS. However in the future, when the
DSS is functioning in the monitoring mode, as archival
representative data accumulates, it becomes possible to
retrain the system based on real data. Further research will
be aimed at expanding the functional capabilities of the
DSS in order to evaluate blocks and individual academic
disciplines. As a result, graduation departments will be
able to quickly adjust the educational content to modern
requirements.

CONCLUSIONS

The actual problem of improving the quality of
education is being solved by building an information and
communication system for adapting the educational
content of the graduation department of the university to
the requirements of the labor market.

The scientific novelty of the obtained results is that
the method of information-extreme machine learning
based on the hierarchical data structure in the form of a
decursive binary tree is proposed for the first time. The
method automatically divides the alphabet of high-power
recognition classes into pairs of nearest neighbors. It
performs two-class machine learning of DSS, ensuring
high reliability with a minimum depth of machine
learning. As a result, error-free decision rules based on
the training sample were built in the monitoring mode of
DSS. It allows the total probability of correct
classification decisions to be close to the maximum limit.

The practical significance of the obtained results is
that the developed DSS software allows for quickly
adjusting the educational content of the graduation
department of the university, taking into account the
requirements of the labor market, with minimal material
and time costs.

Prospects for further research consist in simplifying
the formation of the input information description of the
DSS by automatically reading the thematic modules from
the syllabuses of the educational disciplines of the
specialty of the corresponding level of training of higher
education applicants.
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IH@OPMAHIﬁHO-EKCTPEMAJ’[I)H.E MAIIMHHE HABYAHHS CUCTEMH MIATPUMKHU IMPUIHSTTS PINIEHD
JUIA AJANITAIIT HABYAJIBHOI'O KOHTEHTY 10O BUMOT PUHKY ITPALLT

Ilesexos I. B. — fomeHT, KaHA. TeXH. HAYK, JOLUEHT Kadenpu koM 10TepHUX Hayk, CyMChKHi fepkaBHHH yHIBepcuteT, Cymu,
VYkpaiHa.

Ipunena . B. — acucrent kadenpu xomn rorepHux Hayk, CyMcbkuii aepxaBHuil yHiBepcuret, Cymu, YkpaiHa.

Xi6oscnka FO. O. — acnipant kadeapu xomn rorepHux Hayk, CyMcbkuii nepxaBHui yHiBepeuteT, Cymu, YkpaiHa;

Otpomenko M. C. — acipanT kadeapu koM 1orepHux Hayk, CyMmcbkuit nepxasuuii yHiBepcurer, Cymu, YkpaiHa.

AHOTAIIA

AKTyaJabHicTh. Po3B’s3aHa akTyanpHa 3a7a4a MiABHUIICHHS (QYHKIIOHATBHOI €(EKTHBHOCTI MAIIMHHOTO HABYaHHS CHCTEMH
minrpuMku npuiiHsTTs pimwens (CIITIP) ajs OLiHKM BiANOBIHOCTI CyYacHHM BHMOTaM KOHTCHTY HABYaJIbHHUX AWCLMIUIIH
BUITyCKOBOI Kage[pH 3a pe3yIbTaTaMU ONUTYBAaHHS pOOOTOIABIIB.

Mera. I[linBumieHHss (yHKIiOHANBHOI edekTUBHOCTI MamuHHOro HaB4yaHHsS CIIIIP s OI[iHKM BiAMOBIMHOCTI Cy4YacHUM
BUMOI'aM KOHTCHTY HAaBYAIIbHUX AUCLHILIIH OCBITHBO-IIPOGECIHHOT MporpamMu CreniaibHOCTI mepuioro (6akaaaBpChKOro) piBHs Ha
OCHOBI MAaIIMHHOT'O HABYAaHHSI Ta PO3Ii3HaBaHH: 00pa3iB.

Metoa. 3ampornoHoBaHo Meto[| iHdpopmariiiHo-ekcTpemanbHoro MamuaHoro HaBuauus CIIIIP mis agantanii HaB4anbHOTO
KOHTEHTY BUITYCKOBOi KaeIpu 10 BUMOT pUHKY Mpalli. [nes meToxy mosirae y MmakcuMizanii iHdopmamiiiHoi cnpomoskHocTi CIITIP
B TIpOIIECi MAIIMHHOTO HAaBYaHHS, IO JI03BOJISIE B PEKUMI MOHITOPUHTY TapaHTYBaTH BHCOKY IOBHY HMOBIPHICTH NMPHHHATTS
MIPaBWIBHUX KJIAacHQikamiiiHuX pimeHs. MeTox po3pobieHo B paMKax ()yHKIIOHAJIBHOTO HiIXOJy O MOJEIIOBAHHS KOTHITHBHUX
IIPOLECiB TIPHPOIHBOrO iHTENeKTy, mo pno3Boisie Hagati CIIIIP rHyukicTe Npu INepeHaBUaHHI CHCTEMH dYepe3 30LIBIICHHS
MOTY KHOCTI ay(aBiTy KJaciB po3mi3HaBaHHs. B 0CHOBY MeToay IMOKJIaJeHO MPUHIMIT MaKCUMi3allii KijbkocTi iHpopManii B mporeci
MalIMHHOTO HaBYaHHs. SIk KpuTepidl onTuMizauii mapamMerpiB MAIIMHHOTO HaBYaHHS PO3MIIsIacThes MoudikoBaHa iHdopmariiiHa
mipa KynpOaka, sika € (yHKUIIOHAJIOM BiJi TOYHICHMX XapaKTepHCTHK KiacH(ikaliliHMX pimieHb. 3TiTHO i3 3amporOHOBAHOO
(YHKIIOHAIBHOIO KaTErOPiifHOI0 MOJCIUII0 PO3pPOOJICHO aNropuT™M iH(POPMAIiHO-eKCTPEMAILHOTO MAlIMHHOTO HAaBYaHHS 3a
i€papXivHOI0 CTPYKTYPOIO NaHUX Yy BHUIJLIAI OiHAPHOTO JEKypCHBHOIO JepeBa. 3aCTOCYBaHHS TaKOi CTPYKTYpH IaHHX JO3BOJISIE
ABTOMATHYHO PO3OMBATH BEIUKY KUTBKICTh KJIACiB PO3IMi3HABAHHS HAa MapH HAHOMIKYUX CYCIiB, Ui SKUX ONTUMI3allis mapaMeTpiB
MaIIMHHOTO HAaBYAHHA 3[IMCHIOETHCS 3a JIHIHHHM aNTOPUTMOM HEOOXimHOI TIMOMHHU. SIK mapaMeTpH ONTHMI3allil po3TIIsaajucs
TEOMETPHYHI IapaMeTpu rinepcepHuHMX KOHTEHHEpiB KiIaciB poO3Mi3HaBaHHSA, $AKi B IPONECi MANIMHHOTO HAaBYAHHS
BIJIHOBIIOBAIUCS B pafmianbHOMy Oasuci OiHapHOro mpocropy o3Hak I'emminra. IIpu mpoMy BXiIHa HaBYaJIbHA MaTPHILL
TpaHcopmyBanacs B pobody OiHapHy HaBUaJbHY MATpUIO, SKa 3MIHIOBAJacs B IPOLIECI MAIIMHHOTO HABYaHHS IUIIXOM
JOIYCTUMHUX IIEpeTBOPEHb 3 METO ajanrauii BXigHoro iHgopmaniitnoro omucy CIIIIP mo MakcuMambHOI JIOCTOBIPHOCTI
kiacuikaiiHUX pillieHsb.

PesyabTaTn. Po3pobieno inpopmauiitne, anroputMiune i nporpamue 3a6esneuensst CIIIIP ajst OiHKM SKOCTI HABYAIBLHOTO
KOHTEHTY 3a pe3yJbTaTaMH MAIIMHHOTO aHANli3y BiATOBiNEll pecmoHIeHTiB. B pamMkax reoMeTpuyHOro MiAXOAy 3a pe3yibTaTaMu
iHpOpMAaIiifHO-eKCTPEMaIbHOTO MAIIMHHOTO HABYAHHS 32 1€PapXidHOI0 CTPYKTYPOIO AAaHUX Yy BHUIVIALL OiHAPHOTO JEKYPCHBHOTO
JepeBa MoOyOBaHO BHCOKO JOCTOBIPHI BHpIIIANbHI IpaBWia, NPAaKTHYHO IHBapiaHTHI O 0arato BUMIPHOCTI IPOCTOPY O3HAaK
posmizHaBaHHS. J[OCHiIKEHO BIUIMB MapaMeTpiB MalIMHHOTO HAaBYaHHS Ha (YHKIIOHAIBHY €(QEKTHBHICTH MAIIMHHOTO HABYAHHS
CIIIIP Ha npuxiani OWIHKM HaBYAIBHOTO KOHTEHTY OCBITHBO-Tpo(eciiiHOl mporpaMu OakalaBpChKOrO pPiBHS CHELiabHOCTI
«KoMn'1oTepHi HayKn».

BucHoBkn. Pe3yipraTd  KOMIT'IOTEPHOTO  MOJEJIOBAHHS — MIATBEPIXKYIOTh BHCOKY  (DYHKLIOHANbHY  ©(EKTUBHICTDH
3aIPONIOHOBAHOTO METOAY iH(POPMaLiHHO-EeKCTPEMAIBHOTO iEpapXiYHOrO0 MAlIMHHOTO HaBYaHHS 1 MOXXYTh OyTH PEKOMEHJO0BaHi 10
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MPAKTHYHOTO BHKOPUCTAHHS y 3aKJIaJaX BHUINOI OCBITH JUISl OIIHKK BIJMOBIAHOCTI Cy4aCHHM BHMOTaM HaBYAIBLHOTO KOHTECHTY
BHITYCKOBHX Kadeap

KJIOYOBI CJIOBA: indopmarniiiHo-ekcTpeMaibHe

MallvHHE

HaBYaHHs, (YHKIIOHAJIbHA KAaTEropiiiHa MOJENb,

indopmaniiiHuil KpUTepiil, iepapxiyHa CTPYKTypa JaHUX, JeKypCUBHE IePeBO, HABYAIbHUNA KOHTCHT.
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KJIACTEPU3ALIA MACHUBIB JAHUX HA OCHOBI
MO/JUPIKOBAHOI'O AJITOPUTMY CIPOI'O BOBKA

Mladponenko A. FO. — xaHj. TexH. HayK, JOLEHT, IOLUEHT Kadenpu iHPpopMaTuku, XapKiBCbKUI Hal[lOHATBHUN
YHIBEPCUTET paJlioeNIeKTPOHIKH, XapKiB, YKpaiHa.

Boasncwkuii €. B. — 1-p TexH. Hayk, npodecop, npodecop kapeapu MTYIHOTO IHTEICKTY, XapKiBChbKHI HallioHa-
JIHUH yHIBEPCUTET palioeNIeKTPOHiKH, XapKiB, YKpaiHa.

TosoBin O. O. — 1-p TexH. HayK, C.H.C., 3aCTYIIHUK HadaJlbHUKa L[eHTpanbHOro HayKOBO-JOCHIAHOTO IHCTHTYTY
030poeHHs Ta BiCbKOBOI TexHikn 30poiinnx Cun Ykpainu, Kuis, Ykpaina.

AHOTAIISL

AKTyanbHicTh. 3aj1aua KiacTepusallii MacuBiB 0AraTOBUMIPHUX JAHUX, OCHOBHOIO METOIO SIKOI € 3HAXODKEHHS OJHOPIIHUX Y
CCeHCI MPUIHSTOI METPHKHU KJIACIB CIIOCTEPEKEHb, € BAXKIIMBOIO YACTHHOIO 1HTEIEKTyallbHOTO aHamidy manux Data Mining. 3 oGuwc-
JIFOBAJIBHOI TOUKH 30py 33aua KJIACTepPH3aLlil IepPEeTBOPIOETHCS Y MPOOIIEMy IOLIyKY JIOKATEHHX eKCTPEMyMIB OaraToeKCTpeMaIbHOl
GbyHKLIT, siKi 6araTOKpaTHO 3aIlyCKalOTHCS 3 PI3HUX TOYOK BHUXIIHOIO MacHBY JaHMX. [IPHIIBHIIIMTH POLEC MOLIYKY IIUX EKCTpe-
MYMIB MOXKHa, CKOPHCTAaBILIHUCE iJIeIMH €BOJIIOLIIHOT ONTUMI3allii, 10 BKIIOYae B cebe aaropuT™MH, IHCIIPOBaHi IPUPOIOI0, POHOBI
QITOPUTMH, ITOMYJISILIIHHI QJITOPUTMH, TOLIO.

Meta. Meta po6oTu nosisrae y 3ampoBaKeHHI IPOLEAypH KiIacTepu3alil MacHBIB JaHUX Ha OCHOBI MOKPAIIEHOTO aJrOPUTMY
ciporo BOBKa.

Merton. Beaeno meron kiactepusanii MacuBiB JaHUX Ha OCHOBI MOIU(IKOBAHOTO aTOPUTMY Ciporo BoBKa. [lepeBaroro 3ampo-
IIOHOBAHOTO MiJIXO/y € CKOPOUEHHS Yacy BHPINIEHHS ONTHMi3allifHMX 3a7ad B yMOBaX KOJH KJIACTEPH NepeTHHAOThCs. OcobuBic-
TIO 3aIIPOIIOHOBAHOTO METOY € OOUMCIIOBANbHA MPOCTOTA i BHCOKA MIBUJKICTB, ITOB’S3aHAa 3 THM, IO BECh MAacHB 00OpOOIIETHCS
TIIBKU OIMH pa3, TOOTO BUKJIFOYAETHCSI HEOOXITHICT B 6araToernoxoBOMy CaMOHABYaHHI, 10 peasi3yeThCs B TPAJULIIHHUX aJrOpUT-
Max HediTKOI KjacTepu3aitii.

PesyabTaTu. Pe3ynpratu eKCIIepUMEHTIB MiATBEPAKYIOTh €(pEeKTUBHICTE 3aPOIIOHOBAHOTO MiIX0AYy B 3aJadax KiIacTepHu3alii 3a
YMOB IEPETHHHHX KJIACTEPIB Ta IO3BOJSIOTH PEKOMEHIYyBAaTH 3alpONIOHOBAHMI METOA JUIs BHUKOPHCTAHHS Ha IPAKTHLI IS
BHPILICHHS MPOOJIeM aBTOMATHYHOI KIIaCTepH3allii BETUKUX JTaHHX.

BucnoBknu. BeneHo mMeTon kiactepusanii MacHBIB JaHHX Ha OCHOBI ITOKPAIIEHOTO alrOPUTMY ciporo BoBka. [lepeBaroro 3a-
IPONIOHOBAHOTO MiAX0AY € CKOPOUYEHHS 4acy BHPIIIEHHS ONTUMIi3allifHUX 3a1a4. Pe3ynpTaTi eKCriepuMeHTIB MiATBepIKYIOTh edek-
THBHICTB 3aIIPOIIOHOBAHOTO IIJIXOAY B 3a/ja4ax KiIacTepu3alii 3a yMOB IIEPETHHHUX KJIACTePiB.

KJIFOYOBI CJIOBA: HeuiTka KiIacTepu3aiis, 6araToekcTpemManbHa ONTHMI3aLisl, CBOIOLIHHUIT METO/I.

ABPEBIATYPU M — KUIbKICTh HENIEPETUHHUX KIIACIB;
FCM — MeTo HEUITKIX C-CepelHiX; W — Bara BOBKa;
HSCI - ribpuani cucteMn 00YHCITIOBAIBHOTO 1HTENE- C — LIEHTPOI] KITacTepa;
KTy, Cj — UEHTPOix j -ro Knactepy;

PCO — anroput™m «piii 4aCTUHOKY;

CSO — anropuT™m 3rpai KOTiB; t - iTepariis nomyKy;

NIC — pupoHbO — IHCIIPOBaH] OGUHCICHHS T — MakcHMaJbHa KUIBKICTB iTepaliif, 1o 3anaHa;
GWO — anroput™ ciporo BoBKa. ¢ — (assidixarop;
0. — KOHTPOJILHUH Mapamerp;
HOMEHKJIATYPA [ — BUNAAKOBE YKCIIO;

X — MaTpuIs Habopy HaHUX;
E - minpoBa QyHKIis;

N — KUIBKICTh CIIOCTEPEKEHb;
R — BexTop arpudyTiB; Tepy,

N — KinbKicTh aTpuOYyTiB; Uj(k) - pises» wanexuocti k-ro Bexropa -
K — HOMEp BEKTOPY-CITOCTEPEKEHHS;

U — piBeHb HAJISKHOCTI CIIOCTEPEIKEHHS JI0 KJIacTepy;
U — piBeHb HAJICXKHOCTI CIOCTEPEIKCHHSI 10 j xmac-

CIIOCTEPEXKEHHS 10 | -TO KIIACTepa;

x(k) — BekTOp-criocTEpEKEHHS; 0 , _
U (k) - piBens manexsocti K-ro Bekropa-

X (k) — 3HaYeHHs BeKTOpa-CHIOCTEPEKEHHs 3a i -M . .
CIIOCTEPEXEHHs 0 | -TO KjacTepa IpU 3aJaHOMY DiBHI

aTpuOyTOM;

. po3murtocti ((aszidikaropa) ¢ KiIacTepis, II0 MEPETH-
Xii2 (k) — 3HaueHHs BEKTOpa-CIOCTEPEKEHHs 3ai -M

. ] ] HAIOThCS;

Ta 12 -M aTpuOyTaMu npu HOPMYBaHHI JaHUX B TiEpKyo; A,B,C - koe(illieHTH OBeIiHKH OTOUEHHS;
i — HOMep arpudyTy BEKTOPa-CIIOCTEPEIKEHHS;
j — HOMep Kiacrepy;
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GW (t) — BekTOp mO3MILi Ciporo BOBKa B MOTOUHIM
iTeparii t ;
o -, - Ta d — BOBKU-IOMiIHAHTH.

BCTYII

3amada KiacTepu3allii MacHMBIB 0araTOBUMIpHUX Ja-
HHUX, OCHOBHOIO METOIO SIKOI € 3HaXOJUKEHHS OJJHOPIIHUX
Y CEHCi MPUIHATOI METPUKH KJIACiB CIIOCTEPEKEHb, € Ba-
JKIIMBOIO YACTHHOIO IHTENEKTYAIBHOTO aHaji3y ITaHWuX
Data Mining [1-3]. B pamMkax TpaauIliifHOTO KITaCTEPHOTO
aHajizy anpiopi nependavyaeThes, MO KOXKEH BEKTOP CIIo-
CTEPS)KEHHSI MOXKE HaJeXaTH TUIBKM OJHOMY KIacy-
KJIacTepy, X04a B PEIbHUX JAAHUX AOCUThH YacTO BUHHKAE
CHUTYyallis, KOJU L€ CIOCTEPESIKECHHS 3 PI3HUMH PiBHSIMHU
HAJICKHOCTI (MOXKJIMBOCTi, WMOBIPHOCTI) BiIHOCHUTBCS
BiZipa3y 1O KUJIbKOX KJIacTepiB, IO B3aEMHO MepeTHHa-
1oteest. [lomiOHa cuTyatis € mpeaMeToM po3rilsiLy HediT-
koro (assi -) ki1acTepHoro aHamizy [4-5], B pamkax sko-
ro HEOOXiTHO OIIIHUTH HE TiJIbKU (PaKT HaJEKHOCTI KOXK-
HOTO CIIOCTEPEKEHHS O KOHKPETHUX KIIACIB, aje i JaTu
KIUTBKICHY OIIIHKY piBHS IIi€i HajexxHOCTI. 3 oOumciioBa-
JILHOT TOYKHU 30py MOYKHA BiZI3HAYMTH, IO HAWOLIBLI ajie-
KBaTHUM MaTeMaTHYHHM aIrapaToM Ui BUPILICHHS 3a/a4
KJIacTepu3allii € METOAH IITY4HOro iHTenekty [6-8] i,
mepuI 3a Bce, HEHPOHHI Mepexi, HEeUiTKi CHUCTEMH, €BO-
JIIOIIiHA ONTHMIi3allisg Ta, TaK 3BaHi, TiOpPHIHI CHCTEMU
00YHCITIOBAIEHOTO IHTEJIEKTY.

O0’eKT HOCTITAKEHHS KJIaCTepU3allisl JaHUX Ha OCHO-
Bi IIOKPAIIIEHOTO AJITOPUTMY CIpOTO BOBKA.

IIpenMer pociigxeHHs] IpoLeTypa OHIANH KiacTe-
pu3amii 1aHUX B yMOBaX KJACTEPiB IO MEPETHHAIOTHCS
Ha OCHOBI MOJICPHI30BaHO1 €BOIIOMIIHOI ONTHMI3aIlil.

Meta po60TH TOIATaE y 3aMPOBAHKEHHI IPOLETYpH
KJacTepu3alii MacHMBIB JJaHWX Ha OCHOBI HOKPAIIEHOTO
ITOPUTMY CIPOTO BOBKA.

1 TIOCTAHOBKA 3ABJAHHS
BuxingHoro iHdopmalii€ro it BUpIIIEHHS 3aa4i Kiiac-
Tepu3allii TpaJuIIiHO € MAaTPHLIS CIIOCTEPEIKEHD

X ={x(1),X(2),... X(k), .., X(N)},

X(k) = {Xi (k)} €R", npu upomy jaHi momepeaHKO Bij-

LIEHTPOBAHO Ha rinepky0 Tax, 11 (6}

x(k)= {Xi,iz (k)} e R"*"2 | Taka curyanis Moxke BUHHKA-

TH y BUIIaJIKy 0OpOOKHM MacHBiB 300pakeHb.

2 OIJIAA A JITEPATYPHA

Ha croromni kpiM MeETOIIB HEWIiTKOI KiacTepu3arii
takux sik FCM, po3po6iieHo 03114 METO/IIB 1 aIrOPUTMIB
HEe"iTKO1 Kiacu@ikarii 31 CBOIMH JOCTOIHCTBAMH i HEHO-
JIiKaMH, BCl BOHH JJO3BOJISIFOTD BiJIIIYKATH TINBKU JIOKAJIh-
HHUH eKCTpeMyM TIPHHHATOI 1ip0BOT QyHKIl [5, 9], mo
BeJie JI0 TOTO, 1[0 BUKOPUCTaHHS MPOLEAYpP ONTHUMi3allil
(HemiHifiHOTO MporpaMyBaHHs) HA OCHOBI MOXiTHUX MPH-
HHATOrO KPUTEPI0 B 3arajbHOMY BHIIAJIKy HE J03BOJISIE
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oTpUMaTH Halkpamie mrykane pimenHs. [logonaru mro
npoOieMy MOXHa, 0araTopa3oBo BHPILIYIOYH 3alady 3a
PI3HHMX TOYATKOBUX YMOB 1 BHOMparou HalKpaluii Bapi-
aHT 13 0e3:1iui oTpuMaHuX. 3pO3yMiI0, IO MOTIOHMIA mia-
X1J1 CyTT€BO 301IBIIYE Yac BUPIMICHHS 3a1a4i.

[MonomaTn 3a3HaueHi TPyJHOIII MOXKHA, CKOPHCTAB-
IIMCh arnapaTtoM TiOPUIHUX CHCTEM OOYHCIIOBAIBHOTO
iarenexry (HSCI) [7, 9-11], mo moeanyoTh B cobi Ha-
BYaHHS IITYYHUX HEHPOHHUX MEPEXK, IHTepPIPETOBaHICTh
pe3yNbTaTiB i MOXIMBICT POOOTH B YMOBax KJaciB, IO
HEePETHHAIOTHCS, CUCTEM HEMapHOI0 BUBEIEHHS 1 BUCOKY
HIBUJKICTh BIANIYKAHHS TJIOOANIBHOTO €KCTPEMyMY, MLIO
3a0e3MevyeThCsl eBOTIOLIHHUMEI aIrOPUTMaMHU ONTHMI3a-
1i1, 3aCHOBaHUMH Ha «posix yacTuHOK» (PCO).

TpaguiiifHO aNrOPUTMHU ONMTHMI3AIlii TOIUISIOTECS Ha
JIBI YaCTHWHU. JCTEPMIHOBAaHI aJlTOPUTMH Ta CTOXACTHYHI
anroputmu [13]. JloBeneHo, O NeTepMiHOBaHI ajJrOpUT-
MH JIETKO MOTPAIUISIOTh B JOKaJIbHI ONTUMYMH, B TOI Yac
K CTOXACTHYHI aJrOPUTMH 3JaTHI YHHKAaTH JIOKAIBHUX
PO3B’S3KiB BUIIQJAKOBHM YMHOM. TaKUM YMHOM CTOXacCTH-
YHI aNropuTMH HAOyJIM IIMPOKOTO PO3BHUTKY, 30KpeMa
Mpe3eHTallii, yJOCKOHAJIIEHb 1 3aCTOCYBaHb MPHPOIHBO-
incmipoBannx o6unciens (NIC).

OpHiero 3 HaiBaxBinmx yactuH anroputMmiB NIC €
TaK 3BaHi OiIOHIYHI alTOPUTMH, i OLIBLIICTh SKUX € MeTa-
eBpucTHIHUMH [13-15]. BoHM MOXYTh BUPIIIyBaTH MPO-
OneMu 3 mapaielbHUMH OOYHCIICHHSIMH Ta TIIOOATEHHM
MOIIYKOM. MeTaeBpUCTHYHI aITOPUTMH HOAUISIOTE POT
Ha TTI00aJIbHUH 1 JIOKANBHUH TOIIYK 3a JIONMOMOTOIO Jie-
sxkux metofiB. NIC anropurmu He MOXYTh TapaHTyBaTh
rno0aabHI ONTHUMANBHI PIMICHHS; TaKUM YHHOM, Oilb-
IIICTh METaeBPUCTHYHHX AITOPUTMIB BBOASATH BHIIAJKO-
BICTh, 00 YHUKHYTH JIOKaJbHUX ONTUMYMIB. [HIUBIIY-
YMaMH B 3rpasix KepylTb, 1100 PO3JUISTH, BUPIBHIOBATH
Ta 00’ €IHYBaTH 32 JOTMIOMOTOI0 BUIIAIKOBOCTI; IX MOTOYHI
MIBUIKOCTI CKJIaJaloThCsl 3 TIOTNEPEHIX IIBUIKOCTEH,
BUIIAJJIKOBUX MHOKHHKIB 4acToT [16] abo eBKmigoBHX
BiZIcTaHe! MOJIOXKEHb KOHKPETHHX iHmuBimie [17-21].
Jlesiki mokparieHHs 3po0JIeHO 3a TOTIOMOTOK MoIudika-
Iii Bar iHepiii, Xxaocy Ta OiHapHHUX BEKTOpIB, Tomo. bi-
JBLIICTP 13 IIMX YAOCKOHAJICHb MPU3BOJINUTH 10 TPOXH Kpa-
01 IPOAYKTHUBHOCTI KOHKPETHUX aJTOPUTMIB, ajie 3ara-
JBHI CTPYKTYPH 3aTUIIAIOTHCS. HE3MIHHIMH.

BinplIicTh METaeBPUCTUYHUX aJNTOPUTMIB Ta iX yno-
CKOHaJIeHHs1 Hapasi 0a3yloThcs 0Oe3rocepeHbO Ha TMOBeE-
JIHII OpraHi3MiB, TaKuMX $K TONIYK, ToiroBaHHs [18],
sarmnenHs [19] ta cmanax [20].

MeTaeBpHCTHYHI aJITOPUTMH IPALIOIOTH 338 CXOXKHUMH
LIUTLOBUMH (YHKIISIMH, Ta AOCSTAOTh KPaloi IpOyKTH-
BHOCTI Ta 3MEHILICHHS HMOBIPHOCTI MOTPANUTH B MACTKY
JIOKaJIbHUX ONTHMYMIB, YHUKHYTH BHUIAJKOBUX OJIyKaHb
200 TIOJILOTIB 32 JIOTIOMOT'OI0 BBEACHHS IOJaTKOBHX YMOB
JUIA 1HAWBIAIB. 31e0UIBIIOrO 1Ie 03HAYae, 0 3rpai IMoBO-
TUTAMYTHCS OUTBII HEKOHTPOJIBOBAHMMHU CIIOCOOAMHU.
Kpim Toro, sk oprani3mu, 0 KUBYTH Y 3Tpasx B IPUPO-
Jii, OLIBIICTD 13 HUX MalOTh COLialbHy iepapxito. Hanpu-
KJaJ, Y MypAalluHii KOJIOHIi KOpOJieBa € KOMaHIUPOM,
HE3BAXKAIOUU HA 1l PENPOAYKTHUBHY POJIb, IUHEPraTu — Le
COJIIATH, SIKI 3aliMaIOThCA CaAiBHULITBOM KOJOHII, TOl K
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eprarti 3aiiMaroThbcsi OyAiBHUIITBOM, 30MpaHHIM 1 po3Be-
JICHHSIM.

3 MATEPIAJIA I METOAU
B ocHOBI mommpeHoro anropuTMy HMOBIpHOI HEYiT-
KOl KJlacTepu3alii JIOKUTh IMpoueaypa MiHiMi3amil mijtbo-
BO1 (PyHKIIIT

N m 2
E(Uj(K).cj)= X XU (k)[x(k)~c; (1)
k=1j=1
pU 0OMEKEHHSX
j=1 j=1

(tyr ¢ — wHeBim'emHuit mapamerp (asudikarii
(tbassudikarop), 110 3a1a€ PO3MHUTICTh TPAHUIIL MK Kila-
CTepaMH), B OCHOBI SKOTO JIeKaTh CTaHAAPTHI METOAH

HemiHifiHOrO (IpM (@ = 2— KBaAPaTHYHOTO) MPOrpamy-

BaHHS.
Bupinryroun 3amady HETiHIHHOTO IMPOTrpamMyBaHHS,
OTPUMYEMO iMOBipHiCHHH ANTOPUTM HEJiTKO1
KIJIacTepH3arii
1
(Jx0)-<5[ )
Uj0=— e
(x|
=1
@)

B [5] 0yna moka3ana 30ixHICTh npouecy (3) g0 Joka-
JFHOTO MiHIMYMY, TIPH I[bOMY JOCSTHEHHS TII00aTHHOTO
eKCTPEMyMy B 3arajlbHOMY BHIIAJIKy HE rapaHTyEThCS.

B pob6orax [22-23] 3amaua ymoBHOI onrumizarii (1),
(2) 6yna mepedopmynboBaHa B 3a1a4y 6€3yMOBHOI ONTH-
Mizanii niiboBol GyHKIIT BUIY

(o 200 ) !
E(cj)=k2=‘,1 §l||x(k)—cj|| , 4)
npu @ =2
N m 2 -
E(cj)z 3 Z"x(k)—cj" : ()
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TakuM uuHOM, 3a]aua HEUITKOI KilacTepu3alii Moxxe
OyTH 3BelleHa [0 IMOIIYKY TJI00aNbHOTO EKCTPEMyMY Iii-
npoBuX GyHkuiit (4), (5).

Jist BupimieHHsS 3a7adi MOXYTh OyTH BHUKOPHCTaHi
EBOJTIOLIHHI 0l0iHCTIIpOBaHI «POEBI» MPOLETYPH ONTHUMI-
3amii [9-11], cepen sIKMX B SIKOCTI OJHOTO 3 HAWOIIBIN
MIBAJKOMIIOYMX MOKHA BII3HAYWTH, TAaK 3BaHUM, airo-
put™ ciporo BoBka (GWO) [24].

3a ganumu Mipmkanini [24], cipi BOBKH KUBYTEH pa-
30M 1 OJIFOIOTH Tpynamu. [Iponec nomryky Ta moaroBaHHS
MokHa ommcatd Tak: (6) sKmo BHIOOYTOK 3HaMICHO,
BOHHU CIOYATKy BHUCTEXKYIOTh, NEPECIiIyIOTh 1 HaOIMKa-
10ThCs 710 Hel, (7) Ko 310014 O1KHUTH, TOMI Cipi BOBKH
MEPECITi Iy 0Th, OTOUYYIOTh i CIIOCTEPIrarTh 3a 3J00HYYI0,
MOKH BOHA He mepecTtaHe pyxatucs; (8) HapemTi moynHa-
€ThCS aTaka.

Crangaptauit anroputv GWO. Anroput™ iMiTye mo-
BE/IHKY TIOIIYKY 1 IOJIIOBaHHS Ha 3710014 CipiX BOBKIB B
3rpai. B MaremartwuHiii Mopmeni HaWKpamiiidi pe3ylbTaT
BOBKa B 3rpai Ha3uWBaeThes anbda (o), a Apyruil Halkpa-
muit € 6eta (B), i, OTXKe, TPETii HaWKpaIIiii HA3UBAETHCSA
nenbra (3). [umri pineHHs kaHauAaTiB 3rpai oMmeraMu ().
Bci omeru OyayTh KepyBaTHCS IIMMH TPbOMa CIPUMH BOB-
KaMH Mijl 9ac noinyky (onTuMisarii) Ta MOJFOBaHHS.

Konu sxepTBa 3HaiineHa, mouynHaeThes itepamis (t=1).
3romom o- , B- Ta 6-BOBKH KepyBaTHMYTh M, MO0 mepe-
ciigyBaru 310014 1, 3pemroro, orounty ii. Tpu xoediti-
eatu A, B i C nponoHyoTECs U1 ONHCY MTOBEIIHKHA OTO-
YEHHS:

Cq =[BL*GW, — X (1)),
o =|BZ*GWB —X(t)|, (6)
Cs =[B3 *GW; — X (1),

ne t Bkasye Ha moTtouHy itepaiito, GW Bekrop mo3uii

ciporo BoBka, GW,,GW, i GW, — e Bexropamu moo-

JKEHHA O- , B- Ta 0-BOBKIB, IO OOYHCITIOETHCS HACTYITHUM
YUHOM:

GW, =GW, — A *C,,
GW, = GW — A, *Cg, @)
GW; = GW; — Ag*C;,

GW]_ + GW2 + GW3

GW (t) = ;

®)

[Mapamerpu A Ta B € xomOiHalisiMK Kepyrouoro na-
pameTpa o Ta BHIIAJKOBUX 4yKcen I Ta I [24]:

A=2ar -0,

B=72r,. ©

KonTponmpHHiA mapamMeTp o 3aMIiHIOETHCS 3HAYCHHSIM
napamerpa A 1, HapeuITi, 3MyIllye OMera-BOBKIB HaOIH-
kKatucs ab0o TIKaTH BiJl JOMIHYIOUHMX BOBKIB, TaKHX SIK

anb(da, Oera Ta menpra. KO |A| >1, cipi BOBKH BTiKa-

IOTh BiJl JIOMIHAHTIB, a II€ O3HAYae, 110 OMEra-BOBKH BTe-
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YyTh BiJl 31004l Ta JOCHIIKYBaTHMYTh OlIbIIE MPOCTO-
py, 0 B ONTHMIi3allii HA3UBAETHCS TIIOOATBHUM MOIIY-

koM. Ta skiro |A| <1 BOHHM HAOMIKAIOTHCS O JOMIHAHT,

a 3HAYUTH O-BOBKH OYyIyTh CIiTyBaTH 3a JOMiHAHTaMH,
SKI HaOJIMKAIOThCA OO 3100MYi, 1 L€ Ha3UBAETHCS JIO-
KaJIbHAM TIOITYKOM B ONITAMi3allii.

KonTponsHmii mapaMeTp o BU3HAYAETHCS K JIiHIHE
3HIDKEHHS BiJl MAKCUMAJIBHOTO 3HadeHHA 2 no O mix yac

iTepariii:
a=2 (l— ij ,
T

ne t — Homep irepamii, 7 — MakcHUMaabHa KiJIBKICTH iTe-
pariii, mo 3amaHa.

CxeMaTU4HO TPEJICTABUTH POOOTY AITOPUTMY MOXKHA
HACTYIHUM YHHOM (puc. 1).

JoCTLIKEHO
|Al]<1
3106Hy BOBK ol
[A]=1

JocmmkeHo

Pucynok 1 — Cxema po6otu anropurmy GWO

brok-cxema anropurMmy cipux BOBKIB HaBeleHa Ha
puc. 2.

Bararo aiaroputmiB pOWOBOrO IHTENEKTY IMITYIOTh
MIOBEIHKY TMOJIOBAHHS Ta MOIIYKY NEsKHX TBapuH. On-
Hak GWO Mopenioe BHYTPIIIHIO i€papXif0 KepiBHUIITBA
BOBKiB, TAKMM YHMHOM, B TIPOIIECi MOUIYKY IO3UIis Hak-
Kpamioro pimieHHs Mo)Xe OyTH KOMIUIEKCHO OIliHeHAT-
ppOMa pieHHAMHU. AJie IS IHIIUX aITOPUTMIB POHOBOTO
IHTEeNeKTy, HalKpalie pillleHHs IIyKae€ThCS JIHIIE Ha OC-
HOBI OJTHOTO PILlICHHSI — JJOKAILHOTO ONTUMYMa.

Omxe, GWO Moxe 3HaYHO 3MEHIIMTH HMOBIPHICTH
HepeayacHOr0 MOTPAIUIAHHA B JIOKAIBHUH ONTUMYM.
106 1oCATTH HAJIEKHOTO KOMIIPOMICY MiXK PO3BIIKOIO Ta
TIOJIFOBaHHSIM, PONOHY€ETHCs nokpamenniit GWO.
Posrmsmaroun pisHsHHs (8) BHIHO, 1O B MPOIEC] MOIIY-
KY, OJHAKOBY POJb BimirparoTh nominanTH. KoxeH i3 ci-
PHX BOBKIB 3rpai HaOJIMKAETHCS 200 TiKae B TOIIYKY 3710-
Oomui. OmHAaK, CIiJ 3ayBaXXHUTH, IO HAHOIIDKYE 10 3700H-
4yl MOMIHAHTH i3 cepemHBOI0 Barow amb(da, HiX Oera i
nesnbra. TakuM YMHOM, Ha IOYATKy MPOLEIYpH IOIIYKY B
piBrsHHI (8) g BpaxoByBaTH JHIIIE MONOXKEHHS anbda,
abo ioro Bara mMae OyTH HabaraTo OLIBIIOIO, HIXK Baru
iHmmMX goMiHaHT. TakuMm 4WHOM, piBHAHHA (8) MOXHa
TIepenncaTy y BUTIISIL
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IninianizyBaTi mapameTpy.
BunaakoBuM YMHOM 3reHepyBaTH BOBKIB

Pospaxysaru ditHec-pyHKIIIO0, 00parn
HaWKkpamix o -, f—Ta & - BOBKIB

v

OHOBHTH MO3UIiT, OHOBUTH ITO3MIliT (® BOBKIB

v

EBousrorniivina oneparis. Ilicns nomyxky i
MIOJIFOBAHHS BOBKIB, 00paTH HallKpaniux
BOBKIB, K HACTYIIHY MOMyJiLito. Jamni
OHOBWTH 0. - , B —Ta § - BOBKIB

v

OHOBUTH BHIIAJKOBUM Y HOM IOITYJIS IO

BOBKIB,
3aJUIIUBIIH Haif Kparux

v

OnoButH mapamerpu o, A, B

Tak

Hi

BuBecTu mo3uiito i 3HaYeHHsI QiTHEC-
¢GyHKIIT o - BOBKa

Pucynok 2 — biok-cxema anropurmy GWO

GW (t+1) = w,GW, + WZG?,W2 +wW,GW, ,

ae W, +W, +W, =1, npy W, — Bara o. — BOBKa, W, — Bara

(10)

B-BoBKa, W, — Bara §-BOBKa, IPpU LbOMY W, =W, =W, .
Ha mepiit (a6o t=0) ireparii mponoHyeThcst 3amaTh
Baru pe3yJbTaTaMi aJITOPUTMY KJIaCTepPH3allil 3a PiBHSH-
uam (3), zxe:

Cp = Wy

Cp =Wg; mpu t=0
C3 = Wgs;
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Toxi MM MOXXEMO BH3HAYMTH, L0 Baru 3MiHHUX 3aJ10-
BOJIbHSIIOTH TINOTE31 NMPO COLIaNbHY iepapXito (QyHKIiN
CIpUX BOBKIB Ta iX HOIIYKOBY MOBEIIHKY.

4 EKCIEPUMEHTHU
JocnimKkeHHsT MeToay KJlacTepu3allii MacHBiB JaHUX
Ha OCHOBI TIOKPAIICHOTO AalTOPUTMY CIpOro BOBKa
(FGWO) mnpoBoauinch Ha ABOX GaraToeKCTpEeMalbHHUX
(GyHKIiSIX, HaBeAeHUX B Ta0x. 1.

Tabnuus 1 — Tectosi QyHKii

(bf;f;?ﬁ Dopmyna InTepBan
f(X)=20+ x> +y°—

Pactpirin (0=20+x"+y [-5.12;5.12]
—10cos(2nx) + cos(2my)
f(x):ix+iy—

[pisanr 4000 4000 [-30:30]

X X '
—cos| —= |cos| ——= |+1
()

Skicte pobotu 3ampomonoBanoro meroma (FGWO)
MOPIBHIOBAJIOCH 13 JIEKUIbKOMa KIACUYHUMH aJrOpHUTMa-
MU KJIacTepH3allil, eBOJIIOLIIHUMH MpPOLeypamMH, a Ta-
KOX MOJM(]IKOBAaHUMH METOJAaMM KiacTepHsalii Ha oc-
HOBI ONTHMI3ALIIHUX TPOLEYP, & CaMe alrOPUTM OITH-
Mizanii poro uyactuHok (PSO), amroput™ 3rpai KOTiB
(CSO), wmacuunuid anroputMm ciporo BoBka (GWO) Ta
MOM(IKOBAaHOTO AITOPUTMY KjlacTepu3alii Ha OCHOBI
srpai kotiB (FCSO) [25-26]. Jlist KoskHOTO MeTo/a, 3ama-
Ho 30 areHrTiB, 110 IIyKAaIOTh ONTHMYM B 0araroekcTpe-
MaJbHIA QYHKIIII.

5 PE3YJIbTATU

[Mepir 3a Bce mepeBipuMO poOOTY 3aIpPONOHOBAHOTO
MeToza 3 Horo MoaM@ikaiiero, TOOTO BUKOPHCTaHHS Ba-
TiB [T KOXKHOTO BOBKA. Pe3yspTar 3MiHM Bar npoaeMoH-
cTpoBaHo Ha Pucynky 3. AHanizioun oTpuMmaHuii rpagik
3aJI€)KHOCT] 3MIHM Bar KO)KHOI'O BOBKA BiJl KUIBKOCTI iTe-
pauiif, MOXXHa 3pOOUTH BHCHOBOK, IO 3alpONOHOBAHUIT
MIAXiJ € CIPHUATIMBUM IS TOJANBLIOTO aHAI3Y METOILY
KJIaCTepH3allii MacWBiB JaHWX Ha OCHOBI ITOKPAIICHOTO
AITOPUTMY CIpOTO BOBKA.

Ha puc. 4 Ta puc. 5 mokazane rpadiuHe TOpiBHIHHS
MeToniB Ta iXx 30DkHOCTI 3a ¢yHKuisiMu Pactpurina ta
I'pinBapra BiAIOBIiHO.

6 OBI'OBOPEHHSI

AHaNi3yI0Yl pe3yabTaTH OTPUMAHHUX CKCIICPHMEHTA-
JBHUX JOCTIKCHb Ta MOPIBHSUIBHOTO aHaiily poOoTH
METOJy KJIACTepH3allii MacHBiB JaHUX Ha OCHOBI IMOKpa-
MICHOTO AITOPUTMY CipOTO BOBKA i3 METOJaMH KJIaCTEpH-
3amii, mo 6a3yI0ThCS K Ha KIACHYIHOMY MiIXOMi IO Kiac-
Tepu3alii TaHuX, Tak i OUTPI eK30THYHHX, 3alIPOTIOHOBA-
HUI METOJI IEMOHCTPYE I0CTATHBO BHCOKI PE3yJIbTATH.

OCHOBHMMH TiepeBaraMu 3alpoIllOHOBAHOTO METOIY
TMOJIATAE B MPOCTOTI MATEMAaTUYHUX PO3PAXYHKIB, IBHUIKO-
CTi po0OTH 3 JaHWUMH, HE3aJEKHO B BHIY, PO3MIpy Ta
sikocTi BUOIpKH, 10 aHaiizyeTbest. Crif BiA3HAYUTH TOY-
HICTh pOOOTH METO/a KJIaCTepH3allii JaHUX Ha OCHOBI MO-
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KpalIeHOI0 aJrOPUTMY CipOro Ta OTPUMAaHHX pPe3yJIbTaTiB
KJIacTepu3allii, o JOCAraeThbecsl 3a JIOIOMOIOI0 ONTHMIi3a-
LIIHOT ITPOLIeTy Py €BOMIOIHHOTO aJITOPUTMY.
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Pucynok 4 — Kpusi 36ixuocTti ¢pyHnkuii Pactpurina
700 T T T
== FE50
PSSO
CS0 |1
— GWO
—a— FGWO
Vo
o |
]
40 80 80 100

lteration

Pucynok 5 — Kpusi 30ixH0cTi QyHKii ['pinBanTa

OPEN a#CCESS @ @ @

7



p-ISSN 1607-3274 Panioenexrpownika, indpopmatrka, ynpasminss. 2023. Ne 1
e-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2023. Ne 1

BUCHOBKHU

BBezneHo mMeroq kiactepu3ailii MacuBIB JaHUX Ha OC-
HOBI TIOKPAIIICHOTO aJrOPUTMY ciporo BoBka. [lepeBaroro
3aIIPOIIOHOBAHOTO ITIXOy € CKOPOUCHHS Yacy BUPIIICH-
HSl ONTHMI3aIlifHUX 3amad. Pe3ynbpraTH eKCHeprMEeHTIB
MATBEPKYIOTh €(EKTHBHICTH 3alpONOHOBAHOTO IiIXO-
Iy B 33j1a4ax KJIACTepH3allil 3a YMOB IIEPETHHHUX KJac-
TepiB.

HaykxoBa HOBH3HA: BIEpIIE 3alIPOIIOHOBAHUA METOJ
KJIacTepH3allii MacWBiB JaHWX Ha OCHOBI ITOKPAICHOTO
ANTOPUTMY CipOTO BOBKA.

IIpakTHyHe 3HAYEHHSI. PE3YJIbTATH EKCIIEPUMEHTY
JO3BOJISIIOTH PEKOMEH/TyBaTH 3aIlPOIIOHOBAHUHA METOJ JUTs
BUKOPHCTaHHA HAa TPAKTHUI IS BHPIMICHHS IPOOIeM
ABTOMATHYHOI KJacTepu3allii 0araroekcTpeMaibHAX Ja-
HUX PI3HOT PUPO/IH.

IlepcneKTUBH MOJAJBIIMX JOCIIIKEHb METOIH
HEYiTKOl KilacTepu3allii JaHuX JJisi HIMPOKOIO KIAcy
MPAaKTUYHUX MPOOIIEM.

MNOJSAKA
PobGota BHKOHaHa B paMKax HayKOBO-JOCJITHOIO
NPOEKTY JAEp>KaBHOro OroJukeTy XapKiBCHKOTO HaIlloHa-
JIBHOTO YHIBEPCHUTETY panioeneKkTpoHikn «Po3pobka me-
TOJIIB Ta aJrOPUTMIB KOMOIHOBAaHOTO HAaBYAHHS TJIMOWH-
HUX Helpo-Heo-(a33i CHCTeM 32 yMOB KOPOTKOI HaBYaJIb-
HOI BHOIpKH».
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Equipment of Armed Forces of Ukraine, Kyiv, Ukraine.

ABSTRACT

Context. The task of clustering arrays of multidimensional data, the main goal of which is to find classes of observations that are
homogeneous in the sense of the accepted metric, is an important part of the intelligent data analysis of Data Mining. From a compu-
tational point of view, the problem of clustering turns into the problem of finding local extrema of a multiextreme function, which are
repeatedly started from different points of the original data array. To speed up the process of finding these extrema using the ideas of
evolutionary optimization, which includes algorithms inspired by nature, swarm algorithms, population algorithms, etc.

Obijective. The purpose of the work is to introduce a procedure for clustering data arrays based on the improved gray wolf algo-
rithm.

Method. A method of clustering data arrays based on the modified gray wolf algorithm is introduced. The advantage of the pro-
posed approach is a reduction in the time of solving optimization problems in conditions where clusters are overlap. A feature of the
proposed method is computational simplicity and high speed, due to the fact that the entire array is processed only once, that is,
eliminates the need for multi-era self-learning, implemented in traditional fuzzy clustering algorithms.

Results. The results of the experiments confirm the effectiveness of the proposed approach in clustering problems under the con-
dition of classes that overlap and allow us to recommend the proposed method for use in practice to solve problems of automatic
clustering big data.

Conclusions. A method of clustering data arrays based on the modified gray wolf algorithm is introduced. The advantage of the
proposed approach is the reduction of time for solving optimization problems. The results of the experiments confirm the effective-
ness of the proposed approach in clustering problems under the conditions of overlapping clusters.

KEYWORDS: fuzzy clustering, multi-extremal optimization, evolutionary method.
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