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1. M. BYTKO

MOJIEJIb TEMATUYHOI IHTEPIIPETAIIII BUJOBUX 30BPAKEHD

I[Ipeamerom moCTiKEHHS B CTATTi € TeMaTHYHA 1HTEpIpETaLis BUAOBUX 300pakeHb. MeTa poOoTH — po3poOKka MoAesl TeMaTHIHOT
iHTepIIpeTalii BUIOBUX 300paxeHb, sika 0a3yeThest Ha Moieli popMyBaHHs BUIOBHX 300pakeHb Ta JOJaTKOBO BPaXoBYye reorpadiute
30HYBaHHA. B cTaTTi BUpINIyeTHCS HACTYMHE 3aBAAHHSA: PO3poOKa MOJENl TeMaTH4YHO!I iHTepHpeTalii BHIOBUX 300pakeHb, sKa
BpaxoBye HEJONIKM ICHYIOUMX Mopened Ta 0OasyeTbcss Ha Mozeni (OpMyBaHHS BHIOBHX 300pa)KeHb, IPOBOJUTH OOEpHEHY
TpaHc(OpPMAIi0 KOOPAHHAT 300pakeHHSI y TEONpPOCTOPOBI KOOPAWHATH 1 KIACTEpH3allil0 300paKeHHsS Ha OKpeMi KJIAacH 1o iX
KOJIbOPY Ta TEKCTYpi, JOJATKOBO BPaxoBYIOYM TreorpadidHe 30HYBaHHS, IO 3a0e3ledye MOXKIMBICTH PO3MIMPEHOTO aHAI3y i
IIPOTHO3YBaHHS 4YacoBOi JWHAMIKM JAaHHX y CHCTeMaX OOpoOKHM TreompocTopoBoi iHgopmarii. BUKOpHCTOBYIOTECS Taki MeTOAM:
MaTeMaTHYHUH amapaT Teopii MaTpuilb, METOAM MAaTeMaTHYHOTO MOJEIIOBaHHA, METOIM KIAacTepH3alii JaHUX, METOIH
mudepeHiifHoro oouucaeHHs, Metoau 1udpoBoi 00podku 300paxkeHs. OTpUMaHO HACTYMHI pe3yJbTAaTH: MIPOAHANI30BAaHO TPYIH
iCHYIOUHX MOZeJell iHTephpeTamii pe3ylpTaTiB IUCTAHLIHHOTO 30HAyBaHHSA 3eMJi, IX MepeBard Ta HEHOJIKU; cPOpPMOBaHA Yy
3arajbHil opMi MaTeMaTHIHA MOAETh (HOPMYBaHHS BUIOBOTO 300pakKeHHS U1l AULTHKHA 36MHOI IIOBEpXHi; COPMOBaHA y 3araibHii
¢dopmi MaTemMaTMdHa MOJETh TEMAaTHYHO! IHTEPIpeTalii BUAOBHX 300paKeHb; PO3IIIIHYTO OMNEpaTop MEPEeTBOPEHHS KOOPIUHAT,
orepaTopy KiacTepu3allii, omepaTopu 30HYBaHHS Ta X SIBHUH BUIUIAA; OTPUMAHO MOJENb TEMaTHYHOI iHTepHpeTanii BUIOBUX
300pakeHb B OIEpaTOpHii (opmi. BUCHOBKH: Briepiie po3po0JIeHO MOJENIb TEMATHYHOI IHTEpIpeTaIlii BUIOBHX 300paXKeHb, KA,
Oazyrounck Ha Mojeni (OPMYBaHHS BHAOBHX 300paKeHb, NMPOBOJAWTH OOEpHEHY TpaHC(OPMAIil0 KOOPAMHAT y TEONpPOCTOPOBI
KOOpJMHATH 1 KJIacTepu3alilo 10 X KONbOPY Ta TEKCTypi, IOJaTKOBO BPaxoBYIOUM reorpadiyHe 30HYBaHHs, IIO0 3abe3nedye
MOJKJIUBICTh PO3MIUPEHOTO aHAII3Y 1 MPOTHO3YBAaHHS YacOBOi AWHAMIKH JaHUX Y CHCTEMaX 0OpoOKH reonpocTopoBoi iHpopmMartii.

KurouoBi cioBa: BumoBe 300pakeHHS; TeMaTH4YHA iHTepIIpeTamis; Aemu(pyBaHHS; MOJENb; TE€OMpOoCcTOpoBa iH(OpMaIis;
TeONpPOCTOPOBI KOOPAWHATH; CETMEHTALIisl.

Beryn AHaJii3 npo6/eMH Ta iCHYI0YUX MeTOAiB

Ha cporomHimmHii JeHb TeMaTHYHA IHTEPHIpETaIlisa
BUIOBUX 300pakeHb 3€MHOI IIOBEPXHI IPOBOAMTHECS 3a
JTOTIOMOTOI0 BETIMKOi KITBKOCTI Mojened. Yci iX yMOBHO
MOXHA TOJAUIMTH HA TPH OKpeMi TPymH MoJelei

Ha cporommimmii [eHp JaHHI IUCTaHIINHOTO
30HOYBaHHA 3eMJli — BHAOBI  300pa)keHHS,  sKi
IpeacTaBicHi B OUGPOBiH (opMi y BHIIIAII PacTPOBUX
300pakens [1]. Tomy mpobmema 00poOkm Ta

iHTEepHpeTanii JaHWX AWCTAaHIIMHOTO 30HAYBaHHS 3eMii  iHTepmperamii  abo  AemU(pyBaHHA  Pe3yJbTaTiB
HAMpsiIMy TIOB’s3aHa 3 U(POBOIO 0OPOOKOIO 300paXkeHb.  JUCTAHIIAHOTO 30HyBaHHs 3emui [4-7].
JaHHi MUCTAHIIAHOrO 30HIYBaHHS 3eMJi ChOTOIHI Yy 1. BisyanbHi MOJIETI. Komu omeparop-

BUIBHOMY  JOCTYNi  JIOCTYNHI  BEJMKIH  KiJBKOCTI
KOPHUCTYBaYiB Ta 3aCTOCOBYIOTHCSl HE TIIbKM B HAYKOBHX
JIOCITI/DKEHHSIX, a i B IHIIUX cdepax JOACHKOT MisUIbHOCTI
[2-3]. Taki mauHi € TaKOX OCHOBHUM JUKEPEIIOM
aKTyaJIbHAX Ta OTIepaTHBHUX JTaHNUX JUISt
reoiHpopmaniiHux cucrteM. ['eorpadiyna iHpopmariifHa
cUcTeMa MICTHTH JaHi MPO MPOCTOPOBi 00’ekTH y (dopmi
iX nUQpOBHX TPEICTaBICHh Ta € BEIMKHM KIIACOM
iHpOpMaNiHHIX CHUCTEM, OI0 [O3BOJIE IPANIOBATH 3
MIPOCTOPOBUMH JaHUMH. B cydacHux reoingopmariiaux
CHCTeMaxX BHKOHYETHCS KOMIUIEKCHa 00poOka Takoi
iHpopmanii — Bix 300py m0 30epiraHHs, MpeaCTaBICHHS Ta
oHOBIIeHHS [1].

Bupimennas 3amadi TeMaTH4HOT 0OpOOKH BHIOBHX
300pakeHb € eTalmoM aHalizy, TOOTO iHTepmperarii,
300paKeHHST TICHsI TOMEepeaHboi UG POBOi  0OPOOKH.
KiHneBnM pe3ynbTaToM BHpIIICHHS TAKOTO 3aBJaHHS €
peanizamisi Tpolecy BHSBJIEHHS Ta  pO3Ii3HaBaHHS
o0’extiB. Ha mpakTuii Takuii IIpoliec Ha3MBAETHCS
e pyBaHHIM 300paxkeHHs [4].

PesynpraTom nemmudpyBaHHS € TemaTHYHAa Kapra

TepuTopii, mo Oyna TIpeAcTaBIeHa Ha BHIOBOMY
300pakeHHi, 3  HAHECEHHMH  IHTEPIPETOBAaHMMU
po3mi3HaHMMH  O0’ekTamMH.  [HTepmperamis  MOXe

IIPOBOANUTHUCA 3a JOIIOMOT' OO Bi3yaHBHI/IX Ta
ABTOMATH30BaHUX MOJENeH TEeMaTU4YHOI IHTepIpeTartii
BHJIOBUX 300paKeHb.

JnemrdpyBaIbHUK 32 JIOTIOMOTOI0 CIELiaNbHOT anaparypu
BUKOHY€ Bi3yalbHy IHTEPIIPETalil0 BUAOBHX 300pakeHb
Ta Ha OCHOBI HONEPEJHIX pe3yJbTaTiB IHTeprperauii Ta
3HaHb, 10 OTPUMaHI 3a JOMOMOTOK BJACHOTO JIOCBiaYy,
pobuth gmeski BHCHOBKM. JlaHa Mopmenb € jyxe
MOIMIMPEHOI0 HE3BAXAIOYM Ha HU3bKY TOYHICTH 3 OOKY
MaTeMaTHYHOTO omucy. I'pyma Takux Mojuened €
HENPUHHATHOIO Yy BHIIAJKy TEMAaTHYHOI iHTeprpeTarii
BEJIMKOI KiJIbKOCTI BHIOBHX 300pakeHb a00 HEOOXiTHOCTI
NPUMHATTS ONEPaTUBHOTO PILIEHHS 3a pe3yJbTaTaMy
JIaHUX JTUCTAHIIIHOTO 30HAYBaHHA 3emiti. Takox rpymna
JIaHUX MOJIeNiel Ma€ W psJ iHIIMX CYTTEBUX HEJOJIKIB, a
came: Bi3yalbHa IHTepHpeTamis Mae Ccy0 eKTHBHUN
XapakTep, BHMara€ 3BIpKH OTPHMaHHX pE3yJIbTaTiB
iHTepHpeTamnii 3 peaJbHAMHU pe3ysbTaTaMU Ta € 3aHAATO
TPHUBAJIIMM TIPOIIECOM Yy 4aci [4].

2. Marematnuni  mogeni. Komm mpu  006poOmi
BUJIOBOTO 300paXEHHSI OOYMCIIIOIOThCS pi3HI mapameTpH,
Ha OCHOBI aHalli3y SIKUX Oleparop-IemndpyBaIbHUK
npuiiMae  pillleHHS T1po  BifHeceHHA 0O0’eKTy Ha
300paXeHHI JI0 TOTO 4YM IHIIOTO Kiacy. 3 TOYKH 30pYy
MaTeMaTUYHOI peaiizallii, JaHa rpymna Mojaee € 3HaYHO

TOYHIIIOIO, OJHAK MPH I[HOMY BOHH HOTPEOYIOTH
JIOCTaTHBO ~ BHCOKOTO  DIiBHA  3HaHb  OlepaTopa-
nemudpyBabHAKAa B Tady3i Teopii iMOBIpHOCTI Ta

MaTeMaTHIHOT
MozeaeH

cratucTukd  [5]. Takox paHa Tpymna
IHTepIIpeTamii  BHIOBUX 300paXeHb Mae

© 1. M. Byrtko, 2021
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HEJOJIKN ¥ TPYNH Bi3yaJbHUX MOMICICH.

3. Amamituyni  Momem. Komm 10 BHIOBOTO
300paKeHHs 3aCTOCOBYIOThCS ANTOPUTMU
KOHTPOJIbOBaHOT a00 HEKOHTPOJHOBAHOI Kiach(ikarii.
Ilepma rpyma anroputMmiB  Kiacudikamii  motpedye
3aJJaHHs CTAJOHHUX 00JIACTeH, MO € Ba)KKOBUPIIIYBAHOIO
3aJjaucl0 B yMOBaX HEUITKOTO PO3JiNICHHS IOBEPXHI Ha
BUI0OBOMY 300paxkeHHI [6]. OCHOBHMMH HEIOJIKaMH
aNTOPUTMIB HEKOHTPOJIBbOBaHOI Kiacudikauii € iiMoBipHa
MOSIBA KJIACIB, 3 IKUMU OIEpaTOp-Aein(pyBaTbHUK MOXKE
HE TOTOIUTHCA a00 0OMEXEHICTh KOHTPOIO KJIAaciB Ta ix
BJIACTHBOCTE# 3 OOKY oreparopa.

MeTo10 1aHOi cTaTTi € po3poOka MOAEIi TeMaTHIHOT
IHTEepIIpeTalii BUIOBUX 300paXkeHb, sika Oyme Oa3yBaTucs
Ha Mozenm (GopMyBaHHS BHIOBHX 300pakeHb Ta
JI0JIATKOBO BPaxOBYBAaTH reorpadiuHe 30HyBaHHS.

Bupimenns 3aBianas

MoZedb  (OpPMyBaHHS — BHIOBOTO
JUIL  JUISTHKM  3€MHOi TIOBEpXHI  (

MarematuyHa
300pakeHHs |

(TGeoSurface —> TlImage) y 3aranpHiii dopmi MOxke
OyTH IIpeJCTaBICHA, SIK Pe3yNbTAT Aii TBOX OMEpaTOpiB:

1) oneparopa T, wmo s3xiiicHioe MIEPETBOPCHHS

KOOPAUHAT:
4
[X]—f 0 (1)
y ol
@
ne | 6| — BekTop reorpadiuyHMX KOOPIAHMHAT (IOBroTa,
h
. X
IIMPOTa, BHUCOTA HAJ DPIBHEM MOps); ( ] — BEKTOp
y

KOOpAHWHAT Ha 300paXCHHI.

2) oneparopie @, 110 BU3HAYAKOTH SICKPABICThH
BIATIOBIZTHOrO €JEMEHTa 300paXeHHS JUI1 3aJaHOro
eJIEMEHTA 3¢MHOI IIOBEPXHI § Y CIEKTPaJbHOMY KaHalli ¢:

I, = @(9). )

MareMaTiyHa MOJETh TEMaTHYHOI iHTepIpeTarii
BHIOBUX 300pakeHb (M0OymoBU HabOpy OiHAPHMX MAacOK
M s reo3HaK IO BHIOBOMY 300pakeHHIO | ) y
3arajbHiil popMmi MoXke OyTH Npe/CTaBiIeHa, IK pe3yJbTar
JiT TaKUX OIepaTopiB:

1) oneparopa T (obepHeHOTO O OmEeparopa T ),
SIKMH 3/1IHCHIOE NIEPEeTBOPEHHSI KOOPANHAT:

~ X ?
Tl( j: 0, ®)

2) oneparopis C > SKi TIPOBOIATH KJIACTEPHU3AIIIO
300paxenns (TImage —> TMap) 3a gesikoro o3Hakow K :

M, =C. (1), @

3) oneparopis Z,, ki
(TDecision—>TMap) 3a  geskow  o3HaKow |
(HanpukIaa, BUIUICHHS aJMiHICTPATUBHUX PallOHIB):

MIPOBOAATh  30HYBaHHA

M, =Z. (5)

PosrnsHeMo mokmanHime BBEACHI OIepaTopH Ta ix
SIBHUI BUTJISI.
Omneparop

MEePEeTBOPEHHST  KoopauHaT.  JlaHui

. N
omepatop T = € obepHEHHM [0 omepatopa | , SBHUA
BUTJISIZL SIKOTO 331a€THCS BUPa3oM (6):

V tany c,

: 1

| o 7 c, |0
’ 0

o 0 1 ©)

R" -R"t

P < X
o~ O
= O O
o o

sin@cosgp) (0 X,
X[ | Rean | SINGSINQ |+[ 0 [—| Y,
cosé h Z,

ne P, P, — pO3MipH MIKCENs MaTPHUIL CKAHEPA; } — KyT
Haxuiy mikcens; (C,,C,) — KOOPJMHATHU TOJIOBHOI TOYKH;
f — doxycHa Bincrans ckanepa, R, — paziyc 3emii.

B (6) R" — TpancnioHoBaHa 3X3-MaTpuIs NOBOPOTY
IUIOIIMHK ~ CKaHepa  BIJHOCHO  3€MHOI  MOBEpXHi
(kyT MK BianoBigHMMH HOpMaisimu), t — 3-BekTop
3MIIICHHsT IIEHTPY CKaHepa BiTHOCHO HOTO MPOEKIi Ha

noBepxHio 3emmi, 0' — TpaHcroHOBaHHil HYNHOBHil 3-

BEKTOp-cTOBOEIr  (IHIIMMHU  CJIOBaMH,  HYJIbOBHUI
3-BEKTOP-PAIOK).
IIo6 BimoOpasutm TOW (haKT, IO MATPHIIO
T T
R -R't - . .
o 1 (hOPMYIOTH CKJIaZHI 00’€KTH — BUIUTHIM 1X

XHUpHUM LIprdTOM (Ha BiAMIHY BiJ| 3BHYaliHOTO 4Kcna 1y
MPaBOMY HIKHBOMY KyTKY MAaTpHIIi).

3ayBakuMo, 110 3HAXOKEHHS 00epHeHO1 QyHKIIIT 3a
BUpasoM (6) HemoximBe Ul 1 okpeMoi Touku (y 3B'SI3KY
i3 BTparoro iHpopmarii), oTKe, BUMarae Habopy TOYOK.
Po3B'a30k mpu 1bOMY 3HAXOOUTHCA SIK  PO3B'SI30K

ONTUMI3aIiHOT 3amavi. 3HAXOJDKEHHs oOIleparopa T:’l,
SKHA JIO3BOJISIE OTOTOXKHUTH TOYKH 300paKCHHS 3
BiJINIOBITHIMH TOYKaMH 3€MHOI IOBEPXHi, HOCUTh HAa3BY
saoaui ceonpus’szku [1]-[9].

3amada reonpuB’sI3KM MEBHOIO MipOI0 € 0OEpPHEHOI0
0 3amadi KamiOpyBaHHS: Malo4yud HaOOpW BiJMOBIIHUX

TO4Y0K (;):
y i

OCKIJIbKH 3€MHA MOBEPXHs HE € MIACKOI, TO MPOBOIHUMO
KOMIICHCALIi}0 HemiHiiHuX crioTBopeHs (8)—(11) [10]:

U]

N < X
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X
X
Y
yi=l,1 (8)
1)

1 1i
Xi’:(xi_Yi)(l+k1ri2+k2ri4)+yil (9)
Y= (X =Y )Lk kRt )Y (10)

=X -X,) +(x,-Y), (11)

e X/, Y -

HemiHiHOCTAMHE; X, VY,

KOOpAWUHATH 13 CKOMIICHCOBaHHUMU

— cepeHi 3HaYeHHA And X,

Y. BignosimHo;, K

., Kk, — mapamerpu panianbHHX
CHOTBOPEHb.

I 3Haxogmmo Matpuiro p
MH He O00epTaeMo MaTpHIIo,
MPOCTO  MIIKPECNIoe 3BS30K i3
Matpuiero  P), Taky, 110
HOPMH:

(3ayBakuMo, IO
JaHe  TI03HAYCHH:
paHilie BBEJICHOIO
MiHIMI3ye  KBajpar

2
X'
X v
; )
mF!nZP vy,
1)

1

(12)

O1xe

(13)

i OCKIIbKM mapaMeTpd paxiallbHUX CIOTBOPEHb K,

k, Bimomi, TO
:%Jr X, (14)
1+k 4Kk,
:%w—, (15)
1+kr°+k,r,

ne r’ 3Haxoauthes 3a Gopmydtoro (11).

1(X.Y,c)=$ ac+ﬂ0;pk,c5k,k,.$g J

X
[epeiinemo Bim koopauHaT | Y | 1O KOOpAHMHAT
Z
4
o
h
=atan M
@ X
2 2
6 =asin u (16)
Earth

- AIXZ4Y?
h=7Z-R.,,, cosasin .
Earth

TakuMm dYMHOM, BpPaxOBYIOUM BCE BHINECKA3aHE,
SIBHAN [NETai30BaHUN BHTIIAI OIEpaTopa MEpeTBOPCHHS

KOOpAWHAT T TIPONIOHY€THCS 3a1aBaTh y BUTIiAL (17):

Xl
X
Y’ _pi
zZ | Y
1
1
X=X =

=+
L+ +kor

Y'Y

1+kr? +k,r (17)

atani
X

LA XE4Y?
asin —— ,
Earth

X24Y?

h=Z-R.,,, cosasin

Earth

ne Marpuns P 3HaxomuThCA AK PO3B’A30K  3ajadi
TeOMNpPUB’ SI3KHU.

OnepaTtopu kjaacrepusauii. Po3risinemo, BBeieHuit

BUIIIC, SIBHUH JETaNi30BaHUH BUTIAA omeparopa @, mo
BU3HAYAE SICKPaBICTh BIJITOBIIHOTO eJIEMEHTa
300paKeHHS I 33aHOr0 €JeMEHTa 3eMHOI IOBEPXHI

(18):

oh oh
X Av + y Av
oX X_ 4o (18)

(6hj2 (ahT
1+ — | +| =—
oX oX

1+Q
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ze ¢ — criextpanbhuii kanan; S (i) — gyHKuito gyTmMBOCTI

cKkaHepa; o — Koe(ilieHT BinOWBaHHA CBiTNIA BIA
MOBEPXHI, SIKMH 3aJIe)KUTh BiJl TOrO, 0 SKOTO Kiaacy K

HaJIeKUTh 00'€KT, 1 BiJ| CHEKTPaJBHOI'O KaHaly ¢, TOOTO
p=p(kc).
Po3risiHeMo crioyaTKy MHO>KHHK

1+Q, oh —+Q a—h

” ox ! ax H0.
2

oh oh

1+ — | +| —

oX oX
Ilefi MHOXHHMK OYEBHIHO 3aJICKUTh TIJIBKH Bif
reoMeTpii MOBEpXHI 1 He 3aJeXHUTh Bl KoedilieHTa
BiIOMBaHHA, B TAaKOMYy BHIIAJKy B Mojaeli (GopMyBaHHS
300pakeHHs BiH Oyjae BIANMOBiAaTH 3a  mexkcmypy
300pakeHHs. SKIO KOKeH 00’€KT MOBEPXHI Ma€ CBOIO

reoMeTpiro, To W Oyme 3amexard Bix kiacy ob'exra K,
T00TO W=W,, i B Takomy Bunagky (18) wmoxHa

(18)

MepernucaT y BUTIISL:

1(X.,Y,c)=S (ac +ﬂchk’CWk5klk,j.

(19)

Orxe omeparopu C, , siKi MPOBOISITH KIACTEPHU3ALIIIO

300pakeHHs, TOBWHHI IOBEpPTAaTH OIHApHI MackKu
HAJeXKHOCTI 00'ekTy 10 Kiacy K B 3amexHoCTi
BiJl KOJNBOpPY 300pa)KCHHS Ta WOTO TEKCTypH IS BCIX
CHEKTPANTbHUX  KaHAliB 1  peali3oBYIOThCA  3a
JIOTIOMOTOI0 METOJ[IB CEerMEHTAllii MYJIbTHUCIIEKTPAILHUX
300paxensb. Coig  3ayBaKWTH, IO JUI  JAHWX
METOJIB € HEOOXiMHUM TOTepPEenHii eTam HaBYaHHS, IS
TOro 100 OTOTOXHUTH KOXEH KJac CcerMeHTamil
300paxkeHHst (BIAMOBIqHY OiHApHY MacKy) 3 KOHKPETHOIO
r€003HaKOI0.

HaiiyacTime 3 1i€l0 METOI BUKOPHUCTOBYETHCS
MeTOJ cerMeHTauii ANTOPUTMOM k-cepemmix
(auri. k-means), cyTh SIKOro — MO N criocTepeskeHb Ha K
KJIacTepiB TaKUM YHHOM, HI00 KOXKHE CIIOCTEpEeKECHHS
HaJIeKaJlo 10 KijlacTepa 3 HalOJIMKIMM IO HbOTO CepeiHIM
sHadennsam [11]-[14].

PosristHemo ganuii Meron qokianaine. Hexai B Hac
€ Habip cmoctepekerb X =(X,X,,...,X,), Jd€ KOXKHE

croctepexeHnss € O-MipHAM AiCHUM BEKTOpOM, MeTa
KJIacTepH3allii — PO3IAUIMTH N CIIOCTEPEIKEHD Ha K MHOXUH
(mpm womy k<n) S§=(S5,S,,....S,), Tak, 1moOO
MiHIMI3yBaTH BHYTpPIIIHBOKJIACTEPHY CyMy KBajpaTiB
BimctaHeil (To0TO mucmepcito). DopMambHO, METOK €
3HAMTH Take PO3OHUTTSI HA MHOXKUHH S!

S= argmmZZ"x il —argman|S|varS,,(20)

i=1 xe§j

e [, — CepeiHe 1O MHOXKHHI S, uepes |S;| mosnaueno
KUIBKICTb €I€EMEHTIBY S, .

MiHiMizamii
BIAXWICHb  TIO

Ie €KBiBaJICHTHO
CepeaHbOKBAIPATHIHUX
KJIacTepy:

MOTAPHUX
KO)KHOMY

S =argmin Z > x-y. (21)
|S | X,yeSj
JlaHa piBHICTH BUILTHBAE 3 TOTO, IO
Ylx=wul = X (x=um) (1-y) (22)

xeSj X#yeSj

OCKIJIbKY 3arajibHa AUCTIEPCisl € KOHCTAHTOIO, SKa He
3aIeKUTh B TOPSIIKY CyMyBaHHs, TO Bupaz (21)
€KBIBAJICHTHO MaKCHMi3alii CyMH KBaJIpaTHHUX BiIXUICHb
MDK TOYKaMHM B PI3HHX KiacTepax (MIDKKJIACTEPHOIO
cymoro kBaaparis, BCSS [15]).

Hatinpocrinra Bepcist anroput™my (T. 3B. HaIBHUH
k-means) BHKOPHCTOBY€ iTepamiiHHii METOJ YTOUYHEHHS
[11]-[13]. B moyaTKOBHii MOMEHT POOOTH AITOPHTMY
JIOBUTBHAM YHHOM OOHMpPAIOThCS IIEHTPH KJacTepiB, Haji
JUIL  KOXXHOTO  €JIeMEHTa  MHOXHWHH  ITEpaTHBHO
00paxoBY€EThCSl BIJICTaHb BiJl IEHTPIB 3 NpPUETHAHHIM
KO>KHOTO €JIEeMEHTa JI0 KjlacTepa 3 HalOIKIUM LIEHTPOM,
BUKOHYIOYM Ha KOXHIM iTepauii t moyeproBo 1Ba
KPOKHU:

1) KpoK 3icTaBJICHHS — 3iCTABICHHS KOKHOI TOYKH 3
KJIaCTepOM, BiJICTaHb JI0 HEHTPY SKOTO € MiHIMabHa:

1=yl i <o i< i< @9

J€ KOXCH Xp 31CTaBIAETHCS piBHO 3 OAHUM KJIACTCPOM

S, HaBiTh AKIO BiH Mir GyTH BijHECEHMii 10 IBOX a0

Oinblire;

2) KpOK OHOBIICHHSI — TIEPEPaxyHOK CepeHiX
3HAYCHb IS CIIOCTEPEkKCHb, M0 3ICTABJICHI 3 KOXHHUM
KJIACTEPOM:

(24)

t+1_
U g B

XJES|

HesBakatrou Ha O4YeBHIHI [epeBard MeETOAY
(mpocroTa Ta IIBUAKICTH BUKOHAHHS), BIH Ma€ CYTTEBI
HEJIOJIiKH:

- pe3ynbTaT KJIACHU(IKAIil CHIBHO 3alIe)KUTh BiJ
BUIIAJIKOBUX TTOYATKOBHUX ITO3HUMIIN KJIACTEPHUX IIEHTPIB;

- QITOPUTM YYTJIUBHHA 1O BUKHIIB, SKI MOXYTb
BUKPHUBIIIOBATH CEPETHE;

- KUTBKICTh KJIACTEpiB TIOBHHHA OyTH 3a3Jajeriib
BU3HAYEHA JIOCIIITHUKOM.

JlogaTKOBUM  HEIOJIIKOM
MOPYIICHHS YMOBH 3B'SI3HOCTI  €JIEMEHTIB  OIHOTO
Kjlactepa, TOMY PO3BHBAIOTBCS pi3HI  Momudikarmii
METOAy, a TakoX MOoro HeYiTKi aHamorm (aHrd.
fuzzy k-means methods), y skux Ha mepmniii cramii
ITOPUTMY  JIOIYCKA€ThCS  MPHHANEKHICTH  OJHOTO
€JIEMEHTa MHOXKMHHM JI0 JIEKUIBKOX KiacTepiB (i3 pi3HUM
CTyIICHEM IPUHAIICKHOCTI) [16].

nmpocroro Meroay €

Oneparopu 3oHyBaHHsA. Lli omepatopu Z, mpocto

3aJal0Th  BIANOBIOHI HaO0Opu OiHApHHX MacoK Yy
4

reorpadigHux KoopauHaTax | @ | i BHKOPHCTOBYIOTHCS
h
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IUTSL 3aaHHs o0OacTi iHTEpECiB, BUIIEHHS
aZMIiHICTpaTUBHUX PaiOHIB TOIIIO.

BpaxoBytouu Bce BulllecKka3aHe, MOJIETb TEMAaTHIHOL
iHTepmpeTanii 300paXKeHHA B OMNEpaTOpHii  ¢opmi
3a1a€THCS SIK

M (¢,6,h)= ijék {u (T {x, y})}uz, (0,0, 1, (25)

Multispectral Image

ne omepatop T samaerbcs Bupasamu (25), omepatopu

C, TpONOHYeTbCS peanizyBaTH y BHIJLNI MeTona

CEeMaHTHYHOI CerMeHTalii, a omepaTopu Z, 3agaloTh

reorpacdivyHe 30HyBaHHS.

[Mpukinam TeMaTWIHOI iHTEpIpeTalii BUXiTHOTO
MYJIBTUCTICKTPAILHOTO 300paXK€HHS 3 BUKOPHCTAHHIM
YIOCKOHAJICHOT MOJIeITi HaBeICHHI Ha puc. 1.

Mask Channel

Infrared Channel 1
Infrared Channel 2

Infrared Channel 3

RGB Image
(3 Color Channels)

Labeled Image

Asphalt
Water_Pond
Water_Lake
Sand_Beach
Grass_Laws
LowlevelVegetation
Rocks

Buay
OrangelandingPad
WhiteWoodPanel
BlackWoodPanel
PicnicTable
LifeguardChair
Person

Vehicle

Building

Tree
RoadMarkings

Semantic
Segmentation

——-

Puc. 1. [Ipukinag TeMaTHYHOI iHTEpIIpETAaLii BUXiAHOTO MYJIbTUCIIEKTPAIFHOTO 300paKeHHS 3 BUKOPHCTAHHIM yI0CKOHAJIEHOT

Moemi

3a  pesyipraTaMH  IHTEpHpeTamii  BHXIJTHOTO
MYJIBTHCIIEKTPAJIBHOTO 300paXkeHHsT OOYHCIICHO BiJICOTOK
POCJIMHHOTO TIOKPUBY B perioHi (puc. 1).

BucHoBkn

Takum dYWHOM, B CTATTi IPOAHATI30BaHO TPYIH
ICHYIOYHMX MOAeJeH iHTepIpeTanii BUIOBUX 300pakeHb, iX
nmepeBarn Ta Hepomiku. CdopMmynpoBaHA y 3araibHid
¢dopmi MaremaTHyHa MoOAETh (OPMYBaHHS BHIOBOTO
300pa)keHHsI JIJIsl AUISHKK 3€MHOT MOBEPXHI, SIK pe3yJbTar
orepaTopy, IO 3IIHCHIOE TEPETBOPEHHSI KOOPIMHAT Ta
orepaTopiB, MO0 BU3HAYAIOTHh SCKPABICTh BiANOBIIHOTO
€JIEMEHTY 300pa)KeHHS Ul 3aJlaHOTO €JIEMEHTY 3eMHOT
MOBEPXHI Yy clekTpaibHoMy KaHasi. ChopmynboBaHa y
3arajpHiil  Qopmi MareMaTHYHA MOJAENb TEMaTHYHOL
iHTepnpeTanii BHAOBHX 300paXKeHb, SKa MOXe OyTH
NIPE/CTaBICHA, SK pe3yJbTaT Aii omneparopy, SKUH
3MIACHIOE TIEPETBOPEHHS KOOPAWHAT, ONEpaTopiB, SKi
MIPOBOJATH KJIACTEpHU3aIlil0 300paKeHHS Ta OIEpaTopiB,
SKI TPOBOIATH 30HYBAaHHS 3a JAEIKOI0  O3HAKOIO.
PosrmaHyTO  Omeparop — NEpeTBOpEHHS ~ KOOPAWHAT,

orepaTopu KJIacTepu3allii, orepaTopyd 30HYBaHHS Ta iX
aBHUM  BursA.  OTpUMaHO  MOJENb  TeMaTHYHOI
iHTepIpeTalmii BHIOBHX 300paXKCHHS B OIEPATOPHIi
hopmi.

B pesymbrari Bmepuie  po3poOieHO  MOJEINb
TEeMaTUYHOI IHTepHpeTarii BUIAOBHX 300pa)KeHb, SKa,
6asyrourch Ha MoJie HopMyBaHHS BUIOBUX 300paKeHb,
MPOBOIUTE  OOepHEHy TpaHchopMmalito  KOOpIAHHAT
300pakeHHS y  TEONpPOCTOPOBI  KOOPAWHATH 1
KJIacTepH3alilo 300pakeHHS Ha OKpeMi Kiacu 1o ix
KOJIbOPY  Ta  TEKCTypi, JOAATKOBO  BPaxOBYIOUH
reorpadiuHe 30HYBaHHs], [0 3a0e3nedye MOXKIHMBICTH
pPO3LIMPEHOT0  aHajmi3y 1 IPOTHO3YBaHHSI  4acoBOl
JMHAMIKH JaHUX y CUCTEeMax OOpOOKM I'eO0InpoCTOpOBOT
iHpOopMarii.

BpaxoByroun CKJIaJHICTH TPOBEICHHA BepHdikarmii
SKOCTI TEMaTH4YHOI IHTEpIpeTalii BHAOBUX 300pa)keHb,
HampsIMKOM ~ MOAANBIINX  JOCTIDKEHh €  PO3podOKa
METOIIB  BHMIPIOBAaHHI 1  OIIHKH  €(eKTUBHOCTI
Kiacudikarii, J11(0) MiHIMI3YIOTh Cy0'€eKTHBHICTD
OMIHKM Ta  Bi3yaJbHy  IHTEpIpETalil0  BHIOBHUX
300pakeHb.
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MOJIEJIb TEMATHYECKOW MHTEPIIPETALIMU BUIOBBIX N30BPAKEHUI

IIpenMeToM HcciefOBaHUS B CTaThe SBISIETCS TEMATHYECKash MHTEPIpETauus BUIOBbIX n3obOpaxenuid. Ileab pabotsl -
pa3paboTka MOJETHM TEeMaTHYEeCKOl HMHTEpIpeTallii BHIOBBIX H300pakeHUH, KoTopas OymeT 06a3MpoBaThCS Ha MOJCIH
(opMHUpOBaHUS BUIOBBIX H300paKEHHH M JONOJIHHUTEIFHO YYHTBIBATH reorpaduueckoe 30HMpoBaHHe. B craThe permaercs
clieqyromas 3agada: pa3paboTka MOJEIHM TEeMATHYSCKONH HHTEPIPETAlMyl BHIOBBIX H300pa)KEHMil, KOTOpas y4YHTHIBACT
HEJIOCTATKH CYLIECTBYIOIIMX MoJenell 1 6asupyercst Ha Mojenu (HOPMUPOBAHNUS BUAOBBIX M300paKeHHUil, MPOBOAUT 0OpaTHYIO
TpaHC(OPMAIMIO KOOPAMHAT H300paKCHUS B TI'€ONPOCTPAHCTBEHHBIC KOOPAMHATHI M KJIACTEPH3ALHUIO H300pakeHWs Ha
OT/IeIbHBIE KJIAcChl M0 MX LBETY U TEKCType, JIOMOJIHUTEIBHO YYMThIBas reorpa)uieckoe 30HUPOBaHUE, YTO OOecHednBacT
BO3MOXKHOCTh PACIIMPEHHOTO aHAJM3a W IIPOTHO3HPOBAHMSA BPEMEHHON JUHAMUKH JaHHBIX B CHCTEeMax o00OpaboTKH
reoNnpoCTPaHCTBeHHON HH(OpMarmu. MCrnons3yloTces Cleayompe MeToAbl: MaTeMaTHYeCKUi amnmapar TEeOpUH MaTpHI,
METOABl MaTeMaTHYECKOr0 MOJCIHPOBAHMS, METOJbI KIACTCPHU3AIMU JaHHBIX, METOABl AU(GdEPEHINATBHOTO HCYHCIICHHUS,
MeToabl 1U(POBOil 00paboTkH HM300paykeHWil. IloJydeHBI CleAyrole Ppe3yJbTAThl: POAHAIH3HPOBAHBl TPYIITEI
CYLIECTBYIOIIMX MOJIEIeii HMHTEpPIpeTaliy pPe3yJIbTaTOB MCTAHLIMOHHOIO 30HIMPOBaHHS 3eMIM, UX MPEUMYIIECTBA M
HeJoCTaTKy; chOpMyJIHpoBaHa B oOmel (opMme MareMaTHdeckas MOJAENIb (OPMHUPOBAHUS BHAOBOTO H300PAKCHUS UL
y4acTKa 3eMHOH IOBEpXHOCTH; chopMysIHpoBaHa B o0liel (GopMe MareMaTnuecKkass MOJElb TEMaTHYeCKOH MHTEepIpeTaliu
BHUJIOBBIX M300pa)KCHUH; PacCMOTPEH OIepaTop IpeoOpa3’oBaHUs KOOPJIHMHAT, OHEPaTOpbl KIIACTEPH3ALUM, OIEpPaTOPbI
30HMPOBAaHMS U MX SIBHBIA BH[; IOJydYeHa MOJE]b TeMAaTHYECKOH MHTEepNpeTaliy BHAOBBIX HM300pa)KCHUsS B ONEPAaTOPHON
¢dopme. BbIBoABI: BIepBBIC pa3paboTaHa MOJENIb TEMAaTHYECKON MHTEPIPETAllMd BHAOBBIX H300pakeHUH, KoTopas,
OCHOBBIBasICb Ha MoOjelM (DOPMHMpPOBAHMS BHJOBBIX H300pa)keHMH, MPOBOAUT OOPATHYIO TPaHC(HOPMALHMIO KOOPAMHAT B
reONPOCTPAHCTBEHHBIC KOOPMHATHI ¥ KJIACTEPU3ALHUIO 10 MX IIBETy M TEKCType, JIOINOJIHUTEIBHO YYUTHIBAs Teorpauueckoe
30HHPOBAHKE, YTO 00ECIIEYNBACT BO3MOXKHOCTh PACLIMPEHHOTO aHAIN3a U MPOrHO3UPOBaHHs BPEMEHHOH THHAMMKH JaHHBIX B
cucreMax 00pabOTKH reonpoCcTpaHCTBEHHOH HHpOpMaLuH.

KioueBble cJI0Ba: BHJIOBOE M300paXeHHe; TeMaTH4eckas HHTEepIperanus; JAeln(pupoBaHHE; MOJEIb;
reONPOCTPAHCTBEHHAS HH(POPMAIIHS; TeOIPOCTPAHCTBEHHBIC KOOPIMHATHI; CETMEHTAIIHS.

MODEL OF THEMATIC INTERPRETOTION OF THE VIEW IMAGES

The subject matter of the article is thematic interpretation of species images. The goal of the work is to develop a model for
thematic interpretation of species images, which will be based on the model for the formation of species images and
additionally take into account geographic zoning. The following task was solved in the article: development of a model of
thematic interpretation of view images, which takes into account the shortcomings of existing models and is based on the
model of formation of view images, carries out the reverse transformation of the image coordinates into geospatial coordinates
and clustering the image into separate classes according to their color and texture, additionally taking into account geographic
zoning, which provides the possibility of advanced analysis and forecasting the temporal dynamics of data in geospatial
information processing systems. The following methods used are — mathematical apparatus of the theory of matrices, methods
of mathematical modelling, methods of data clustering, methods of differential calculus, methods of digital image processing.
The following results were obtained — groups of existing models for interpreting the results of remote sensing of the Earth,
their advantages and disadvantages have been analyzed; a mathematical model of the formation of a species image for a
section of the earth's surface has been formulated in general form; a mathematical model of thematic interpretation of species
images was formulated in general form; the operator of transformation of coordinates, operators of clustering, operators of
zoning and their explicit form are considered; a model of thematic interpretation of species images in operator form is
obtained. Conclusions: for the first time, a model of thematic interpretation of view images was developed, which, based on
the model of formation of view images, carries out the inverse transformation of coordinates into geospatial coordinates and
clustering by their color and texture, additionally taking into account geographical zoning, which provides the possibility of
advanced analysis and forecasting of the temporal dynamics of data in processing systems geospatial information.

Keywords: species image; thematic interpretation; decryption; model; geospatial information; geospatial coordinates;
segmentation.
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THE PLATFORM FOR CREATION OF EVENT-DRIVEN APPLICATIONS BASED
ON WOLFRAM MATHEMATICA AND APACHE KAFKA

The article is devoted to the study and development of the mechanism of interaction between Wolfram Mathematica programs and
Apache Kafka queue to provide the ability to build event-driven applications based on it. The subject of the research is the practical
principles of building a mechanism for interaction between Wolfram Mathematica and Apache Kafka through a proxy-server. The
purpose of the article is to develop and substantiate practical recommendations regarding the formation of proxy-server and a
mechanism for its work to publishing messages to the Apache Kafka queue and reading messages from it for programs of the
mathematical processor Wolfram Mathematica, which will make it possible to build event-driven applications. The tasks are: to
determine the mechanism of such interaction, prove the choice of tools for its implementation, create and test the obtained results. The
research used the following tools: Apache Kafka, Kafkacat, servers Ubuntu 20 LTS, the method of developing the Wolfram
Mathematica package. The results of the research: the mechanism of interaction between Wolfram Mathematica and Apache Kafka
through a proxy-server was determined and the corresponding toolkit was created on its basis in the form of two Mathematica
packages, which are built on using bash-scripts, Apache Kafka and third-party Kafkacat software. The first - for use on the end user's
computer, the second — on a compute server with a remote Mathematica kernel. It is confirmed that the Mathematica processor is
currently not suitable in its pure form for real-time data analysis. Conclusions. Practical recommendations have been developed and
substantiated regarding the formation of the mechanism of interaction between the Wolfram Mathematica mathematical processor and
the Apache Kafka queue manager through a proxy-server for the possibility of working in two directions with the queue: publishing
messages and reading them. A toolkit for such interaction in the form of Mathematica packages has been created, their capabilities

have been demonstrated. The economic benefit of using the described tools is shown. Future ways of its improvement are given.
Keywords: event-driven applications; queue manager; mathematical processor; saving resources and funds; cloud technologies;

Kafka; Mathematica.

Introduction

The rapid development of distributed data processing
and the transition in the construction of applications from
monolithic architecture to service-oriented [1], and later
micro service [2-4], which focuses on event processing (or
messages), in recent years has led to improvement of real-
time or near-real-time data transmission facilities,
including such as queue managers or message brokers.
One of the most common, refractory and powerful of them
is Apache Kafka, which is demonstrated, for example, in
[5-6]. It is able not only to dynamically adapt to the load
from the queue customers, but also to scale vertically and
horizontally.

Event-oriented software architecture is increasingly
being implemented outside of commercial products. One
such promising area is the processing of message flow by
mathematical processors, which allows you to use their
wide range of tools for data analysis: for example,
developed and intensively developing interface for the
interaction of MathWorks MATLAB with Kafka [7].

For the Wolfram Mathematica processor, which is
also one of the world leaders in the field of intelligent data
processing, this urgent task was solved in [8] - developed
a mechanism for publishing messages and reading them
from the Kafka queue. But the approaches outlined there
are based on the local launch of applications that have the
following shortcomings. Each of these approaches
requires the installation and configuration of several
complex components on the Kafka queue client computer.
In addition, a direct connection to the Kafka cluster is
associated with the following complications: each client
needs to know the IP addresses of bootstrap servers, have
authorization data on all servers in the cluster, and know
all the necessary settings to work with them. This leads to

such operational problems. First, when you change the IP
addresses, ports, or other network settings of any of the
Kafka cluster servers, and especially the bootstrap servers,
you must make these changes on all clients. Second,
when changing authentication settings, these changes must
also be made on all clients. And, thirdly, when updating
the version of Kafka, it may also be necessary to update it
on all clients if it changes the data transfer protocol or
other critical properties of the interface, because this may
cause problems with interconnection, such as those
described in [9 -10].

These shortcomings in the complex lead to the
conclusion that such a system is unreliable and can be
operated for a long time only when there is no need to
make any changes to the Kafka cluster, and if necessary -
can be used only with a small number of Kafka customers
due to the large amount of work that needs to be
performed synchronously in the event of changes in
cluster settings.

This indicates that the task of building a reliable
mechanism for the interaction of Wolfram Mathematica
with Kafka remains unsolved. The most versatile way to
increase this reliability is to use the approach of building a
proxy server to centralize and hide all interaction settings
and provide the client with a simple interface.

Therefore, the aim of this article is to develop and
substantiate practical recommendations for the formation
of the mechanism of bidirectional interaction of Wolfram
Mathematica processor and queue manager Apache
Kafka, which should be as simple as possible for queue
clients, require a minimum of third-party applications,
have a maximum deployment speed. cost of service. The
task of the article is to identify the necessary elements of
such a mechanism, to provide an analysis of the functional
load for each of them, to justify the choice of tools for

© D. Zolotariov, 2021
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their construction, to create and test the obtained result.

Building an intermediary server

All of the above issues and disadvantages of using
Apache Kafka or Kafkacat locally as a queue client can be
solved with a single approach - using a proxy server that
hides all settings and gives clients a simple interface to
interact with the Kafka queue.

The purpose of transferring the complexity of the
client's interaction with the Kafka queue manager from the
user's computer to the Linux-based proxy server is to
solve the following tasks. First, centralizing the entire
Kafka queue connection mechanism in one place and
hiding all the details and settings. Second, guaranteeing
the security of the network connection by using a network
tunnel through the SSH channel from the end client to the
proxy server. This minimizes the applications that need to
be installed on the user's computer, reducing them to a
single SSH client. The proxy server also solves another
problem - incompatibility of the client and any of the
Kafka cluster servers due to protocol versions or other
differences - all settings are available at any time for
change by the administrator, and the server can be updated
and restarted at one time. thereby making changes for all
customers to queue together.

Important non-technical advantages of this approach
include cost savings - only one DevOps specialist is

required to monitor such a server, whose function can also
be performed by a Kafka cluster administrator.

The disadvantages of this approach include the lack
of support for modern data compression algorithms (zStd,
Snappy, and others) in the SSH tunnel. This can be
partially corrected by the LZ77's built-in SSH
compression algorithm. Tunnel security is achieved by
using crypto-strong passwords (less recommended) or
authorization keys. In contrast to the approach previously
discussed in [8], such a server has access to all Kafka
cluster servers, and therefore these servers can be easily
protected from unauthorized network connections via a
firewall.

In [8] it was proved that the use of third-party
software Kafkacat [11] to interact with the queue gives at
least an order of magnitude faster communication channel
of the queue client with the cluster than the standard
queue client Apache Kafka, and an order of magnitude
less computer resources for work. Therefore, it is worth
using it on the server, because each client launches a new
copy of the application for publishing or consuming
messages, and saving resources in this case is already very
significant. But this application at the time of writing does
not have the functionality to delete and create queues, so
these rare operations use standard Apache Kafka scripts.

The diagram of the system built on this approach is
shown below in fig. 1.

ﬁ

-

Proxy
PC server
Apache
e Kafka
_ SSH <> cluster
Mathematica m —

Kafkacat

4

Fig. 1. Connecting Mathematica to the Kafka queue cluster through a proxy server

The well-known SSH package PUTTY is used to
create an SSH tunnel [12]. Its significant features include
cross-platform and portable distribution with a pre-
configured connection profile, which hides from the end
user the need to know the network settings of the SSH
connection to the proxy server and greatly simplifies the
use.

The basic idea of how Mathematica interacts with a
proxy server is to open an SSH connection as a write
channel and use it to execute remote commands on the
proxy server. Such commands will be specially designed
bash scripts that will be responsible for: reading and
writing to the message queue - kafkaConsume.sh and

kafkaPublish.sh, getting a list of existing queues -
kafkaList.sh, deleting and creating queues -
kafkaDelete.sh and kafkaCreate.sh.

Each script, except kafkaList.sh for obvious reasons,
receives a queue name (variable "$ _ TOPIC" below the
text), and kafkaPublish.sh also the key and text of the
message published to the queue.

To simplify the configuration and ease of use of the
developed bash-scripts on the server, environment
variables $ KAFKA and $ BOOTSTRAP_SERVERS
have been added, which describe the path to the "/bin/"
subdirectory of the Kafka installation directory and the list
of Kafka bootstrap servers, respectively.
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The  kafkaConsume.sh,  kafkaPublish.sh, and
kafkaL.ist.sh scripts use the Kafkacat plugin. An important
feature of this application is the default buffered output to
the standard stream (stdout). This prevents reading from
third-party applications like Mathematica. To disable this,
use the "-u" argument.

The central design of the script for reading messages
from the kafkaConsume.sh queue is:

kafkacat -C —J -u -q \

-b "$BOOTSTRAP_SERVERS"\
-t"${_TOPIC}"

The argument "-C" includes read mode, "-J" -
receive a message in full JSON-format, "-u" - switches to
unbuffered output mode, "-q" - disables the output of
service information, the latter - understandable in content.

Posting in a queue differs only in the first line, which
has the form:

echo "${  KEY}:${ VALUE}"|kafkacat -P -K: \

The argument "-P" includes the publishing mode, "-
K:" - includes the division of the key and the value of the
message by a colon.

The essence of the script kafkaList.sh, which is
responsible for obtaining a list of queues, is reflected by
the following construction:

kafkacat -L \
-b $BOOTSTRAP_SERVERS\
| egrep "“Ms+topic™ \
| sed -r "SI (A) T [ANTHSALS

This complexity is due to the fact that "kafkacat -L"
displays detailed information in queues, to get only the
names you need to separate them.

The kafkaDelete.sh and kafkaCreate.sh scripts use
the same ideas and constructions as set out in [8] and are
based on the standard Apache Kafka scripts due to the fact
that the Kafkacat application does not have such
functionality at the time of writing.

To increase the security of the described scripts, you
need to create and configure a separate Linux user for
Mathematica SSH clients on the proxy server.

Development of the Mathematica package

To build the described system, you also need to
develop a Wolfram Mathematica package for the client
side, which will use the developed bash-scripts on the side
of the proxy server for operations with messages and
queues.

By analogy with the Mathematica package [8], the
KafkaProxyServerLink package was developed. Its
structure of files and directories, shown in fig.2, is
completely repeated except for the added directory "bash",
which contains the above-developed bash-scripts that
implement interaction with the queue manager Kafka.

KafkaProxyServerLink
bash
A kafkaConsume.sh
£ kafkaCreate.sh
£ kafkaDelete.sh
£ kafkaList.sh
£ kafkaPublish.sh
Consume
Kernel
Produce

= KafkaProxyServerLink.m

Fig. 2. Mathematica directory structure for SSH connection to
proxy server

The "bash" subfolder must be uploaded to the proxy
server and the files in it can be executed by a user
connecting via SSH.

The interaction of the package with the queue differs
from [8] only by using the Write function instead of Run
to write to the stream (publish to the queue), which must
be opened using the OpenWrite function as follows:

SSHStream = OpenWrite[""!"'<> SSHPuttyCommand, FormatType->OutputForm, PageWidth->Infinity];

Opening a write stream via OpenWrite is important
because Mathematica can only have a thread for one
operation: read or write - a combination of them is not
possible. You should pay attention to the values of the
For-matType and PageWidth options when opening the
stream: the first sets the output of the string without
shielding and other modifications, the second - disables
automatic string transfers.  The SSHPuttyCommand
variable stores the command to run the plink component
from the PUTTY program set with the parameters "-batch

-v -ssh -t -C -x -l <username> -i <path / to / id_rsa.ppk>
<ip: port>".

The open stream ID is stored in the global
SSHStream variable for use, and is closed by the exit
command from the SSH session:

Write[SSHStream, "'exit"];
The function which has the following look is

responsible for construction of correct term of a call of
bash-scripts with parameters.:

KafkaGetBashScript[name_, args___:Null] := Module[{path},

path =

FileNameJoin[{SSHKafkaBashPath,

name<>".sh"}, OperatingSystem->""Unix""];

Return[ StringJoin[Riffle[{"'bash™’, path, args}, " "1 1;
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Which takes the name of the script and optionally its
arguments through a comma, creates a full path to the
bash script on the proxy server in Unix notation (the
global variable SSHKaf-kaBashPath stores the path to the
directory of bash scripts on the server) and combines it
with arguments, separating them with spaces.

The use of the package in the Mathematica document
is completely similar to the option with local start [8]. The
JSON string returned by Kafkacat is processed in a similar
way.

Using the remote Mathematica kernel

Mathematica processor is built on a client-server
architecture with a platform-independent core [13].
Therefore, it is necessary to stop separately in case of use
of a remote kernel [14] on the computing server built on

the basis of Linux operating system which example can
serve [15].

If you combine two servers into one: the
Mathematica computing server and the proxy server for
Kafka, then the connection to the queue core processor
connection to the queue manager client will be local.

This allows you to combine the simplicity of the
local connection package [8] to the Kafka queue manager
client with the call from inside the bash scripts used in the
package for the proxy server. This will provide the
advantages of both packages without their disadvantages:
no need to install additional software on the client other
than PUTTY, the use of a fast application Kafkacat, direct
execution of the core of bash-scripts instead of SSH. Also,
obviously, you do not need a separate proxy server.

The system diagram for the computing server is
shown in fig. 3 below.

_\
Math server \
PC
Apache
Kafkacat e
H Kafka
I cluster
SSH
E tuunela Mathematica Kernel

" 0

Fig. 3. Connecting the Mathematica client to the Kafka cluster via a computing server

The differences are, first, the description of all paths
in the document using the FileNameJoin function, which
uses a directory delimiter based on kernel settings, rather
than Mathematica FrontEnd. Second, to use the Linux sh
shell instead of calling PUTTY for local bash scripts to run
on the server.

The package "KafkaRemoteKernelLocalLink" for
Mathematica created for this case is a wrapper for the one
developed above and has the following directory structure,
which is shown in fig. 4.

KafkaRemoteKernelLocalLink
Kernel

= KafkaRemoteKernellLocallLink.m

Fig. 4. The structure of the directories of the Mathematica
package with the computing server as an intermediary server

It automatically downloads the above package as a
dependency:

BeginPackage[''KafkaRemoteKernelLocalLink™,
{""KafkaProxyServerLink *'}]

And replaces its function of opening a stream for
reading or writing with one that uses the Linux application
sh, as mentioned above.

Thus, it is achieved that from the Mathematica
document both packages are identical in use.

Demonstration of work

To demonstrate the work of the developed tools for
building event-driven programs in Mathematica using an
intermediary server, we will conduct an identical [8]
experiment - generating an arbitrary number in the range
[-50.50], repeated 100 times with a delay of one second.

To implement the experiment on a local computer,
two Mathematica documents were created: a generator
and a reader. The reader has a local core processor, which
is allocated its own processor core for independent
operation, and uses the developed package
"KafkaProxyServerLink" to connect to the proxy server.
The generator is connected to a computing server, which
is built similarly to [15] and configured as an intermediary
server in accordance with the requirements set out in the
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article, and uses the developed package "KafkaRe-
moteKernelLocalLink". DigitalOcean cloud technologies
were chosen as the platform, where servers based on
Ubuntu 20.04 LTS x64 OS were located. Choosing a
cloud service as a basis allowed you to quickly deploy
servers and change their configurations to meet the needs
of the task.

The content of the experiment is as follows: an
arbitrary number is generated on the publication side and
added to the end of the points array, which has a dynamic
update in the document, and is sent to the queue. At the
same time, the client-reader receives a message with this
number, adds it to its array, which automatically leads to

NN = 100;
Dynamic[Text[points] ]

{-34, 9, -42, 15, 25, -14, -41, -2, 28, 49, 39, -28, 43, 26, 4, 42, 32, -20, 4,
g, -11, -8, 48, -41, 23, 2, 12, -38, -11, 39, 12, 30, 23, 49, -17, 24, 28, 37,

25, -11, 49, 36, 35, 24, -11, -12, 12, 33, -50, 47, 50, -1, 18, -11, 26, 32,
38, 12, 8, -9, -8, 20, 29, 28, 35, 18, -6, -5, -4, =20, 4, -30, 1§, 31)

KafkaClearTopic [kafkaTopic] ;

Do[
int = ToString[RandomInteger({-50, 30}]];
AppendTo[points, int];
KafkaPublish([kafkaTopic, ToString[i], int];

Pause[1];
, {1, NN};

KafkaPublishFinish[];

the restructuring of the graph based on it, which also has a
dynamic output. The graph is constructed by the ListPlot
function for the whole definition area, with the option
"InterpolationOrder -> 2", which makes the graph
smoother, but at the boundary points leads to values out of
the original range [-50.50], and serves as an additional
load on message processing.

Since the client can only connect to a queue that
already exists, the document with the publication of
messages that creates the queue was launched first,
followed by the reader's document. The result obtained at
the same time for both documents is shown in fig. 5.

50 s o I ' n
I, H' I |
i 1 1 L ‘n " A 1 i n il L i i 1 I I 1 1
fil 120/ | ([l W o 100
AR A
-25
|1 ' 0
“S0F
KafkaRead [
kafkaCallback ,
kafkaTopic
12

Fig. 5. Simultaneous publication (right) and reading (left) from the same queue

The figure above shows that the client-reader does
not lag behind the client-publisher. The main delay,
as in [8], is the updating of dynamic objects in the
document.

The experiment was repeated 15 times to exclude
measurement error, with one result — a delay on the
side of Mathematica Frontend, i.e. compilation [16] is
unlikely to solve this problem. This in turn confirms
the conclusions made in [8] that the Mathematica
matpack is not yet designed for real-time data
analysis.

Prospects for further development of the system

ready-made tools, which is described in the article, for the
fastest deployment.
Conclusions

Prospects for further development of the developed
tools are the following improvements.

To completely eliminate the need for
third-party client-side applications, it makes sense to
consider using  Mathematica's  built-in  features
for SSH connections, starting with version 11.3:
RemoteConnect and RemoteRunProcess [17], which
could eventually replace the use of PuTTY
software.

On the side of the intermediary server — it seems
relevant to develop a Docker-container with built-in

The paper develops and substantiates practical
recommendations for the formation of the mechanism of
interaction between the mathematical processor Wolfram
Mathematica and the queue manager Apache Kafka using
an intermediary server to work in two directions:
publishing messages in the queue and consuming
messages from it. Appropriate tools have been created.

The mechanism is developed in two variants: use of
the intermediary server and combination of the last with
the calculation server for a remote kernel. The second
option allows you to have only one server for both
tasks.

It is shown that the toolkit developed in the article
allows you to easily build event-driven programs in
Mathematica that require client-only PUTTY applications
and data to connect to a single proxy server — that is, in
the most simplified way, with maximum deployment
speed on a new client and without maintenance needs by
centralizing all interaction with the Kafka cluster on the
proxy server. In addition, using a proxy server resolves the
incompatibility issue between the client and any of the
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Kafka cluster servers due to protocol versions or other
differences due to its availability to change settings at any
time.

The economic benefit of using the described tools is
achieved by saving money on the maintenance of the
described system: to monitor the proxy server requires
only one DevOps specialist, whose function can be
performed by the administrator of the Kafka cluster, on
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actual use, and the time and cost of its modification are
the lowest.
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INVTAT®OPMA JUIA TIOBYAOBU KEPOBAHUX ITOAIAMHU JOAATKIB HA BA3I
WOLFRAM MATHEMATICA TA APACHE KAFKA

CraTTs IpUCBsUEHA JOCIIKEHHIO Ta po3po0lli MexaHi3My B3aemoil mporpam Wolfram Mathematica i3 MeHemKepoM dYepru
Apache Kafka st HagasHs MOKIMBOCTI MOOYJOBH Ha HOTO OCHOBI KEPOBAHHX MOisAMHU JoaTKiB. [IpeameTom JoCiiiuKeHHs
€ TpaKTHYHI 3acamu MoOymoBH MexaHismy B3aemonii Wolfram Mathematica i3 Apache Kafka depe3 cepsep-mocepeqHuk.
Mertolo cTaTTi € po3podka Ta OOIPYHTYBaHHS NPAaKTHYHHX PEKOMEHJAIii momo (opMyBaHHS cepBepa-TOCEepeIHHKa Ta
MexaHi3My ioro podortu ps my6iikanii nosinomiens y uepry Apache Kafka ta cioxuBanHs noBifoMieHs i3 Hei nporpamamu
MaTeMaTHyHoro nporecopy Wolfram Mathematica, o AacTh MOXKJIUBICTh MOOY/IOBU KEPOBAHUX MOJISAMH JOAATKIB Ha HOTO
OCHOBi. 3aBJaHHsl POOOTH: BU3HAUMTU MEXaHI3M Takoi B3aeMopii, OOIpyHTyBaTH BUOIp iHCTpYMEHTIB A Horo peainizauii,
CTBOPHUTH Ta MPOTECTYBATH OTPUMAHHUI pe3yibTaT. ¥ XOMAl JOCHIIPKECHHS BUKOPHUCTaHO 3aco0M: iH(opMalliiiHi TexXHOJOTIT
Apache Kafka, Kafkacat, cepsepa na 6a3i Ubuntu 20 LTS, cnoci6 no6yxosu makery Wolfram Mathematica. PesyabraTn
JIOCTIJDKCHHS: BU3HAuUeHW MexaHi3M B3aemonii Wolfram Mathematica i3 Apache Kafka uepe3 cepBep-mocepenHuk Ta
CTBOpEHUH BiANOBiAHUII iHCTpyMeHTapili Ha Horo OCHOBI y BMIULNI JBOX HakeriB Mathematica, mo noOynoBaHi Ha
BUKOpHCTaHHI bash-ckpunriB, Apache Kafka Ta croponnporo mnporpamuoro 3abesmeuenns Kafkacat. Ilepmmit — mis
BUKOPHCTAaHHS Ha KOMII'IOTEpi KiHIIEBOTO KII€HTA, NPYrHil — Ha cepBepi oOYMCieHb i3 BigmameHuM sapom Mathematica.
IIpotecroBana ix pobota. ITinTBepmKeHO, MO HA JaHUH MOMEHT MaTeMaTHYHHUIl mporecop Mathematica He MIXOAUTH Y
YUCTOMY BMIJIAII Ul aHAi3y JaHUX y peaidbHOMY daci. BucHoBku. Po3poGiieHi Ta oOIpyHTOBaHI IPpaKTUYHI peKOMEHIALIT
moa0 GopMyBaHHS MeXaHi3My B3a€MOJIii MaTeMaTHUHOTo mporecopy Wolfram Mathematica Ta MeHemkepy depru Apache
Kafka uepe3 cepBep-nocepesHuK Al MOXKIMBOCTI poOOTH Yy ABOX HampsMKax i3 4eproro: myOsikamii moBiomiieHb Ta iX
yutaHHsg. CTBOpEHHI IHCTpyMEHTapiil s Takoi B3a€MOJIi y BHIJISAI BOX makeTiB Mathematica, mpoaeMoHCTpoBaHi iX
MOXJIMBOCTI. [Toka3aHa eKOHOMIYHA BUIO/a BiJl BUKOPUCTAHHS OIMCAHOTO iHCTpyMeHTapito. HaBeneni MaitOyTHi muisixu Horo
BIOCKOHAJIEHHS.

KiiouoBi cjoBa: kepoBaHi NOMISIMH JIOAATKH; MEHEIKEPU Yeprd; MaTeMaTHYHMIl IIpoLecop; XMapHi TEXHOJIOTii;
ekoHoMis pecypciB Ta komTi; Kafka; Mathematica.

IVIAT®OPMA JUIA IOCTPOEHUA YIIPABJIAEMbIX COBBITUAMMA
MPUJIOKEHU HA BA3E WOLFRAM MATHEMATICA U APACHE KAFKA

CraThs TOCBSIICHA JNCCICIOBAHMIO M pa3pabOTKe MeXaHH3Ma B3auMopeiicTBus nporpamm Wolfram Mathematica ¢
meHemkepoMm odepenn Apache Kafka mma mpemocraBmeHns BO3MOXKHOCTH MOCTPOCHHS HA €r0 OCHOBE YIIPABIEMBIX
COOBITUSIMU HpHﬂOX(CHHﬁ. HpellMeTOM HCCJIICAOBAHUA SABJIAIOTCA MNPAKTUYCCKHUC TPUHIOUIIBI TOCTPOCHUSA MEXaHU3Ma
B3anmozeiicTeuss Wolfram Mathematica ¢ Apache Kafka gepes cepsep-mocpennuk. Ilesbio cratsn sBIseTCs pa3paboTKa H
000CHOBaHUS MPAKTHYECKUX PEKOMEHIAIMI OTHOCHTEIBEHO (OPMHPOBAHMS CEepBepa-IIOCPEAHUKA H MEXaHH3Ma €ro paboThI
Uit myOnuKanuu cooOmieHuit B ouepens Apache Kafka m uTeHms cooOmenunit W3 Hee Ui IPOTpaMM MaTEMaTHYECKOTO
npoueccopa Wolfram Mathematica, 4To AacT BO3MOXKHOCTb HOCTPOCHHUSI YNPABISEMbIX COOBITUSIMHU IPHIOXKEHUH Ha €ro
ocHoBe. 3agava pabOTHL: OIpENEeTUTh MEXaHH3M TaKOTO B3aMMOAEHCTBHS, OOOCHOBAaTh BBIOOP MHCTPYMEHTOB U €TO
peain3alyy, Co31aTh W MHPOTECTHPOBATH MOJYYCHHBIH pe3yibTaT. B Xome HCClICOBaHHMS MCIIOJIb30BAaHbl CPEACTBA:
uHpopmaimonnsie TexHonorun Apache Kafka, Kafkacat, cepsepa Ha 6a3ze Ubuntu 20 LTS, cnoco6 pa3paboTku makera
Wolfram Mathematica. Pe3yasTaT nccnenoBanus: onpeneieH MexaHusM B3aumMozeiicteus Wolfram Mathematica ¢ Apache
Kafka wepe3 cepBep-TlocpemHHK M CO3JaH COOTBETCTBYIOIIMI HWHCTPYMEHTapHii Ha €ro OCHOBE B BHJIE IBYX MaKETOB
Mathematica, KOTOpble NOCTPOEHBI Ha HCIONBb30BaHWH bash-ckpunrtoB, Apache Kafka m croponHero mporpamMmMHOTO
obecnieuennss Kafkacat. TlepBblii — /Ui MCTHIONB30BaHMA HAa KOMIIBIOTEPE KOHEYHOTO IOJIb30BATENs, BTOPOH — Ha cepBepe
BBIYHCIIEHHH C yIalneHHBIM sapoM Mathematica. IToaTBepxIeHO, 9TO Ha JAaHHBI MOMEHT MaTEeMaTHYECKHH IIporeccop
Mathematica He HOAXOAUT B YUCTOM BUJE JUIS aHANIN3a JAaHHBIX B peabHOM BpeMeHH. BbiBoabl. Pa3paboTansl 1 000CHOBAaHBI
IpaKTHYECKHE PEKOMEHIANH OTHOCHTENHHO (OPMHPOBAHMS MEXaHM3MAa B3aMMOJICHCTBHS MaTEMAaTHYECKOTO Mpolieccopa
Wolfram Mathematica nu menemxepa ouepenu Apache Kafka uepes cepBep-nmocpenHHK Ui BOZMOXHOCTH PabOTHI B JBYX
HaIpaBIEeHHUAX C OYepeNblo: ITyOIHKANN cOOOIEeHIH 1 X uTeHus. CO31aH MHCTPYMEHTapHi IS TaKOTO B3aWMOJCHCTBUS B
Buze nakeroB Mathematica, IpOAEMOHCTPUPOBAHBI UX BO3MOXKHOCTH. [IokazaHa 3KOHOMUYECKas BBITOJa OT HCIIOIb30BAHUS
OITICaHHOTO HHCTPYMEHTapus. [IpuBeneHs! Oy Aymye Iy TH ero yCOBEPIICHCTBOBAHUS.

KirioueBble ci10Ba: ympaBisieMble COOBITHSIMH NPHJIOKCHHS; MEHEMKEPBl OuYepelr; MaTeMaTHYECKHH IMpOLeccop;
00JIaYHBIC TEXHOIOTHH; SKOHOMHES pecypcoB H cpencTs; Kafka; Mathematica.
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RESEARCH OF ACID TRANSACTION IMPLEMENTATION METHODS FOR
DISTRIBUTED DATABASES USING REPLICATION TECHNOLOGY

Today, databases are an integral part of most modern applications designed to store large amounts of data and to request from many
users. To solve business problems in such conditions, databases are scaled, often horizontally on several physical servers using
replication technology. At the same time, many business operations require the implementation of transactional compliance with
ACID properties. For relational databases that traditionally support ACID transactions, horizontal scaling is not always effective due
to the limitations of the relational model itself. Therefore, there is an applied problem of efficient implementation of ACID
transactions for horizontally distributed databases. The subject matter of the study is the methods of implementing ACID transactions
in distributed databases, created by replication technology. The goal of the work is to increase the efficiency of ACID transaction
implementation for horizontally distributed databases. The work is devoted to solving the following tasks: analysis and selection of
the most relevant methods of implementation of distributed ACID transactions; planning and experimental research of methods for
implementing ACID transactions by using of NoSQL DBMS MongoDB and NewSQL DBMS VolItDB as an example; measurements
of metrics of productivity of use of these methods and formation of the recommendation concerning their effective use. The following
methods are used: system analysis; relational databases design; methods for evaluating database performance. The following results
were obtained: experimental measurements of the execution time of typical distributed transactions for the subject area of e-
commerce, as well as measurements of the number of resources required for their execution; revealed trends in the performance of
such transactions, formed recommendations for the methods studied. The obtained results allowed to make functions of dependence of
the considered metrics on loading parameters. Conclusions: the strengths and weaknesses of the implementation of distributed ACID
transactions using MongoDB and VolItDB were identified. Practical recommendations for the effective use of these systems for

different types of applications, taking into account the resources consumed and the types of requests.
Keywords: distributed database; transaction; performance; ACID; NOSQL; NewSQL; MongoDB; VoltDB.

Introduction

Databases (DB) are the basis of the vast majority of
modern software applications in various spheres of human
life. These are medical solutions, financial and banking
systems, social networks, etc. Today, databases and their
shells, DBMSs, store and process data, the number of
which is significantly increasing every year.

Because the resources of any server on which the
DBMS is deployed are limited, to store new amounts of
data requires its scaling, vertical or horizontal [1]. Vertical
scaling, which consists in increasing the hardware
resources (increase in RAM, permanent media) on the
database server machine, obviously has limitations and
does not provide the necessary result for the
implementation of large systems. For this reason,
horizontal scaling has become more popular, the essence
of which is the introduction of additional node machines,
which are combined into a single cluster. Thus, the
database is stored on several physical machines, and there
are no restrictions on this type of scaling.

Thus, a horizontally distributed database consists of
several physical nodes that are hosted on different
physical servers and store certain data throughout the
database [2]. For this type of scaling, there are two
distribution technologies: sharding and replication. The
essence of sharding is to place part of the data of the entire
database on a particular server, while in the case of
replication; copies of all database data are stored on all
nodes of the cluster simultaneously.

On the other hand, it is critical for modern databases
to execute ACID transactions [3], which have become an
integral part of business operations (money transfer, ticket
booking) for most areas. But for horizontally scalable
databases, there is a problem with performing such ACID

transactions, which is that different nodes of the database
cluster can interact with each other using a network TCP
protocol, which in itself does not support transactionality.
This problem applies to both horizontal scaling
technologies, but is especially relevant for replicated
databases, where the same data is on different physical
servers, which must always be in a consistent state [4].

Thus, the developers of distributed systems are faced
with the problem of choosing and implementing methods
to support distributed transactions when creating
applications based on replicated databases.

Analysis of recent research and publications

Classic relational DBMSs were the first to face the
problems of horizontal scaling and implementation of
distributed transactions: PostgreSQL, MySQL, SQL
Server, Oracle and others. Due to the features of the
relational data model, such as reference integrity and
unique constraints, the corresponding DBMS cannot be
easily distributed to several physical machines. In
addition, relational ACID principles have been developed
to operate within a single address space, and have some
difficulty in implementing in a distributed environment.
Therefore, most relational databases do not provide out-
of-the-box capabilities to support distributed ACID
transactions.

Later, to solve the problems of horizontal scaling,
databases of a new class NoSQL were developed, in
which the developers tried to overcome the limitations
inherent in relational data models and the SQL language
[5-8]. Since NoSQL DBMSs are not based on the concept
of DB schema and relationships between tables, they
provide a fairly easy possibility of horizontal scaling from
the beginning [9].
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However, most NoSQL DBMSs  support
transactionality at the single-record level only, which
prevents them from being used in a number of important
transactional business operations. A number of developers
of NoSQL systems to implement this shortcoming
implement additional functionality. An example of such a
DBMS is MongoDB [10-11], which fully supports
distributed ACID transactions. This one of the most
popular systems shows quite high performance results and
has integration with a large number of programming
languages.

As an attempt to combine the advantages of classic
relational and NoSQL DB, a new class of DBMS has
recently appeared - NewSQL [12-13]. NewSQL DBMSs
have both built-in support for horizontal scaling and,
inherent in relational systems, support for transaction
ACID and most SQL functionality. And although this
class of systems has a fairly high potential, but it has not
yet gained much popularity among developers. However,
the DBMS VoltDB, which is quite popular among systems
of this class, already has integration with many
programming languages.

It should not be forgotten that one of the first
methods of implementing distributed transactions, which
is still used by developers, is their implementation at the
application level. That is, the application itself takes
responsibility for fixing transactions on all nodes of the
cluster, for example, using the template Two-phase
commit [14].

Given the analysis, more modern and promising for
further research and comparison are the methods of
implementing distributed ACID transactions in NoSQL
DBMS (on the example of MongoDB) and NewSQL
DBMS (on the example of VoItDB).

The purpose of this article is to improve the
implementation of ACID transactions for horizontally
distributed databases by comparing the effectiveness of
such methods on the example of using NoSQL DBMS
MongoDB and NewSQL DBMS VoltDB, and develop
appropriate recommendations for their application.

This study requires the design of a pilot DB and
related transactions, as well as the planning and conduct
of a series of experiments on different DB volumes, loads,
and DB access modes. Evaluation of the effectiveness of
the use of methods should be carried out taking into
account such criteria [15-16] as:

- the average execution time of read requests, as well
as transactional write requests;

- resources required to perform these queries:
database size, RAM required, and percentage of CPU
time.

In addition to the absolute values of measurements, it
is advisable to determine and analyze the functions of
their growth.

Materials and methods

A DB was designed for the experiment, which will
then be implemented as a BSON model for MongoDB, as
well as a relational model for VoltDB.

The design area is e-commerce, for which distributed
systems are created and which is associated with heavy
workload and big data. In addition, the real field of
activity allowed for a clear demonstration of the need for
distributed transactions for applied tasks.

The simplified structure of the experimental DB
contains the following basic essences:

- product categories: have only a name;

- goods: have a name, description, quantity in stock,
price, and also belong to a certain category;

- properties of goods: have the name of the property,
its meaning, and also belong to a particular product;

- customers: have a name, surname, e-mail address,
telephone number, and physical address;

- orders: have a specific delivery date, discount, and
also belong to a specific customer;

- order elements: indicate a specific product, have
the ordered quantity, and also belong to a specific order.

The data structures developed for the experiment are
shown in fig. 1 (relational scheme DB) and in fig. 2 (in
BSON format).

EZN T e
1de, L

Id %
FirstName DeliveryDate
o Customerld

Discount

LastName
Email
PhoneNumber
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Name Description
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Categoryld

Fig. 1. Relational DB scheme
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The following e-commerce business operations were
selected to design queries for experiments:

- withdrawal of the most popular categories of
goods;

- view and create orders;

"Categories”
"id": "ObjectId",

"name": "string"

"Products"”

"id": "ObjectId",
"name" :
"description™:
"quantity"
"price": "decimal",
"category": "ObjectId”,
"properties":

"name": “"string",

"value":

"string",
"string",

"number™

3

"string"

Fig. 2. BSON DB structure

For the experiment, transactions based on SQL and
BSON queries for VoltDB and MongoDB, respectively,
were developed for selected business processes. All
transactions are implemented with a standard DBC
isolation level for many DBMSs.

For the experiment, the following deployment of DB
server nodes was adopted:

- measurements were made for a cluster of DB
virtual server machines;

- each server runs in the Azure cloud on a B2s virtual
machine with 2 CPUs, 4 GB of RAM and 8 GB of hard
drive.

Table 1. DB characteristics for study modes

- change in the quantity of goods in the warehouse
and the price of the goods;

- adding or changing a discount for a specific order;

- adding new categories of goods and the goods
themselves for them.

"Customers"”

"id": "ObjectId",
"first_name":

"string",
"last_name": "string",
"email": "string",
"phone_number": “string",

"address": "string"

"Orders"

"id": "ObjectId",
"delivery_date": "Date",
"customer": {
"id": "ObjectId",
"email": "string"
"items":
"ObjectId",
"product_name":

"product_id"
"string",

"ordered_quantity": "number"

- Windows Server 2016 operating system.

The experimental load on the DB cluster was formed
taking into account the following factors:

- the amount of data stored in the database;
number of simultaneous connections to the
database;

- the number of replica nodes in the DB cluster on
which transaction results must be recorded simultaneously
and consistently.

For a series of experiments, modes associated with
specific discrete values for the above factors were
identified (table 1).

Regime | Total entities in the database Number of simultaneous connections The number OZILZFt)(Iei:a nodes in th
Basic 122 064 10 2

Basic+ 568 064 30 3

Basic++ 1 266 064 50 -

Medium 2420064 100

Intensive 8 050 064 300

The experiment is based on the idea of measuring the
execution time of requests and resource consumption by
gradually changing one mode to another for one factor,
while the values of the other two factors will remain static.
This will establish the dependence of these metrics on the

specific load factor DB. An experiment will also be
performed with a gradual simultaneous change of modes
of all factors to compare the most important criteria that
affect the execution time of queries.
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It was decided to compare all measurements not only
through absolute values, but also by identifying the
functions of dependence and comparing their growth rate
graphically.

For research on the basis of certain business
processes, a number of requests were made, namely:

- withdrawal of the three most popular categories of
goods;

- withdrawal of the order and its elements by the
order ID;

- transaction with the operation of inserting an order
with a variable number of order elements, which will be
equal to the number of elements for this mode;

- transaction with the operation of updating goods,
the number of which is less than 10, namely, reducing
their price by 10%;

- transaction to delete all orders, the total amount of
which is on a certain segment [x; x + 500], where x €
[8,000; 13,000];

- complex transaction with operations of insertion of
many orders with their elements, updating with increase in
quantity of the goods in a warehouse which current
quantity is less than 15, and also updating with transfer of
date of the order in a certain range for some days forward,;

- a comprehensive transaction with the insertion of
new categories and products for them, the insertion of new
customers and orders for them, as well as the renewal of
the discount for those orders whose delivery date belongs
to a certain segment.

To conduct the experiment, special software was
developed, the essence of which is to automatically deploy
a DB cluster with the number of nodes according to a
given mode, fill it with data according to this mode and
perform parallel queries to the cluster according to a given
mode. The software measures the execution time of each
request and constantly monitors the resources consumed.

Research results and their discussion

Let’s consider the main most interesting trends in the
performance of experiments to support ACID transactions
for NoSQL DBMS MongoDB and NewSQL DBMS
VoltDB.

Let's start with the analysis of such a resource as the
DB volume. In fig. 3 shows a histogram showing for each
mode the DB dimensions for both DBMSs with the same
number of entities as they contain.

2,000
MongoDB
) 1,500 VoItDB
=
S
g 1,000
w
o ' MongoDB
(m] 500 MongoDs o MOnGoDB MongoDB e MOM9P5 voitps
0
0 T T T T T
Basic Basic+ Basic++ Medium Intensive

Fig. 3. Comparative diagram of the size of the database

As you can see, VoItDB requires less memory to
store the same amount of information in a DB than
MongoDB. As the amount of data increases, the DB gap
only widens, suggesting that the DBMS VoltDB generally
requires less memory to store a single entity than
MongoDB does.

Consider the results of measurements of CPU time
used as a percentage for both methods. During the
experiments it was found that the CPU time in both cases
does not depend on the number of replicas in the cluster.
But interestingly, MongoDB is characterized by a more
rapid growth of CPU consumption when increasing only
the factor of the amount of data stored in the database, and
when increasing only the number of simultaneous CPU
connections, time also increases, but rather slowly and this
growth is dampening. On the other hand, VoltDB, on the
other hand, shows an increase of only 1% from the lowest
mode to the highest when the data grows, but shows a
progressive increase with the number of connections.
Comparative tables with absolute values for both methods
are given in table 2 and table 3.

Thus, in terms of CPU usage, it is better to use
VoltDB when it is known in advance that the application

will have a large growing amount of data and a more static
number of users. Conversely, it is better to use MongoDB
when the system aims to attract a large number of users
with a more or less fixed data set.

Table 2. The results of experiments with changing only the
amount of data

Regimes MongoDB CPU (%) | VoltDB CPU (%)
Data Basic 1.1 1
Data Basic+ 3.5 1.1
Data Basic++ 3.7 1.3
Data Medium 7.1 1.4
Data Intensive 7.2 2

Table 3. The results of experiments with changing only the
number of simultaneous connections

Regimes MongoDB CPU (%) MoltDB CPU (%
Connection Basic 1.1 1
Connection Basic+ 2.5 1.4

Connection Basic++ 3.6 2
Connection Medium 3.5 4.2
Connection Intensive 3.7 10
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If the proportions of the amount of data and users are
unknown in advance or a characteristic increase of both
values is assumed, it is better to pay attention to the
measurements of the CPU metric, when all loaded factors
simultaneously and gradually increase (table 4).

As you can see, in this case VoltDB consumes less
CPU and this consumption grows more slowly than in the
case of MongoDB. That is why in the case when the
application must be ready for a rapid growth of both data
and users, it is still better to choose VoltDB in terms of
CPU consumption.

Table 4. The results of experiments, when all load factors
increase simultaneously

Let’s consider the results of measurements of the
used RAM consumed by the DB server during
transactions in different load modes. Note that
from the start, MongoDB consumes several times less
RAM than VoltDB. For example, when changing the
amount of data, MongoDB consumes from 91 MB of
RAM for the lowest level and up to 99 MB for
the highest level, and when changing the number of
connections from 83 MB to 97 MB. Even in the presence
of a certain statistical error, it is clear that growth, if any,
is very slow. At the same time, VoltDB consumes when
changing data from 218 MB to 560 MB, and when
changing connections from 218 MB to 1360 MB. The
corresponding histograms of RAM consumption at change

Regimes MongoDB CPU (%) | VoItDB CPU (%) |  of data quantity (fig. 4) and quantity of connections
Basic 11 1 (fig. 5) are resulted. The histograms show that when the
Basic+ 1.9 1.4 amount of data changes, the difference in RAM is smaller
Basict+ 6.3 2.2 than when changing the number of simultaneous
Medium 10.2 a7 connections

Intensive 16.5 13 '

600 VoltDB
500
~
0 400
z VoltDB
; 300 VoltDB
< \VoltDB VoltDB
o2 200
100 - MongoDB MongoDB MongoDB MongoDB MongoDB
0
Data Basic  Data Basic+ Data Basic++ Data Medium Data Intensive
Fig. 4. Comparative histogram of RAM consumption when changing the amount of data
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Fig. 5. Comparative histogram of RAM consumption when changing the number of connections
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Also note that the amount of RAM for both methods
does not actually depend on the number of replicas.

More interesting is the situation with increasing
RAM consumption while increasing all load factors. And
although in absolute terms MongoDB still loses VoltDB,
but shows significant growth at high loaded levels
(table 5).

Table 5. The results of measurements of RAM consumption
while changing all factors

Regimes MongoDB RAM (MB) NMoltDB RAM (MB
Basic 91 218
Basic+ 94 322
Basic++ 97 439
Medium 182 692
Intensive 370 1369

We see that for both methods, although RAM
consumption doubles between the last two modes, VoltDB
still requires an order of magnitude more RAM at high
load. Therefore, in terms of using the DB server RAM, it
is more efficient to use MongoDB.

2,000 ~
1,800 -

—

g 1,600 -

1,400 -

Further on we consider the results of measurements
of the average execution time of transactions.

Let’s consider the results for the operation of
inserting a single order with its elements. The number of
elements to be inserted will increase when the load mode
is changed:

- Basic: 30 elements;

- Basic +: 40 elements;

- Basic ++: 50 elements;

- Medium: 60 items;

- Intensive: 100 items.

The experiment showed that MongoDB executes this
transaction several times faster than VoltDB when
changing any factor. At the same time, it was found that
the data quantity factor in DB does not affect the insert
transaction speed for MongoDB, but significantly affects
the rate for VoltDB (fig. 6). This revealed a completely
opposite situation with the factor of the number of
replicas, on which there is dependence for MongoDB
(fig. 7), but not for WVoltDB. And although
the growth is noticeable, but in fact the time changes by
only 100 ms.

Data Basic Data Basic+

Data Basic++ Data Medium Data Intensive

Fig 6. Graph of growth of time of execution of transaction on an insert from quantity of data in basis for VoltDB

240

220 +

200 A

Insert Time (ms)
5 =

120 +

100 :
Replica Basic

Replica Basic+

Replica Medium  Replica Intensive

Fig. 7. Graph of growth of time of execution of transaction on an insert from quantity of data in basis for VoltDB
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It was found that the insertion time for both methods
depends on the number of simultaneous connections.
However, MongoDB spends several times less time and
this time increases several times slower than for VoltDB
(fig. 8).

It was also found that with a simultaneous increase
in all load factors, the execution time of the transaction on
the insert increases significantly for both methods. In this
way, you can find out the maximum bandwidth of the
insertion operation for both methods at the highest levels
of each factor, as well as at the same time the highest level
of all factors simultaneously. A series of experiments

60,000 -
-~ 50,000
"
£

< 40,000 -

Q
lg 30;000 =
=

showed that MongoDB in all layouts has a higher
insertion bandwidth than VoltDB.

Consider the results of experiments to perform an
update transaction, the essence of which is to update the
price of all goods, the number of which is less
than a certain threshold. This in turn means
that the DBMS will have to scan the entire table /
collection to find such products. Fig.9 shows a
histogram  comparing  both  methods for this
transaction in  terms of maximum  execution
time when changing each load factor separately and
together.

g 20,000 - /
0 VoltDB
£ 10,000 4 —
_— MongoDB
0 _# k : -

Conn. Basic

Conn. Basic+ Conn. Basic++ Conn. Medium Conn. Intensive

Fig 8. Graph of comparison of time of execution of insertion for both methods at a variable number of connections

It was found that for the transaction, the VoltDB
update shows an order of magnitude better results both in
terms of absolute values (the time difference reached
37 times) and in terms of growth. Thus, the growth

rate with increasing various load factors for
VoltDB increases approximately 1.5-2 times, while
~ 60,000 -
7]

50,000 -
40,000 -
30,000 - MongoDB

20,000 -

10,000 -

Update transaction time (m

MongoDB

VoltDB

0 a
Max data volume

connections

VoltDB

Max number of

in the case of MongoDB, for each higher load mode, the
time can increase by an order of magnitude. The execution
time for MongoDB depends on all load factors,
and for VoltDB it depends only on the amount

of data and the number of simultaneous
connections.
MongoDB
MongoDB \VoltDB

\VoltDB

Max values of all

Max number of

replicas factors

Fig. 9. Comparative histogram of the maximum execution time of the update transaction
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Therefore, you can immediately see a huge
difference in the execution time of this transaction for the
compared DBMS. With a variable amount of data and
replicas, VoltDB updates in less than 120 ms. Given that
during this transaction about 10% of the total number of
goods are updated, you can determine the maximum

bandwidth of each method (table 6). The table shows that
VoltDB updates data much more efficiently, especially the
gain compared to MongoDB is seen when increasing only
the amount of data. The smallest gap between the methods
is observed in the case when only the number of replicas
increases.

Table 6. The detected maximum number of entities that can be updated in one second

Types of load changes MongoDB (number of entities) VoltDB (number of entities)
When the amount of data changes 1824 93283
When changing the number of connections 7 248
When changing the number of replicas 85 1585
When all factors change 92 1927

Next, we consider the execution of a transaction with
a request to delete all orders, the amount of which is in a
certain range. This transaction also requires scanning the
entire table / collection and performing a grouping
operation to find the order amount through the
price of its items. Grouping will take place for order items
by the ID of the order to which they belong. After the
grouping operation, the total price of the order
will be calculated as the sum of the prices of all its
elements.

Experiments have shown that the deletion
transaction, as for the previous request, is performed an

Execution time

(ms)

400000

VoltDB {y = 0.00587x + 11219.417)

+ 200 000

order of magnitude faster with VoltDB when changing
any factor. Runtime for both DBMSs increases most
slowly when the number of replica nodes in the cluster
changes. The rate of increase of execution time
when changing the amount of data and the
number of connections will be better investigated by
graphically  displaying the corresponding linear
regression  functions. The following are graphs
of the time dependency of the removal transaction
from the amount of data (fig. 1la) and the
number of simultaneous connections (fig. 10b) for both
DBMSs.

Execution time
(ms)

- 400 000

1000000 2000000 3000000
Number of entities to process

a)

200 400 600 800 1000 1200

Number of connections
b)

Fig. 10. Functions of growth of execution time of transaction of removal at change (a - volume of data, b - number of connections)

As you can see from both graphs, for this query,
VolItDB removal works much faster at any load in
absolute values, and the time increase is not as rapid as in
the case of MongoDB.

A number of complex transactions were also

investigated in the paper. The first of these
transactions contains two insert operations and
two update operations. For this transaction,
MongoDB  worked an  order of  magnitude
faster than VoltDB. The following is a histogram
comparing the maximum execution time of this

transaction when changing each load factor separately
(fig. 112).

We see that the largest gap
when increasing the number of simultaneous
connections, and the smallest when entering
new nodes-replicas in the cluster. An even greater gap in
execution time (almost 40 times) is observed
with a simultaneous increase in the values of
all load factors. Thus, for VoltDB at maximum load, the
execution time is 675549.34 ms, and for MongoDB
16980.45 ms.

in time occurs
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Fig. 11. Comparative histogram of the maximum execution time of transactions when changing various factors

We see that the largest gap in time occurs when
increasing the number of simultaneous connections, and
the smallest when entering new nodes-replicas in the
cluster. An even greater gap in execution time (almost 40
times) is observed with a simultaneous increase in the
values of all load factors. Thus, for VoltDB at maximum
load, the execution time is 675549.34 ms, and for
MongoDB 16980.45 ms.

The other complex transaction contains 6 insert
operations and 1 update operation. MongoDB also

Table 7. Experiments results

executes this transaction an order of magnitude faster than
VoltDB. Moreover, the execution time for VoltDB is
affected by all load factors, while for MongoDB there is
no characteristic dependence on the number of
simultaneous connections. Comparison of the maximum
execution time of this transaction when changing each
load factor separately and all at the same time are given in
table 7.

Load factors MongoDB, execution time (ms) VoltDB, execution time (ms) Difference
Max data volume 2213.16 40693.78 18.4 times
Max number of connections 1126.16 42720.91 37.9 times
Max number of replicas 1222.05 4492.47 3.7 times
Max value of all factors 25183.41 613669.34 24.4 times

It can be seen that MongoDB executes this
transaction several tens of times faster than VoltDB.
Moreover, the largest time gap for DBMS is manifested at
the peak values of the number of connections, and the
smallest at the maximum number of replicas. In general,
MongoDB more efficiently captures the ACID of a
transaction with a large number of write requests in a
distributed DB.

Finally, consider the performance of read requests.
Although they are not part of ACID transactions, this type
of operation is most common in distributed DBs and its
performance can significantly influence the choice of a
method.

The first read request will consider a request to
receive an order with its elements by the ID of this order.
For both DBMSs at the DB level, index readings will be
performed to check the effectiveness of the indexed
search. As expected, for both methods, the amount of data
in the database does not have a strong effect on the
execution time of the search, because the logarithmic
function grows very slowly. But it immediately becomes
clear that MongoDB reads an order of magnitude faster
than VoltDB - an average of 17 ms versus 125 ms. The
number of replicas in the cluster also does not affect the
search speed for both methods, because in this case, the
interaction still takes place with only one node. On the
other hand, the query execution time for both methods
depends on the number of simultaneous connections,
while MongoDB reads an order of magnitude faster and

with increasing connections the time increases much more
slowly than in the case of VoItDB (Table 8).

At simultaneous increase of indicators of all factors
the approximately same tendency, as well as in the table
above remains. Thus, it is clear that MongoDB is much
more efficient at reading the index. This is primarily due
to the fact that Mongo searches for an order in only one
collection, and VoltDB searches the index in two tables:
the order and its elements. As you can see, the difference
in time differs by an order of magnitude, and for the
maximum load in terms of connections, in general, by
several orders of magnitude. This once again proves the
stability of MongoDB with a large number of users, as
well as its advantages when performing an index read
operation.

Table 8. The results of measuring the execution time of the read
request when changing the factor of the number of connections

Regimes MongoDB (ms) VolItDB (ms)
Basic 15.06 123.68
Basic+ 17.87 146.38
Basic++ 17.48 179.38
Medium 21.18 187.07
Intensive 25.53 10993.58

The latter we will analyze the implementation of a
more complex request to obtain the three most popular
categories of goods, which will include grouping, sorting
and data limiting operations. When performing this query,
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both methods have a characteristic increase in runtime
from the amount of data and the number of simultaneous
connections. As in the previous case, the measurement
results immediately show that MongoDB executes
this request an order of magnitude faster than VoltDB.
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Below are graphs of the dependence of the query
execution time for both methods on the increase in data
volume (fig. 12) and the number of simultaneous
connections (fig. 13).
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Fig. 12. Comparing of the category read time growth graphs based on data volume
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Fig. 13. Comparing of the category read time growth graphs based on number of connection

Both series of experiments give a similar result, the
graphs clearly show that VoltDB executes this request
much slower than MongoDB, and execution time
increases many times faster. At a maximum load of all
factors, VoltDB executes this request in 358923.22 ms,
while MongoDB - in 80733.55 ms. That is, the difference
at peak load is almost 4.5 times.

Therefore, based on the measurements made, it can
be concluded that MongoDB performs a read request with
grouping, sorting and limiting operations is several times
more efficient than VoltDB.

As a result of the experimental study, the main trends
in the performance of the compared DBMS were
identified in a specific situation, which allows us to make
recommendations for their application. Consider the
recommendations made on the basis of the resources
consumed for both methods. The amount of resources
consumed directly affects the hardware of the virtual
machine on which the DB server is located, and therefore
the price of this machine.

Experiments show that the VoltDB consumes less
storage space and requires slightly less CPU time, while in
any load mode it consumes several times more RAM.
Therefore, less disk space usage by VoltDB allows you to
choose this DBMS in cases where you need to save on the
size of the permanent media of the virtual machine,
namely:

- when creating applications in which the DB must
store tens of gigabytes of data and, at the same time, such
data is not processed very often or intensively, so the
speed of their processing is not a priority (for example, in
storage systems DB backups or outdated data low
probability);

-when creating applications where the same
machine stores data from other databases or just other
files; also the processing speed should not be a priority for
the application.

Also, VolItDB's lower CPU resource consumption
allows you to choose this approach when one or more
applications that require CPU and multithreaded
computing are deployed on the same virtual machine with
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the DB server. Examples of such applications are
computer vision systems, which require a lot of CPU time
to solve the classification problem. With this approach,
you can save on CPU resources, which are the most
expensive.

On the other hand, due to less RAM consumption, it
is more appropriate to use MongoDB in the following
cases:

- creating applications that require a lot of RAM to
run continuously, but host one or more applications on the
same virtual machine (for example, in systems that use
different levels of cache stored in RAM for faster response
, such as web servers that cache the client's response to
expedite the response);

- creating applications where other repositories that
require a large amount of RAM (for example, in In-
Memory DB, such as Redis or Memcached) must be
located on the same virtual machine.

All this will save on RAM, which is also quite
expensive to rent.

Further on let’s consider the recommendations
developed based on the average execution time of various
queries and transactions.

Based on the results of experiments, the
implementation of distributed ACID transactions using
MongoDB is more appropriate in the cases:

- creation of applications where read operations take
precedence over other write operations (for example, in
various analytical systems, data processing systems,
online stores, search engines, which use such complex
queries as indexed search); because MongoDB executes
both simple index read requests and complex grouping,
sorting, and limiting queries an order of magnitude faster,
it is therefore more performance-efficient for this type of
application;

- creation of applications where insert operations
prevail over update and deletion operations, which is
typical of data collection systems, which are then
analyzed; usually, in such situations, the initial data is
processed, which no longer changes (for example, in
centralized data logging systems, control systems for
various environmental metrics using the Internet of
Things, ticket booking systems);

- creation of applications where within the ACID
transaction many entries for insertion, updating or
removal should be performed (for example, in systems
with complex transactions, such as, bank applications with
the function of transfer of funds, applications for
construction of various graphic objects and charts
numerical data, as well as applications with the function
of testing and automated assessment of user knowledge);
because MongoDB executes and fixes transactions with
several separate requests faster on all nodes, so the more
of these requests, the greater the difference in the time of
its processing of transactions compared to VoltDB);

- creation of applications where the speed of any data
change operations under high load from users is critical
(for example, in e-commerce systems where there is a
peak load of users during the holidays or in online
competition systems, where to participate at a certain time
hundreds of users must connect at once.); because

MongoDB handles many concurrent connections very
efficiently for most data change operations, MongoDB
executes most of these requests faster than VoltDB; and
even for such transactions, which are still faster in
VolItDB, the gap with MongoDB is still smaller than for
other load factors.

On the other hand, using VoltDB to implement
distributed ACID transactions is more efficient in cases:

- creation of applications where update operations
outperform other performance-critical and execution-
critical operations (for example, in shared document
editing systems, where multiple users simultaneously and
continuously edit the same document, as well as systems
for financial exchanges , where exchange rates and
stock prices of companies are constantly updated);
VoltDB, as measurements have shown, executes this type
of transaction an order of magnitude faster than
MongoDB;

- creation of applications where the deletion
operation is performed with the same frequency as the
insertion operation, or where the speed of data deletion is
very important (for example, in systems of transmission of
secret values through one-time pages, where they must be
deleted immediately after the first reading, and in systems
with the display of various data and metrics in real time,
where obsolete data should be deleted as soon as possible
S0 as not to take up disk space);

- creation of applications where a large number of
replicas are expected from clusters (for example, in hotel
reservation systems around the world, where DB servers
are located in different geographical areas); The
recommendation is due to the fact that VVoltDB showed
that the factor of the number of replica nodes in the cluster
does not affect the speed of most queries, and if some
queries are still characterized by an increase in time with
increasing number of replicas, this growth is minimal and
fluctuates around a few percent.

However, in situations where the method of
implementing distributed ACID transactions is chosen
before the start of application development and it is not
known which load factor will be a priority and which
types of requests will predominate in the application, a
more reliable option is MongoDB. After all, for this
DBMS with a simultaneous increase in all load factors,
the execution time of most requests and transactions is
less than for VVoltDB.

Conclusions and prospects for further development

In terms of performance, a study of methods for
implementing distributed ACID transactions, namely the
built-in capabilities of DBMS MongoDB and VoltDB. A
series of experiments was performed to measure the
resources consumed and the execution time of various
queries and transactions.

To perform the experiment, DB structures were
designed for the relational and BSON models, as well as
transactions to these databases. The experiments were
performed with increasing load, which allowed to
compare not only the absolute values of the metrics, but
also their trends. The experiments used metrics on the
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execution time of queries and the resources required to Thus, the study provided a complete picture of the
execute those queries. Based on the analysis of these performance of both methods during different types of
metrics, the comparative advantages and disadvantages of  workload, based on which the main recommendations for
each approach were identified; analyzed what load factors  the effective use of a method for a particular type of
affect specific types of requests and resources used. application were formulated.
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JTOCJIIKEHHA METOIB PEAJIZAILI PO3INOJAIIEHAX ACID TPAH3AKIINI
3A TEXHOJIOT'IEIO PEILIIKAIIIL

CporozHi 6a3n TaHUX € HEBiA €MHOIO YaCTHHOIO OUTBIIOCTI CydacHHWX 3aCTOCYBaHb, HPH3HAUCHUX VIS 30epiraHHs BEIMKUX OOCSTIB
JaHUX Ta 3BepTaHb Bix OaraThoX KopHcTyBauiB. [l pimeHHs Oi3Hec-3ajad B TakWX yMoOBaxX Oa3W JaHMX MacIITaOyIOTHCH,
HaifyacTilie TOPU30HTAIBHO Ha JEKUIPKOX ()I3MYHUX CepBepax 3 BHKOPUCTAHHSIM TEXHOJOTI perutikyBaHHA. Ilpum mpomy Oarato
Oi3Hec-omeparniii moTpeOyroTh peanmizamii TpaH3akmiiHocTi 3 moTpuMaHHAM ACID-npunnumis:. [na pensamiiinux CYB/, saxi
TpaguiiiHo miaTpumyots ACID TpaH3akilii, TOpU30HTaJIbHE MAacIUTa0yBaHHS HE 3aBXIM c(PEeKTHBHO 4epe3 OOMEKEeHHs caMoi
pemsniitnoi Moaeni. OTxe icHye mpukiagHa npodiema edextuHoi peanizanii ACID TpaH3akmiid 175 TOPU30HTAIBEHO PO3MOIIIEHHX
6a3 nmanux. IIpeamerom mocmimkenHs € meromu peamizamii ACID TpaH3akuiii B posmofineHnx 0a3ax maHMX, IO CTBOPEHO 3a
TEXHOJIOTI€I0 perntikyBaHHA. Mera poGotm — migsuineHHs edextuBHOcTi peamizanii ACID TpaH3akmiii Uit TOpH30HTaJIBHO
posmnoxineHux 6a3 gaHHX. B poOOTi BHPIIIyIOThCS HACTYIHI 3aBAAHHS: aHATi3 Ta BUOIp HAMOUIBII aKTyaJbHUX METONIB peamizarii
posnoninenux ACID TpaH3akuiii; TIaHyBaHHS Ta CKCIICPUMEHTANLHE NOCTIDKEHHs MeToniB peamizanii ACID Tpansakuiii Ha
npukiani BukopuctanHsi NoSQL CYBJ] MongoDB ta NewSQL CYB/l VoltDB; 3amipu MeTpuK MpOAyKTHBHOCTI BUKOPHCTAHHS ITHX
MeTOAiB Ta (popMyBaHHA pEKOMEHaMii MO0 iX epEeKTUBHOTO BUKOPHCTaHHS. BUKOPHCTOBYIOTECS Taki MeTOAM: CHCTEMHHUH aHAIi3;
METOAM NPOCKTYBaHHA peIUiiHUX 0a3 JaHWX Ta iX 00’€KTiB; METOAM OLIHKH MPOAYKTUBHOCTI 0a3 maHux. OTpuMaHO HACTYITHI
Pe3yJabTaTH: MIPOBEICHO CKCIICPUMEHTAIBHI BUMIPH Yacy BHKOHAHHS THUIOBUX PO3MOIIICHUX TPaH3aKIiH IS MpeaIMeTHOI o0nacTi
€JIEKTPOHHOI KOMEPIIil, a TaKOX 3aMipH KUIBKOCTI pecypciB, IO HEOOXigHI IS 1X BHKOHAHHS; BUSBICHO TPEHIH HMPOIYKTHBHOCTI
BUKOHAHHS TaKWX TpaH3akWid, chopMOBaHi peKOMEHIalil 00 METOAIB, 0 AOCTiKyBamucs. OTpUMaHi pe3ysIbTaTH JO3BOJIMIIN
cKiacTy (yHKIIi 3a71€KHOCTI PO3ITSIHYTUX METPUK BiJ IapamMeTpiB HaBaHTaKCHHs. BHCHOBKM: Oyny BHSBIICHI CHIIBHI Ta ciaOki
cToponr peamizamii posnoaiieanx ACID Ttpansakmiii 3a gonomororo CYBJ] MongoDB i VoltDB. 3anponoHoBaHO NpakTHYHI
pexoMeHamii moao eheKTHBHOTO BUKOPUCTAHHS TaHUX CHCTEM JUIA PI3HHUX THUIB JOAATKIB 3 YPaXyBaHHSAM CIIOKHBAaHUX PECYPCiB Ta
THUIIB 3aMUTIB.
Kurouosi ciioBa: posnozinena 6asza gaHux; TpaH3akuis; npoaykTuBHiCTh; ACID; NOSQL; NEWSQL; MongoDB; VoltDB.

HNCCIEJOBAHUE METOJ1OB PEAJIM3AIIMU PACITPEJAEJEHHBIX ACID
TPAH3AKIIUH MO TEXHOJIOT MM PEIUIMIIUPOBAHUS

CeronHst 6a3bl JaHHBIX SIBISIOTCS HEOTHEMJIEMOH YacCThiO OONBIIMHCTBA COBPEMEHHBIX IMPUIIOKCHUH, INpeAHa3HAYCHHBIX IS
XpaHeHus OOJBIINX 00BEMOB IaHHBIX U OOpaIleHu 0T OOJBIIOr0 KOJIMYECTBO MoNb30Batenei. [ pemeHns Ou3Hec-3a1a4d B TAKUX
YCIIOBHSX 0a3bl JaHHBIX MacIITaOUPYIOTCS, Yalle BCEro FOPU3OHTAIEHO Ha HECKOJBKUX (DM3MYECKHX CepBepax C MCIIOJIb30BaHUEM
TEXHOJIOTHH perukaiun. [Ipu 3ToM MHOrHe Ou3Hec-omepanud TpeOyT peann3anui TpaH3aknuoHHOCTH ¢ cobmoaenuem ACID-
npuniunoB. Jnsa pemsuuonHsix CYBJ], kotopble TpaguimonHo mnoanepkuBaioT ACID  TpaH3akuum, TOpH30HTAIBHOE
MaciutabupoBaHue He Bceraa d(GQEeKTHBHO HM3-3a OTpaHMYEHMIl caMOW pesuuoHHON Mozenu. ITosToMy cymiecTByeT NMpHKIIagHas
mpobnema sddextuBHoit peammzanun ACID TpaH3akumii UII TOPU3OHTANBHO pacTpeleNlieHHbIX 0a3 naHHbIX. Ilpeamerom
WCCIIeIOBaHMs SIBISIOTCA MeToasl peanmnsanuu ACID Tpanzakiuii B pacnpeneneHHBIX 0a3ax JaHHBIX, CO3AaHHBIX HAa OCHOBAaHUH
TexHonmornu permkanun. Leas pa®otel — mosbimeHne >¢dextuBHOCTH peanm3anud ACID TpaH3akuuii s TOPHU3OHTAIBHO
pactipeneneHHBIX 0a3 JaHHBIX. B paboTe pemraroTcs cliemyromiye 3aJauM: aHadu3 M BBIOOp Hamboliee aKTyaJbHBIX METOHOB
peamm3anuu pacnpenenenHsix ACID TpaH3akumii; miiaHUpOBaHUE U SKCIIEpHMEHTAIbHOE UcCieioBaHne MeTooB peann3anmu ACID
TpaH3akuuii Ha mnpumepe wucnoab3oBanus NOSQL CVYBJ[ MongoDB u NewSQL CVYBJ[ VoItDB; 3amepsr MeTpuk
MIPOMU3BOUTENBLHOCTH HCIIOJIB30BAaHUS THX METONOB M (OPMHUPOBAHUE PEKOMEHIAIMU IO MX 3(P(EKTHBHOMY HCIIOJIb30BAHUIO.
Vcnonb3yroTcs crieylolye MeTOABI: CUCTEMHBIH aHalM3; METOJbl MPOEKTHPOBAHHS DEISIIMOHHBIX 0a3 JaHHBIX M UX OOBEKTOB;
METO/Ibl OLCHKM HPOM3BOJMTENBHOCTH 0a3 IaHHBIX. IlOJydeHBI CleqyIoNnMe pPe3yJbTAThI: IMPOBEICHBI SKCIIEPHMEHTAIbHBIC
U3MEpPEeHHs BPEMEHH BBIMIOJIHEHUS TUIIOBBIX PACHpEEICHHBIX TPaH3aKUMHA IS MPeJMETHOH 00JIaCTH 3JIEKTPOHHONW KOMMEpILHH, a
TaKKe 3aMepbl KOJINYECTBA PECypCOB, HEOOXOIUMBIX JUISl UX BBINOJHEHHS; ONPEICICHB! TPEH/IbI MPOU3BOIUTEILHOCTH BBIIOIHEHUS
TaKWX TpaH3aKUud; CHOPMHUPOBAHBI PEKOMEHJALMU IO HCCIEAYyEeMbIM MeTojxaM. IloiydeHHble pe3yiabTaThl IO3BOJMIN HAWTH
(GYHKIMY 3aBUCHMOCTH PAaCCMOTPEHHBIX METPHK OT [TapaMeTPOB Harpy3Kd. BBIBOJbI: ObUTH BBISBICHBI CHIIBHBIE U CI1a0ble CTOPOHBI
peanmuzanuu pacnpeaenennsix ACID Tpansakiuii ¢ momompbio CYBJ[ MongoDB u VoItDB. IlpemsioxkeHbl NpakTHYECKHE
PEKOMEHAAIMNU OTHOCUTEIIBHO Lle.]'leCOO6pa3HOCTI/I UCIIOJIb30BaHU JAaHHBIX CUCTEM Ul PA3JIMYHBIX THIIOB l'[pI/IJ'lO)KeHI/Iﬁ C yueToM
HOTPEOIISIEMBIX PECYPCOB U THUIIOB 3aIIPOCOB.

KaiwoueBsie ciioBa: pactipenencHHas 6a3a JaHHBIX; TpaH3akmus; mpousBoautenasHocTh; ACID; NOSQL; NEWSQL; MongoDB;
VoltDB.
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A. PODOROZHNIAK, O. BALENKO, V. SOBOL

MODEL AND ALGORITHMS FOR DETERMINING THE LOCATION AND
POSITION OF AGRICULTURAL MACHINERY DURING THE MOVEMENT

The subject of research is the navigation subsystem of autonomous control system to determine the location and position of
agricultural machinery during the movement. The purpose of the work is to develop and research model and algorithms to determine
the location and position of mobile agricultural machinery using a physical model. The following tasks are solved in the article:
development of agricultural machinery physical model to collect information from sensors during movement, further development
and research of applicability of algorithms for location and position determination. The following methods are used: methods of
mathematical statistics, methods of information systems theory and data processing, methods of random signals filtration. The
following results were obtained: during research, the agricultural machinery physical model to collect information from sensors
during movement was created. The model includes a GPS receiver, an accelerometer, gyroscope and infrared encoders, to count the
rotation of the wheels, as well as its own four wheelbase of agricultural machinery. The modernized GPS coordinate filtration
algorithm using a geochex algorithm is proposed, which according to several successively obtained GPS coordinates calculates the
hash received coordinates; if the coordinates have the same hash, it can be argued that the vehicle is in the segment of the area that
corresponds to this hash. To determine the physical model position during the movement data from the accelerometer and the
gyroscope was processed using Savitzky-Golay and Madgwick filters. With the use of wheels’ rotation data, the odometric algorithms
for movement and location determining of the agricultural machinery physical model in motion were implemented. Conclusions: to
improve the accuracy of estimating the location and position agricultural machinery, algorithms complexation of indicators from
different navigation systems should be used to reduce the total error. Research results can be applied in the development of new and

modifications of existing navigation subsystems of agricultural machinery autonomous control systems.
Keywords: autonomous control system; agricultural machinery; inertial navigation; odometry; satellite navigation.

Introduction

The task of developing and implementing
autonomous control systems for aircraft, boats, trucks or
cars, forklifts and agricultural transport is quite relevant in
today's world. The relevance of such developments is due
to human imperfection. Humans, unlike autonomous
robots, need breaks for sleep and food, which leads to
work stoppages, and fatigue and carelessness can lead to
accidents and, as a result, to damage or loss of goods, or
even death.

The development and implementation  of
autonomous control systems is a rather expensive and
slow process, but such systems pay off in the long run by
reducing net labor, increasing uptime, saving fuel and
reducing accidents and product losses. An example of the
usefulness of autonomous control systems is the
achievements of the American startup Tu Sumple. The
truck under the control of the autopilot passed the route
Nogales (Arizona) - Oklahoma City, with a total length of
1530 kilometers in 14 hours, while a similar route with a
driver takes 24 hours [1].

The task of establishing one's own position and
location is one of the main tasks facing autonomous
control systems, because only knowing your location can
correct traffic in case of deviation from the specified
route, bypass obstacles and avoid collisions, and so on.

Autonomous control systems for different equipment
can be very different from each other. This is due to
various factors, among which it is possible to distinguish
between the control systems of vehicles depending on the
type of work for which the automation of equipment, as
well as the characteristics of the environment in which the
equipment operates. The environment in which the
equipment operates means whether the equipment
operates on land, in water or in the air, weather conditions,

as well as characteristic climatic features that may affect
the clarity of sensor readings, and features of the
environment that affect the choice of sensors, and
navigation methods. For example, satellite navigation,
which is widely used in mobile technology, works well in
open space, but this type of navigation cannot be used to
navigate equipment that should work indoors, because the
satellite signal is not able to penetrate thick walls.
Instead, it is possible to use echolocation indoors,
which determines the distance to the walls and
obstacles.

Agricultural machinery operates in open spaces
where it is difficult to adjust traffic to visual landmarks,
such as road signs and markings, or on the basis of
echolocation. In some cases, the movement of machinery
can be adjusted with the help of visual landmarks — plant
sprouts to guide the tractor wheels between the rows. But
such types of work as plowing, harrowing or sowing do
not have similar guidelines. Also, agricultural machinery
works in conditions of dust and dirt, which can affect the
sharpness of the image.

Analysis of existing sources and setting the task of
research

Existing autonomous control systems for agricultural
machinery, to a greater extent, use satellite navigation to
determine their location. To improve the location,
additional installations are used, the location of which is
known with high accuracy, and which are installed next to
the field for agricultural machinery and act as an
additional signal source. [2, 3].

There are developments on the integration of
differential satellite navigation and fuzzy control of
agricultural machinery [4, 5]

In the known works the approach to creation of
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inertial-satellite navigation system of control of vehicles
with use of an artificial neural network for optimization of
the used structure of a vector of measurements of
navigation subsystems is offered [6, 7].

It is also proposed to use promising developments in
the theory of artificial intelligence for the control system
of vehicles [8, 9].

Such solutions are either quite expensive, or not
accurate enough, or have only theoretical estimates of
their operation, so it makes sense to look for other sources
to improve the assessment of the location of agricultural
machinery.

Aim of the article. This article is devoted to the
development and research of methods and algorithms for
determining the location and position of an agricultural
vehicle model. To achieve this goal, the following
objectives are set: to choose methods and algorithms for
determining the location and position of agricultural
vehicles, select modules and sensors to create a vehicle
model, create a physical model of an agricultural vehicle
to collect data from modules and sensors while driving,
develop and implement methods and algorithms for
assessing the location and position of the model during
movement, investigate the work of developed methods
and algorithms.

Main part

The navigation system is a set of devices, algorithms
and software that allow you to orient an object in space.
The navigation complex can include both complex
navigation systems (for example, a satellite navigation
system) and individual instruments that allow you to
determine the geographical coordinates of an object or its
location by other objects.

Navigation systems carry out navigation using
various instruments. Devices such as accelerometers,
gyroscopes, magnetometers, echolocators, radars, lidars
and other devices have acquired great use.

Today, various systems of autonomous control use
such types of navigation as inertial, satellite and
odometric.

Inertial navigation is a navigation method that is
based on the properties of inertial bodies and is
autonomous, that is, it does not require external landmarks
or signals. The disadvantage of this type of navigation is
that the error obtained from accelerometers and
gyroscopes accumulates over time, so the position should
be periodically adjusted from another type of navigation
system [9, 10].

Satellite navigation is based on the calculation of the
distance from the object being tracked to satellite
antennas. The accuracy of satellite navigation can be
affected by weather conditions, signal reflection from
houses or trees, and the quality of receivers. The
advantage of satellite navigation is that error does not
accumulate over time [10, 11].

Odometry is a method for estimating the movement
of wheeled vehicles, which is based on determining the
path traveled along its left and right wheels. This method
is error sensitive due to the integration of velocity
measurements over time to obtain location estimates. In
most cases, efficient use of the odometer requires fast and
accurate data collection, as well as calibration of
instruments [12, 13].

Based on the study, it was decided to conduct
research on methods and algorithms for estimating the
location and position of transport using satellite, inertial
and odometric navigation [14].

To test the efficiency of the algorithms, it was
decided to build a simplified model of a vehicle for
collecting data from sensors while driving [15]. The
created physical model of the agricultural vehicle
includes: the NEO-6M module, for reception and
processing of the GPS signal; MPU-9250 module, which
includes a 3-axis accelerometer, gyroscope and
magnetometer; infrared encoders, to obtain information
about the rotation of the wheels of the model. The block
diagram of the model is shown in fig. 1.

Arduino board ared
sensors
Electric motor Rasob Pi mini Accelerometer,
control driver aspoetry I mint gyroscope and
computer )
magnetometer

Electric motors

Fig. 1. Block diagram of the model

The view of the assembled physical model is shown
in fig. 2.

Data collected during movement was processed on
the HP Pavilion 15-n078sr computer, which has an Intel
Core i5-4200U processor at 2.3 GHz.

Electric motors

GPS coordinates received from the module are not
reliable. The real coordinates of the object being tracked
are within a radius of the resulting coordinates. To quickly
filter the obtained coordinates, a filter algorithm was
developed that is based on the geochex hashing algorithm.
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Fig. 2. View of the created physical model

Geochex is a hashing algorithm that converts the
value of longitude and latitude to a hash type of a given
length [16]. In conversion, each hash corresponds to the
center coordinates of a hexagonal area. Thus, the
coordinates included in the same area will have the same
hash. As the length of the hash increases, the area of
hexagonal segments decreases.

The filter algorithm works as follows: several GPS
coordinates are obtained; calculating the hash of the
obtained coordinates; if the coordinates have a common
hash, then we can say that we are in the segment of the
area of which corresponds to this hash. Successful
filtering of GPS coordinates is possible when the radius of
the inner circle of the hexagonal segment is greater than
the radius of the GPS error, since in this case the entire
drift of the coordinates will be suppressed.

This algorithm requires fewer operations than if we
calculated the center of the intersection of the radius of
error of the obtained coordinates.

Clarifying GPS coordinates is useful because
knowing what area we are in at the moment can adjust
location calculations from different sources.

To test the operation of the algorithm, a test drive
was conducted in the park. The approximate route can be
seen in fig. 3.

—
Monument to Warriors
Ukrainian Insurgent Amy

Fig. 3. Approximate route of movement on park

In 166.5 seconds of bout, 170 coordinates were
collected, which is about once a second. A hash length of
13 was chosen for filtering. At this length, the radius of
the inner circle of the hexagon will be approximately 0.53
meters. The radius of error of the obtained GPS
coordinates in the period when the model was not moving
was approximately 0.3 meters from the center point. After
filtering, there were 68 points left, which belonged to 29
unigue hashes. The difference between the coordinates
before and after filtering is shown in fig. 4.

+5el

=== data before filtration

0.005050 7l

—— data after filtration /

0.005025 A

0.005000 A

0.004975 A

0.004950

0.004925

0.004900

0.004875 A

T T
0.00085 0.00090
+3.6148000000e1

T T T T
0.00065 0.00070 0.00075 0.00080

Fig. 4. The difference between the coordinates before and after
filtering

Accelerometer and gyroscope data can be used to
determine the position of the model. It was decided to use
the Madgwick filter for this task.

The Madgwick filter is a filter developed by
Sebastian Madgwick to determine the position in space
from the readings of gyroscope, accelerometer and, in
some implementations, magnetometer sensors. This filter
calculates the position in the form of a quaternion [17].
The general idea of the Madgwick filter is to determine
the position of the object by combining estimates of the
position of gyroscopic measurements and the direction
obtained by measuring the accelerometer. The obtained
quaternion was reduced to the values of roll, pitch and
yaw in the form from = to - radians.

When analyzing the data obtained from the
accelerometer and gyroscope, it was found that during the
movement of the model, the data become very constricted,
which leads to a large error in the calculation of the
quaternion. It was decided to use the Savitsky-Goley filter
to filter the data.

The Savitsky-Goley filter is a digital filter that can
be applied to a set of digital data points in order to smooth
the data, i.e. to increase the accuracy of the data without
distorting the signal trend [18]. This is achieved in a
process known as convolution, by fitting successive
subsets of adjacent data points with a low-degree
polynomial by the method of linear least squares. When
the data points are equidistant, you can find 26 least
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squares analytical solutions in the form of a single set of
"convolution coefficients" that can be applied to all
subsets of data to estimate the smoothed signal (or
smoothed signal derivatives) at the center point of each
subset.

The Savitsky-Goley filter has two variable
parameters: the length of the window and the order of the
polynomial. To filter the obtained data, it was decided that
the length of the window will be 21, and the order of the
polynomial - 3. These numbers are due to the fact that at
such values the estimate of model rotations was similar to
that which was actually with clearly visible stopping
moments. An example of data before and after filtering is
shown in fig. 5.

0.2 4

0.0

=== data before filtration
-1.04 — data after filtration

T T T T T T T T T
46690 46700 46710 46720 46730 46740 46750 46760 46770

Fig. 5. Example of data from gyroscope gz before and after
filtering

To assess the situation using Savitsky-Goley and
Madgwick filters, a test run was performed indoors.
Initially, the model moved forward and to the right. When
the model turned about 90 degrees from the initial state, it
stopped and began to move back and forth. Turning
approximately 135 degrees from the initial state, the
model stopped again and began to move forward and to
the right. When the model turned almost 180 degrees from
the initial state, it stopped and, passing back and to the
left, returned to 180 degrees. The view of the calculated
change of position during movement is shown in fig. 6.

To improve position calculations, you can use
additional accelerometers and gyroscopes, which will
reduce sensor error.

Information about the position of the model while
driving is very useful for improving location calculations
from navigation systems. For example, when moving
uphill, the movement in the X and Y coordinates will be
less than in a straight line. Knowing the position of the
vehicle when entering the mountain, you can adjust the
calculation.

roll
pitch

—  yaw

T T T T T T
60450 60455 60460 60465 60470 60475

Fig. 6. The estimate of the position during the movement of the
model

Odometric estimate of the model displacement is
calculated on the basis of information about the distance
traversed by the wheels. Infrared encoders monitor the
speed of the wheels thanks to the disks with twenty holes
attached to the wheels. When the hole passes the encoder,
a signal is generated indicating that the wheel has made
one twentieth (1/20) revolution.

The distance traversed by the wheel is calculated by
the formula:

n1+'n2

L= D, 1
N " )

where L — total path travelled by the side of the model;
n, and n, — number of rear and front wheel encoder

readings; — wheel
diameter.

The length of the traversed path in the center of the
model (Lc) will be half the sum of the traversed path on
the left and right sides.

Rate deviation is calculated by formula:

Lr+ L|

Qs =Q + oW )

N — number of slots in disk; D

where Q (t) — the robot position at a time t; L, — distance
travelled by the right side of the model; L; — distance

travelled by the left side of the model; W — the distance
between the centers of the wheels of the left and right
sides.

For the image of coordinates on the map it is
possible to calculate Cartesian coordinates:

X1y = Xty + Le - €08(Qt41)): (3)
Yty =Yty + Le -sIN(Qqe1)): (4)

Data for testing the algorithm were obtained during
data collection from the accelerometer and magnetometer.
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In fig. 7 shows the calculated displacement of the model.
The triangles show the position of the model at a given
point in time. You can see that sometimes a long time
passes between calculations. This behavior is due to the
fact that at these times the computer resources were given
to third-party processes, while information from infrared
encoders was not lost, which allowed to correctly
calculate the movement.

At the end of the movement, the error was about
three centimeters and ten degrees.

0.8

0.6

0.4

0.2

0.0

do dl dz d3 d4 ds dﬁ d?
Fig. 7. The calculated trajectory of the model

Comparison of the calculation of the position by the
odometric algorithm and the Madgwick filter is shown in
fig. 8.

The obtained calculations of the position of the
model during movement have a similar tendency,
however, the calculation of the Madgwick filter is less
clear due to the error that was obtained from the sensors.
In the worst case, the difference between the indicators
was about 20 degrees. Although the odometric calculation
algorithm has clearer indicators, but this method does not
take into account the slippage of the wheels, the
movement of slopes and wuneven roads. These
shortcomings can be compensated by adjusting the results
based on several different methods of position assessment
and displacement.

Table 1 shows the calculations of errors from
different navigation systems during the movement of the
model.

Table 1. Calculations of errors of navigation systems

—— oOdometric calculation

[N—

Madgwick calculation

A=
\—L

\
\

T T T T T T
60450 60455 60460 60465 60470 60475

Fig. 8. The difference between odometric position calculation
and Madgwick filter calculation

Conclusions

Deviation of the calculated
Errors N~
indicators from the real ones
GPS error radius ~0.3m
GPS error radius after filtering <0.5m
The difference between the actual
position and the estimated ~3sm., ~10°
odometer at the end of the path
The difference between the
odometer and the Madgwick <20°
filter

The article developed and investigated methods and
algorithms for estimating the location and position of the
vehicle while driving.

To test the efficiency of the methods, a physical
model of an agricultural vehicle was created to obtain data
from modules and sensors while driving.

An algorithm based on the geochex hashing
algorithm has been developed to filter GPS coordinates
obtained while moving. The filtering algorithm works as
follows: several GPS-coordinates are obtained; the hash of
the received coordinates of coordinates is calculated; if the
coordinates have a common hash, then we can say that we
are in a segment of the area to which this hash
corresponds. This algorithm requires fewer operations
than the standard, which calculates the center of the
intersection of the radius of error of the obtained
coordinates.

To determine the position of the model while
driving, a Madgwick filter was used, which calculates the
position on the indicators of the accelerometer and
gyroscope. To improve the data obtained from
accelerometers and magnetometers, a Savitsky-Goley
filter was used, which is able to filter digital signals
without changing their trend.

To estimate the movement of the model during
movement, an odometric algorithm was used, which
calculates the movement of wheeled vehicles in terms of
wheel rotation.

To improve the assessment of the location and
position of vehicles should use an algorithm for
combining indicators from different navigation systems to
reduce the total error.

The results of the study can be used in the
development of new and modification of existing
navigation systems of agricultural machinery.
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MOJEJIb TA AJITOPUTMU BUZHAYEHHA MICHE3HAXO/I’KEHHSA TA
MNOJIOKEHHSA CLJIbCbKOTIOCIHOJAPCHKOI TEXHIKH 1T YAC PYXY

IIpeamerom noCHiIKeHHS € HaBiramiiiHa micucTeMa CUCTEMH aBTOHOMHOT'O YNPABIiHHS U1 BH3HAUYEHHS MICLIE3HAXO/DKEHHS Ta
TIOJIOKEHHSI CIITbCHKOTOCHOAAPChKOI TEXHIKM MiJ 9ac pyxy. Meta poGoTH — po3poOKa Ta JOCITIIPKEHHS MOJENI 1 alTOPUTMIB JUIS
BU3HAYEHHS MICIIE3HAXO/DKEHHS Ta TIOJIOXKEHHST MOOLTBEHOI CIIIbCBKOTOCIOAAPChKOI TEXHIKM 3 BHKOPUCTaHHIM ¢i3udHoi Monerni. B
CTaTTi BUPIIIYIOTHCS HACTYIIHI 3aBAAHHS: po3poOKa (i3MYHOI MOJENl CITBCHKOTOCIONAPCHKOI TEXHIKH Uit 300py iH(opMarii Big
JATYMKIB IMiJ 9ac pyxy, MoJajblia po3poOKa Ta NOCIIUKEHHS 3aCTOCOBHOCTI alTOPHTMIB BH3HAUCHHS MiCIIE3HAXO/DKCHHS Ta
MOJIOKeHHsI. BUKOPUCTOBYIOTHCS Taki MeTOQM: METOJM MAaTeMaTHYHOI CTaTHCTHKU, METOAM Teopil iHpopMaiifiHuX cucTteM Ta
00poOKH JaHUX, METOAH (iTbTparil BUMIaAKOBUX cUrHaNiB. OTpHMaHO HACTYIHI pe3yJbTaTH: IIiJ] Yac MPOBEICHUX JOCIiIKEHb OyI0
CTBOpPEeHO (i3MYHY MOJEJb CLIBCHKOTOCIONAPCHKOTO TPAHCIOPTHOrO 3acoly st 300py iHdopMaril 3 AaTuukiB mig gac pyxy. Ho
cknaay mojeni Bxomite GPS-mpuitmau, akcenepomerp, Tipockon Ta iH(padepBOHI €HKOAEpH, AT MiAPaxyHKY oOepTiB KoJjic, a
TAaKOXX CaMa YOTHPHOXKOJiCHa 0a3a TPAHCIIOPTHOI TEXHIKM CLIBCHKOTOCIIONApCHKOrO Tpu3HadeHHsA. byno 3amponoHoBaHO
MoJiepHi3oBaHHi anroput™m ¢inbrpanii GPS-koopauHAT 3 BUKOPHCTaHHSIM alTOPUTMY XEIIyBAaHHS I'€OXEKC, SIKMH 3a JeKiJIbKoMa
nocnifoBHo orpuMaHnMu GPS-koopauHataMm BHKOHYE pPO3paxyHOK XeIIy OTPUMAHUX KOOPIMHAT; SKIIO KOOPAWHATH MAaloTh
CIUTHHHUHI XEI, TO MOYKHA CTBEP/IXKYBATH, 110 TPAHCIIOPTHHIA 3aci0 3HAXOMUTHCSA B CETMEHTI IUIONII, SKii BiAMOBinae qanuit xem. Jis
BU3HAUEHHS MOJOKEHHA (i3W4HOI MOJENi MiJ yac pyXy AaHi BiI akceIepoMeTpy Ta Tipockoiy Oyio oOpoOieHO 3a ZOIOMOTOIo
¢inpTpiB Cainpkoro-I'omes ta Mamksika. I3 3acTocyBaHHSAM JaHUX HpPO OOEPHEHHS KOJIC OyJnO peani30BaHO OJOMETPUYHI
ITOPUTMH BH3HAYCHHS MEPEMILICHHS Ta MiCLE3HAXOKEHHS (Pi3MIHOT MOJETI CUIBCHKOTOCIIOAaPCHKOTO TPAHCIOPTHOTO 3ac00Y Mif
4gac pyxy. BUCHOBKM: JJIsl MiABUIICHHS TOYHOCTI OLIHKH MiCIE3HAXOKEHHS 1 MOJIOKEHHS CLIbCHKOTOCHOAAPCHKUAX TPAHCIIOPTHHUX
3ac00iB CJIiJ{ BAKOPHCTOBYBAaTH aITOPUTMHU KOMIUICKCYBaHHS IIOKa3HUKIB BiJ] PI3HUX HaBIralliiHUX CHCTEM JJIsI 3MEHIICHHS CyMapHO1
noxuOku. PesynpraTH moCHiKEHHS MOXYTh OYTH 3acTOCOBaHI IpU po3poOLi HOBMX, Ta Monudikamii iCHYIOUMX HaBiraliffHUX
IiICHCTEM aBTOHOMHUX CHUCTEM YIPaBIiHHS CUIbCHKOTOCIIONAPCHKOT TEXHIKH.

KnarwuoBi ciioBa: cucremMa aBTOHOMHOTO YIPABIIHHS, CLIBCHKOTOCIOAApChKa TEXHIiKa; IHEpIliiiHa HaBiraiis; OJOMETpis;
CYNyTHUKOBA HAaBITaIlisl.

MOJEJIb U AJI'OPUTMbI ONPEJNEJTEHNS MECTOITIOJIOXKEHUS U
IHOJIOKEHUSA CEJIBCKOXO3AUCTBEHHOU TEXHUKH BO BPEMA

HpeI[MeTOM HCCICA0BaHU SABJICTCSA HaBUI'allMOHHAsA MOJACUCTEMA CUCTEMbBlI aBTOMATHU3UPOBAHHOI'O YIIPABJICHUS U ONIPCACICHUSA
MCCTOHAXOXJACHUA W IIOJIOXKCHHS CEJIbCKOXO3SMCTBEHHOW TEXHHUKH BO BpEMs  JIBHIKCHUA. He.l]b pa6OTLI - pa3pa60T1<a u

HCCIIEIOBaHUE MOJISNIM M AITOPUTMOB JUIS OMPENENCHUsS MECTOHAXOXKASHUS M TIOJIOKEHHs MOOMIBHOH CEeNbCKOXO3SIHCTBEHHOM
TEXHUKHM C MCIOJb30BaHUEM (u3ndeckod Monenu. B cratbe pematorcs cnemyromme 3agadu: pazpaboTka (U3MUECKOl Mozenu
CEJIbCKOXO3SICTBCHHOH TEeXHUKH 11 cOopa HHGOpMAlMH OT JaT4MKOB BO BpEMs JBIKCHHUs, NalbHeHInas pa3paboTka
UCCIIeJOBaHHE MPUMEHMMOCTH aJTrOPHUTMOB ONPEAENCHHUS MECTOIOJIOKEHHS H IOJOKEeHHs. VCIONb3yIoTCs CeIyIONne MeTOAbI:
METO/Ibl MAaTEMaTHYECKON CTATHCTUKH, METOJbl TEOPHH HWH()OPMAIIMOHHBIX CHCTEM M OOpabOTKM JaHHBIX, METOIbI (GUIIbTpalun
CIly4aiHbIX CHTHAJOB. [loJNy4eHbl CIeAyIoIIie pe3yJbTaThl: B XOJ€ NMPOBEICHHBIX HCCIEAOBaHMH Obula co3maHa (u3nyeckas
MOJIEJTb CEIbCKOXO3SMCTBEHHOTO TPAHCIIOPTHOTO CPEeACTBa Uil cOopa MH(pOpMalWK C JaTYMKOB BO BpeMs ABWKeHHs. B cocras
Mozenmu BxoasaT GPS-npueMHuK, akcenepoMeTp, TMPOCKOI U HH(pPaKpacHbIe SHKOJEPSI, 1114 1oJcu4eTa 000pOTOB KOJIEC, a TaKkkKe cama
YeThIpexKojecHass 0a3a TPaHCIIOPTHOW TEXHHKH CENbCKOXO3SHCTBEHHOIO Ha3HA4YeHHs. DBBUT NpemiokeH MOAEePHU3HPOBAHHBIN
anroput™  QuneTpanun GPS-KoOpIMHAT ¢ HCHOJNIB30BAaHUEM AJITOPUTMA XEIIUPOBAHUS T'EOXEKC, KOTOPBIA 110 HECKOJIBKUM
MOCJIEI0BATENIBHO MOMy4eHHBIM GPS-KOOpAMHATaMU BBIMONHSAET PacyeT Xella MOJYYCHHBIX KOOPAMHAT; €CIIM KOOPIMHATHI HMEIOT
o0mIHMit X311, TO MOXXKHO yTBEPXKIAaTh, YTO TPAHCIOPTHOE CPEJICTBO HAXOMUTCS B CETMEHTE IUIONIAAN, KOTOPOil COOTBETCTBYET AAHHBIN
xom. [l ompenerneHus MOJOXKEHHS (U3MYECKOH MOAENH BO BpeMs ABIKGHMS JAHHBIE OT aKceJlepoMeTpa M THPOCKOma ObLIo
obpabortanbl ¢ momomblo GuiabTpoB Casuukoro-I'omess m Mamksuka. C mprMeHeHHEM ITaHHBIX 00 OOpameHHu Koyec ObLI
peann3oBaH  ONOMETPUYECKHMH  aJrOpUTM  OINpEJACNICHWs] TEepeMeIleHHs] M MECTOHAXOXJIeHUs  (QH3MYecKoil  Mojenu
CEeNIbCKOXO3SHCTBEHHOTO TPAHCIOPTHOTO CPEICTBA BO BpeMsl JIBW)KEHHS. BBIBOABI: U1 TOBBILICHUS TOYHOCTH OLIGHKU
MCCTOHAXOXICHUEC nu MOJIOKCHUE  CEIIbCKOXO3SIHCTBEHHBIX TPaHCIOPTHBIX CpEACTB  CIIEAYET HUCIIOJIB30BAaTh  AJITOPUTMBI
KOMIUIEKCUPOBAHUA MNAaHHBIX OT PA3JIMYHBIX HABUI'ALIMUOHHBIX CHCTEM IJid YMEHBIICHUA CyMMapHOﬁ IMOrpCIIHOCTH. PeSyJ’IbTaTbI
UCCIIEJOBaHUSI MOTYT OBITh HPUMEHEHBI NMpH pa3paboTKe HOBBIX M MOAHU(DHUKAIME CYNIECTBYIOIIMX HABHIAIIMOHHBIX IOACHCTEM
AQBTOHOMHBIX CHCTEM YIIPABJICHHS CEIIbCKOXO03IHCTBEHHON TEXHHUKH.

KioueBble cj0Ba: cHUCTeMa aBTOHOMHOIO YIIPABJICHHS; CEIbCKOXO3SHCTBEHHAs TEXHHKA; WHEPILMOHHAs HABUTALUS;
OJIOMETpUSI; CITyTHUKOBAs HABUTAIIHSI.
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S. CHALYI, V. LESHCHYNSKYI

DEVELOPMENT OF A METHOD FOR THE INTERACTIVE CONSTRUCTION OF
EXPLANATIONS IN INTELLIGENT INFORMATION SYSTEMS BASED ON THE
PROBABILISTIC APPROACH

Subject: the use of the apparatus of temporal logic and probabilistic approaches to construct an explanation of the results of the work
of an intelligent system in order to increase the efficiency of using the solutions and recommendations obtained. Purpose:
development of a method for constructing explanations in intelligent systems with the ability to form and evaluate several alternative
interpretations of the results of the operation of such a system. Tasks: justification for the use of the black box principle for
interactive construction of explanations; development of a pattern explanation model that provides for probabilistic estimation;
development of a method of interactive construction of explanations on the basis of the probabilistic approach. Methods: methods of
data analysis, methods of system analysis, methods of constructing explanations, models of knowledge representation. Results: A
model of the explanation pattern is proposed, which contains temporal regulations reflecting the sequence of user interaction with an
intelligent system, which allows the formation of explanations based on a comparison of the actions of the current user and other well-
known users. An interactive method for constructing explanations based on a probabilistic approach has been developed; the method
uses patterns of user interaction with an intelligent system and contains phases of constructing patterns of explanations and forming
explanations using the obtained patterns. The method organizes the received explanations according to the likelihood of use, which
makes it possible to form target and alternative explanations for the user. Conclusions: The use of the black box principle for the
development of a probabilistic approach to the construction of explanations in intelligent systems has been substantiated. A model of
a pattern of explanations based on temporal regulations is proposed. The model reflects the sequence of user interaction with the
intelligent system when receiving decisions and recommendations and contains an interaction pattern as part of temporal regulations
that have weight, and also determines the likelihood of using the user interaction pattern. An interactive method for constructing
explanations has been developed, considering the interaction of the user with the intelligent system. The method includes phases and
stages of the formation of regulations and patterns of user interaction with the determination of the probability of their
implementation, as well as the ordering of patterns according to the probability of their implementation. The implementation of the
method was carried out when constructing explanations for recommender systems.
Keywords: intelligent system; explanation; pattern; explained artificial intelligence; regulations.

Introduction formation of the proposed solution and its possible

alternatives. The importance of comparison with
alternatives is determined by the peculiarities of human
perception of explanations. Usually at least two
alternatives are compared: the one proposed and the one
that has not been implemented [4, 5]. The explanation
should also determine the conditions of use of the
obtained solution and the causes of user errors when

Considerable attention in the field of development of
intelligent systems is paid to the integration of decision-
making processes and the formation of explanations to the
received decisions and recommendations [1]. The problem
of explanations in intelligent systems is largely a
consequence of the problem of user confidence in the

results of such systems. Decisions received from the
intelligent ~ system, recommendations should be
implemented by the user in the process of solving his
practical problems. However, the lack of understanding of
the algorithms and mechanisms that allowed to obtain this
solution, greatly complicates the solution of this problem.
The explanation should provide the user with causal
relationships between the input data and the result
obtained so that the latter understands (perhaps in a
simplified form) the process of forming a solution in an
intelligent information system [2].

This problem has become especially relevant in
recent years, with the widespread introduction of machine
learning methods in the construction of intelligent
systems. To solve this problem, the concept of explained
artificial intelligence (XAl Explainable Artificial
Intelligence) was proposed [3]. This concept assumes that
the user must receive a rational explanation of the
decisions, actions or recommendations of the intelligent
system. This configuration of the intelligent system makes
it possible to answer a number of questions that determine
the possibility of using the obtained solution by the user.
Key of these questions are related to the reasons for the

applying the recommendations of the intelligent system.
Thus, the construction of explanations involves the
formation of several interpretations and the choice of one
of them according to a certain criterion.

Analysis of recent research and publications

Existing approaches to the construction of
explanations mainly involve the formation of a separate
module of explanation, which operates in parallel with the
decision-making process in the intelligent system [6], or
the construction of models that are interpreted [7].
Decisions on the choice of method of constructing
explanations in this case are made at the stage of
designing an intelligent system. This feature limits the
possibility of using these approaches in existing intelligent
systems. A separate direction of construction of
explanations is connected with addition of existing
systems by additional functionality of explanations
without disturbance of their current work. The practical
advantages of this approach are related to the increased
ease of use of functioning systems, such as e-commerce
systems, recommendation systems, etc. However, the
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existing approaches to supplementing intelligent systems
with explanations are focused primarily on the selection of
key elements of the solution [8] or to determine the
temporal characteristics of users [9].

It should be noted that the solution of the problem of
forming a set of alternative explanations and the choice of
explanation for the user taking into account the given
criterion is not given enough attention. This does not
allow to justify the proposed solution for the user, taking
into account the psychological characteristics of the
perception of the explanation [4]. Alternative explanations
can be arranged on the basis of criteria that take into
account the properties of the subject area. However, such
criteria are in most cases contradictory. Therefore, an
external indicator can be used to organize the
explanations, which determines their importance directly
to the user. In works [10, 11] the possibility of using the
probabilistic criterion for an estimation of results of a
conclusion in knowledge bases, and also search results in
information - search systems was proved. This indicates
the importance of developing a method of constructing
explanations, which would provide the possibility of
constructing several versions of explanations with their
subsequent probabilistic assessment.

The aim of the article is to develop a method of
constructing explanations in intelligent systems with the
possibility of forming and evaluating several alternative
interpretations of the results of such a system.

To achieve this goal, the following tasks are solved
in the work:

- justification for the use of the black box principle
for interactive construction of explanations;

- development of a model of explanation pattern,
which provides for probabilistic estimation;

- development of a method of interactive
construction of explanations on the basis of the
probabilistic approach.

Main part

In order to substantiate the interactive method of
constructing explanations, we will identify the key
differences in the formation of interpretations using the
principles of black and white boxes. Interpretation,
according to the principle of the white box, is built into
the decision-making model and fully reflects the process
of obtaining results in the intelligent system. Depending
on the complexity of the problem, hybrid approaches are
used [12-15] or simplified models that can be directly
interpreted [16-18]. In the first case, the main attention is
paid to the visualization and reflection of the semantics of
the decision-making process. In the second case, the
display of semantics is a property of models and methods
of decision-making in the intelligent system.

Features of the explanation on the principle of the
black box are given in table 1. The key differences, first,
are to build a simplified description of the dependencies
that underlie the work of the intelligent system.

Table 1. Characteristics of the concept of constructing explanations based on the principle of "black box"

Differences of the concept Advantages

Disadvantages Existing approaches

Explanation in addition to
the basic model used in the
intelligent system

Ability to supplement the
existing system with an
explanatory function

The process of explanation
and decision-making
processes in the intelligent
system are performed in
parallel

Formation of an explanation
based on the analysis of input
and output information of the
intelligent system [8]

The explanation and the
model work in parallel,
can use different data sets

Ability to build a "plausible”

explanation for the user based
on a simplified description of
the model or algorithm of the
intelligent system

The use of simplified causal
relationships can lead to
misinterpretations or
misperceptions

Construction of an explanation
based on temporal regulations
[19]

Second, only a subset of the data used by the
intelligent system in forming the solution is used for
explanation. Third, the possibilities of the black box
explanation can be supplemented by existing intelligent
systems without the need to redesign the latter. Thus, the
formation of explanations on the principle of a black box
provides considerable flexibility and creates conditions for
clarification and improvement of explanations without
direct modification of the functioning intelligent system.

A key disadvantage of such parallel to decision-
making formation of explanations is the possibility of
creating  misinterpretations. To  overcome this
shortcoming, it is necessary to adjust the explanations
online, taking into account information from users. These
features determine the relevance of the use of the black

box principle in the development of an interactive method
of forming explanations in intelligent systems.

Thus, to integrate the advantages of the proposed
approaches, it is necessary to form explanations in the
form of dependencies that allow to display the semantics
of the result taking into account the needs of the user of
the intelligent system. Such needs are usually determined
during system development, and adjusted in the process of
user interaction with the intelligent system. Adjustments
make it possible to take into account changes in user
requirements over time. To take into account the changes,
it is advisable to form several possible explanations and
offer the user the most acceptable option for an a priori
defined indicator.

The proposed approach has the following key
differences that reflect the results of the analysis:




Cyuacnuti cmamn HayKko8ux 00CaIOdCeHb ma mexnonozit 6 npomuciosocmi. 2021. Ne 2 (16)

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

- information on user interaction with the intelligent
system is used to construct explanations;

- the complex pattern which defines an order in time
of interaction of the user with intelligent system is
estimated;

- assessment of the pattern of interaction with the
user is based on the scales of temporal dependencies that
are part of it;

- the probability of using the explanation is
calculated depending on the weights of the patterns that
form the specified explanation.

The first difference of the approach makes it possible
to interactively adjust the explanation depending on the
actions of the user of the intelligent system. The
explanations take into account the simplified causal links
between user actions and system response.

The second feature of the approach is related to the
adaptation of the explanation to a specific subject area.
The pattern of interaction with the user can be formed on
the basis of expert knowledge on the tasks to be solved in
the subject area. It is also possible to automatically build a
pattern based on temporal knowledge. That is, the analysis
of user interaction over time makes it possible to identify
typical sequences of user actions on decisions or
recommendations of the intelligent system. For example,
when interacting with a referral system, you can select
typical patterns of purchases (or waivers) after receiving
the recommended list of products or services. The
combination in one pattern of reactions of several users
makes it possible to offer the most plausible explanation
for similar consumers.

The third difference of the approach provides an
opportunity to determine the weight of a complex pattern
based on its basic structural elements. Object-relationship-
subject triplets can be used as such elements. In the case
of the "if" relationship, such threes are transformed into
production regulations. When using the temporal ordering
between the facts, the above three become temporal
regulations [20].

The fourth feature determines the method of
calculating the probabilities of explanations due to the
weights of the patterns. In turn, the weights of the patterns
and their components are determined by the known
probabilities of the user's pattern actions.

Pattern explanation model.

Formally, information about the interaction of the
intelligent system with the user can be represented as a
sequence of events ordered in time:

E, :<euv1,...,eu'i,...,eu,‘Eu‘ e, :{au,|}> : )

where u — index of the user interacting with the intelligent
system; e, , — n —an event that reflects the results of user

u interaction with the system; |E,|- the number of

elements in an ordered set E,; a,,— | — a variable that

u,l
contains the result or characteristics of interaction with the
user u in a particular aspect.

For example, for an e-commerce system, this
sequence has the form:

E, = (purchase _ productl,..., purchase _ product _n,...). (2)

Characteristics of the " — events for this example
contain the date and time and have the following meaning:

e,, ={ product _code, price, quantity, date__time} . (3)

The interaction of several users with an intelligent
system makes it possible to determine the set of such

sequences E ={E,}. All of these sequences are ordered

in time, even if they do not have timestamps. This
ordering makes it possible to compare sequences and
establish common patterns of interaction for multiple
users. For the given example (2) it is possible to define
patterns of a choice of the same goods by several
consumers. For example, consumers successively bought
goods 1, 2 and 3. Or after goods 1 they bought goods 3.
That is, the elements of the pattern determine the order of
the consumer's actions in time. This order is set through a
continuous sequence of elections or intervals between
elections. In the second case, intermediate user actions are
skipped.

Thus, the user selection pattern may consist of at
least two basic elements that can be formalized using
temporal logic operators. In [11, 20] it is proposed to
represent such dependences by temporal regulations of X
and F-type. The basic template of interaction with the user
using the specified regulations is given in fig. 1.

eiFej
\Eig iy -

Fig. 1. Explanation pattern

The formal representation of this pattern has the
form:

7 =(eFe;) (e Xe,,...e;, Xe ), (4)

where € Xe,,; —two consecutive events €; and €, ; e Fe,
— two events € and e;, between which there are events
€8, t —time line.

Events € are related to relevant events e ; in the

following way:
(Vu)e =(e,; ve, v..ve,). (5)

For the given example of sequences of events in
recommendation systems, expression (5) has the following

meaning: €, is an event of purchase of a certain product
by one of the users u.

The probability of interaction in the form of (4)
between the user and the intelligent system is defined as
the ratio of the number of patterns 7 to the number of all
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patterns |H| that were used in the process of interaction
with the user in forming a solution:

P(7)

where n — the number of patterns of type (4) that were
used in the decision-making process; IT — the set of all
patterns of interaction with the user.

Thus, the model of the pattern (4) has probabilistic
characteristics. Pattern (4) consists of temporal regulations
that reflect the basic aspects of the process of user
interaction with the intelligent system. Therefore, such
regulations may be part of different patterns. The more
patterns the regulation uses, the more typical the latter is.
This characteristic is set by the weight of the regulations.
Accordingly, the greater the weight of the regulations in
the pattern, the higher the probability of its use. That is,
the probability (6) can be determined by the total weight
of the regulations in the pattern. On the other hand, if the
probability of a pattern is known, then we can find the
weights of X and F-type regulations in its composition.
The peculiarity of the calculation of weights is that the

same regulations € Xe,, and eFe; can be used in

n*rx

= , (6)
il

different patterns of interaction with the user. Therefore,
the relationship between probability and regulation
weights is represented by the Gibbs probability
distribution. When calculating the weights of the
regulations for this distribution can be used one of the
variants of the gradient descent method.

Thus, the model of the pattern of explanations, which
is intended for interactive construction of explanations
taking into account the probabilistic aspect, has the form:

M ={z,W,P(x)}, ()

where W — the set of weights of temporal regulations in
the pattern.

It should be noted that the parallel or sequential
combination of the basic pattern (4) allows you to create
new patterns that define more complex processes of
interaction with the user. Models of such complex patterns
have the same elements as the model (7).

This model makes it possible to form two options for
constructing explanations taking into account the
interaction of the intelligent system with the user: the
selection of the most probable pattern 7 of the known;
construction of a new explanation of the regulations that
are part of the pattern. The first option requires simple
calculations and therefore can be used in the online mode
of the intelligent system. The second option requires the
probabilistic derivation of new patterns from known
regulations and the calculation of their probability based
on the weights of the regulations. Therefore, such
explanations require preliminary calculations in offline
mode.

Interactive method of constructing explanations.

The proposed method uses model (7) and contains
the phases of construction of explanation patterns and
formation of explanations.

The pattern construction phase is designed to form
patterns of interaction with the user based on data about
his actions. This phase contains the following steps.

Stage 1. Determination of temporal dependences of
X and F-type.

Step 1.1. Forming a set of event pairs for sequences
E

.
Step 1.2. Formulation of regulations e Xe,,, and
g,Fe; taking into account (1) and (5).

Stage 2. Formation of patterns of interaction with the
user (4).

Step 3. Calculation of the probabilities of using
patterns according to (6).

Stage 4. Calculation of the weights of the regulations
in the pattern.

The result of this phase is a set of pattern models (7).

The phase of formation of explanations contains
stages of a choice of existing or construction of new
patterns of interpretations.

Step 1. Selection of a set of patterns of explanations
by condition:

(e =6, )~ (e =¢,;). (8)

Under this condition, the existing patterns are
selected, which contain similar initial and final events.
The comparison of events is performed according to their
characteristics, which were presented in expression (1). If
the set obtained in step 1 is empty, then there is a
transition to step 3.

Stage 2. Arranging patterns by probability (6).

Stage 3. Formation of a set of new patterns from the
temporal regulations obtained in stage 1. Formation
occurs using known methods of probabilistic inference
[11]. Patterns are sorted by the total weight of the
regulations in their composition.

Step 4. Presentation of the explanation on the basis
of the first pattern. Other patterns are used as alternatives
to justify other aspects of the decision.

The result of this phase is an explanation based on
certain patterns.

Consider an example of forming an explanation
using this method for users of the recommendation
system. Such systems are usually part of e-commerce
systems. They offer the user a personal list of goods or
services that suits his interests.

The purpose of explaining the recommendations is to
justify the goods or services offered to the user on the
basis of changes in demand for them. The sequence of
purchases in the form (2) is used as input data. The pattern
of type (4) reflects the sequence of purchases of the target
product by different consumers. Changing the number of

purchases for events € and e; reflects the dynamics of

consumer demand. Therefore, the weights of the
regulations in this case can be calculated simplified, based
on the difference in purchases. The total weight of the
regulations reflects the change in purchases due to
fluctuations in intermediate events e,,....e; ,. Therefore,

in this case, the patterns can be sorted by the total weight
of the regulations. Accordingly, the explanation interface
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represents the changes in demand for this template,
presented in numerical form or in the form of a bar chart.
As an alternative, it is advisable to use explanations for
changes in demand for similar but not offered goods. The

implementation of this approach to justify the choice of
target product in the recommendation system based on
data on wholesale sales in supermarkets is presented in
table 2.

Table 2. Product sales explanation results for recommendation system

Name Explanation _of the current Alternative position 1 Alternative position 2
position
Sales by days 28;2;24;31 14; 18; 26; 11 2;1;:4;1;2
The sum of the normalized weights of 1,097 0,336 0,147
the regulations for the pattern
Aggregate increase/decrease in sales increase decrease increase

Sales patterns for the current week were used in this
experiment. The total sales of goods for 1 day were
considered as events. The explanation pattern makes it
possible to present a normalized change in weight, which
reflects the aggregate change in demand for the product,
taking into account fluctuations by day. The presentation
in the form of a change in weights for the target product
and for its two alternatives shows that over the last week
the demand for the target product has increased the most
by day compared to similar alternatives. This explanation
provides simplified causal links that describe to the user
the decision-making process in the recommendation
system.

Conclusions

The substantiation of the use of the black box
principle to the development of an interactive method of
constructing explanations in intelligent systems is
performed. The results of the substantiation showed that
the application of this principle creates conditions for
supplementing the functionality of existing intelligent
systems with the possibility of explaining the results of
their work without significant modification of such
systems. This advantage is due to the fact that the
explanation of this principle is formed in parallel with the
decision-making process and uses a different subset of
data compared to the information used in decision-
making.

A model of the pattern of explanations based on
temporal regulations is proposed. The model displays a
fragment of the sequence of user interaction with the
intelligent  system in  obtaining  decisions and
recommendations and contains a pattern of temporal
regulations, taking into account the weight of these
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OIIIHKK JEKIIbKOX aJbTCPHATHBHHUX BapiaHTIB TIyMadeHb pPE3yJbTaTiB poOOTH Takoi cUCTeMH. 3amadi: OOTpYHTYBaHHS
BUKOPHCTAHHS NIPUHIUITY YOPHOTO SIIVKY UL IHTEPaKTHBHOI MMOOYMOBH MOSICHEHB; pPO3p0oOKa MOJEII MaTepHy MOSCHEHHS,
oo mependavae WMOBIPHICHY OILIHKY; po3poOKa METONy IHTEpaKTHBHOI MOOYJOBH TOSCHEHb Ha OCHOBI WMOBIpHICHOTO
miaxoay. MeToau: MEeTOM aHalli3y JaHWX, METOJIW CUCTEMHOTO aHajli3y, METOIU o0y I0OBH MOSCHEHb, MOJIEI MPECTABICHHS
3HaHb. Pe3yJbTaTH: 3alpOIIOHOBAaHO MOJENb MAaTEpHy IMOSACHEHb, IO MICTUTH TEMIIOPAJIbHI IPAaBIJIA, SKi BiIOOpaXaroTh
MTOCTIIOBHOCTI B3a€MO/IIT KOPUCTYBaya 3 IHTEJICKTYaIbHOK CUCTEMORO, IO J3a€ MOXKIHBICTh (DOPMYBATH MOSICHEHHSI HA OCHOBI
HOPIBHAHHA Aifl IOTOYHOTO KOPHCTyBaua Ta iHIIMX BiOMHX KOpHCTyBauiB. Po3poOneHo MeTon iHTEpakTUBHOI MOOYHOBU
MOSICHeHb, SIKUH 0a3yeThCsl HA WMOBIPHICHOMY IiJIXO/1i, BUKOPHCTOBY€E MATEPHH B3a€MOJIiI KOPUCTyBauya 3 1HTEICKTYaIbHOI
CHCTEMOIO Ta MICTHTH (Da3u OOy OBH MATEpPHIB MOSICHEHb # (OPMyBaHHS IOSCHEH 3 BUKOPUCTaHHSM OTPHMAaHUX ITaTePHIB.
Metoa ymnopsaKOBYyE OTPHUMaHI MOSCHEHHS 3a MWMOBIPHICTIO BUKOPHCTAHHS, IO Ja€ MOXIIUBICTH C(OpPMYBaTH LILOBE Ta
aNbTePHATHBHI MOSCHEHHs Uil KOpUCTyBadya. BucHOBKH: OOIPYHTOBAaHO BHUKOPHCTAHHS NPUHIUIY YOPHOTO SIIUKY 0
PpO3po0KH HMOBIPHICHOTO MIAXOAY A0 MOOYAOBH MOSCHEHb B IHTEIEKTYaIbHUX CHUCTEMax. 3alpOIIOHOBAHO MOJIECIb MaTepHY
HOsICHEHb Ha 0a3i TeMIopalbHUX NpaBuil. Mojenb BinoOpakae MOCIIIOBHICTh B3a€MOJIl KOPUCTyBauya 3 iHTENEKTYallbHOO
CHUCTEMOIO MIPY OTPUMAaHHI PIllICHb Ta PEKOMEH/IAIlii Ta MICTHTh TATEPH B3a€MO/IT y CKJIa/1i TEMIIOPAILHUX MPABUII, 1[0 MAIOTh
Bary, a TaKOX BHM3HaYae HMOBIPHICTh BUKOPHCTAHHS MATEPHY B3a€MOJII 3 KOpHCTyBadeM. P0o3po0IIeHO MeTO I IHTepaKTHBHOI
mo0Oy/I0BU TOSICHEHb 3 YpaxyBaHHSIM B3a€MOJIIT KOPHCTYBaya 3 iHTEJIEKTYaJIbHOK CUCTEMOK. MeToJ MicTUTh (ha3u Ta eTanu
¢dbopMyBaHHS IIpaBUJIa il MaTepHiB B3a€EMOJII 3 KOPUCTYBAaYeM 3 BU3HAYCHHSIM MMOBIPHOCTI IX BUKOHAHHS, a TaKOX Hi0O0pY y
YHOPSIIKYBaHHS MMATEPHIB 3a WMOBIPHICTIO iX peatizamii. BUKOHAHO IMIJIEMEHTAII0 METOMy MpHU MOOYIOBI MOSCHEHb YIS
PEKOMEHAALIHHNAX CHCTEM.
KuirouoBi cjioBa: iHTeNEKTyallbHA CUCTEMA; TIOSICHEHHSI; TATepPH; MOSICHIOBAHWH IITYYHUI 1HTEJICKT; paBuIa.

PA3PABOTKA METOJIA UHTEPAKTUBHOI'O IOCTPOEHUSI OB bSICHEHUI B
HUHTEJUIEKTYAJIBHBIX HTHO®OPMAIIMOHHBIX CUCTEMAX HA OCHOBE
BEPOATHOCTHOI'O TIOAXOJA

IIpeamer: mcmonb30BaHME amIapaTa TEMIIOPATPHOHW JIOTMKH M BEPOATHOCTHBIX MOAXOJOB IS MOCTPOSHHS OOBSACHEHHUS O
pe3ynbpTaTax padoThl UHTEIUIEKTYaJbHOW CHCTEMBI C T€M, YTOOBI NMOBHICUTH 3(P(EKTUBHOCT UCIOIb30BAHUS IOIYYEHHBIX
pewieHnii u pexoMenpanuid. Ileanb: paspaboTka MeTola IMOCTPOCHUS OOBSICHEHHH B HWHTEIUICKTYaJIbHBIX CHCTEMax C
BO3MOJKHOCTBIO (DOPMUPOBAHUS M OLEHKU HECKOJBKHX AJIbTEPHATHBHBIX BAPHAHTOB TOJIKOBAHUH PE3yNbTaTOB pabOThI TaKOH
CHCTEMBL. 3alaun: 000CHOBAHHE MCIONB30BaHUS MPUHINIA YEPHOTO AIINKA I HHTEPAaKTHBHOTO MOCTPOCHHS OOBSICHEHHH;
pa3paboTKa MOAENIU NaTTepHa OOBACHEHHE, YTO MIPEAIOIaraeT BEpOsITHOCTHYIO OLIEHKY; Pa3paboTka METo/la HHTEPaKTUBHOTO
MOCTPOEHHS OOBSACHEHHH Ha OCHOBE BEPOATHOCTHOTO MOaXoxa. MeToabl: METOIBI aHANM3a JAHHBIX, METOIBI CHCTEMHOTO
aHaJM3a, METOABI IOCTPOSHUSI OOBSCHEHUH, MOJEIH IIPEACTaBIeHHs 3HaHUN. PesyabTaTel: [IpeanosxeHa Moaens marrepHa
OOBSACHEHNH, COAEp KaIHil TeMIOpalbHbIe MPaBHUIIa, OTPAXKAIONMINE MOCIECAOBATENIFHOCTH B3aWMOJCHCTBHS IIOIB30BATENs C
UHTEJUIEKTYaJIbHOM CHCTEMOM, 4TO MO3BOsIET (OPMHUPOBATH OOBACHEHHS HAa OCHOBE CpaBHEHMS IECHCTBUHM TEKYILEro
MONB30BAaTeNsl M JAPYTHX M3BECTHHIX IIONb30BaTeNei. Pa3paboTaH MHTEpPAaKTHBHBIH METOX TIOCTPOCHHSA OOBSICHEHHH,
OCHOBAHHBIN Ha BEPOATHOCTHOM MOJXO0JI€; METO UCIOJIb3yeT MabI0HI B3aUMOJCHCTBUS MOJIB30BATENS C HHTEIUICKTYalIbHOM
CHCTEMOH W cofepXHuT (a3bl IOCTPOCHHS IATTEPHOB OOBACHEHHWI U (HOPMHPOBAHHSA OOBACHCHHH C HCIIOIb30BAHHEM
TIOJIYYCHHBIX ITaTTCPHOB. MCTO,I[ YHOpAAOYUBACT TTOJTYYCHHBIC OOBSICHEHHS 110 BEPOATHOCTU MCIIOJIB30BaHHsA, YTO IO3BOJIACT
c(opMHpOBaTh LIEIEBOC U aJbTEPHATHBHbIC OOBSICHEHHs Ui Ioyib30Bareis. BbiBoabl: OOOCHOBaHO HCHOJIB30BAHHE
IOPUHINIA YepHOTO SIMKa K pa3paboTKe BEPOSTHOCTHOTO MOAXOJAa K MOCTPOCHMIO OOBSICHEHHI B HWHTEINICKTYaIIbHBIX
cucremax. llpeuioxkeHa MoJenb mNaTTepHa OOBSCHEHUH Ha ©0a3se TeMIOpaiabHBIX MpaBWI. MoJenb OTpaxaeT
[OCJIEI0BATENbHOCTh B3aUMOJCHCTBUS I10Jb30BATENs C HHTEIUIEKTYaJIbHOH CHCTEMOHW IpH IOJNYyYEHUM pEIIEHUH u
peKOMCHﬂaL{I/Iﬁ U COACPIKUT MMATTCPH B3aMMOﬂCﬁCTBMH B COCTaBC TEMIIOPAJIbHBIX MPaBUJI, UMCIOIIUX BEC, a TAKKE ONPCACIIACT
BEPOSTHOCTh HCIOJIb30BaHMs NATTEpHA B3aMMOJEHUCTBUS C HONb30BaTeneM. Pa3paboTaH MHTEPAKTHUBHBIA METOJ HOCTPOEHUS
OOBACHEHUH C y4eTOM B3aMMOAEICTBHS IOJb30BATENs C MHTEIUIEKTYalbHOM cucTeMoil. Meros BkirouaeT (asbl U HTaIb
(opMHpOBaHUS TIPABHI M MAaTTEPHOB B3aMMOJCHCTBHS C IIOIB30BATEIEM C ONpEIeNCHHEM BEPOSATHOCTH HX BBITOJTHECHUS, a
TAKXKC YHNOPAAOYCHHA MATTECPHOB IO BEPOATHOCTH UX pCATU3alIUH. Brimonanena HUMIUIEMCHTAUA METOAa NPHU IMOCTPOCHUH
00BACHEHUH 171 PEKOMEHATENbHbIX CUCTEM.

KiroueBble cj10Ba: WHTCIUICKTyalbHAas CUCTEMA; OOBSCHEHHUS; IATTEPH; OOBSCHUM HMCKYCCTBEHHBIH WHTEIUICKT;
paBHIIa.
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A. VORONIN, O. GUNKO

METHODS OF COMPARATIVE STATICS AND DYNAMICS IN THE THEORY OF
ECONOMIC CYCLES

The subject of this work is the problem of describing the dynamic behavior of the price in the market of one product. The typical
balance of interaction of supply and demand functions depending on the price is considered. The dynamic model of price evolution is
based on the assumption that the demand function at a given time depends on the supply function at all previous points in time, i.e.
there is a process with an aftereffect. The core of the integral transformation is a characteristic of the second order, which can initiate
periodic regimes in price variables. The aim of the work is to synthesize a mathematical model of price changes in the market of one
product and study the stability of its equilibrium states with the manifestation of the structure of marginal cycles. The task of the
study is to demonstrate the degree of connection between the problem of stability of equilibrium and the problem of obtaining fruitful
results in comparative statics. This duality is the principle of conformity of P. Samuelson. The basic mathematical model of the
studied process of price dynamics is a system of two nonlinear differential equations of the first order. The research methods are the
nonlinear theory of analysis of dynamical systems, the mathematical theory of stability of systems of differential equations, the
conceptual apparatus of analysis of typical bifurcations of birth (death) of the boundary cycle, known as the Andronov-Hopf
bifurcation. As a result of a detailed analysis of the properties and parameters of self-oscillating modes, a double cycle is revealed,
i.e. there is a fact of coexistence around the equilibrium state of stable and unstable limit cycles. Subsequent mathematical
transformations prove that the line of demarcation of these two cycles is completely determined by the static parameters of the studied
system, which illustrates the mechanism of action of the principle of conformity of P. Samuelson. Conclusions: on the example of the
functioning of the labor market, a comprehensive analysis of the stability of two positive equilibrium states, which characterize the
effects of substitution and income. Computer simulations are used to perform computational experiments that demonstrate self-
oscillating modes of price changes. As a result of the analysis of the obtained numerical results, it is possible to draw a conclusion

about the stability of the limit cycle in the vicinity of the equilibrium state, which corresponds to the substitution effect.
Keywords: market; demand; supply; price; dynamics; self-oscillation; bifurcation; stability; principle of conformity.

Introduction

In each problem of economic theory, some variables,
such as prices and quantities, are unknown, which must be
determined. Their values arise as solutions of the given set
of relations for finding the necessary unknowns. The most
important thing is to conduct the analysis in such a way as
to determine what quantitative and qualitative changes
occur with our variables when the external data shifts in
the functional ratios of economic balance sheets. The
usefulness of our approach arises from the fact that with
the help of analytical methods we can determine the
nature of the evolution of unknown variables caused by
the growth of one or more parameters. This is the
narrative of the method of comparative statics, which
means the study of changes in the economic system in the
presence of a transition from one equilibrium to another
without taking into account the transition process
associated with its establishment. The task of comparative
statics is to study the process of determining the
equilibrium points of unknown variables with known
functional relations and various parameters. Thus, in the
simplest market of one product, two independent ratios of
supply and demand by their intersection determine the
equilibrium prices and volumes.

If we consider the pricing process as dynamic, then
the problem of stability of equilibrium states of economic
systems and objects comes to the fore. The interaction of
these conditions with the problems of comparative statics
is the phenomenon which, in connection with the
historical tradition, is called the principle of conformity of
P. Samuelson. But the problem of stability of the
equilibrium state cannot be realized without recourse to
the dynamic theory of systems. That is, comparative

statistical analysis must be substantiated by dynamic
considerations within the synergetic paradigm.

Analysis of previous publications

In the modern economic literature, it is reasonably
believed that a significant contribution to the coverage of
this issue belongs to the Nobel Laureate in Economics P.
Samuelson, which is reflected in a large number of
author's publications of the second half of the previous
century. The most significant can be considered a series of
works [1-3], which formulates the methodological
principles of comparative statics and its relationship with
the problem of stability of the equilibrium of the
microeconomic system. The following development and
the corresponding generalizations are reflected in the
fundamental monograph [4], which is a classic work on
this issue. It should be noted the works of Milgrom,
Shannon [5], Sato, Yano [6, 7] and Savvateev, Kukushkin
[8], which consider in addition to the ordinal approach to
the problem of optimality and the relationship of
advantage, the problem of stochastic description of
models of comparative dynamics in the further
development of methodology Samuelson. From domestic
works it is possible to specify works of Alimpiev [9] and
Matselyukh [10] who wuse in the researches the
corresponding theoretical device.

As a result of the analysis of the considered works it
can be considered that they use linearized mathematical
models of economic systems, which do not take into
account the cyclical nature of economic development, as
well as nonlinearity, no equilibrium and multivariate
evolution of complex systems. In addition, it should be
noted the actual absence of scientific papers, which
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consider the comparative dynamics and mathematical
theory of economic cycles from the standpoint of a single
formalism.

The aim of the work is to synthesize a mathematical
model of price changes in the market of one product and
study the stability of its equilibrium states with the
manifestation of the structure of marginal cycles.

Research methods are focused on the conceptual
apparatus of the theory of nonlinear dynamical systems
and the use of the methodology of economic synergetics.

Results of the study.

The presentation of the main research results is
focused on establishing a functional relationship between
the principle of conformity of Samuelson and the theory
of economic cycles. There are many interesting and
fruitful aspects of dynamics, which are not always directly
related to cyclicality, but important for understanding the
processes classified within the general economic theory.
The most significant among the various sectors of the
dynamics was the one that examines the fluctuations of
employment, income and general business activity.

In our time, the use of the terms "exogenous" and
"endogenous™ has become acceptable for the development
of the theory of business cycles. The first term refers to
theories that explain the reason for the existence of a cycle
in some external non-economic phenomena with quasi-
periodic changes that give rise to cyclical behavior of
economic quantities. From an analytical point of view, the
exogenous theory in its extreme form is similar to
"forced" periodic motion, where the economic system
reacts instantly to external perturbation.

On the other side is the endogenous theory of the
cycle. This category includes various theories that
distinguish between monetary factors, inventories, the
principle of acceleration, etc. The components of the
economic system are determined by dynamic equations
that link different time periods with the corresponding
generation of periodic fluctuations. If the cycle is realized,
then the rise changes to decline, depression changes to
recovery, etc. But it is important that purely endogenous
theories cannot explain the exact or approximate value of
the cycle amplitude other than the influence of the initial
conditions. This interpretation of the parameters of the
periodic process is characteristic of linear systems. An
alternative to this may be to abandon the assumption of
linearity, despite the associated certain mathematical
difficulties. It is essential to us that only nonlinear systems
lead to a theory that explains fluctuations of a fixed
amplitude independent of the initial deviation. For
example, a nonlinear system may have an unstable
equilibrium state such that with a small deviation from the
position of the stationary level, increasing oscillations
begin. But instead of galloping to infinity, a constant
amplitude is eventually achieved and maintained. This
periodic movement can be stable in the sense that each
subsequent deviation can lead to a movement that will go
to the given periodic mode, either from below or from
above. A classic example of such behavior is a nonlinear
"web" model of a single product market.

Let’s consider in more detail the dynamic model of
interaction of supply and demand in the market of one
product. That is, the basic variable is the price of the
product p = p(t), where t— is a continuous time. There

are also supply D=D(p) and demand S =S(p)
functions, depending on the price p.

The dynamics of the interaction of supply and
demand functions is determined using the following
functional equation:

D(p(t)) = [K(t-7)S(p())dz, (1)

where K(t-7) isthe given function of two arguments.

Equation (1) means that demand at the appropriate
time depends on the weighted supply for all previous time.
The function K(t,z) has the meaning of the weight

function "dynamic memory" of previous moments of time
and is descending. As a weight function we choose a
linear combination of two exponents, which has a
representation in operator form:

bA+Db,

K1) = —"—.
Q A2+ald+a,

)

To ensure normalization conditions IK(x)dx:l
0

equality b, = a, must be fulfilled.
Thus, all coefficients a,,a,,b, should be considered
positive numbers, and the function K(A1) is the operator

form of the second-order process. If 4 we can consider a
differential operator, then (1) will take a form:

d?(D(p(t) d (D(p(t)
)., 4(260)

d(S(p(®))
dt

+23,D(p(t)) =
®)
=b +8,S(p(t).

Functional relation (3) is the basis for building a
mathematical model of price changes in the market of one
product, if there are explicit expressions for the supply
S(p) and demand D(p) function.

With respect to the demand function D(p), we can
assume that there is a linear decreasing function of the
price argument D(p)=d, —d,p

The supply function S(p) has a specific nonlinear

nature of behavior in different price segments of the
market and has intervals of growth and decline, which are
due to the behavior of sellers (or producers) of goods. We
will choose an explicit form in the form of a cubic
parabola:

Sy 3 p’
S(p):_Ep +Sz?+s1p_so: (5)

where parameters S,,S,,S,,S,, are also positive numbers.
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Functional equation (3) has stationary solutions that
can be determined by the relation:

D(p)=S(p).

If we use explicit expressions for S(p) and D(p),

i.e. formulas (4) and (5), we obtain an algebraic cubic
equation with respect to the equilibrium price:

P p
83——82?—(Sl+d1)p+80+d0 =0.

5 (6)

Equation (6) can have one or three real solutions
depending on the ratios between the coefficients.

To further develop the mathematical model of price
evolution in the market of one product, it is advisable to
introduce a new variable p(t) = p(t)—p*, which is the

deviation of the price from its equilibrium state p*. The

value p’ is determined by the cubic equation (6). We also

introduce the necessary notation of the derivatives of the
supply function at the equilibrium point:

p”
S’(p) :_53 T"'Sz p* +Sl‘

S"(p)=-S,p"+S,. S"(p")=-S,,

After the necessary transformations of the functional
relation (3) taking into account formulas (4), (5), (6) we
obtain a nonlinear differential equation of the second
order with respect to the variable p(t) :

.. S! . S! _ Sn sz S" . " rjs Sw ~2‘rj
+la,+b-— |p+a,|1+— |p+a,— —+b—-p-p+ +8, — —+b — - ——=0, 7
p (al 1 dljp ao( dljp aodl 2 1d1 p-p aod1 6 bldl 2 (7)
or
~ _ ~ _ ~ r)z_ ~ L_ ﬁ_3_ ﬁz.b_o 8
p+(a1 b1'771)p+ao(1 771)17 %772'7 W, PP a0773'6 b1773' 2 =V, (8)
where __S Y I
ua dlx 7, dlv YR dl-

The parameter 7, is essentially the relative elasticity
of "supply"” to "demand", and 7, and 7, , accordingly, its
first and second derivative at price.

D =Dy

2

) p
P, =4 (771 _1)P1 +(b1771 _al)’pz +ay, '71"'171772}71]72 taghy - —

The matrix of the linear part (9) has the form:

0 1
N [ao (m—-1) bn —al] '
And satisfies the characteristic equation:
A*+(a,—bm)A+a,1-17,)=0.

Solutions (10) 4, have a really negative part under
the conditions:

a1_b1771>0 '

In this case, we can assume that the equilibrium state

(10)

ao(l—’h) >0.

p° is stable. Equilibrium point — a stable node
or focus.
Let’s consider in more detail the situation

when a, = bn,. Suppose, for example, that there is a
connection a =bn—-x where p— is the small
alternating value. Thus, the quadratic equation (10) takes
the form:

A -+’ =0, 11
U

With the help of new variables p,=p, p,=p,

differential equation (8) will be transformed into a system
of two first-order differential equations.

Py PP ©
6 ° 2
where @° =a,(1-7,)>0.
Obviously, the state of equilibrium can be

both stable and unstable focus. For the existence
of a periodic regime such as a limit cycle in the

vicinity of the equilibrium state p*, it s
necessary to check the conditions of Hopf's
theorem [11].

At u=0 characteristic ~ numbers  (11)

A, =tiw, i =-1.

Let’s find the derivative of equation (11) by
parameter y7

Z/Idi—yd—l—l:O.
du du

If ©#=0,then dl:1¢o.
du 2
This means that in system (9) there may be a limit

cycle in the vicinity of the equilibrium state p*, which is

a composite focus.

Before applying bifurcation formulas to determine
the required properties of the limit cycle, it is
necessary to bring the system of two differential
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equations (9) to the form of a model system
in the normal form of Poincare. To do this, use
replacements p, =y, p,=-w-y, t=w-t.. After the
necessary transformations, the system (9) is transformed
into a form:

C
21
& (12)
dljz y1+Czoy12+C11'y1'y2 +C30'y13+cz1y12y21
where
_2n o _bm _ 2bn, _ 2bn,
20 — 1 11— ! 30 — 1 21 — '
A -1 @ mn, -1 (0]

To determine the stability conditions of the
investigated limit cycle, it is necessary to find the so-

called first Lyapunov quantity I1(0)=%.

(4]
appropriate formulas, we obtain the following [12]:

Using the
1
I1(O) = g(czo Gy + C21) : (13)

Taking into account the existing form of coefficients,
expression (13) will be transformed into a form.

b, m
L(0)=—"—n+——|. 14
{0)= ol 7 — (14)
From relation (14) we can draw the following
2
,

conclusions: if 7, < 1 , then the limit cycle is stable in

1
2

7,

the vicinity of the equilibrium state, otherwise 7, >

1
— there is an unstable limit cycle.
In the first case, the mode of occurrence of self-
oscillations is called "soft", and in the second - "hard"
with a catastrophic loss of stability of equilibrium.

;s

The case when 1,(0)=0 or 7, = 1 is the most

m

interesting in terms of the diversity of the dynamic
behavior of the system (9) in the vicinity of the steady
state p". For further analysis, we need an analytical
expression for the second Lyapunov quantity 1,(0) . From
[12] we obtain:

,(0) = %(ZCﬁ -11- Cao) ' (15)
Z %w| o’ 6(1_771)2

Suppose that |, =v— is a small variable in the
vicinity of zero. In expression (16) for 1, the sign is

determined by the parameter 7,. If 773:%>0, then
1

I, >0 for all parameters of the formula (16).

In polar coordinates, there are two independent
differential equations for the amplitude p and phase W

of cycles [12]:

{p = p(u+vp® +1,p%), an

¥ =o.

The positive stationary solutions for the first
equation (17) satisfy the biquadratic equation

u+vp+Lp* =0. (18)

Equation (18) may have zero, one or two positive
solutions for the amplitudes of the cycles.

Fig. 1. Bifurcation diagram of a double cycle

Fig. 1 shows the corresponding bifurcation diagram.
The line H,={(u,v):u=0} refers to a typical
bifurcation of the birth (death) of the boundary cycle,

known as the Andronov-Hopf bifurcation [12]. The state
of equilibrium is stable at # <0 and unstable for ¢ >0.

If we move along the line x=0 to the points where
v <0, then on the phase plane from the composite focus

\ 4

yz,

of the second order an unstable boundary cycle (rough)
will be born, and the focus itself becomes non-rough
stable. When we leave, crossing the line H™, to region 2,
a stable boundary cycle is born from a stable composite
focus. In region 2, two cycles coexist simultaneously:
stable and unstable, which merge and disappear on the

line  T={(uv):v’=4Lu, v<0}. The T line
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corresponds to the bifurcation of the double cycle. Further
in region 3 boundary cycles are absent [13].

Fig. 2 shows the region of coexistence of two
boundary cycles.

Fig. 2. Stable and unstable boundary cycles

The outer cycle is unstable and the inner cycle is
stable.

Let us return to the relation that ensures the equality
of zero of the first Lyapunov quantity, i.e.

= } 19
=1, (19)
Using the explicit form #,, 7,,n,, it is easy to
obtain:
-S"(S"+d,)=(S")". (20)
Given the dependence of all derivatives
of the supply function on the equilibrium
price p°, we have a quadratic algebraic equation
to find p”.
s,} 1[(s,) 2(s.+d,)
p__2 =] == +# . (2]_)
S, 3|\ S, S,
We introduce the following notation
i:;/, 5+, =, S0+ =a . In this case, equation
S S, S,

(21) is transformed into a form:

1
(p-7) = (7 +28), (22)
and the cubic equation (6) is written in the form.
p—3yp?-68y+6a=0. (23)

Let p=p-y. Then (22) and (23) are transformed
as follows:

P =2(r +2p); (24)
p°-3(y*+28)p+2(3a-38y-7°)=0. (25

From the two equations (24) and (25) it is quite easy
to obtain an analytical solution for p and to find the

relationship between the positive coefficients «, 5,y . If
we put B =y, we get the first root p; =y leading to the

3
connection « =8%, and equation (25) can be factorized
as follows:
(P-7)(P°+7-P-8y")=0. (26)
Solutions (26) are:
. . ~1++/33
P =2, Pys = 7£TJ : @7)
Returning to the variable p , we have.
B . y(li \/@)
p = 2y, Prs = T (28)

Among the solution (27) there is one negative, i.e.
having no economic meaning. This fact can be explained
by simple formalisms in the task of the analytical structure
of supply and demand functions. Thus, two positive
equilibrium states remain for further consideration:

r(a39)
P =2y, pp=——"7—",
2

If, for example, the existence of these two stationary
prices is interpreted in relation to the labor market, the
following remarks should be made. For geometric reasons,
it is clear that the supply function changes its behavior
depending on the price p(t) (in this case, the level of

wages). At the first stage, wage growth initiates an
increase in labor supply (the number of people willing to
work increases, labor intensity increases). There is a
demonstration of the so-called "substitution effect". The
logic of employee behavior is as follows: the higher the
price of labor, the more profitable to sell it, reducing
dependence on other income. The supply line S(p), after

passing its maximum, changes its bow in the other
direction. There is a slow decline in labor supply with a
continuous increase in its price, which can be explained
by the "income effect". The essence of this phenomenon is
that the income received by the employee exceeds the
amount needed to meet basic living needs. The demand
function D(p) is a "traditionally" decreasing price

function, which gives two positive points of intersection

P <p;.
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of a line D and a parabola S. That is, we have an

equilibrium price p; =2y that corresponds to the
y(li\/@)
"substitution effect" and a price p, == that

describes the "income effect".

It is here, analyzing the line separating the two
graphical cycles, we found that its description depends
entirely on the static parameters of the supply and demand
functions. This is a clear connection between the
methodology of comparative statics and the stability of
nonlinear models of economic dynamics [14, 15].

For a system of two differential equations (12) for

) 4 b, 1
parameter values: Cyy=_—, C3=-Yy—,Cyp=—"7,
3y o 9y

CZIZE,(}):Y, S3 :dl'
()

Computer calculations of transients and phase
portraits of the dynamics of price changes at different
values of parameters y and b, were performed.

In fig. 3. a, 3.b, 3.c the values of the price, speed of
change of the price and dependence of speed of change of

the price on the price at parameters y = % b, :g are

given.
Fig. 4. a, 4.b, 4.c provide the characteristics of the

- 1
limit cycle for the parameters y = > b = % .

AN
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Fig. 3. a. Price fluctuations
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Fig. 3. b. Fluctuations in the speed of price changes
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Fig. 3. c. Phase portrait of the boundary cycle
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Fig. 4. c. Phase portrait of the boundary cycle
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The graphical illustrations of self-oscillating modes
in the vicinity of the equilibrium state, which corresponds
to the substitution effect, demonstrate the stability of the
observed two-fold limit cycle at different dynamic

around the equilibrium states are identified and
their basic characteristics are given. The connection
between the existence of double cycles and statistical
parameters of equilibrium prices is found. Appropriate

parameters. computer  calculations of self-oscillating  modes
are made.

In further research, it is advisable to introduce an
autonomous component into the demand-side model,
which can be a characteristic of seasonal market
fluctuations. In this case, the system under study becomes
nonstationary, which provides a theoretical opportunity to
observe the so-called bifurcations of the doubling of the

period and chaotic behavior in price evolution.

Conclusions

Rejecting the assumption of linearity, this paper
examines in detail the evolution of price changes in the
market of one product within the model mechanism of
"supply and demand". Using the methodology of stability
analysis of nonlinear dynamical systems, the limit cycles
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METO/IU IOPIBHSIJIBHOI CTATHKH I JIUHAMIKHU Y TEOPII EKOHOMIUYHHUX
UKJIIB

[peamerom HamaHoi poOOTH € mpobieMa ONKMCYy AWHAMIYHOI TOBENIHKH I[iHM HAa PUHKY OJHOTO TOBapy. PO3IIsHYTO THIOBHMA
OaxaHc B3aeMofii (QYHKIIH IOMUTY Ta MPOMO3MIII y 3aJeXHOCTI Bix WiHW. JlMHaMidHa MoJenb IiHOBOI eBOMIONil Ga3yeThcs Ha
MIPUITYIIEHH], 0 (QYHKILS TOMUTY y JaHWH MOMEHT Yacy 3aJISKHUTh Bill (GYHKIIT MPOIO3HIi B yci IonepeHi MOMEHTH 49acy, ToOTO
Ma€e MicIle Ipouec 3 MCIsIieto. Y SIKOCTI sapa iHTerpaJbHOTO MepeTBOPEHHsI BHOpaHa XapaKTepHCTHKA IPYroro IOPSIKY, sKa
MOXKe IHINIIOBATH NepiOANYHI PSKUMH Y I[IHOBUX 3MIHHUX. MeT0I0 poOOTH € CHHTE3 MaTeMaTHYHOI MOJIEN IIIHOBUX 3MiH Ha PUHKY
OJIHOTO TOBapy Ta NOCHIIKEHHS CTiHKOCTI ii pIBHOB@)XHMX CTaHIB 3 BHSABOM CTPYKTYpH TPAaHUYHUX IUKIiB. 3aBJaHHAM
HACTYIHOTO JOCTI/DKEHHS € JEMOHCTPYBAaHHS CTYIEHIO 3B’ 3Ky MPOOJIEMHU CTIMKOCTI piBHOBAard 3 MpoOJIeMOI0 OTPUMAHHS ILTIJHUX
pe3ynbTaTiB 'y  MOpiBHAUIBHIA cTatumi. Ll nyampHicts  sBisie coboro mpunmmn BiamosigHocti I1. Camyenscona. basoBoro
MaTeMaTHYHOI0 MOJEIUIIO JOCHIPKyBaHOTO HPOLECY IIHOBOI JIMHAMIKM € CHCTeMa JABOX HETHIHHMX Iu(epeHLialbHUX piBHSIHbD
MepuIoro  MopsAAKy. MeTogaMM JTOCTIKEHb € HENiHIIHA Teopis aHali3y NUHAMIYHHX CHCTEM, MaTeMaTHYHa Teopis CTIHKOCTi
cucteM IuepeHIiaJbHIX PiBHIHB, IIOHATIHHUN armapar aHalli3y THUITOBHX Oidypkamiii HapokeHHS (3arubesti) TpaHUIHOTO IUKITY,
Bimoma sk Oidypkaniss AHapoHOBa-Xomda. Y pe3yiabTaTi IETaTbHOTO aHAN3y BIACTUBOCTEH Ta MapaMeTpiB aBTOKOJIMBAIBHHX
PESKUMIB BUSBICHHH BOPA30BUH IMKI, TOOTO € (pakT CHiBICHyBaHHS HAaBKOJO PIBHOBR)XHOTO CTaHy CTIHKOTO Ta HECTIHKOTo
IpaHUYHUX [UKIIB. [ToganbMMKY MaTeMaTHYHAMU NIEPETBOPEHHAMH JOBEACHO, L0 JiHisd PO3MEXyBaHHS IIMX JIBOX LIUKIIB IIOBHICTIO
BH3HAYAETHCS CTAaTHYHHMHU IMApaMeTpaMH JOCIIKYBaHOI CHCTEMH , sKa UIIOCTPYE MeXaHi3M mii mpuHIumy BiamosimHocti IL
CamyenbcoHa. BucHoBKHU: Ha mpukiIafi QyHKIIOHYBaHHS PUHKY IMpali BUKOHAHUM BHYEPIIHUI aHAJi3 CTIHKOCTI IBOX AOJATHHUX
PIBHOB2)XHUX CTaHIB, SKi XapaKTepH3yIOTh €(eKTH 3aMilleHHS Ta AO0XOLy. 3a JOMOMOTOK  KOMII'FOTEPHOTO MOJCTIOBAHHS
peanizoBaHi OOYHMCITIOBAIbHI €KCIEPUMEHTH, SIKI AEMOHCTPYIOTh aBTOKOJMBAIbHI PEXHUMH €BOJIOLII I[IHOBHX 3MiH. Y HACHiJKy
aHai3y OTPUMaHHMX UYHCENBHHUX PE3yJIbTaTiB MOXKHA 3pOOWUTH BHCHOBOK IIPO CTIHKICTh I'PaHMYHOTO LUKIY y OKOJI PIBHOBaXKHOTO
CTaHy, KU BiJMOBia€ eEeKTy 3aMillICHHS.

KnwuoBi cjoBa: pHHOK; TIONWT; NPOMO3WINS; IliHA, JWHAMIKA; ABTOKOJHMBAaHHsI, OidypKaiis; CTIHKICTh; NPUHIIMII
BIZIMTOBITHOCTI.

METO/Ibl CPABHUTEJIbHON CTATUKHA U JIUHAMHUKHA B TEOPUUA
IKOHOMMWYECKHUX IUKJIOB

IIpenmeToM mpegocTaBIeHHOI paboThI ABIAETCS MpoOiieMa ONUCAHUS JUHAMUYECKOTO ITOBEACHHS IIEHBI Ha PHIHKE OJHOTO TOBapa.
PaccMoTpen TunmuHbIA GanaHc B3auMOACHCTBHS (DYHKLHUI CIIpoca M MPEIIOKEHUS B 3aBUCHMOCTH OT IeHBl. JlnHaMHu4eckas MOJeib
LIEHOBOH 3BOMIONMHU 0OazupyeTcs Ha NPEANONIOKCHUH, YTO (PYyHKIMSA cHpoca B JAHHBI MOMEHT BPEMEHH 3aBUCHT OT (YHKIUH
TIPEUTOKEHUsT BO BCE IMPEABIAYIINE MOMEHTHI BPEMEHH, TO €CTh MMEeT MEeCTO Mpolecc ¢ ImocieaeicTBueM. B kauecTse sapa
HHTETPaJIbHOTO IMpeoOpa3oBaHMsl BhIOpaHA XapaKTEPHCTHKa BTOPOTO MOPs/KA, KOTOpas MOXET HHHIMHMPOBATH MEPUOANYECKHE
PEKHUMBI B [IEHOBBIX U3MeHEeHHsX. LlesibI0 paboTH! SBIISETCS CHHTE3 MAaTeMaTHIECKOH MOJIe/N IEHOBBIX N3MEHEHHUH Ha PhIHKE OJJHOTO
TOBapa U HCCIENOBAHUS YCTOMYMBOCTU €€ PaBHOBECHBIX COCTOSHHUH C ONpelesieHHeM CTPYKTYpHI MpelesbHBIX LMKIOB. 3amadei
HACTOSILET0 UCCIIEIOBAHNUS SIBIISIETCS IEMOHCTPAIMS CTEIICHH CBSI3M NMPOOJIEMbl YCTOHYHBOCTH PAaBHOBECHS C TIPOOJIEMOIt MOy YeHHs
IUTOJJOTBOPHBIX PE3yIbTaTOB B CPABHUTEIBHOW CTAaTHKE. OTa IyalbHOCTh IPEACTAaBIAET CcOOON MHPHHIMI COOTBETCTBUS II.
CamyanbcoHa. ba3oBoii MaTeMaTHIeCKO MOJIENBIO0 N3yJaeMOTo MpoIiecca IIEHOBOH TUHAMUKH SIBIIIETCS CUCTEMA JIBYX HEIWHEWHBIX
T bepeHIMaTbHBIX yPaBHEHUH TIepBOro Tmopsiika. MeToqaMu ncciie1oBaHus SIBISETCS HeNMHEITHAS TeOpHsl aHAIN3a AUHAMIIECKIX
CHCTEM, MaTeMaTHIeCKasi TEOPHSl YCTOMIMBOCTH CHCTeM An(QepeHINaNbHbIX yPaBHEHUH, TIOHATHIHHBIA anpapaT aHalH3a THITHIHBIX
oudypxanuii poxkaeHus (ruOenu) NpeaenbHOTo MK, U3BECTHast Kak Oudypkamms AHnpoHoBa-Xomnda. B pesyasrarte neransHoOro
aHajn3a CBOWCTB M INapaMeTPOB aBTOKOJEOATEIBHBIX PEXUMOB OOHApY)KEH IBYKPATHBIA IMKJI, TO €CTh (DaKT COCYIIECTBOBAHHUS
BOKPYTI' PaBHOBECHOTO COCTOSIHUSI YCTOMYMBOTO W HEYCTOHYMBOTO TpPEIENbHBIX IMKIOB. Ilocieayronmmy MaTeMaTHYeCKUMHU
peoOpa3oBaHUAMU JOKA3aHO, YTO JIMHUS PasTpaHUuEHUs STUX JIBYX LIUKJIOB ITOJIHOCTBIO ONpENeIsieTcs CTAaTHUECKUMU TTapaMeTpamMmu
HCCIIeAyeMOi CHCTEMBI, MIITIOCTPHUPYIONIAs MEeXaHu3M AeiicTBus npuHOuIa cooTBeTcTBHA I1. Camyanscona. BeiBoabl: Ha mpumepe
(YHKIMOHHPOBAHUS PBIHKA TpPyJa BHINOJHEH HCYEPIBIBAIOMNI aHATH3 YCTONYMBOCTH [BYX IOJOXKHUTENBHBIX DPAaBHOBECHBIX
COCTOSIHMH, XapakTepu3yomux >(¢dexTsr 3amemenus n goxoma. C IMOMOMIBI0 KOMIBIOTEPHOTO MOMAEIHPOBAHUS PEaTn30BaHbBI
BBIYHCITUTEINILHBIE SKCIICPIMEHTHI, IEMOHCTPHPYIOIIHE aBTOKOJIe0aTeIbHBIE PEXKUMBI SBOIONUN [IEHOBBIX M3MEHEHUH. B pesynbTate
a”HaJin3a TIOJYYEHHBIX YHUCIICHHBIX pPACcY€TOB MOXKHO CHEJaThb BbIBOJ 06 yCTOﬁqHBOCTM NpeacJbHOro IUKIa B OKPECTHOCTU
PaBHOBECHOTO COCTOSIHUS, KOTOPOE COOTBETCTBYET 3((HEKTy 3aMeIlIeHHUSI.

KiioueBble ci10Ba: PHIHOK; CIIPOC; MPE/UIOKEHHE; 1IeHa; IMHAMUKA; aBTOKoyeOaHus; OudypKaims; yCTOHIUBOCTD; MPUHIIHIT
COOTBETCTBHA.
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BALANCED SCORECARD OF SAFETY-ORIENTED MANAGEMENT FOR THE
CONSTRUCTION INDUSTRY ENTERPRISES

The article is devoted to the study of the theoretical and methodological foundations for the development of a balanced scorecard for
ensuring safe-oriented management of enterprises in the construction industry. The subject of the research is a set of theoretical,
methodological and practical aspects to ensure the formation of the balanced scorecard development to ensure safe-oriented
management of enterprises in the construction industry. The purpose of the article is to develop theoretical and methodological
provisions and substantiate practical recommendations for the formation of a model of a balanced scorecard for ensuring safe-oriented
management of enterprises in the construction industry, taking into account the interests of all groups of stakeholders. Objectives of
the work: to analyze modern trends in the development of enterprises in the construction industry in Ukraine; to generalize approaches
to the definition of the concept of safety-oriented management; explore and organize the elements of safety-oriented management; to
develop a model of a balanced scorecard for ensuring safe-oriented management in the corporate security system of enterprises in the
construction industry. In the course of the study, the following methods were used: abstract-logical analysis, theoretical generalization
and systematization, system analysis. The paper analyzes the dynamics of the development of enterprises in the construction industry
in Ukraine in the context of the introduction of quarantine measures related to COVID-19. Factors constraining construction activities
have been identified, which include financial constraints, insufficient demand, labor shortage, and weather conditions. Approaches to
the definition of security-oriented management have been generalized and the definition of security-oriented management in the
corporate security system has been improved. The elements of safety-oriented management are systematized with the specification of
such components as risk assessment, development and implementation of security policy, definition of requirements, establishment of
control and monitoring of the external and internal environment. A model of a balanced scorecard for ensuring safe-oriented
management of enterprises in the construction industry has been developed. Conclusions. In the course of the study, the expediency
of forming a balanced system of indicators for ensuring safe-oriented management of enterprises in the construction industry was
substantiated, taking into account the dynamics of the performance of construction work during 2019-2021. The elements of the
system of safe-oriented management are presented in detail and the expediency of the formation of a balanced system of indicators for
ensuring the safe-oriented management of enterprises in the construction industry is substantiated. The sequence of the formation of a
balanced scorecard for ensuring safety-oriented management is detailed with the specification of a scorecard for assessing strategic
goals for the components of a balanced scorecard: finance, customers, internal business processes, training and development.
Keywords: safety-oriented management; corporate security; balanced scorecard; construction industry enterprises.

other industries and UAH 120 billion. GDP in
construction. In total, if this program falls out of domestic

Introduction

With the introduction of quarantine measures related
to COVID-19, the dynamics of changes in processes and
phenomena increases the priority of safety issues in the
construction industry. Thus, according to the State
Statistics Service of Ukraine in 2020, the contribution of
the construction industry to GDP is likely to increase to
2.9% compared to 2.7% in 2019. For comparison,
this figure in Slovakia is 7.9%, Poland - 7.7%, Sweden -
6.8%, Romania — 6.1% [1]. Thus, the construction
industry of  Ukraine has  significant  growth
potential and needs to attract additional investment
resources.

The construction industry is always sensitive to the
deteriorating economic situation in the country. Thus, the
volume of construction work performed in 2020 increased
by 4% compared to 2019, which is due only to the growth
in infrastructure immediately by 14.8% to UAH 120.6
billion. and moderate dynamics in non-residential
construction. The segment of housing construction
according to the data of 2020 showed a drop of 18.5% at
once - to UAH 28.4 billion. A clear trend of growth in the
construction of infrastructure projects is associated with
the introduction in March 2020 of the program "Large
Construction” (fig. 1). According to the estimates of the
Ukraine Economic Outlook Group, the impact of
investments in "Large Construction™ in the amount of
UAH 136 billion. in UAH 156 billion. indirect growth of

demand, the fall in real GDP in 2020 could reach 8-9%
against the projected minus 5% [2].

According to the State Statistics Service, indicator of
business confidence in construction, which is one of the
components of the Economic Sentiment Indicator (ESI) in
Ukraine (fig. 2), significantly deteriorated in the second
quarter of 2020 (from -10.6% in the first quarter of 2019
to -48.2%) and remains low in the first quarter of 2021 (at
-29.2%).

Among the factors constraining construction activity
according to the results of the survey of construction
companies are the following: financial constraints,
insufficient demand, labor shortages, weather conditions

[3].

In such conditions, the complexity of business
processes in  construction, associated with the
implementation of a range of works for the successful and
timely completion and commissioning of facilities,
ensuring effective interaction and meeting the
requirements of all stakeholders (developers, investors,
contractors, supervisors). and regulators and others)
determines the search for new safety-oriented
management tools for a detailed analysis of the
environment in which enterprises operate in the industry,
in order to integrate the risk management system into the
management system of enterprises in the construction
industry.

T. Momot, O. Filonych, A. Kosiak, O. Lobach, 2021
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Fig. 2. Dynamics of indicators of business confidence in construction in 2019-2021, %

Analysis of recent research and publications

The problems of ensuring safe-oriented management
are considered in the works of domestic scientists,
such as |. A. Bashinskaya, L. A. Voloshchuk,
N. I. Gavlovskaya, O. B. Zachko, V. A. Omelyanenko,
I. P. Otenko, A.V.Prokopenko, L. A. Ptashchenko,
E. N. Rudnichenko. Analysis of approaches to defining
the concept of safety-oriented management in the research
of domestic scientists shows their focus on solving
problems within the existing management functions, in
particular the development of methodological basis for
safety-oriented management projects of complex
organizational and technical systems [4]; formation of a
driver for the implementation of safety-oriented
management of foreign economic activity of enterprises,
as a managerial innovation and formalization of the
process of its implementation. [5]; development of
theoretical and methodological basis and methodological
provisions and recommendations for safety-oriented
management by innovative development of domestic
industrial enterprises [6], substantiation of the main
aspects of the conceptual basis of the mechanism of

safety-oriented management of industrial enterprises [7]
and safety-oriented anti-raiding [8].

Thus, according to the definition of 1. A. Bashinsky,
safety-oriented management is defined as management
aimed, on the one hand, at minimizing the negative impact
of risks, and on the other hand, at maximizing the benefit
of probabilistic opportunities to obtain them. At the same
time, the formation and functioning of the safety-oriented
management system should be based on such principles:

- the principle of compliance (all safety-oriented
measures must be legal within the legal field and must
comply with the current strategy of the enterprise);

- the principle of systematization (safety orientation
should be carried out on the basis of comprehensive
consideration of factors, potential threats and probable
risks, taking into account all elements of the system in
their entirety, integrity and unity);

-the principle of continuity (security-oriented
management occurs on an ongoing basis, which involves
monitoring the development of events related to threats at
all stages of management, including monitoring and
control);
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-the principle of timeliness with priority of
preventive measures (this creates the maximum possible
objectivity of decisions on threats, based on complete
information, dynamics and assessment of the prospects of
the environment of the enterprise);

- the principle of economic feasibility (it is necessary
to justify safety-oriented measures when comparing the
profitability and financial capabilities of the enterprise,
which should exceed the level of risk of operations);

- the principle of interaction and coordination of all
divisions of the enterprise with a clear differentiation of
areas of responsibility and integration into the procedures
of identification and evaluation of all divisions of the
company and selected external partners, as well as their
management;

-the principle of extending assessment and
management to all hazards, even those that are outside the
scope of financial and insured risks and cannot be
quantified at this level of development [7].

Prokopenko A.V. and Omelyanenko V.A. also pay
attention to the expediency of taking into account the
principle of controllability [9]. At the same time, the
authors note that taking into account the principle of
manageability by safe-oriented management, in order to
solve the problem of its integration into the system of
management of the functioning and development of the
enterprise, the theoretical basis of its research and
management is the system approach, which makes it
necessary to coordinate the functions of the strategic
development management system with the functions of
safety-oriented management, namely: evaluation and
analytical, presented by analysis and evaluation,
diagnosis, monitoring; planning and forecasting, which
ensures the development of plans and programs;
organizational which is defined by integration,
coordination, coordination, support, realization, control,
motivational orientation of staff on development and
training, ensures its readiness to implement innovative
changes.

Summarizing, it can be argued that safety-oriented
management is one of the functions of corporate
governance, which at an early stage allows to identify and
effectively withstand events that may pose a threat to
financial sustainability and the continued functioning of
the enterprise.

The main elements of safety-oriented management
are detailed in [5, 10, 11, 12, 13, 14, 15]. As a type of
management  activity, safety-oriented management
provides for the presence of an object and a subject of
management.

Enterprise safety-oriented management objects are
enterprise corporate security, accordingly, management
decisions are made within such object to optimize
business processes and the profitability of using enterprise
resources, as well as to current and potential risks and
threats to enterprise activity.

The subjects of safety-oriented management of the
enterprise are its management, security personnel and all
personnel.

The content of safety-oriented management is to
recognize corporate security as a priority for the operation

of the enterprise in the face of the negative impact of the
environment. At the same time, it is important to ensure
the profitable activity of the enterprise.

As noted by Voloshchuk L.O. according to economic
tools safety-oriented management is mainly preventive-
indicative, where indicative methods are used mostly in
the development process, and preventive and anticipative -
at the peak of development, when traditional indicators of
economic growth will show a high level of economic
security, but at the same time signal the potential new
threats to innovative development [6].

The mechanism of safety-oriented management is
considered as a set of managerial, economic,
organizational, legal and motivational ways to harmonize
the interests of the enterprise with the interests of the
environment, which, taking into account the peculiarities
of the enterprise, provides a profit sufficient to ensure
corporate security.

It should be noted that safety-oriented management
plays many key roles in the organization of the
management system, including risk management, crisis
management, information security, crime detection, fraud
prevention, physical security, investigation and business
continuity planning.

In this context, the strategy of safety-oriented
management should include strategies, mechanisms
(coordination, training, regulation, conservation and
protection), organizational methods, forms of strategic
management of economic security, as well as methods of
selection and coordination of adaptive measures that meet
development guidelines. enterprises. At the same time, the
classification of security-oriented development strategies
determines passive and active types of strategies: passive
survival, which use the available opportunities and are a
typical way of action for the enterprise in a stable and
predictable environment; active survival, aimed at active
search and effective use of market opportunities; active
impact on the environment, including actions to actively
seek and create new opportunities for enterprise
development through innovation, strategic competencies
and knowledge [14].

To implement safety-oriented management, it is
important to fulfill a group of conditions. So, in the first
group of conditions, Pritis V.. refers to the conditions that
depend on the actions and decisions of the management of
the enterprise, that is, at the micro level you can influence
their creation and development. These conditions include:
flexibility of the management system; responsiveness to
negative impacts; the presence of a specialized economic
security unit or individuals responsible; Defining the
functional responsibilities of those responsible and clearly
assigning authority; Adequate resources; a system of
motivation of employees has been formed; internal control
system is established in the context of the main processes
and functional activities; development of the marketing
component (analysis of potential markets, product
promotion, other means of combating competitors);
Interaction with local authorities has been established;
interaction with mass media and public organizations [15].

The second group of conditions for the
implementation of safety-oriented management includes
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those on which the enterprise has no direct influence and
is forced to perceive them in accordance with existing
realities, forming adaptation mechanisms: the stability of
the monetary unit in a certain range (at least within a
year); stability of legislation; availability and stability of
standards and product quality certification system; the
possibility of sailing to form a strategy for the
development of territories; the existence of regional
policies for the development of both selected industries
and individual enterprises; the possibility of sailing to
form a strategy for the development of the industry [15].

Summing up, it is worth defining "safety-oriented
management” as a type of management activity, a set of
coordinated actions, measures and processes aimed at
achieving the optimal level of corporate security in the
process of enterprise development, the key task of which
is to balance between the level of corporate security and
the effectiveness of enterprise development, which leads
to the formation of a balanced information and analytical
support system of safety-oriented management taking into
account the interests of all groups of stakeholders.

Goals and objectives of the study. The purpose of
the article is to develop theoretical and methodological
provisions and substantiate practical recommendations on
the formation of a model of a balanced scorecard for
ensuring safety-oriented management of construction
industry enterprises, taking into account the interests of all
stakeholder groups.

Study materials and methods

The theoretical and methodological basis of the
study were the scientific works of leading economists,
analytical materials of the State Statistics Service of
Ukraine. The study used such methods as: abstract-logical
analysis, dialectical, theoretical generalization, system and
statistical analysis, cognitive modeling, system and
statistical analysis, graphical method.

Study results and their discussion

Important components of the safety-oriented
management system are risk assessment, development and
implementation of safety policy, definition of
requirements, establishment of control and monitoring of
the external and internal environment. Risk assessment is
performed in order to inform the top management about
the potential impact on corporate security of various risks
and threats that may be due to internal or external changes
in the environment. Internal changes in the environment
occur due to changes in goals, acquisition of new
resources and changes in the management system, and so
on. External changes are due to the emergence of new
threats, the introduction of new laws, directives of
government bodies that have jurisdiction over the
organization, or the discovery of new opportunities in risk
control.

The development and implementation of security
policy involves the definition of restrictions on the
behavior of components of the internal system, as well as

those that may be imposed on the actions of potential
attackers. Based on the results of the evaluation, the
existing policies, guidelines and procedures are regularly
reviewed in order to update or create new ones in the
absence of any. Updated or newly created policies should
be reviewed interactively to fill gaps, resolve
inconsistencies, and eliminate duplication. When
approving, new or updated security policies should be
consistent with organizational objectives. The process
should involve all stakeholders of the enterprise, including

management, departments involved and security
professionals.
Based on the developed policies, a set of

requirements for the security system is developed. These
are the procedures and methods at the levels of hierarchy
that are necessary to protect personnel, infrastructure and
resources. Requirements should be organized in a
hierarchical structure, from the highest level to the
breakdown into details. The depth and breadth of
requirements depends on the size of the enterprise and its
mission. At the highest level of the hierarchy, the desired
levels of protection of physical resources, non-physical
assets and personnel are determined. Requirements
specifications should take into account best security
practices, specific practices in the market segment of the

enterprise, laws and regulations and the unique
socio-technical environment of the enterprise itself.
Once defined, requirements should be agreed

with a set of defined protocols and policies and revised if
necessary.

Monitoring is carried out to prevent, detect and
correct harmful and undesirable events. Requirements are
implemented by new or modification of existing controls.
If new controls are needed, then alternatives should be
evaluated and a choice made.

Monitoring of the external and internal environment
is considered as a stable stage of ensuring the protection
of the enterprise through control procedures. With regard
to the internal environment, adverse events are monitored,
compliance with policies, protocols, requirements and the
identification of new wvulnerabilities. Violations of
compliance are brought to the attention of stakeholders
and recommendations are given on the application of
appropriate actions. An unforeseen event will require
updating the security database and initiating a risk
assessment.  Similarly, the external environment is
monitored to identify new threats and new means of
control. Environmental change goes through the same
process to further modify controls, requirements and
policies.

The application of these procedures within the
process of organizing safety-oriented management is
carried out on the basis of information and analytical
support. Given that the level of corporate security of
construction companies is important not only for internal
stakeholders such as shareholders, managers, staff, but
also for external ones such as the state (bankruptcy of
large construction companies leaves the country GDP
growth, leads to the need to resolve conflicts between
developers and customers, requires financial resources to
solve problems), competitors (identify market segments in
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which competition takes place, determine its nature,
identify general trends in the competitive environment,
analyze the activities of competitors and the impact of
their activities on the enterprise itself), suppliers is
important in terms of the ability to pay for goods, services
or credit resources, the ability to further receive income
from joint activities), customers (safety of the enterprise is
a prerequisite for the fulfillment of its obligations to the
customer, ensuring the agreed quality those works, project
deadlines, are a prerequisite for customer confidence in
the company, and as a consequence of the volume of
orders and, accordingly, the volume of profits), as
information and analytical support safety-oriented
management it is advisable to use a balanced scorecard
taking into account the interests of all stakeholder groups..

The development of a balanced scorecard of safety-
oriented management is a long-term process that covers
all areas of construction companies, including financial
indicators as one of the main criteria for assessing the
results of the enterprise, and non-financial indicators that
assess customer and shareholder satisfaction, internal
business efficiency -processes, the potential of employees
to ensure long-term financial success of the enterprise.
The balanced scorecard essentially transforms the mission
and overall management strategy of the company into a

understandable to ordinary staff and controlled by
different departments of the company.

The development of a system of balanced scores
always begins with the definition of the overall mission or
overall strategy of the enterprise. The main strategic goal
of a balanced scorecard of safety-oriented management is
to ensure a sufficient level of corporate security in the
process and as a result of company development in order
to maximize profits, ensure the interests of all stakeholder
groups, safe implementation of business projects. Taking
into account the above, at the first stage for each area of a
balanced scorecard, including finance, customers, training
and staff development, internal business processes,
formed a model of a balanced scorecard of safety-oriented
management in the corporate security of construction
companies with identification of sources of information
(fig. 3). Within each area of a balanced scorecard of
safety-oriented management, it is important to follow the
mandatory stages, such as setting goals, collecting
information, evaluating and streamlining, analyzing
information, forming instructions on the procedure,
approving the form of reports, uniform in format for all
areas of activity in order to communicate to management
and simplify their understanding and make further
decisions for management.

system of interrelated indicators that are more
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Fig. 3. Model of a balanced scorecard of safety-oriented management in the system of corporate security of construction companies

The success of solving a specific problem of further
analysis depends on how well the primary information
will be collected. It is important to identify a number of
requirements that should be followed in determining the
amount of information, namely: minimality, sufficiency
and comprehensiveness. Excess information overloads the
information array and leads to unjustified costs for its
processing. Lack of information leads to a superficial,
shallow assessment of factors. Lack of comprehensiveness
leads to limited conclusions. The information collected
must also be reliable, consistent and useful to achieve a
specific goal. This stage of the process of developing a
balanced scorecard is critical to the operation of the entire

system, as it minimizes non-productive time and money.
The effectiveness of each management area largely
depends on information support. The quality of
information used for management decisions largely
depends on the amount of financial resources, level of
profitability, market value of the enterprise, alternative
choices of investment projects and available financial
instruments and other indicators that characterize the level
of well-being of owners and staff, the pace of enterprise
development.

The information management system of the
company's management is a continuous and purposeful
selection of relevant information indicators that are
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necessary for the analysis, planning and preparation of
effective management decisions in the field of safety-
oriented management in all areas of the enterprise. At this
stage, it is important to clearly define the timing of
information collection. It is not allowed to collect
information prematurely, when the conditions for
revealing the fact or change of circumstances have not yet
appeared, or to receive it late. Of great importance for the
proper collection of information is the knowledge of the
sources from which the information needed for analysis
can be obtained. The range of sources of information
largely depends on the purpose of the study, the direction
of the analysis, the department in whose interests it was
carried out. The information is selected from all available
sources, but taking into account the specifics, so as not to
expand the range of sources to infinity. On certain issues,
the collection of information may be carried out in secret
using the intelligence capabilities of the security service of
the enterprise.

The information system of safety-oriented
management should provide the necessary information not
only to the management staff and owners of the enterprise,
but also to satisfy the interests of a wide range of external
stakeholders. At this stage, for each of the identified areas,
a list of scores is developed, which should be calculated
within its limits, which should be set benchmarks as
normative values, the procedure for analyzing deviations
of actual values from normative, development of measures
to improve indicators to increase safety. enterprises. It is
also important to divide the structural departments of the
enterprise, relating to each of these areas. For each
department it is necessary to establish for calculation and
estimation, achievement of result of which indicators it
corresponds, how it is motivated to watch and provide
their standard level for the given enterprise.

According to research, the purpose of the financial
sector of the enterprise is to optimize financial costs,
strengthen financial stability, increase solvency, increase
profitability. To ensure the achievement of the goal of this
area, the following indicators are defined: absolute, fast
and total liquidity ratio, financial independence ratio,
financial risk, maneuverability ratio of own current assets,
turnover of all enterprise capital, turnover of enterprise
assets, turnover of receivables and payables, ratio, equity,
products, sales. To work on indicators in this area can be
attributed to such structural departments of the enterprise
as accounting, economics and finance. The analysis of
financial indicators is usually based on retrospective data,
but it is possible to assess the results of the enterprise,
determine the effectiveness of activities and redistribution
of internal resources of the company to increase financial
results, increase value and business security. The
information base of this area is primarily financial
statements, data from the company's accounting registers,
data from statistical sites, internal management reporting
of the company.

The purpose of the structures responsible for the
field of training and development of staff is to prevent and
prevent negative events due to the actions of staff, protect
the interests of staff, create favorable working conditions.
To ensure the achievement of the goal in this area, the

following list of indicators is defined: staffing ratio, staff
turnover, age structure of staff, staff stability, labor
productivity, labor discipline ratio, wage maotivation,
educational level and intellectual level of employees. To
work on indicators in this area can be attributed to such
structural departments of the enterprise as the department
of selection and hiring of personnel. This area of activity
should provide not only the calculation and analysis of the
above indicators, but also cover the processes of staff
training, creating a system of work motivation, creating
standards for the characterization of work not only
production but also administrative staff. The information
base of this area is the data of accounting and personnel
registers of the enterprise, data of statistical sites, internal
tables on personnel information, identity cards of
employees. It is also important to note that there is a direct
relationship between such indicators of the company as
the quality of internal service, employee satisfaction,
employee retention, quality of external service, customer
satisfaction, customer retention, profit. Staff satisfaction
affects the quality of services provided; satisfied staff is
more loyal to the company and makes a greater
contribution to its development; a satisfied employee is
unlikely to resign. In order for employees to take care of
their customers, management needs to create comfortable
working conditions. Thus, the field of staff training and
development is directly related to the field of clients.

The purpose of the client's structures is to prevent
threats to the interests of customers, control the company's
market share, create favorable conditions to ensure the
competitiveness of the enterprise. This structure should
assess the risks both inside the company and outside. In
this area, the creation of the information base is mostly
"experienced"”, i.e. by means of surveying competitors
directly on the spot. To analyze the external factors
influencing the consumer of the enterprise, it is
recommended to use the method of "mystery shopper",
which allows you to get information about how a
competitor builds a policy of interaction with customers
(communication by phone and in person). Analysis of
pricing policies and methods of sales promotion can be
done by analyzing the price lists of competitors and
information posted on websites and in the media. Analysis
of advertising activity requires tracking of sources of
information in which information about competing firms
can be placed, in particular sites
http://www.novostroy.info; http://stroyobzor.ua/kharkov;
http://proconsul.com.ua. ~ Knowing the means of
advertising and the cost of ad units, you can calculate the
advertising budgets of competitors. An important way to
obtain information is to conduct a survey of buyers, in
order to identify problem areas in the company's projects,
the attitude of buyers to the quality of products, identify
its shortcomings. The indicators of this area include the
coefficient of market return on assets, product
competitiveness, market share, the coefficient of
innovation costs, the rhythm of sales, the coefficient of
advertising efficiency. In this area, the priority areas of the
enterprise are also determined, taking into account the
interests of consumers in accordance with the prices at
which they are willing to purchase the company's
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products. It is also important to study the image of the
competitor in the market, the number of consumers, the
breadth of the product range, the level of competitiveness
of the main groups of goods, the level of prices for goods
and the quality of the communication system, the level of
customer service. Marketing and sales departments can be
assigned to work on indicators of this area. It was
established that this area is aimed at achieving the
following goals: to focus on the market needs of
consumers, to timely fulfill contractual obligations to
them, to improve the quality of products, current and after
sales service, to ensure a high rate of expansion of the
enterprise, to fully use the property, financial, personnel
and other resources of the company, to ensure flexibility
of operations in accordance with constantly changing
conditions.

The sphere of internal business processes is the most
unique for each enterprise, as it depends on the ways of
organization and specifics of the enterprise, the class of
consumers on which the company is focused. The
generalized indicators of this area include: return on fixed
assets, capital adequacy, the rate of disposal of fixed
assets, the rate of renewal of fixed capital, depreciation of
fixed assets, material consumption, energy consumption,
efficiency of materials, fines for substandard products.
The paper also proposes the use in this area of the index of
conformity of the cost to the estimated cost, the index of
compliance with the project deadlines to the planned
dates, the index of conformity of the number of built and
sold meters. The sphere of internal business processes
covers the activities of more divisions of the enterprise
than the previous ones, in particular it can include the

production department, budget department, labor
protection  department, economic and financial
department, legal department, technical construction

supervision department. The information base, for the
most part, is the internal reporting of each unit, the centers
of responsibility for each individual project and the
enterprise as a whole.

The next step in creating a balanced scorecard of
safety-oriented management is to evaluate and stimulate
the work of the workers involved in its implementation.
To do this, each employee must write a job description,
not formally, but with a detailed description of tasks,
competencies, functions, powers and responsibilities;
consider existing methods of evaluation and incentives,
compare them; try to sample existing methodologies for
each position; analyze the results and accept or reject the
tested options.

For the successful implementation of the proposed
model of safety-oriented management in the corporate
security system of construction companies, it is advisable
to use different methods of assessing the effectiveness of a
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35AJTIAHCOBAHA CUCTEMA IIOKA3HUKIB 3ABE3IIEYEHHA
BE3NNEKOOPIEHTOBAHOI'O YIIPABJITHHS MIAMPUEMCTB BY AIBEJIBHOI
T'AJIY3I

CrarTsi NpHUCBSYEHA JOCITIIKEHHIO TEOPETHKO-METOJANYHUX 3aca]] PO3pOOKH 30alaHCOBAHOI CHCTEMH MOKA3HHUKIB 3a0e3IeucHHs
0e3MeKOOPIEHTOBAHOTO YIPABIiHHS MiANPUEMCTB OyniBensHol ramysi. IlpegMeroM IOCHiKEHHS € CYKyNHICTh TEOPETUYHHX,
METOIMYHHUX 1 IPAKTHYHUX aCMEeKTIB 010 3abe3nedcHus GopMyBaHHS po3poOKH 30aTaHCOBAHOI CHCTEMH MOKA3HHUKIB 3a0e3MeueHHs
0e3MeKOOPiEHTOBAHOTO YIPABIiHHS MiAIPHEMCTB OyaiBenbHOT rany3i. MeTor cTaTTi € po3poOKa TEOPETHKO-METOANYHUX TOJI0KEHD
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Ta OOTPYHTYBaHHs MPaKTHYHUX PEKOMEHAAlid 11070 (GopMyBaHHS MoOJeTi 30aJaHCOBAHOI CHCTEMH IOKA3HUKIB 3a0e3neyeHHs
0E3MeKOOPIEHTOBAHOTO YIPABIIHHSA MIANPUEMCTB OyAiBeNbHOI Talmy3i i3 BpaxyBaHHSAM IHTEpPECiB yciX TIpyI CTEHKXOJIIepiB.
3aBaannst po6OTH: IPOAHANI3yBaTH CyYacHi TEHJCHII PO3BHUTKY IiANPHUEMCTB OymiBeNbHOI Tamy3i YKpaiHH; y3arallbHUTH IiIXOAN
10 BHU3HAYEHHS IIOHATTS OE3IIEeKOOPI€EHTOBAHOTO YIPABIIHHS; MOCHIANTH Ta CHCTEMAaTH3yBaTH €JIEMEHTH Oe3IIeKOOpIEHTOBAHOTO
YIPaBIiHHS; PO3POOHTH MOJETb 30aTaHCOBAaHOI CHCTEMH MOKa3HHKIB 3a0e3nedeHHsT 0e3eKOOpi€eHTOBAHOTO YIIPABIIIHHS B CHCTEMI
KOpIIOpaTUBHOI Oe3meku MiAnpueMcTB OyaiBenbHOI ramysi. Y XoAi JOCHIIKEHHS BUKOPHUCTAaHO METOAU: aOCTPaKTHO-JIOTiYHUH
aHaJIi3, TEOPETUYHOrO Yy3arajJbHEHHS Ta CHCTeMaTH3alii, CUCTeMHHH aHami3. B poboTi mpoaHamizoBaHO IMHAMIKy PO3BUTKY
MiANPUEMCTB OyIiBeIbHOI rary3i YKpaiHu B yMOBax 3alpOBaPKEHHS KapaHTUHHUX 3aX07iB, Mo’ s3aHux 3 COVID-19. Beranosneno
(axTopu, M0 CTPUMYIOTh OyIiBeNIbHY IiSUIBHICTB, 10 SKUX BiHECEHO (iHAHCOBI OOMEKEHHS, HEOCTAaTHIN MOMUT, HecTaya poboyoi
CHJIM, TIOTOJHI YMOBH. Y3arajgbHEHO MiIXOIM 10 BH3HAYECHHS Oe3NeKOOPi€HTOBAHOTO YINPABIIHHS Ta YIOCKOHAICHO BHU3HAYEHHS
0E3MeKOOPIEHTOBAHOTO YINPABIIHHA B CHCTeMi KopropaTtuBHOi Oe3mekn. CHCTEMaTH30BaHO €JIEMEHTH Oe3IeKOOpiEHTOBAHOTO
YIpPaBITiHHA i3 KOHKPETH3aIli€l0 TAKUX CKJIAJIOBUX SIK OLIHKA PHU3HUKIB, PO3pOOKA Ta BIIPOBAPKCHHS IMOJITHKKA O€3IeKH, BU3HAYCHHS
BUMOT, BCTAHOBJICHHSI KOHTPOJIIO Ta MOHITOPHHT 30BHINIHBOTO Ta BHYTPIIIHBOro cepepoBuma. Po3pobiaeHo Monens 30amaHcoBaHOT
CHUCTEMH MOKa3HHUKIB 3a0e3meyeHHsl 0e3MeKOOPIEHTOBAHOTO YHpaBIiHHA MiANpUeMCTB OyaiBenbHOI ramysi. BucHoBku. B mpomeci
JIOCTIDKEHHS OOIPYHTOBAHO JOLUIBHICTG (POPMyBaHHS 30alaHCOBAHOI CHCTEMH IOKA3HUKIB 3a0e3MeUYeHHS 0e3MEeKOOPIEHTOBAHOTO
YOpaBIiHHS MiIIPHEMCTB OyIiBENBHOI Taiy3i i3 BpaXyBaHHSIM AWHAMIKA BUKOHAaHHS OyniBelbHHX pobiT mpotsarom 2019-2021 pp.
JleTanbHO TIpPEACTaBICHI €NEMEHTH CHUCTEMH O€3NEKOOPI€EHTOBAHOTO YINPABIiHHA Ta OOIPYHTOBAHO MAOLUIBHICTH (OPMYBAaHHS
30aJaHCOBAHOI CHCTEMH IIOKa3HHKIB 3a0e3nedeHHs Oe3[eKOOPI€HTOBAHOTO YIPABIiHHA MIiANPHEMCTB OyIiBENBHOI Taysi.
Jlerani3oBaHO MOCHITOBHICTE ()OPMYBaHHS 30aJIaHCOBAHOI CUCTEMH ITOKa3HUKIB 3a0e3IeueHHs 0e31eKOOpiEHTOBAHOTO YIIPABIiHHS 13
KOHKPETH3aIli€l0 CHCTEMH IIOKAa3HUKIB JUI1 OLIHKM CTPaTeriyHMX LIeH 3a CKIaZoBHMH 30aJlaHCOBaHOI CHCTEMH MOKa3HHKIB!
(iHaHCH, KITI€HTH, BHYTpIlIHI Gi3HEC-TIpoLeciB, HABYaHHS Ta PO3BUTOK.

KnwuoBi cioBa: 0e3mekoopieHTOBaHE YIPABIiHHS, KOPIOpaTHBHA Oe3meka, 30ajaHCOBaHA CHUCTEMa MOKa3HHUKIB,
mianpueMcTBa OyaiBeIbHOT ramy3i.

CBAJIAHCUPOBAHHASI CHCTEMA IIOKA3ATEJIEN OBECHEYEHMS
BE3OITACHO-OPUEHTHPOBAHHOI'O YIIPABJIEHUSA TPEAIIPUATHUN
CTPOUTEJIbHOM OTPACJIA

CraTbsl TOCBAIICHA HCCIENOBAHUIO TEOPETUKO-METOAMYECKHX OCHOB pa3pabOTKu COalaHCUPOBAHHOW CHCTEMBI IIOKa3aTesei
obecniedeHnss 6e30MacHO-OPUEHTHPOBAHHOTO YIIPABICHUs HpPEANPHUATHH CTpouTenbHON oTpaciu. IIpemmerom ucciemoBaHHS
SIBIISIETCSL COBOKYITHOCTh TEOPETHYECKHX, METOJMYECKUX M IPAKTUUECKUX acleKTOB IO 0OecredeHUIo (OpPMHUPOBAHUS pa3pabOTKH
cOaaHCHPOBAaHHOM CHCTEMBI MoKa3arenell obecneyeHus: 0€30MacHO-OPHEHTHPOBAHHOTO YIIPABICHUS MPEANPHITHN CTPOUTEIBHOM
orpaciu. Llenablo cTaThu sABISETCS pa3paboTKa TEOPETUKO-METOANIECKUX TOJIOKEHHH 1 000CHOBAHHE MPAKTHUECKUX PEKOMEH Al
mo (GopMUpPOBaHHIO MOJAENU COANTAHCHPOBAHHOW CHCTEMBI TOKa3aTesiell obecriedeHHs Oe30MacHO-OPHUEHTHPOBAHHOTO YIIPABICHHS
MPeANpPUATHH CTPOUTENBHON OTpacid C Y4eTOM HHTEPECOB BCEX TPYNI CTEHKXONAEpOB. 3aJa4ud paboTHL MpOAaHAIN3NPOBAaTh
COBpEMEHHbIE TCHICHIINY PA3BUTHUS NPEINPHATHH CTPOUTEILHOW OTPACIM Y KPauHbL; 000OIIUTE MOIXOABI K ONPE/ICNICHUIO TIOHSATHS
6€30M1aCHO-OPUEHTHPOBAHHOTO ~ YIPABJIEHUs; HCCICAOBAaTh M CHCTEMAaTH3HPOBATh SJIEMEHTHl 0€30IaCHO-OPUEHTHPOBAHHOTO
yIpaBJleHus; pa3paboTaTh MoJeNb COANaHCHPOBAaHHOH CHCTEMbl IIOKa3aTened oOecredeHus 0e301acHO-OPUEHTHPOBAHHOTO
YIpPaBJICHUs B CHCTEMe KOPIOPAaTHBHON 0€30MacHOCTH MPEANPUSITHI CTPOUTEIBbHOM oTpacin. B xone ucciienoBaHus UCIONb30BaHbI
MeTOIbl: a0CTPaKTHO-JIOTHMYECKUI aHaIM3, TEOPETUYECKOro OOOOIIeHUs W CHUCTEMaTH3allld, CHCTEeMHBId aHamu3. B pabote
MPOAHATU3UPOBAHA AWHAMHKA DPA3BUTHUS NPEANPUSATHH CTPOUTENBHOW OTpacid YKpawWHBl B YCIIOBHSIX BBEICHHS KapaHTHHHBIX
Meponpuatuii, cBs3aHHbIX ¢ COVID-19. YcraHoBneHbI (aKTOPHI, CIEPKHUBAIOMIAE CTPOHUTENHHYIO NESATEIBHOCTh, K KOTOPBIM
OTHECEHBI (PHHAHCOBBIE OrPaHUYEHUsI, HEJOCTaTOYHBINA CIIPOC, HEXBaTKa paboueil CHIIbl, moroaHble yeimoBus. OO00MEeHBI MOIX0IBI K
OIIpeJIeIeHNI0 0e30IacCHO-OpPHEHTHPOBAaHHOTO YIPABJICHUS M YCOBEPIICHCTBOBAHA ONPEIENCHUs 0e30IaCHO-OpPHEHTHPOBAHHOTO
yIpaBJIEHUs B CHCTEMe KOPIIOPaTHBHOI Oe3onacHocTH. CHCTEMaTH3UPOBAHBI AJIEMEHTHI 0€30MaCHO-OPUEHTHPOBAHHOTO YIIPABICHHS
C KOHKpETH3alMell TaKHX COCTaBIIONIMX KaK OLEHKA PHCKOB, pa3pabOTKa M BHEJPEHHE MOJUTHUKH OE30MacHOCTH, ONpPEAENIeHHUS
TpeOOBaHMH, YCTAaHOBJICHHS KOHTPOJS M MOHUTOPHHI BHEUIHEW M BHYTpEHHeH cpenbl. Pa3paborana mopens cOalaHCHPOBAHHOM
CHCTEMBI TIOKazaTelel obecredeHns: 6e30nacHO-OPHEHTHPOBAHHOTO YIPABICHHS MIPEANPHUATAN CTPOUTENBHOM oTpaciy. BeiBoasl. B
Iporecce UcclieloBaHnsT 000CHOBaHa IIeIecOo00pa3sHOCTh (HOPMHUPOBAHUS COATAHCHPOBAHHOM CHCTEMBI IMOKa3aTelied obecrieucHust
0€3011aCHO-OPHEHTHPOBAHHOTO YIPABICHHS MPEAIPUSITHH CTPOUTEIBHON OTPACIH C YUSTOM JHHAMUKH BBITOJIHEHHS CTPOHUTEIBHBIX
pador B Tedenue 2019-2021 rr. [TogpoOHO TpeACTaBICHBI 3JEMEHTH CHCTEMBI 0€301MacHO-OPUEHTHPOBAHHOTO YIPABICHUS U
obocHOBaHa wLenecooOpasHocTs  (opMupoBaHust — cOaNaHCUPOBAHHOW  CHCTEMbl IOKas3aTeneidl  oOecredeHus Oe30macHo-
OpPHEHTUPOBAHHOTO YIMPABICHUS MPEANPHUITHI CTPOMTEIBHON OTpaciu. JleTanu3upoBaHO MOCIENOBATEIbHOCT (HOPMHUPOBAHHMS
cOalaHCHPOBAHHOM CHCTEMBI MOKa3aTesell olOecredeHus 0e30MacHO-OPUEHTHPOBAHHOTO YIPABICHUS C KOHKPETH3aLUEH CHCTEMBI
HoKas3aresei Ul OLEHKH CTPaTerHuecKuX IIeNeil Mo COCTaBIsIOIINM cOaaHCUPOBAaHHOM CHCTEMBI IoKa3aTeneil: GUHAHCHI, KITMEHTHI,
BHYTpPEHHHE OM3HEC-TIPOIIECCOB, O0YUCHUE U Pa3BUTHE.

KnioueBbie c1oBa: 6e30IacHO-OPHEHTHPOBAHHOE YIPaBIECHHE, KOPIOpaTUBHAS O€30IacCHOCTh, COANAaHCHPOBAHHAs CHCTEMa
TOKa3aTeliel, MpeANpUsITHS CTPONTEIIFHON OTpaciu.
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O. AVRUNIN, A. TRUBITCIN, V. KLYMENKO

THE METHOD FOR PREDICTIVE ASSESSMENT OF THE CONDITION OF
PATIENTS WITH ATOPIC DERMATITIS AT DIFFERENT STAGES OF THE
DISEASE

The subject of the research is the development of a method for prognostic assessment of the condition of patients with atopic
dermatitis at different stages of the disease. The goal of the work is to study the informativeness of immunological indicators and data
from dermatoscopic examinations in order to expand the possibilities of prognostic objectification of methods for assessing the
condition of patients with atopic dermatitis with varying degrees of severity of the disease. The task of the work includes objectifying
the blurring of assessment standards when analyzing the transition from one stage of the disease to another. Methods. The solution to
this problem is possible when assessing the possibility of using models of parametric recognition (discrimination) using indicators of
immunoglobulins in blood serum and indicators of immunograms, as well as color characteristics of skin areas based on the analysis
of dermatoscopic images at various degrees of severity of the disease. Result. In the course of the study, the analysis of the color
characteristics of the skin showed that when immunological blood parameters are added to the discrimination model, the probability
of an error in making prognostic decisions significantly decreases. Predictive assessment of the condition of a patient with atopic
dermatitis only by the color characteristics of the skin makes it possible to control this pathology with a higher degree of probability,
which makes it possible to use the digital dermatoscopy method independently for express objectification of the condition of a patient
with atopic dermatitis without waiting for the data of immunological analyzes. When a new patient appears, the above indicators are
calculated for him and the normalized Euclidean distances to the center of the clusters corresponding to the studied pathologies are
calculated. The calculated distances can be ranked and the probabilities of correspondence of the given case to specific pathologies
can be determined. Conclusions. The prospect of further work is to substantiate the metrological characteristics of the method to

eliminate possible systematic errors associated with the method of obtaining optical information.
Keywords: atopy; dermatitis; luminance channel; dermatoscopy; discrimination pattern.

Formulation of the problem

Atopic dermatitis (AD) is a chronic inflammatory
skin disease fig. 1, which is most common in childhood.
Being an important medical and social problem, AD is
characterized by a very early manifestation, extensive skin
lesions, accompanied by intense itching. Often with AD,
secondary infection of the skin with various bacteria and
fungi occurs, which is an additional aggravating factor in
the patient's condition. In some cases, AD can be the
cause of the development of bronchial asthma [1-4].

Fig. 1. External manifestations of atopic dermatitis

When objectifying the condition of a patient with
AD, instrumental methods for studying the external
manifestations of the disease play an important role.
Currently, in assessing skin lesions caused by AD, one of
the most informative is the dermatoscopy method. Visual
analysis of the medical image obtained by dermatoscopy
allows the doctor to make a preliminary conclusion about
the state of the skin during a specific period of the disease.

The modern dermatoscope market is represented by
a wide selection of samples that differ in their
functionality and price range.

The VEOS DS3 dermatoscope is a portable digital
dermatoscope with a touch-sensitive display, an improved
lighting system that allows skin, subcutaneous structures

and vascular pattern studies. Dermatoscopy can be
performed by contact and non-contact methods (non-
polarization and polarization methods). You can adjust the
focus in both manual and automatic modes. The design
features of the optical system make it possible to avoid
optical aberrations, as well as to conduct high-quality
focusing and scaling. The device is equipped with 2
contact boards (immersion and cross-polarized).

Dermatoscope (trichoscope) irefly DE330T has an
optical increase to 165x; digital up to 495x. Allows you to
take pictures with a maximum resolution of 2 mPs (1600 x
00). Equipped with three-layer glass - 650 nm. and a
ilt-in polarizer with 12 gradations. Video recording is
pssible. Illumination is represented by a system of 8
tra-bright LEDs with the possibility of brightness
djustment. The device has dimensions of 13x3.6 cm. The
ameter of the chamber is 4 cm.

The DELTA 20 dermatoscope has a chrominance
coefficient PRI > 87. the color transmission system is
represented by 4 LEDs. Two LEDs can be turned off for
side lighting. The optics of the device allows you to make
10-16 times the increase; undistorted over the entire plane.
The adjustable eyepiece has individual focus with a
correction range from -6 to + 6 dpt.

The Eurolight D30 dermatoscope has a contact glass
with a diameter of 25 mm, a lighting system with a
lighting intensity (12,000 Lux) with a service life of up to
50,000 hours, a focusing range: from -6 to + 3.5 D, ten
times optical magnification, a scale for early detection of
pigmentation changes in the skin [5 —9].

As a recording device during the examination of
patients, a video thermoscope UMO039 fig. 2 was chosen,
having the following characteristics: the possibility of
optical magnification up to 200 times, the resolution of the
sensing matrix 5 mPs (2880 x 1800 pixels). The device is
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equipped with a built-in adjustable LED lighting unit, a
tripod and a 3-inch rotary display.

Fig. 2. Digital video dermatoscope UMO039

The effectiveness of solving problems of monitoring
the states of objects with random properties, as a rule,
depends on the correct selection of the most informative
system of parameters (features) that are sensitive to
changes in the characteristics of the object. Any control
formally implements a test procedure, the effectiveness of
the result of which is determined by reliability - the
probability of making a correct decision [10]. This
approach is complicated by the fact that with the
uncertainty of the properties of the object of study, the
task of selecting informative parameters becomes
problematic. Especially, if metrological support of
information transformations in the structure of the control
system is difficult when objectification of the patient's
condition with AD is carried out by the attending
specialist.

Selection of the optimal (by the criterion of
maximum reliability) system of informative signs for
assessment of patient's condition with AD is the classical
task of statistical synthesis in conditions of a priori
uncertainty [11, 12]. Characteristics are ranked by
information value by value of control validity index [11],
or probability of errors [12]. The features of the
processing steps [13, 14] and segmentation [15-17] of
medical images also lead to errors in the selection of
informative features. Also, the fuzziness of evaluation
standards in the analysis of the transition from one stage
of the disease to another leads to a decrease in prognostic
objectification of the severity of the disease.

The solution to the problem is possible when
assessing the possibility of using parametric recognition
(discrimination) models using serum immunoglobulin
indices and immunogram indices, as well as color
characteristics of skin areas based on analysis of
dermatoscopic images at different degrees of severity of
AD.

The purpose of the work is to study the
informativity  of  immunological indicators and
dermatoscopic examination data in order to expand the
possibilities of predictive objectification of methods for

assessing the condition of patients with AD with varying
severity.

Materials and methods

The examination of children with AD was carried
out on the basis of the Department of Pediatrics
Propedeutics No. 2, KhNMU. All patients and their
parents gave voluntary consent to participate in the study.

During the examination, anamnesis was collected
and the initial dermatological status of the patients was
described. The dynamics of the skin process was assessed
on the 3rd, 14th, 17th and 28th day of treatment.

The patients received systemic therapy, which
included taking antihistamines. Outwardly, we used basic
emollient therapy and anti-inflammatory therapy with
corticosteroids. The condition of the patients against the
background of the therapy was assessed: as clinical
recovery - complete resolution of the skin inflammatory
process; significant improvement - reduction of the
SCORAD index by 75% compared to the initial data;
improvement — a decrease in the SCORAD index by
25-50%; no change - decrease in SCORAD index by less
than 25%.

Images were recorded using a UMO039 digital video
dermatoscope. The images were captured onto a microSD
card with subsequent transfer of data to a database on a
computer.

Construction of a discrimination model to
determine informative features

Consider a linear discrimination model. An
informative parameter X used to obtain information about
a priori undefined properties of an object of control can be
considered as a random variable. The latter, in the case of
two states of the object (®,— norm, ®, — deviation from

the norm) is characterized by conditional probability
distribution densities

X~ f(X/©,) ,if 0cO,,

X~ f(X/©,),if0cO,.

2 2 . .
If m@ m® 59 59 are mean and dispersions of
value X for conditions ® € ®,, and ® € ®, accordingly,

then under normal (Gaussian) distributions
f(X/0,),f(X/©,), the probability of decision error in the

form of object states is determined under dispersions
5% 5% through the probability integral d(5/2) [10]

P, =1-®(5/2), (1)
where

m® _m®
o

8= 2

The mean and standard deviation included in
equation (2), respectively, are determined by the formulas
below
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m==>Xx, 5= (———)". ©)
[ By i-1 0,
1< , is called the quadratic normalized Euclidean distance
6= n Z(Xi‘mi) ' between the controlled states (between the vectors of the
o state averages ©, u ©,) [11, 12].
where n — number of measurements of the studied The control object in this case is a vector-column of
indicator. measured values
2 2
If 6 =69, then the boundary for P, can be X,
estimated by the inequality X_z
P, <1-®(5/2). (3) X=|.,
In multivariable monitoring, when the number of
informative parameters X,,..,X, is more than one X,

(n=2) variable & is described by the equation with conditional n-dimensional normal distribution density.

Expression (6) assumes the mutual independence of

(4) the vector components in the linear discrimination model
[10-12].

o o . The probability of error is less, the greater is, that is

is determined by the formula distance between the mean vectors.
A schematic illustration of the distribution of the
S =max(5”,5%). 5 .
' (07.67) ®) measured value at two states ®® and ®“ of the object
The square of the value § from the equation (4) under study is given in fig. 3.
(0)

(H) F (D

Fig. 3. Schematic illustration of the distribution of the measured value at two states O and O of the object under study

Thus, the variables & (or &%) according to X, —serum immunoglobulin IgE, MOd/ml;
equations (5 and 6) make it possible to quantitatively , —serum immunoglobulin IgG, g/l;
compare not only single informat_ive diagnost_ic ipdi_catqrs, , — serum immunoglobulin 1gA, g/|%:
but also subsets (systems) of indicators by discriminating . .

., — serum immunoglobulin IgM, g/l;

ability (in fact, by informativity).
At the same time, for each group of patients the ; — Ccytotoxic lymphocytes CD8+, %;
s — T-helper lymphocytes CD4+, %;

statistical indicators were found: mean values m!® and

m® — standard deviations of the corresponding indicators, , — natural killers CD16+, %;

and for calculation by formula (5) the maximum standard X, — Color tone of the skin area H (Hue) in the HSV
deviation was chosen according to the formula (6). system:

In calculations to determine the parameters of . . .
prognostic objectification of the assessment of the X, — Color saturation of the skin area S (Saturation)
patient's condition with a severe form of AD, 10 inthe HSV system;

informative parameters X, (i=1,10) were used, which X, — Color intensity of the skin area V (Volume) in
were displayed in ascending order of numbering: the HSV system.

X X X X X X
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For simplicity, in the tables and graphs below, only
the number of the informative parameter is indicated.

The first 7 were obtained from laboratory diagnostics
data. The last 3 were obtained using dermatoscopy
methods.

Patients were divided into two groups - patients with
AD in the acute stage and conditional norm (control

The results of discriminant analysis when comparing
the main indicators of serum immunoglobulins and these
immunograms in these groups are given in table. 1. The
graphs of the increase in the corresponding normalized
Euclidean distance when adding parameters to the
discrimination model and the change in the probability of
an error in making a prognostic decision when controlling

AD in the acute stage with the norm are shown in fig. 4-5,
respectively.

group).

Table 1. Comparison (control) of the effect of serum immunoglobulin indices and immunogram indices in the conditional norm and
acute stage of AD

Atopic dermatitis Normalized Normalized
Method type Conditional norm P ! - - Euclidean distance
acute stage Euclidean distance| . -
with accumulation
Indicator
Parameter m On m On o &
1. IgE, MOd / ml 65,2 27,3 201,61 73,31 1,86 1,86
2. 1gG, g/l 13,60 7,86 4,44 2,35 1,17 2,19
3. lgA g/l 1,90 1,25 0,74 0,37 0,93 2,39
4. 1gM, g/l 1,45 0,96 0,81 0,45 0,65 2,47
5.CD8+, % 23,40 4,01 20,20 3,76 0,80 2,59
6. CD4+, % 39,01 5,03 38,26 3,61 0,15 2,60
7.CD16+, % 14,41 5,98 13,98 2,42 0,07 2,60
P.error 0,19
26
24
& 272
2.0
18

a 1 2 3 4 g B 7
J
Fig. 4. A graph of the increase in the normalized Euclidean distance when adding parameters (indicators of serum immunoglobulins
and immunogram data) to the discrimination model & = F(j) when controlling AD in the acute stage and at a conditional norm

(j=7 isthe dimension of the space of informative parameters)
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Fig. 5. A graph of the decrease in the error of making a prognostic decision when adding parameters (indicators of serum
immunoglobulins and immunogram data) to the discrimination model P, = f(j) when controlling AD in the acute stage and at a

conditional norm ( j =7 is the dimension of the space of informative parameters)
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It can be seen from these graphs that the greatest
contribution to the increase in the normalized Euclidean
distance and, accordingly, to the decrease in the
probability of error is made by the parameters of
immunoglobulin in the blood serum (ranked in descending
order of influence), the parameters of the immunogram
(except, possibly, CD8 +) practically do not reduce the
probability of an error in the assessment the patient's
condition and they can be ignored. The total control error
when taking into account data only on indicators of serum
immunoglobulins and immunograms is 0.19.

If, in addition to the immunological parameters in
the discrimination model, take into account the data of
digital video dermatoscopy (color characteristics of the
skin in the HSV system) (the results are given in table 2),
then according to the graphs in fig. 5-6, it can be seen that
the greatest contribution to the assessment of the patient's
condition is made by a change in the color tone of the skin
(reducing the error probability to 0.09) and then changing
the saturation (reducing the error probability to 0.07).

Table 2. Comparison (control) of the total effect of serum immunoglobulin indices and immunogram indices, as well as the color
characteristics of skin areas in the conditional norm and in the acute stage of AD

Method type Conditional norm Atopic dermatitis, Normalized Eucll\ilgggnnagizset(;nce
P acute stage Euclidean distance . -
with accumulation
Indicator m s, m 5, S 5

Parameter
ImZ, 2,60 2,60
H 18° 10,52° 355° 7,26° 2,17 3,38
S 50,14 8,43 40,11 6,95 1,19 3,59
\Y/ 98,52 9,30 93,49 8,93 0,54 3,63
P.error 0,07

38

15 — 4

3.4 "

3,2 /

6 /

30 /

28

26

2.4

o 1 2 3 4
J

Fig. 6. The graph of the increase in the normalized Euclidean distance when adding parameters (indicators of serum immunoglobulins
and immunogram data) and data from digital skin dermatoscopy in the HSV system into the discrimination model & = F(j) for AD

control in the acute stage and conditional norm ( j =4 is the dimension of the space of informative parameters, the first parameter

takes into account the integral contribution of immunological data)
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Fig. 7. A graph of the decrease in the error of making a prognostic decision when adding parameters (indicators of serum
immunoglobulins and immunogram data) and data from digital skin dermatoscopy in the HSV system into the discrimination model
P, = f(j) for AD control in the acute stage with the norm ( j =4 is the dimension of the space of informative parameters, the first

parameter takes into account the integral contribution of immunological data)
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Analysis of the color characteristics of the skin in the
HSV table 2, which are separately shown in table 3-4,
demonstrates the digital
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increase in the normalized Euclidean distance and a
change in the probability of a decision-making error by
the attending specialist when comparing different

the possibility of using
dermatoscopy method for predictive rapid assessment of

the condition of patients with AD. So, in fig. 8-9 show an

pathologies with the norm.

Table 3. Comparison (control) of the influence of indices of color characteristics of skin areas in normal and acute stages of AD

. Atopic dermatitis Normalized Normglized Eu_clidean
Method type Conditional norm ' - - distance with
acute stage Euclidean distance .
accumulation
Indicator
) ) 0.
Parameter m n m " o *
H 18° 10,52° 355° 7,26° 2,17 2,17
S 50,14 8,43 40,11 6,95 1,19 2,47
\% 98,52 9,30 93,49 8,93 0,54 2,54
P.error 02

Table 4. Comparison (control) of the effect of serum immunoglobulin indices and immunogram indices in normal and acute stages in

AD
. . . Normalized
. Atopic dermatitis, Normalized . B
Method type Conditional norm acute stage Euclidean distance Et_Jclldean dlstapce
with accumulation
Indicator
0 0 0.

Parameter m " m " o *
1. IgE, Mod/ml 65,2 27,3 201,61 73,31 1,86 1,86
2.1gG, g/l 13,60 7,86 4,44 2,35 1,17 2,19
3. 1gA, g/l 1,90 1,25 0,74 0,37 0,93 2,39
4. 1gM, g/l 1,45 0,96 0,81 0,45 0,65 2,47
5.CD8+, % 23,40 4,01 20,20 3,76 0,80 2,59
6. CD4+, % 39,01 5,03 38,26 3,61 0,15 2,60
7.CD16+, % 14,41 5,98 13,98 2,42 0,07 2,60
8. H 18° 10,52° 355° 7,26° 2,17 3,38
9.S 50,14 8,43 40,11 6,95 1,19 3,59
10.V 98,52 9,30 93,49 8,93 0,54 3,63
P.error 0,07
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Fig. 8. A graph of the increase in the normalized Euclidean distance when adding color characteristics of the skin in the HSV system
to the discrimination model & = F(j) when comparing AD in the acute stage with the conditional norm ( j =3 is the dimension of the

space of informative parameters)
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Fig. 9. A graph of the decrease in the error of making a prognostic decision when adding color characteristics of the skin in the HSV
system to the discrimination model P, = f(j) when comparing a patient with AD in the acute stage with a conditional norm ( j =3 is
the dimension of the space of informative parameters)

From the analysis of the graphs in fig. 8 and 9, it is
obvious that when comparing AD in the acute stage with
the norm, the most significant indicators of
immunoglobulin in blood serum (the first 4, ranked in
descending order of contribution to the discrimination
model) and the indicator of the CD8 + immunogram.
The rest of the immunological parameters do
not make significant changes in the discrimination model
and can be ignored. The total probability of a decision
error is 0.19.

Conclusions

Analysis of the color characteristics of the skin in the
HSV system showed that when immunological blood
parameters are added to the discrimination model, the
probability of an error in making prognostic decisions by
the attending specialist significantly decreases from 0.19
to 0.07.

Predictive assessment of the condition of a patient
with AD only by the color characteristics of the skin in the
HSV system makes it possible to control this pathology
with an error probability of 0.2. This allows using the
digital dermatoscopy method independently for express
objectification of the condition of an AD patient without
waiting for the data of immunological analyzes.

When a new patient appears, the above indicators are
calculated for him and the normalized Euclidean distances
to the center of the clusters corresponding to the studied
pathologies are calculated. The smallest distance to the
center of one of the clusters will correspond to the most
probable state of control (norm, or pathology). Also, these
distances can be ranked and the probabilities of the
correspondence of the given case to specific pathologies
can be determined.

The prospect of the work is to substantiate the
metrological characteristics of the method to eliminate
possible systematic errors associated with the method of

obtaining optical information.
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METO/]I IPOTHOCTUYHOI OI[IHKU CTAHY XBOPUX HA ATONTYHUM
JEPMATHUT HA PI3BHUX CTAAIAX 3AXBOPIOBAHHS

Ipeamerom AOCHIIKEHHS € PO3po0Ka METO/AY MPOTHOCTUYHOI OI[IHKM CTaHy XBOPHX Ha aTOMIYHHI JIEpMATHT Ha PI3HUX
CTaJisX 3aXBOpIOBaHHAI. MeTow poOOTH € JOCHIKEHHS 1HGOPMATUBHOCTI IMYHOJOIIYHUX IIOKAa3HHUKIB 1 [JaHUX
JIEMaTOCKOIIUCKIX OOCTE)KEHb 3 METOK PO3IIUPEHHS MOXJIMBOCTEH MPOTHOCTHYHOI 00'€KTHBI3allii METO/IB OIIIHKH CTaHy
XBOPHX Ha AaTONIYHMI JEepMaTHUT 3 PI3HHM CTYIEHEM TSDKKOCTI 3aXBOpIOBAaHHA. JIo 3aBAaHb JIOCHIDKCHHS BXOJHTDH
00'eKTHBI3aIliS POZMUTOCTI €TAIOHIB OI[IHKHM NP aHalli3i Mepexoy BiJ OJHI€l cTanil 3aXBOpIOBaHHA 10 iHIIOI. B skocti
MeTO/y DillICHHS IIOCTaBICHOI IPOOIEMH MOXIIMBE BUKOPHCTAHHS MOJIENCH TapaMeTPHYIHOTO PO3Ii3HABAHHS (IUCKPUMIiHAIIT)
3 BHKOPHCTaHHSM [OKAa3HUKIB IMYHOTJIOOYJIiHIB B CHPOBATI[i KPOBI 1 IMOKAa3HHWKIB IMMYyHOTpaMM, a TaKOX KOJIPHHX
XapaKTepUCTUK AIISHOK IIKIPM Ha OCHOBI aHaNi3y JEepMATOCKOIIYHMX 300pa’keHb IPU OLIHII MOXKIMBOCTI BUHUKHEHHS
PI3HUX CTaJii TSHKKOCTI 3aXBOPIOBaHHS. J[0 pe3y/IbTaTiB JOCIIIPKEHHS MOXHA BIHECTH T€, IO B XOJi JOCII/KCHHS aHai3
KOJIPHUX XapaKTEepUCTUK HIKipH IOKa3aB, L0 IPU AOJABaHHI B MOJENIb AMCKPUMiHAILii iMyHOJIOTIUYHMX HOKa3HUKIB KpPOBi
WMOBIpHICTh MOMWJIKH B TIPUHHATTI MPOTHOCTHYHKUX PILlICHb ICTOTHO 3MEHIIYEThCs. [[pOTHOCTHYHA OIliHKA CTaHy XBOPOTO Ha
aTOIIYHMI IepPMaTUT TUIBKH 33 KOJBOPOBHMH XapaKTEPUCTHKAMH IIKIPH J03BOJSE 3/ifICHIOBATH KOHTPOJIb JIAHOI MAaTOJIOTIT 3
OUTBIII BHCOKOIO YAaCTKOK HMOBIPHOCTI, IO JI03BOJIIE BUKOPUCTOBYBATH METOJ IU(PPOBOI JEPMATOCKOIIisS CAMOCTIHHO IS
eKcIlpec 00'eKTHBi3allii CTaHy XBOPOrO Ha aTONIYHUI NepMaTHT He YeKaloud JaHuX IMyHoJoriuHuxX aHamisiB. ITpu mosBi
HOBOTO TIAIli€HTa IMiJ 4Yac OOCTEXKEHb B YMOBax CTaI[iOHApy JUIS HHOTO PO3PaXOBYIOThCS HABEJICHI BHIIEC TOKA3HUKHU 1
00YUCITIOIOTECSI HOPMOBaHI €BKJIIZIOBOM BiJCTaHI A0 LEHTPY KIacTepiB, BiANOBIAHUX JAOCHIPKYBAaHUM I1aTOJIOTiSIM.
Po3paxoBaHi BiACTaHi MOXHa paHXyBaTW 1 BU3HA4aTH HMOBIPHOCTI BiANOBiAHOCTI HABEIEHOIO BUIIAJKY KOHKPETHUM
maronorisM. BucHoBku. IlepcrekTnBoOO MoAanbImoi poOOTH € OOTPyHTYBAHHS METPOJIOTIYHUX XapaKTEPHCTHK METOMY I
BUKITFOYCHHSI MOXKJIMBUX CHCTEMAaTHYHUX ITOXUOOK, MOB'SI3aHUX 3 METOJJOM OTPHMAaHHS ONTHYHOI iH(popMaILii.
Kawuogi ciioBa: aTonus; JepMaTuT; KaHAI ICKPABOCTI; IEPMATOCKOIIIST; MOJICIb TUCKPUMIHALLII.

METO/ TPOTHOCTUYECKOM OLIEHKH COCTOSTHUS BOJIbHBIX
ATOIINYECKUM JEPMATUTOM HA PA3HBIX CTAAUAX 3ABOJIEBAHUSA

IIpenmeroM wucciieoBaHUs SBIAETCS pa3pabOTKa METOJa MPOTHOCTUYECKOI OLIEHKHM COCTOSIHUSI OONBHBIX C aTONMYECKUM
JIepMaTHTOM Ha pasHBIX craguax 3aboneBaHus. lLleablo paboOTEI SBIAETCS HCCIENOBAaHME HWH(DOPMATHBHOCTH
MMMYHOJIOTUYECKHX IIOKa3zaTeleld M JaHHBIX JEMaTOCKOIMYCKUX OOCIENOBaHUM C LEIbI0 PACIIMPEHHs BO3MOXHOCTEH
HIPOTHOCTHYECKOH 0OBEKTHBH3AIMI METOI0B OIIEHKH COCTOSIHUS OONBHBIX aTOIMMMYECKUM JEPMATUTOM C PA3INIHOH CTEIIEHBI0
TsDKeCTH 3a0oseBaHus. B 3amaum uccienoBaHMS BXOOUT OOBEKTUBHU3ALUS Pa3MBITOCTH ATAJOHOB OLIEHKM IPHU aHAIHU3e
nepexoa oT OAHOM cTaguu 3a0oneBaHMs K Apyroid. Meroabl. PelieHne mocTaBieHHOH NpoOaeMbl BO3MOKHO IIPU OLEHKE
BO3MOXKHOCTU HCIOJNB30BaHUS MOJENed MapaMeTpHYecKoro paclo3HaBaHUS (AUCKPUMUHAIMM) C  HCIOJIb30BaHHEM
Hoka3aTelneil IMMYHOTJIOOYIHHOB B CHIBOPOTKE KPOBM M ITIOKa3aTelled MMMYHOTPAMM, a TaKKe IBETOBBIX XapaKTEPHUCTHK
YUYacTKOB KOXKM Ha OCHOBE aHallM3a JIEPMATOCKONMMYECKUX H300pakeHHI IPH Pa3lUYHBIX CTENEHAX TSHKECTH 3a00TeBaHUSL.
PesysnbraT. B XOme mcciemoBaHMS aHANIM3 IIBETOBBIX XapaKTEPHCTHK KOXH MOKa3all, 4TO NpU JOOaBICHHH B MOJENTb
JUCKPUMMHAIUY MMMYHOJIOTHYECKUX IOKa3aTeslell KPOBU BEPOSTHOCTh OIIMOKU B NPHUHSATUM NPOTHOCTUYECKUX PEIIECHUM
CYLIECTBEHHO yMeHblIaeTcs. IIporHoctuyeckass OLIEHKA COCTOSHUS OOJNBHOIO € aTONMYECKUM JAE€PMATUTOM TOJNBKO IO
L[BETOBBIM XapaKTEPUCTHKAM KOXKH II03BOJISIET OCYIIECTBIATh KOHTPOJb NAaHHOM maTosioruu ¢ Oojiee BBICOKOH Jojei
BEPOATHOCTH, YTO TIIO3BOJSIET HCIIONB30BAaTh METOJ INM(POBOI IEPMATOCKOINHMM CAMOCTOATENBHO JUIL OKCIpecc
00BEKTUBU3AINU COCTOSHUS O0JIBHOIO aTONUYECKUM JIEPMATUTOM HE JOXKUAASICh JaHHBIX MMMYHOJIOTHYECKUX aHaIu30B. [Ipu
HOSIBJIEHUU HOBOTO NMAIMEHTa Ul HETO PaCCUUTHIBAIOTCS IPHBEICHHBIE BBIIIE [OKA3aTENIU U BBIYUCISIOTCS HOPMHPOBAHHBIE
OBKIUAOBBI PACCTOSHUS A0 LEHTpa KIACTEPOB, COOTBETCTBYIOIIMX H3y4aeMbIM HAaTOJOTUSAM. PaccuMTaHHBIE PAaCCTOSHUS
MOHO PaHKHPOBAaTh M ONPENEIATh BEPOSITHOCTUA COOTBETCTBHS NPHBEACHHOIO Clydasi KOHKPETHBIM IATOJIOTUsAM. BhiBOABI.
IMepcriexTuBOi nanbHeimelr paboOThl SABISETCS 0OOCHOBAHHE METPOJIOTMYECKHX XapaKTEPHUCTHK METOAA JUIl UCKIIIOUEHMS
BO3MOXKHBIX CHCTEMAaTHIECKHX TTOTPEITHOCTEH, CBI3aHHBIX C METOJOM IIOJyICHHUS ONTHYECKO HH(OPMAIIHH.
KiioueBble ci10Ba: aTonus; 1epMaTUT; KaHaJl IPKOCTH; IEpMaTOCKOMNNUS; MOJIENb AUCKPUMUHALIMH.
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IMPO AKYCTO-MATHITHUM METO]I BAMIPIOBAHHSI AKYCTHYHOI'O OIIOPY
JIOKAJIBHUX JIJIAHOK BIOJIOTI'TYHOI'O CEPEJJOBHUIIA

IIpenMeToM BHBYEHHS B CTAaTTi € aKyCTHYHUH ONIp JIOKAIFHHX AIISHOK OIOJNOTIYHOTO CepeloBHINA in Vivo, 3aleXHHH BiJ iX
narojorii. MeToi0 poGoTH € po3poOKa KiJIbKICHOTO METOXY BHMIPIOBAaHHS aKyCTHYHOTO OHOpY JIOKAUIBHHUX JUITHOK 0i0JIOTi4HOTO
CEepeIOBHIIA, PO3TAlIOBAHUX Y CEpelWHI OpraHi3My JIIOMMHM. Y CTaTTi BHUPIIIYIOTHCS HACTYIHI 3aBJAHHS: po3po0OKa aKycTo-
MAarHiTHOTO METOJIy BHUMIPIOBaHHS aKyCTHYHOTO OINOpPY JIOKAIbHUX AUISHOK Ol0JOTIYHOTO CepeloBHINA; po3poOKa AHCTaHLIHHOTO
crnoco0y BUMIpPIOBaHHS €JIEKTPUYHOI HANPYTH Ha MOBEPXHI IIKIPHU Mali€HTa, BUKIMKAHOI aKyCTO-MAarHiTHUM BIUTMBOM Ha JIOKaJIbHI
NUIAHKA CEpeOBUINA 1 BH3HAYEHOIO BEIMYMHOIO aKyCTHYHOTO OIOpY; PO3PaxXyHOK CHIiBBIIHOIIEHb, LIO IOB'SI3YIOTh BEIMYHHY
aKyCTHYHOT'O ONOPY JIOKAJBHHUX IUISHOK CEPEeOBHUILA 3 €NIEKTPUYHOI0 HANPYToI0 Ha BUMIPIOBAIBHUX 30HAAX HA IIKipi Mali€HTa,
3HAYEHHSIMHU MOTYXHOCTI aKyCTHYHOT'O BUIPOMIHIOBaHHS 1 30BHIIIHBOTO MOCTi{HOTO MAarHiTHOTO IIOJIS, @ TAKOX 3 BIACTaHHIO MiX
30HJaMH 1 JIOKAJIFHUM JUISTHKOIO OiOJIOTIYHOTO CEpeOBHUINa; BepHdiKalis po3paxyHKOBUX CIIBBIJHOIICHh 3a JIOMIOMOTONO
EKCIIepUMEHTAIBHOTO BH3HAYEHHS aKyCTHYHOI'O OIOpY JIOKAIBHOI JAUISHKM MOJENBHOTO O10JIOTiYHOro cepenoBHmia. byim
BUKOPUCTaHI HACTyNHI MeTOAM: (i3MYHEe MOJCITIOBAaHHS O10JIOTIYHOTO cepeqoBHIIa, (i3UKO-MaTeMaTHYHE MOJICIFOBAHHS
CJICKTPUYHUX BJIACTHBOCTEH JIOKAJIbHOI IUITHKM OIOJOTIYHOTO CepelOBHUINA, PO3PaxXyHOK eNEKTPOMATHITHHX 1 aKyCTHYHHX
mapaMeTpiB CepefOBHINA, CKCIIEPUMEHTAIIFHE BHUMIPIOBAHHS HAMpPY)KEHOCTI EIEKTPUYHOTO MOJA, IO 30yIKYETHCS B JIOKAJIBHIN
IUTAHOI  O10JIOTIYHOTO cepeloBHINa, Bepu@iKallis PO3paxyHKOBHUX CHIBBIIHONIEHb NIIIXOM iX NOPIBHAHHS 3 pe3yibTaTaMu
eKkcrepruMeHTiB. HacTynHi pe3yJibTaTi Oyiiu OTpHMaHi: po3poOJIeHO AUCTAHIIHHUI COCiO BUMIpPIOBaHHS €IEKTPUYHOI HAPYTH Ha
MOBEPXHI IIKIpH MAIli€HTa, BUKIMKAHOI aKyCTO-MAarHITHUM BIUIMBOM Ha JIOKAIBHI AUISHKA CEpElOBHINA Ta SIKa BU3HAYAETHCS
BEJINYMHOIO aKyCTUYHOTO OIOPY; PO3paxoBaHi CIIBBIJHOLICHHS, IO 3B'SI3YIOTh BEIHMYMHY aKyCTHYHOTO ONOPY JIOKAIBHUX MiISHOK
CepelIOBHIIA 3 EIEKTPHYHOIO HANpPYrol0 Ha BHUMIPIOBANPHHMX 30HJAaX HA INKIpi MallieHTa, 3HAYEHHSMH IOTY)XXHOCTI aKyCTHYHOTO
BUIIPOMIHIOBAHHS i 30BHINIHBEOIO IOCTIHHOTO MAarHiTHOTO IIOJSI, a TAaKOX 3 BIJCTAHHIO MDK 30HJAMHU 1 JIOK&JIbHUM MAUISHKOIO
010JIOTIYHOTO CepeloBHINA; BUKOHAaHAa BepHQiKalis pO3PaxXyHKOBHX CIIBBIIHOIICHb 32 JOIOMOTOI0 EKCHEPHMEHTAJIbHOTO
BU3HAUEHHS AaKyCTUYHOTO ONOpPY JIOKAJbHOTO JAUISHKA MOJEIBHOTO OIO0NOTIYHOrO CcepefoBHIla. BHCHOBKH: pO3pOOIICHO
JUCTAHI[IHHUA aKyCTO-MAarHiTHHIl METOJ BHCOKOTOYHOIO BHMIPIOBaHHS BEJIMYMHHM AKYCTHYHOIO OIOPY JIOKAIBHUX AUISHOK
6i0JI0TiUHOI TKAaHWHY JIFOJMHHM, MiATBEP/PKEHHH EKCIEPHMEHTAIBHO HA MOJEIBHHMX 3paskaX TKaHHHH. MeEToJ MOKe II03BOJIUTH
BUSIBUTH 3 BUCOKOIO TOUHICTIO (DYHKIIOHANBEHUH 3B'I30K BUMIPIOBAHOTO JIOKAJIHHOTO 3HAYCHHS aKyCTHUYHOTO OTIOPY 3 MaTOJIOTIYHUMH
3MiHaMH TKaHWHU. [IpU 1IbOMY BHKJIFOYA€THCS BIUIUB JIFOJCHKOrO (hakTOpa Ha IHTEPHPETAllil0 PEECTPOBAHUX 3HAYEHb AKyCTHYHOTO
OIOpy, XapaKTepHOro AJIs TPAAMLIIfHOTO B OCHOBHOMY SKICHOTO, @ HE KUIBKICHOTO YJBTPa3ByKOBOTO METOMY, MiIBHIIYEThCS
iH(OPMATHBHICTB 1 JOCTOBIPHICTh aKYCTUYHOT JIIarHOCTHKH.
Kurouosi ciioBa: akyctiunuii omnip; OionoriuHe cepepoBHIle; aKyCTO-MarHiTHUH METOJI; €eKTPUYIHA HANpyTa; yIbTPa3ByK.

Beryn 3Ba)KYBaHHSl 3pa3Kka CEepellOBUINA i BHMIPIOBaHHS HOToO
060'emy. IlIBuaKicTh 3ByKY BU3HA4YaeThCs B 3pa3kax Ha
BI/IKOPI/ICTaHHH aKyCTHYHHX MCTOZ[iB IS CHeHiaJ'Ii3OBaHI/IX yCTaHOBKax. Hl METOAMU BH3HAYCHHA

aKyCTHYHOTO OINOpY NPaKTUYHO He MpUAaTHi B pasi
JIOCITIZPKEHHS in ViVO TKaHWH JIFOIUHU.

JIArHOCTHKM 3aXBOPIOBaHb Ma€ 0araTopiyHy iCTOpItO
[1, 2]. AkTyanbHUM 3aBIAHHAM MEIUIMHU € IiIBUIICHHS

iHpOPMATHBHOCTI ~ Ta  JIOCTOBIPHOCTI  JIIarHOCTHKH Ilpn  HasBHOCTI HEOAHOPIAHOCTEH aKyCTUYHOIO
3aXBOPIOBAHb 3a JOMOMOrOK0  aKycTHuHOi Jjokarii ~ onopy Y3B 3 wacrororo f BinOusaerscs Bin Hux i B
opl"aHi?,My JIIOJIUHHU. AKyCTI/I‘-IHe BI/IHpOMiHIOBaHHH CCpeZ[OBI/IH.[i MO)KyTL BCTAHOBJIFOBATHUCS CTOH‘Ii XBI/IJ'Ii
dGopMyeThcsi B HABKOJMIIHBOMY  MaTepiajibHOMy  3BYKY IIPH BUKOHAHHI yMOBH

cepenoBuIIi (KpiM BaKyyMy) B OCHOBHOMY 3a JIOTIOMOTOIO
TBEPAOTUILHAX TeHEepaTopiB YJIBTPa3BYKOBOTO
BunpomiHioBanHss (Y3B) Ha ocHOBi (i3n4HMX sBHIN
Mar”irocTpukuii  gepomarHeTMkoB abo  3BOPOTHOTO
m'e3oedexTy B CErHETOCTICKTPHUKaAX. [MomupenHss  3aJlEKUTh BiJl BIIHOLIEHHS  aKyCTUYHOIO  OIOPY
aKyCTHYHOI XBUII Bijl reHeparopa Y3B 110 3ByKONnpoBoy, HEOJHOpiZHOCTI R, /10 aKyCTHMYHOrO ONOpY CepeloBHINA
IO 3HAXOJMTBCSA B KOHTAKTI 3 CEPEOBUIIEM U JIalli yepes R
CepeIoBUINIEe BU3HAYAIOTHCS OJHOPIAHICTIO aKyCTHIHOTO
onopy (RC) cepenosuma.

Li=ni/2, @)

ne Li - BijcTaHp BiJg 3BYKOBOJOM JIO HEOJHOPIIHOCTI,
n=1,2,3....., A=c/f. Benmuuuna BimOHUTOI MOTY>KHOCTI

c- UYum Oinplme 1e BifHOMIEHHA, THUM Oijblna

MOTYXKHICTh BiZIOMBA€THCS Bill HEOJHOPIMHOCTI. 30KpeMa,

IIpu upomy
R.=p-cC, )
Iie p, ¢ — BIIIOBIHO, IUTBHICTH CEPEIOBHIIA 1 IIBUAKICTH
3BYKY B HiHl.
TpanuniinuM criocodoM Bu3HaueHHs R, Oymno noci

He3aJIe)KHE BUMIPIOBAHHS LIUIBHOCTI 1 IIBUIKOCTI 3BYKY
okpemo. IIlibHICTh cepenoBHIa BUMIPIOETHCS LUISTXOM

npy BBeAeHHI Y3B B mocyauHy 3 piAMHOIO y HATIPSAMKY 10
fioro pgHAa  BiZOyBaTUMETHCS  TNPAKTHYHO  IIOBHE
BiJI3epKaIeHHs 3BYKY BiJ JHA MOCYANHH.

3acTocyBaHHS YJIBTPa3ByKy 3pOOMIIO TEPEBOPOT B
JiarHocTuIl OaraTbox 3axBoproBaHb. Lle cranocs 3aBIsKu
pi3Kko moJiiniieHiit po3ainbHii 3naTHOCTI Y3B anaparis. 3
ypaxyBaHHAM MOBHOI Oe3mekn Y3B, BoHM cepio3HO
MOTICHWIM PEHTIEHIBCbKI METOJIM IIarHOCTHUKM 1 Ha
ChOrOJHI pa3oM 3 peHTreHoM i MPT ckiamaroTh OCHOBHY

© 1. C. bonnapenxko. O. I'. ABpynin, 2021
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Tpiagy JOUCTAHIIIMHMX  METOMIB  JIarHOCTHKH, IO
3aCTOCOBYIOTBCS B CYYacCHHX TMOMIKITIHIKAX 1 JIKapHSIX.
[Mommpennit B qaHWil 9ac METOJ €XO-JOKallii opraHizMy
MoauHU Tipyd Y3B miarHoCTHIN iHTErpaabHO PEECTPYE HE
TINBKM BIAMIHHOCTI B INUIBHOCTI O10JIOTIYHOI TKaHHWHH, a
1 umcieHHI BigoOpaxeHnHs Y3B Big oOnacteil 3 pisHUMU
HEBIJIOMUMH a Priori 3HAYCHHSMHU aKyCTHYHOTO ornopy. B

pe3yibTaTi  yJIbTPa3BYKOBI  YOpHO-OuTi  300paXKeHHS
BHYTPIIIHIX TKaHUH Opraizmy Ha eKpaHi
yIBTPa3BYKOBOTO  CKaHepa  3aJMIIAIOTBCS  JIOCUTH

CKJIQIHUMHM JUIA iICHYFOUO1 Bi3yalbHOI PO3IIU(POBKH 1 € B
OCHOBHOMY SIKICHUMH, a He KUIbKICHUMH. SIKiCTh
po3mHPOBKH 0OMEXKYETHCS THINUBITyATLHAM JTOCBIZIOM i
3/IaTHICTIO OKa JIKapsl PO3PI3HATH YHCICHHI 4OopHO-Oimi
MIBTOHU €XO0-BiJA3epKaIeHb YIBTPa3BYKOBOTO
BHIIPOMIHIOBAaHHS, BIAMOBIJAJBbHI 33  IHAWBIAyalbHI
0COOJIMBOCTI MATOJOTIYHUX JAUISHOK OPraHi3My JIIOJMHHU.
Lle 3Hmxkye 00'ekTHBHICTH Ta iHpOpMaTHBHICTE Y3B -
METOLy.

OnmHi€l0 3  MOXIMBOCTEH  JOCATTH  OUIBIIOT
00'eKTUBHOCTI Ta 1HYOPMATUBHOCTI METOAIB A1arHOCTHKH
Oionoriynoro  cepenosuma (BC) B wmemuuumHi 3
BHKOpPUCTaHHAM Y3B € po3poOka MpomoHOBaHOTO HaMHU
aKyCTo-MarHitHoro wmetroay (AMM). B iioro ocHOBI
JISKUTH crigbHa nigs Ha BC ynapTpasByKy 1 MOCTIHHOTO
MarHiTHOro mond. lLlei MeToxm TpyHTYyeTbcs HE Ha
Bi3yanpHiH sIKiCHIA po3mudposni Y3B 300paxkeHs, a Ha
KUTbKICHOMY BHMIpi 3 BHCOKOIO TOYHICTIO BenuuuHH RC
nokaneHoro ginsHkn BC, sika Moxke OyTH pi3HOIO B
3BSI3Ky 3 THM YHM IHIIUM 3aXBOPIOBAHHSM JIFOJMHHU
(MyXJIMHM PI3HOTO TOXOJPKEHHS, TPOMOOYTBOPEHHSI B
CyAuHaX i T.IL.) .

MeTo10 cTaTTi € 00IPYHTYBaHHS aKyCTO-MarHiTHOro
Metony BuMipioBaHHs RC nokampHux ginsHOK BC.

3aBHaHHAMH CTaTTi € po3poOKa CXeM BHMipIOBAILHUX
CHCTEM, PO3PaxyHOK CITiBBiHOIICHb, IO IOB'SA3YIOThH

BEJIMYMHY  aKyCTHYHOTO  OHOpYy 3  [apamerpamu
BUMIpPIOBAILHUX  CHCTEM, a TakoX  BepHdiKaiis
OTpUMaHUX CIIBBIJHOIIECHD 3a JIOTIOMOT OO

CKCIICPUMECHTAJIbHUX Z[OCJ'Ii)l)KCHI) MOJCJIBHOI'O 3pa3Ka BC.

Haykogi ocHoBH 3actocyBanHss AMM st
BHMIpPIOBAHHSI AKYCTHYHOI'0 ONOPY JOKAJbHHUX
JIUISTHOK 010J10TiYHOT0 cepeaoBHIIA

B ocraHHI poKM cTalu pPO3BHBATHCS METOIH, SKI
BUKOPHCTOBYIOTb KOMOIHyBaHHs aKyCTHYHOTO
BHIIPOMIHIOBAaHHS 1 TOCTIHHOTO MAarHITHOTO MO, Y
naHidi poboTi mIs cTBOpeHHS Y3B BHKOpHCTOBYBaBCS
MAarHiTOCTPUKIIHHKAI  TeHepaTop, 1[I0 CTBOPIOE B
MOJCIBHOMY 3pa3Ky OiOJIOTiYHOTO CEepemOBHINA IUIOCKY
aKyCTUYHY XBWIO. OCHOBHHMH NapaMeTpaMH  IUIOCKO]
xBuI € uactora f, iHTeHCMBHiCTE P (IIOTYXKHICTB),
niametp d (abo momepeunuid nepepi3) "npomens” Y3B u
Horo crpsMoBaHicTh B mpoctopi. MoaenbHuit 3pasok bC
ABJSIB coOot0 cnadkuit pozunH NaCl y Boji, TOMiLlIEHU# B
BEPTHKAJIBHO po3TamoBaHy CKJISIHY MOCYIUHY
wTiHapuuHoi  Gopmu. 3ByKompoBoxa reHeparopa Y3B
BBOJMBCS B PO3YMH 4Yepe3 OTBIp B MOCYJMHI TaKUM
YHHOM, 00 B HHOMY BCTaHOBIIOBAJACS CTOSYA XBHJLI
Yyepe3 BEJIMKY PI3HHII0 aKyCTHYHOTO OHOPY PO3YHHY i
CKJIITHOTO JIHa IOCyOWHH. B peanbHilt curyaumii
NPOBENCHHS JIarHOCTHYHOI TNPOLEAYpH 3 HALiEHTOM
mofiOHa cTosya XBWIA MOke OyTth chopMoBaHa
BCEpEe/IMHI Tijla TMAalli€eHTa, TOMY IIO ICHY€E IIOMiTHa
pI3HMLS B aKyCTHYHHX OINOpax pO3YMHY 1 IIKIPSIHUM
MOKPUBOM TiarfieHTa (puc. 1).

M

2

S————

e

J

1

Puc. 1. Cxema yTBOpEHHS CTOSUOT XBIJII yIbTPa3BYKOBOTO BHITPOMIHIOBAHHS BCEPEIHHI TIIOTETHIHOTO, TOOTO abCOIIIOTHO
OJIHOPITHOTO, TiJa MaIlieHTa, 1-mamieHT, 2-reHepaTop YIbTPa3ByKy, 3-3BYKOBOJ, 4-CTosida XBIIISA MBHIKOCTI (V) mepeMileHHs

OJJHOPIJTHOTO Oi0JIOTTHHOTO CEePeIOBUILA MiJ] Ti€I0 YIBTPa3BYKY

Axycro-marHiTHHI MeTon (AMM) mnepenbadae
3milicHeHHs1 onxHodacHoro nii Ha bBC akycTuuHOTO
BHITPOMIHIOBAHHS 1 MOCTIHOTO MarHiTHOrO mois [4,5]. B
pe3ynbTati Takoi Jii B €JIeKTPONpOBIIHOMY CEpeJOBHILI,

skuM € BbC,  BHMHHMKAae  BHACIiIOK  MAarHiTo-
rizpoguHamivaoro  edpekry  (MI'[I-edekr)  3miHHe
eJISKTPUYHE ToJIe 3 HanpyxeHictio E [6,7]:

E=VxB, 3)

ne V, B — BinmoBigHO, BEKTOPH MIBUIKOCTI TEPEMIillIeHHS
BC i mocTiitHOr0 MarHiTHOroO MOJIS.

Bemnunna MI'/I-edekty, To6T0 MOIyns BekTopa E,
Jlocsira€  MakcUMyMy, Koiu Bektopa V 1 B B3aemHO
NEepPHEeHANKYJSpHI, 1 JOpPIBHIOE HYJIO, KOJM BOHH
napanenbHi. [Ipy npomy xonmBaneHi nepeminienHs bC 3i
MIBUAKICTIO \% TIOPYIIY€EThCS AKyCTHYHAM
BUIIPOMIHIOBaHHSM 3 4acTOTOIO f, IO IOPiBHIOE 4acTOTI
3BYKY. v HaIii cTaTTi i1 aKyCTUIHHM
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BHIIPOMIHIOBAaHHSAM MA€EThCA Ha YBa3i yJIbTPa3ByKOBE
BunpominoBaHHs (Y3B), icHyroue mpH 4YacToTax TOHAT
20 x[m. Y BimpHOMY MaTepiaibHOMy TipocTopi Y3B
TIOIIMPIOETBCS B JpKepesia (3ByKOBOJA) Y  BHIJISL
aKyCTUYHOI XBWIi. B oOMexeHOMy mpocTopi (CyauHU 3
PiAMHOIO, TIJIO JIOJAMHHU 1 T.II.), SIK BKa3yBaJIOCS Y BCTYIII,
MOXYTh BUHMKATH CTOSYi XBWJII IIBUJKOCTI 1 BIIIOBIAHO
HanpyxeHocti E enexrpuynoro moms. Sk Bimomo [8,9],
MakKCHMallbHe 3HaueHHS MmBHUAKOCTI (V) mepeMimeHHs

pinkoro  cepemoBuima (i ONU3BKOIO 10 PIAWHH
OiomorigyHoro cepemoBuma) min miero Y3B ommcyerscs
(dhopmynoro:

0,5

0,5
2P 2P
=) TR | @
p C

3 dopmyn (3), (4) BuIUIMBae, IO MaKCHUMalbHE
3HaueHHs HamnpyskeHocTi ( E, ) enekrpuaHoro mosus piBHe:

0,5

C

3 ¢opmymun (5) BHOHO, 10O B  PE3yJbTATI
BUMIPIOBaHHS HAINPY)KEHOCTI ENeKTpUYHOro moms E

NP 3aJlaHnX 3HadeHHsSX P i B crae MonuBHM Bimpa3sy
00YHCITUTU BETUYUHY aKyCTUYHOIO OMOPY CEPEOBUIIA, B
skomy icHye Y3B Ta mocTiiiHe MarHiTHe Tmojie 3
iHAyKIiero B:

2

B
R =2P| — | . 6
L= 2P| 2 ©

m

Po3paxyHok BemmumHH R, Mae IHHICTH I

C
MIaTHOCTUYHUX  IIiJIeH, SKIIO BOACTECSA  BH3HAYHTH
nokanbHy nitsHKy BC, ne Moxke Oyt BuMipsHa
HaTpY>KEHICTh eNeKTpudHoro mond. s mporo, Oymu
po3pobieHi [4, 5] cmocobu popmyBaHHS OJIHIET TOKAIBHOT
ninsakn BC, posramoBaHoi B310BXK mpomenst Y3B, nme
icHye enektpudHe mojie. Llg maiisHKa npUOIU3HO Mae
BUTJIS IIAJIIH/IPA, 1[0 Ma€ MPOTSHKHICTH Y3I0BXK MPOMEHS
V3B, sikuii AOpPIBHIOE MOJOBHHI TOBKUHH CTOSYOT XBHJI
V3B, i miamerp, piBHuii niamerpy mnpomens Y3B. Jlus
dbopMyBaHHS €QMHOI Ha JOBXHHI TpomeHs Y3B
JIOKaNbHOI JUISHKH 3 EJICKTPUYHHM II0JeM HeoOXiITHO,
mo0 mNocTiiHe MarHiTHe mnone 3 iHaykuielo B Oymo B
OCHOBHOMY JIOKaJli30BaHO came B mid gurstHmi. s
JIOKaJi3amil MOCTIHHOTO MAarHiTHOTO MOJS HOrO CHIIOBI
JiHIT TOBHHHI 3aiiMaTH 00'eM y BHIUIAAI IIFUIIHApa 3
JIiaMeTpoM, OJM3BKHM 10 BeMWYWHH miBxBWn Y3B. s

BuMiptoBaHHs E,  OesmocepenHbo y  3a3HaueHIH

JIOKJIBHIM o0sacTi HeoOXiJHO po3TallyBaTW B Hill JBa
€JIeKTPUYHUX 30H]a C BiJICTAHHIO S MiXK HUIMH, PIBHOMY HE
Oinbpllle, HIX IMOJOBHMHA AOBXHHH XBwI Y3B. 3omHau
moTpiOHI /I BUMIPIOBaHHS Ha HUX PI3HUII TOTCHINATIB
u,:

U, =E, s. )

3 (7) BumnuBae, 1o

E =—n ®)

[MincraBuBmm (8) B (6), OTpUMY€EMO Uil BEIMYMHU
aKyCTHYHOTO OIOpY JioKanpHoro numsiHkd  BC 3
MOPYLIEHOI0 B HBOMY 3a JonomMororo AMM enexkTpudHuM
HOJIEM:

R = 2P(?)Z . ©)

m

B peanbHili cuTyanii iarHOCTHKM TAalli€eHTa 3a
JIOTIOMOT'OI0 BHMIPIOBaHHs JIOKanbHOI BenmnuuHd RC Ha
mincTaBi Gopmynu (9) 30HIM HEOOXITHO PO3MIILYBATH
Oe3mocepeHb0 B Horo Mm's3u. Lle € mocWTh CKIamgHOIO i
HeOE3MEIHOI0 MIPOLIEAYPOIO HaBITb, SKOM  iX
BIPOBAJDKCHHST TPOBOIMIOCS 3 BHUKOPHUCTAHHSIM MAlio
TpaBMaTHYHUX CIIOCOOIB (JJATIOPOCKOIMIYHUX a00 MUIIXOM
BBEJICHHS 30HJIIB Yepe3 BEeNWKI cyawHH). Tomy moiOHI

CHIOMETPUYHI  CXeMH  JIarHOCTHYHUX  MPOIEIYpP
JOMYyCTAMI TINBKM B KpalHIX BHUMAgKaX, KOJH IHIII
METOH JIIarHOCTHUKHU abo HEJIOCTYIIHI, abo

HeinpopmaTtuBHi. Haiibinbm npuBabnuBUM MOXe OyTH
JUCTaHLIMHNI (€KCTpaMEeTPpUYHUI) croci0 BUMipIOBaHHS
HanpyXeHocTi 30ymkyBanoro B bC 3a gomomororo AMM
elekTpuyHoro  moisa.  lle  cmoci6  mepenbadvae
BUMIPIOBaHHS  HAINPYXEHOCTI  CNEKTPUYHOTO  IOJIS
pO3CifoBaHHS, IO ICHYyEe TM03a JDKepena IhOTO IIOJIs
moaibHO JI0 TOTO, SIK BUHUKAE 1 BHUMIPIOETBCA 3a
JIOTIOMOTOIO 30HJIIB Ha IIKipi MaIli€HTa eJIeKTPUIHE MoJIe
po3CifoBaHHS cepiil TOpu  elekTpokapaiorpadii. Ipu
[bOMY B 00JIaCTI PO3TallyBaHHS BUMIpPIOBAaJbHUX 30H/IIB
BizcyrHe Y3B 1 wmarnitHe mnomne B. Ileit crnoci6
PO3IIISIAETHCS B HACTYTHOMY PO3[IiJIi CTaTTi.

JuctaHuiiinuii cnocid BUMipIOBaHHSA aKyCTHYHOIO
onopy JiokajabHoI ainssuku bC

Di3UKO0-MAaTEMAaTHYHOK ~ MOJCIUII0  JIOKAIBHOTO
JoKepelia 3MIHHOTO eJIEKTPUIHOTO TI0JI, SIKUM € 30y IKeHa
3a  gonomororo AMM npingaka BC, wmoxe Oytu
CNeKTPUYHHUHA JHIIOJNb, IO CKIANAETHCSA 3 ABOX PIBHHX 3a
BEIHMYMHOI (() TOYKOBUX Pi3HONMEHHHUX 3apsliB, IO
3HAXOMATHCA Ha BijcTaHi "s" OIMH Bi OJHOTO 1 MIHIMBUX
MicisiMu 3 9actoToro ¥Y3B (puc. 2).

Ha pumc. 2 moxa3aHmii pO3MOZiN CHJIOBHX JIiHIiH
€JICKTPUYHOTO TOJS JWIONS BCEPEIWHI 1 1032 HHM.
OcTaHHI € CWIOBHMMH JiHISIMH IONIs po3citoBaHHA. Kpim
TOTO, TIOKa3aHi AB1 MapW BHUMIpIOBaJbHUX 30HAIB 1, 2 B
JIBOX Pi3HHX MO3MIIISIX (ITO310BXKHBOI - | 1 momepeunoi - 11)
BiTHOCHO eNEKTPUYHOI oci munonsd. Jlias mpoBeAeHHS
JMUCTAHIIHHUX BUMIipPIOBaHb CJICKTPUYHOTO ITOJIS JMITONS
MOXYTbh OyTH BHKOPHCTaHI KiJIbKa CXE€M IIPOCTOPOBOTO
po3TamryBaHHs 30HZIB 1 HanpsAMKiB Y3B 1 marniTHOro
mons. OJHAa 3 MOXJIMBHX CXEM I[IOKa3aHa Ha pwuc.3.
BinmosimHo 1o mi€i cxeMH AOCHIIKyBaHa IUISHKA Tijla
MaIfi€eHTa MOBHHHA MAaTH MPOTSKHICTH Y3TOBXK MPOMEHS
V3B, sikuii JOPiBHIOE JTOBXWHI HAIIBXBUJI €IEKTPHYHOTO
mojsi. Ilpu 1bOMY MarHiTHE IOJ€, MEePICHIUKY/ISPHE
nmpoMeHto ¥Y3B, Ma€e MpOXOIUTH TUTBKH Yepe3 IO TISTHKY
Tina. J{yst mboTo MiNsSTHKA TiJIa PO3TAIOBYETHCS MiXK JIBOMA
MW HIPUIHAMHA MOCTIMHUMHA MarHiTaMu (abo
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€IIEKTPOMAarHiTaMn) 3 iaMeTPOM, TaKOX PIBHAM JOBXKHHI

CTOSTIO1 MIBXBUIII €IEKTPHIHOTO TIOJIA.

Puc. 2. Cxema eNeKTpUYHOrO JUIIOJIS, 0 CKIAJAEThCS 3 ABOX TOYKOBUX 3aps/IiB ( 3 BiICTAHHIO S MIXK HUMH, 1110 MOJICIIOE
JIOKaJBHUH TUITHKY CepeloBHINA 31 30yKYBaHIM B HHOMY 3a JOTIOMOror0 AMM 3MiHHHM €EKTPUYHUM TOJIEM (HAPsIMOK CHIOBHX
JIHIHA eNEeKTPUYHOTO OIS E qummosst moka3aHo Ui HAOYHOCTI AJIsl OTHOTO 3 IBOX MOKJIMBUX 3HAKiB 3apsmy)

v

2/

5
L
6
S

1.

Puc. 3. OnHa 3 MOXKIIMBUX CXeM IPOCTOPOBOTO MOJIOKEeHHS "ipoMens” Y3B, o6nacTi 3 MarHiTHUM nosieM B i BUMiproBaJIbHIX 30HIIB
10 BiJTHOIIICHHIO JIO TiJIa MAaIli€HTa il 9ac AiarHOCTHYHOI NPOLIEeAypH BUMipIOBaHHS HAIPYTH Ha 30HAX, |- Mali€eHT, 2 - TeHepaTopu
VY3B, 3 - 3ByKOnpoBo/, 4 - HANMPSMOK aKyCTHYHOTO BUIIPOMIHIOBaHHS, 5 - pO3TalIyBaHHS JIOKAJBHOTO (B MEXaX OJHI€T cTosaiit
MBXBHJII HAIIPYKEHOCT] €JIEKTPHYHOTO TOJIs ) MAarHITHOTO TIOJIA 3 IHAYKIi€ B yepes Tino marienTa, 6 - po3TamnryBaHHs IEKTPUIHUX

30H/1iB Ha Tiji naienTa B mo3uiii |1

3a yMOBH, KOJIM BiACTaHb R MK JHIIOJIEM 1 MicIieM
po3TalryBaHHsl 30HIB 0arato Oiubllie PO3MIpY IO S,
pPIBHOTO JOBXHHI CTOSYOI IBXBWJII  EJIEKTPHIHOTO
TIOJISA, JUISt ABOX OCHOBHUX ITO3MIIII pO3TallyBaHHs 30H/IB
1010 MO/JIENTLOBAHOTO €JIEKTPUYHOTO JTATIONS
(TO31OBXHBOI 1O BIJHOIICHHIO  JO  HANPSIMKY
SJIEKTPUYHOTO MOMEHTY P JHIIONS 1 IONEepevHoi Mo
BIJHOIIEHHIO /10  [BOTO  HAmpsMKy)  BeJWYHHA
Hampy»XeHOCTI  €JeKTPUYHOTO  TOJIsI  PO3CIIOBAHHS
pO3paxoByeThCS 3a HaHOUIBII TPOCTUMH  (HOPMYIaMHU
[10]. Enexrpruunuii JIUIIOJIb XapaKTEePU3YETHCS
BEJIIMYMHOK  JUIOJBHOTO MOMEHTY p = (q ° S.
Hampyxenicte enekrpuuynoro mnons (E,) B  Toumi

po3TamryBaHHs ~ Tapd  30HIIB B MOJOXEHHI |

PO3paxoByeThCs 3a (HOPMYJIOLO:
P g-s

E, = = , 10
T 27e,6R® 27,6R° (10)

a B moawii II — 3a hopmyoro:

P __9s

= = 11)
/4 1 (

" drg,eR® Ane R’
e &,, & — BIONOBIIHO, MAiENEKTPUYHA IPOHUKHICTH
BaKyyMy 1 BIiJIHOCHa Ji€JeKTpHYHa IPOHMKHICTH

JIOCJTIPKYBAHOTO CEPEIOBHIIIA.

OIIHUMO BENUYHHY 3apsly ( MOJEIHLHOTO JTUTOJIS.
Ile mMoxHa 3poOHUTH, SKIIO BPaxyBaTH, IO HATPYKEHICTh
€JIeKTPIYHOTO TOJISI TOYKOBOTO 3apsily B IIEHTPI AMIIONS,
T0OTO Ha BiJICTaHi § / 2 Bix HBOTO, HOpiBHIOE [10]:

q

E=——, (12)
TE,ES
a BiJI IBOX 3aps/liB B IEHTP1 TUTIONS:
2
E-—4 (13)
7E,ES
[IpupiBHIOIOYM 1€  3HAYEHHA JI0  BEJIMYHUHHU

HAINpy>XEHOCTI TOJIs, W0 30YMKYETHCS 3a JOMOMOTOO
AMM, otpumyemo:
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VA= (14)
TTEWES
3 dopmymu (14) oTpuMyeMO BEIMYHHY 3apsiuiB
MOJICTIBHOTO JUTIOJS:

re,esV, B

> (15)

[incraBumo B popmynnu (12, 13) 3HaueHHs 3apsay q
3 ¢opmymu (15) i oTpUMaeMO MaKCUMAaIbHY BEIHMYHHY
HaNpy’>XEHOCTi E€JEKTPUYHOIO TMOJIsI PO3CIIOBAHHSA JUIs
JIBOX OCHOBHHX ITO3HLi{l BUMIPIOBAIBHHUX 30HIB!

0,25V. B

——— RISy (16)
0,12V. B

_—_ RISy (17)

3 mux GopMyIs BHIHO, IO BEJIMYMHA BUMIPIOBAHOTO
NOJs HE 3aJISKUTh BN JiCJEKTPUYHHUX BJIACTHBOCTEH
CepeloBUINA 1 IIBHIKO 3MCHINYETHCS 31 30LIBIICHHIM
BimHocmHrm R / s. Hampukmax, mpu R / s = 10
Halpy»eHICTh ~ TOJAA B 0O0JIacTi  pO3TamTyBaHHS
30HIIB 3MCHINIUTHCS B THCAYY pa3iB NpPH HE3MIHHUX
BenmnunHax V1 B. 3 ornmsamy Ha 3HaueHHS BeNWYUHH

V, (4), 3 dopmyn (16, 17) orpumyeMo I BapiaHTy

R >> s mnsg OBOX OCHOBHHX MO3MIIH pO3TalTyBaHHS
30HIB!

_0 25B(2P / pc))?

™ (R/s)® '

(18)

N 0,12B(2P/ pc)5° .

o (R/5) (19)

Enextpyuna Hampyra Ha 30HAAX IOPIBHIOE NPH
BOMY:
0,25BL(2P/ pc)?®
(R/s)?

~E, L= , (20)

msl
0,12BL(2P/ pc)°®

U
(R/s)

~E, L= (21)

msll

3 pieastEb (20, 21) cmim, mo Uis ABOX OCHOBHHUX
MO3WMIA 30HMIB IMIOJ0 OCi MOICIBHOTO  JHIIONS
aKyCTHYHHMH omip JokaibHOro ninsHku BC Moxe OyTH
po3paxoBaHHil 32 GOpPMYIIaMU:

0,12P-B%. 12
(pC), =Ry~ i, (22)
: ' (R/s)°U,,°]
0,03P-B%.12
(pC)“ = Rc2 ~ [(R/S)GU 2] . (23)
msIl
I[iaFHOCTI/IKa SaXBOpIOBaHB 3a JOIIOMOI'0KO

BUMIPIOBaHHS aKyCTHYHOTO OIOPY MOXE OyTH TUM
e(deKTHBHINIE, YMM MEHINY HOro 4YacTKy MOXKHA
3apeeCTpyBaTH ICHYIOUMMH BUMIPIOBAILHUMHU 3aCO0aMH.

B naHoMy BWIajky 1€ BITHOCHTBCS JO TOYHOCTI
BHUMIPIOBaHHS €JICKTPUYHOI HANPyr®, [0 BWHHAKAE Ha
30H/aX, 10 3HAXOATHCS Ha MIKipi marieHTa. Jjis omiHKu
HeoOXximHOl TOYHOCTI  BHMiptoBaHb U CIIOYaTKy

m
BU3HAYMMO 32 Jomnomorow ¢opmyau (21) nHalimeHie
MOXJIMBY OYIKyBaHy HAampyry, ska 3’sBIISETbCS Ha
30BHIIIHIX 30HAaX B  pa3i peabHO  MOXKIUBUX
3Ha4YeHb MOTYXXHOCTI  Y3B, imaykmii mocTiiHOTO
MAar"iTHOI'O ITOJs, BIACTAaHI MK 30HIAMHU 1 BiOHOIIEHHS
R / s. Buxoasum 3 xapakTepHUX pO3MIpPIB TiJla JIOAWHH i
HeoOXimHOCTI  oTpuMaHHs  iHopMmarii, B  TOMY
YHCHi, BiJ] TIMOOKO PO3TANIOBAHHUX JUISHOK TKAHWHU
MaIli€eHTa, a TaKoXXK 3 HAasBHOTO Yy HAC JIOCBiLy poOOTH 3
MojaensHUMH 3pa3kamMu BC mpu wactori Y3B, piBHii
22xI'y (11, 12, 13), npencraBisieTbcss OOIPYHTOBaHUM
BUOpaTH Uil pO3paxyHKiB BigHomeHHs R / s = 5 i
L = 0,3Mm. B sikocTi OpieHTOBHOT BEIMYMHU aKyCTHYHOTO
omopy BHOepeMO HOTO pIBHHM OIOPY BOIH, TOOTO
CepelloBUINA, IO CTAHOBUTH OCHOBHY MAacy IFOACHEKOTO
opranismy (R, 1,5x 10° xr / wm%). PospaxyHok

BUKOHYETBCA I BCJIUYUHU JIOKAJIBHOI'O MarHiTHOIO

monst B=0,4T, mo wmoxe Oyrtu 3abe3meucHo abo
Cy4acCHUMU MMOCTIHHUMH MarHiTaMH, 30KpeMa,
1 KOBOTIO JIOHUMH, abo COJICHOITaMHU MaJioro
miaMerpa, IO  JKHBISTBCS — IIOCTIHHHM  CTPYMOM,

30KpeMa, HaJIpOBITHUMHU. s MiABHUINEHHS MOTY>KHOCTI
V3B  pexkoMeHOyeThcsi ~ MOro  3aCTOCOBYBaTH B
IMITyJIbCHOMY DPEXHMi, IO 03BOJISIE BHUKOPHUCTOBYBAaTH
iMIOyIbCHY — TOTyXkHicTb, piBHy 100 Brt/cm? mpm
TpuBanocTi iMmynecy 0,5 MC 1 9acTOTi TOBTOpPECHHS
ommbko 1000 T'm  [3]. Kpim Toro, Hampyra
Ha 30H/axX Moxke OyTH 30inbiieHa npubimzHo B 100 pasis
3a JIONOMOTOI0 IiJIBHIILYBaJIbHOTO TpaHc(opmaropa Mix

30HAAMU 1 MIKpOBOJBTMETPOM, IO  PEECTPYE.
Po3paxyHok mnoka3aB, 1m0 JJid HaBEIEHMX 3Ha4Y€Hb
mapaMeTpiB BUMIPIOBAITBHOL CcXeMHu BEJIMYMHA
MaKCHUMallbHOI HANpyTH Ha PEECTPaTopi CTaHOBHTH

om3pko 10 MB. Ilpu oMy, siK IOKa3ye aHami3 GopMyn
(21), s peecrpamii 3MiH akycTudHoro omopy Ha 1%
HEOOXiHO, 00 YYTIUBICTh peecTparopa Oyia He Tipiie
20 mxB. Lle miakoM peaspbHO IPU BUKOPUCTAHHI Cy9dacHUX
eJIEKTPOHHKX 3ac00iB BuMiproBaHHs. CIliJl 3a3HAYHTH, 1110
B myOumikarisx [14, 15, 16, 17, 18] noBigoMysieThCs, 1110
Ipy  JESKHX 3aXBOPIOBAHHSX BelnMuMHa R, Moxe

3MIHIOBaTUCS HAa JeCATh 1 OumbIme BiACOTKIB. Tomy
TOYHICTh BHMIpIOBaHb B 1% € IUIKOM JOCTaTHBOIO JUIS
JTOKIIATHOT peecTparlii akyCTHYHOTO OIOpPY 1 HOTo 3MIHH Y
3B'SI3KY 3 MOXKJIMBHM 3aXBOPIOBAHHSIM.

Bepudikauis po3paxyHkoBHX cHiBBiIHOLIEHDb 32
JO0TIOMOT 010 MO/IeIbHUX eKCIIePUMEHTIB

CHiBBIAHOIIEHHSM, IO JIGKHWTh B OCHOBI BCIX
Bume oTpuMmaHux dopmyn (20-23) e dopmymna
E = 2P / p ¢ ¢) 0,5B, mo 3B'I3ye HampyXeHiCTh
eIEeKTPUYHOTO TOJsS, M0 30yMKYeTbCI B JIOKAJIBHIN
nutaIi BC 3a gomomororo AMM, 3 mapamerpamu V3B,

Mar”iTHoro mojs 1  akycTHuHuM  omopoM  BC.
Bepuoikamiro niei Gpopmynm MoxHa BUKOHATH Ha OCHOBI
BUKOPHUCTAHHS EKCIIEPUMEHTAILHUX pe3yJbTariB
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BHMIpIOBaHbh Hampyrd Ha 30Hmax [13]. V mmx BuMipax
BHKOpHUCTOBYBajocs Y3B 3 wacrororo Omm3pko 22 kI
(moBxkwHa CTOAYIA MBXBWII 35MM) 3 TOTYXKHICTIO
3x102 Bt / cm?. Besnocepennso Bcepenuni imitopanoi 5C
Ha 30HJaX, pO3TallloBaHWX Ha BigctaHi L = 1 cm, Oymo
BuMipsiHo Hampyra U; 6mmspko 10-4B npu Benuuui
MOCTIHHOrO  Mar"itHoro mons oOmmseko 0,4 T.
HanpysxeHIiCTh €IEKTPUYHOTO MOJIs, M0 30yIKYEThCS 3a
nonomororo AMM B BC npu 11bOMy CTaHOBUTb:

_u, 107[B]

3

L 10°2[x]

= =107[B/x]. (24)

BinmoBiqHO 10 Teopil MAarHiTHOT TigpOAMHAMIKU
HanpyskeHicTb ot B BC maetbcs ¢popmysoro:

E=Vm~B=(2—I)°’5B.
0C

(25)

3 miei popmynu BUIDIHBaE, MO aKycTHIHUH omip bC
JOPIBHIOE:

2P.B’
(pe) = (26)
E

[MincraBnsirount B 1o Gopmysy ekcnepuMeHTalbHI
3HaueHHs moTyxHocti Y3B, wmarHitHoro moms i

HAIpy>XEHOCTI eIEKTPUYHOTO IOJIsI, OTPUMYEMO:

2~3~102[B—T]-0,16[T2] -

c)=R, = M ~10° . (27

Mogaentorounii BC po3uuH B HalIMX €KCIIEPUMEHTAX
SIBIISIB CO00I0  OfHOBiAcOTKOBHU po3umH NaCl y Bomi,
TOOTO MpakTHIHO OyB Bomoro. Jist Bomgm Bimomo [3], mio
(pc) 1,5 x10° [kr / ™m?> c]. Takum uHHOM,
eKCIEPUMEHTAIIBHO OTpHMaHe 3a Jomnomororo AMM
3HAUEHHs aKyCTHYHOTO OINOpYy OyXe OJHM3bKO /0 HOro
BEIIMYMHM, OTpPUMaHOi 3 IHIIMX, B TOMY YHCIHI
aKyCTMYHUX, BHMIpIOBaHb. J[OCTOBIpPHICTh OCHOBHOT
dbopMys  JuIs  po3paxyHKy akyctudHoro omnopy bC
MATBEPIXKYE JOCTOBIPHICTh IHIIMX, OTPUMaHMX Ha ii
ocHOBI (hopmyn (20-23). PizHUIS MiX eKCIIEpUMEHTaIBHO
OTPUMaHUMH  3HAYCHHSAMHM  aKyCTHYHOIO  Omopy i
TaOMMYHUMHM HOTO 3HAYCHHSAMHM MOXe OyTH MOsICHEHa
ICHyIO4Oi TOYHICTIO HAIlMX aHAJOrOBHX BHMIpIOBaHb
iHTeHcuBHOCTI Y3B i MarniTHOro nostst. List TouHicTs npu
HEeoOXiTHOCTI MOke OyTH ICTOTHO MiABHINEHA. 30KpeMa,
IIpU BHMIPIOBaHHI aKyCTHYHOTO OIOPY 3 TOYHICTIO IO
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PO AKYCTO-MATHUTHBIA METO/ U3BMEPEHUA AKYCTHUYECKOI'O
CONPOTUBJIEHU A JJOKAJIBHBIX YYACTKOB BHOJIOTMYECKOM CPEJIbI

[IpenMeToM H3yuYeHHsS B CTAaThe SIBISACTCS aKyCTHUECKOE COMPOTHBICHHE JIOKAJIBHBIX YJYaCTKOB OMOJIIOIMYECKOW cpenpl iNVivo,
3aBUcHUMOe OT ux narosorud. Lleas paboTsl ecTh pa3paboTKa KOJMYECTBEHHOTO METO/Ia H3MEPEHHs] aKyCTHUECKOTO COMPOTHBIICHHUS
JIOKJIBHBIX YYacTKOB OMOJOTMYECKOW Cpelbl, PAcHOJIOKEHHBIX BHYTPH OpPraHM3Ma uelioBeKa. B cTaTbe peraroTcs clieyromue
3aJa4u: pa3paboTKa HAyIHBIX OCHOB aKyCTO-MAarHUTHOTO METOJA M3MEPEHUs aKyCTHUECKOTO CONMPOTHBIEHHS JIOKATBHEIX yJacTKOB
OHMOTIOTHYECKOH Cpenbl; pa3paboTka JUCTAHIIMOHHOTO CHOCO0a M3MEPEHHUS 3JIEKTPHUYECKOTO HANpsHKEHHs Ha MOBEPXHOCTU KOXKH
MallMeHTa, BBI3BAHHOTO AaKyCTO-MarHUTHBIM BO3JCHCTBHMEM Ha JIOKAJIbHBIE YYacCTKU CpEeAbl U OHPEACISIEMBbIM BEIUYUHOMN
aKyCTUYECKOI'O CONPOTUBIICHHS; pPAacyeT COOTHOLICHUH, CBA3BIBAIONIMX BEIMYUHY AaKyCTHYECKOTO COIPOTHUBICHUS JIOKAJIbHBIX
Y4acTKOB CpPEIbl C DJIEKTPUYECKMM HANpPSHKEHUEM Ha HU3MEPHUTENBHBIX 30HIAX Ha KOXKE IalWeHTa, 3HAYECHUAMHM MOLIHOCTH
aKyCTMYECKOI0 M3JIy4YEHHMsl M BHEUIHETO IOCTOSHHOIO MarHMTHOIO IIOJI, a TAaKKE C PACCTOSHHUEM MEXAY 30HJAMM U JIOKaJIbHBIM
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YYacTKOM OHMONOrHYecKOl cpelbl; BepU(HKAIMA PACUCTHBIX COOTHOIIEHUH C MOMOINBIO 3KCIEPUMEHTAIBHOTO ONpEIeIeHUs
aKyCTHYECKOTO CONPOTHBIIEHHS JIOKAITFHOTO y4acTKa MOACIBHON OHOIOTHYECKOH cpeabl. BpuTi NCrioab30BaHb! CIeAyIONINEe MeTObI:
¢dm3HIecKkoe MOJSNMPOBaHUE OHOJIOTHYECKOH cpeabl, (H3MKO-MaTeMaTHYeCKOe MOJCIMPOBAHUE JJIEKTPHUECKUX CBOICTB
JIOKJILHOTO Y9acTKa OMOJIOTMYECKOH Cpefbl, pacdeT IEKTPOMAarHUTHBIX U aKyCTHYECKHX MapaMeTpoB CPeabl, SKCIICPUMEHTAILHOE
H3MEpeHNe HAIPsDKEHHOCTH JIEKTPUYECKOTO MO, KOTOpOoe BO30OY)KHAeTCsl B JIOKAIFHOM YyYacTKe OHOJIOTHYECKOH Ccpensl,
BepU(UKAIUSI PACUETHBIX COOTHOIIEHHWI MyTeM MX CPAaBHEHHs C pe3yjibTaTaMu JKCIepHMeHTOB. Ciemyromiue pe3yJbTaTbl ObLIM
MOMy4YeHbl: pa3paboTaHbl Hay4YHbIE OCHOBBI AaKyCTO-MAarHHTHOTO METOJa KOIMYECTBEHHOTO HU3MEPEHHS aKyCTHYECKOTO
CONPOTHUBIIEHHS JOKAJIbHBIX YYacTKOB OMOJOTHUYECKOW Cpebl; pa3paboTaH AUCTAHIMOHHBIA CIOCOO H3MEPEHHUs! 3IEKTPHUECKOTO
HaMpsOHKEHUs Ha MOBEPXHOCTH KOXKU IMALMEHTa, BBI3BAHHOTO aKyCTO-MAarHUTHBIM BO3JEHCTBHEM Ha JIOKAJIbHBIE yYaCTKH CPEIbl U
OIpeleNIieMbIM BEIMYMHOM aKyCTUYeCKOrO CONPOTHBICHUS; PACUUTAHbl COOTHOLICHHUS, CBS3BIBAIOIIUE BEIMYMHY aKyCTHUECKOIO
COINPOTHUBIICHUS JIOKAIBHBIX YYaCTKOB CpEIbl C 2JICKTPUYECKUM HAIPSKCHUEM Ha U3MEpPUTEIBHBIX 30HIAX Ha KOXKE IAlUCHTa,
3HAYECHUSIMH MOIIHOCTU aKyCTUYECKOI'O M3IY4EHUs M BHEUIHEro IMOCTOSHHOTO MAarHUTHOIO IOJA, a TaKKE C PACCTOSHHUEM MEXIY
30HJaMHU U JIOKAaJIbHBIM YYacTKOM OHOJIOTHYECKOH CpeAbl; BBINOJHEHAa BEpHUQHKAIMS PAcYeTHBIX COOTHONICHHH C IOMOIIBIO
9KCIIEPUMEHTAIBHOTO OMpEJeNeHUs] aKyCTU4YeCKOTO COMPOTHBIEHHS JIOKATbHOTO ydYacTKa MOJIENbHOM OHOJIOTHYECcKO Cpesbl.
BeiBoabl: Pa3paboTanbl HayyHbIE OCHOBBI JUCTAaHIHMOHHOTO aKyCTO - MAarHUTHOTO METOZAA BBICOKOTOYHOTO M3MEPEHMS BEIHYHHBI
aKyCTHYECKOTO CONPOTHBIICHHUS JIOKATbHBIX yYaCTKOB OMOJIOTMYECKOH TKAaHM YeJIOBEKa, MOATBEPKACHHOTO SKCHEPUMEHTATBHO Ha
MOJIETBHBIX 00pa3lax TKaHW. MeToJ MOXET IIO3BOJIUTH BBIIBUTH C BBICOKOM TOYHOCTBIO (DYHKIHOHAIBHYIO CBSI3b H3MEPSEMOTO
JIOKAJIBHOTO 3HAUYEHMs aKyCTHYECKOTO COIPOTUBJIECHHS C IAaTOJOIMYECKUMH M3MEHEHMsIMHU TKaHu. [Ipu 3ToM HcKiIrouaercs BIMSHUE
YeJOBEYEeCKOro (hakTopa Ha HHTEPIPETALHI0 PErHCTPUPYEMBIX 3HAUCHHH aKyCTHYECKOTO COIPOTHBICHHUS, XapaKTepPHOTO [UIS
TPaAUIIMOHHOTO B OCHOBHOM KaueCTBEHHOT'O, & HE KOJIMYECTBEHHOTO YJIBTPAa3ByKOBOTO METOJa, MOBBIMIAETCS HHYOPMATHBHOCTE U
JIOCTOBEPHOCTb aKyCTUUECKON TUarHOCTHUKH.

KiroueBble cJ10Ba: aKyCTHYECKOE CONPOTHBIICHHE; OMOJIOTMYECKAs Cpela; aKyCTO-MAarHUTHBI METOJX; 3IIEKTPHYECcKoe
HaINpsDKEHHE; YIbTPa3BYK.

ON THE ACOUSTO-MAGNETIC METHOD OF MEASURING THE ACOUSTIC
RESISTANCE OF LOCAL AREAS OF THE BIOLOGICAL TISSUE

The subject of study in the article is the acoustic resistance of local areas of the biological tissues in vivo, depending on their
pathology. The aim of the work is to develop a quantitative method for measuring the acoustic resistance of local areas of the
biological tissue (substance) located inside the human body. The following tasks are solved in the article: development of scientific
foundations of the acousto-magnetic method for measuring the acoustic resistance of local areas of the biological tissue; development
of a remote method for measuring electrical voltage on the surface of the patient's skin, caused by acousto-magnetic impact on local
areas of the tissue and determined by the value of acoustic resistance; calculation of the ratios binding the value of the acoustic
resistance of the local areas of the tissue with the electric voltage on the measuring probes on the patient's skin, the values of the
acoustic radiation power and the external constant magnetic field, as well as with the distance between the probes and the local area of
the biological tissue; verification of the calculated ratios using the experimental determination of the acoustic resistance of the local
area of the model biological tissue. The following methods were used: physical modeling of the biological tissue, physical and
mathematical modeling of electrical properties of the local part of the biological tissue, calculation of electromagnetic and acoustic
parameters of the tissue, experimental measurement of electric field strength excited in the local part of the biological tissue,
verification of calculated relations by comparing them with experimental results. The following results were obtained: the scientific
foundations of the acousto-magnetic method for the quantitative measurement of the acoustic resistance of local areas of the
biological tissue were developed; a remote method for measuring the electric voltage on the surface of the patient's skin caused by the
acousto-magnetic effect on local areas of the tissue and the determined value of the acoustic impedance was developed; relations were
calculated connecting the value of the acoustic impedance of local areas of the tissue with the electric voltage on the measuring probes
on the patient's skin, the values of the acoustic radiation power and external constant magnetic field, as well as the distance between
the probes and the local area of the biological tissue; verification of the calculated ratios was carried out using the experimental
determination of the acoustic resistance of the local area of the model biological tissue. Conclusions: The scientific foundations of the
remote acousto-magnetic method of high-precision measurement of the acoustic resistance of local areas of human biological tissue,
confirmed experimentally on model tissue samples, have been developed. The method can make it possible to reveal with high
accuracy the functional relations of the measured local value of acoustic resistance with pathological changes in the tissue. At the
same time, the influence of the human factor on the interpretation of the recorded values of acoustic resistance (which is characteristic
of the traditional, mainly qualitative, rather than quantitative ultrasound method) is excluded, the information content and reliability of
acoustic diagnostics are increased.
Keywords: acoustic resistance; biological tissue; acousto-magnetic method; electric voltage; ultrasound.
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L. RASKIN, YU. PARFENIUK, L. SUKHOMLYN, M. KRAVTSOV, L. SURKOV

A METHOD FOR SOLVING THE CANONICAL PROBLEM OF TRANSPORT
LOGISTICS IN CONDITIONS OF UNCERTAINTY

Subject. The canonical task of transport logistics in the distributed system "suppliers - consumers" is considered. Goal. Development
of an accurate algorithm for solving this problem according to the probabilistic criterion in the assumption of the random nature of
transportation costs has been done. Tasks. 1. Development of an exact method for solving the problem of finding a plan that
minimizes the total cost of transportation in conditions when their costs are given by their distribution densities. 2. Development of a
method for solving the problem when the distribution density of the cost of transportation is not known. Methods. A computational
scheme for solving the problem is proposed, which is implemented by an iterative procedure for sequential improvement of the
transportation plan. The convergence of this procedure is proved. In order to accelerate the convergence of the computational
procedure to the exact solution, an alternative method is proposed based on the solution of a nontrivial problem of fractional nonlinear
programming. The method reduces the original complex problem to solving a sequence of simpler problems. The original problem is
supplemented by considering a situation that is important for practice when, in the conditions of a small sample of initial data, there is
no possibility of obtaining adequate analytical descriptions for the distribution densities of the random costs of transportation. To
solve the problem in this case, a minimax method is proposed for finding the best transportation plan in the most unfavorable
situation, when the distribution densities of the random cost of transportation are the worst. To find such densities, the modern
mathematical apparatus of continuous linear programming was used. Results. A mathematical model and a method for solving the
problem of transport logistics in conditions of uncertainty of the initial data are proposed. The desired plan is achieved using the
solution of the fractional nonlinear programming problem. Conclusions: The problem of forming a transportation plan is considered,
provided that their costs are random values. Also, a method for solving the problem of optimization of transportation for a situation
where the density of distribution of random cost cannot be correctly determined is considered.
Keywords: transport linear programming problem; random cost of transportation; fractional nonlinear optimization.

Introduction

In the totality of management tasks of the logistics
complex "production — delivery - consumption”, transport
tasks take the central place [1-3].

The transport linear programming problem is
traditionally formulated as follows [1-3]. There are m

suppliers of a homogeneous product and I consumers of
this product. A vector A=(a a, .. & ap) is
known, the components of which fix the capabilities of
suppliers, a vector B:(bl by .. bj bn), the
components of which determine the demand of
consumers, as well as a matrix C = (cij ) that specifies the

cost of delivering a unit of a product from suppliers to
consumers. It is required to find a non-negative matrix

X = (xij) that specifies a plan for the transportation of a

product from suppliers to consumers, minimizing the total
cost of transportation

m n
Li(X) =D cijXj 1
i=1 =1

and satisfying the constraints

n
inj gai, i=12,...m, (2)
j=1
m
Y % 2bj, j=12,..n, 3
i=1

XijZO, i:1,2,...,m, j=1,2,...,n. (4)
Methods and materials. Methods for solving this

problem are well known and implemented in widely used

mathematical packages (Mathcad, Excel, etc.)

It should be noted that the given model of the
transport problem does not fully satisfy the natural
requirements for the level of its adequacy. The point is
that in real conditions the parameters of this problem are
not deterministic values. In practice, the possibilities of
suppliers, the needs of consumers, and the cost of
transportation are random. It is clear that in this case the
solution of the problem by traditional methods that do not
take into account its probabilistic nature cannot be
accurate [4-8]. In this regard, the above canonical
mathematical model of the transport problem should be
properly modernized. The obvious applied nature of the
problem determines the relevance of the study.

Methods and materials

Methods for solving problems, the parameters of
which are random, are combined into a specific subclass
of general methods of mathematical programming, called
stochastic programming [9-13]. The technology for
solving such problems consists in constructing for each of
them a corresponding deterministic analogue using further
standard methods of mathematical programming. At the
same time, the mathematical expectation or variance of
the random value of the total cost of transportation is
usually used as an objective function in such problems
[11-13].

The solution to this problem using a more
informative objective function was proposed in [14]. In
this case, it was assumed that the cost of transportation are

L. Raskin, Yu. Parfeniuk, L. Sukhomlyn, M. Kravtsov, L. Surkov, 2021
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random values. Further, it is assumed that there is enough
real data to formulate plausible hypotheses about the
distribution laws of these quantities. At the same time,
since a large number of various factors independently
affect the cost of transporting goods, it is usually believed
that their joint influence, in accordance with the central
limit theorem of the theory of probability, leads to the
normality of the resulting random variables. In this regard,
a set of densities is introduced

exp —(Cij_n;ij )2 )
i 20ij

CICHE

i=12,.m, j=12,.,n

Of random values Cij . Therefore, the distribution

density of the random total cost of transportation

m n
R=L(X)=2 > cjxj hasthe form
i=1 j=1
P(R=Ry)= [ f(R)dR= jJ_l exp{
Ry Ry 2ros

2 w Ul
R— U
_¢ R — L J e 2du )
20'2 R_mz —u \/E R —my

f<R>=f(L(X))w%Gzexp{—(R‘mz) }

20%
where

my = Z Z Mj Xij »

i= j=1

m

=ZZ%U

i= j=1
The problem now consists in finding a set X = (xij)

that delivers the extreme value of some naturally chosen
function of density f(R) and satisfies constraints (2) -

(4). For example, a certain threshold value Rpy of the total

cost of transportation is set, the excess of which is
regarded as a sign of inefficiency of the corresponding
transportation plan. As the objective function of the
problem, it is natural to choose the probability that the
total cost of transportation will exceed the threshold. This
probability is equal to

®)

Oy o5

Thus, the original problem is transformed to the following: find a transportation plan satisfying the constraints X,
minimizing (5), or maximizing the lower limit in this integral, which is equal to

m n
=2 D M

Rp—m i=1 j=1
R(X)=——2%= ! 6
(x)=" : ©)
m n 2 2 2
2. 2. %X
i=1j=1
If the transportation plan X satisfies constraints (2) as equalities, then (6) can be transformed to the form
m n m n m n m n
7”22 Xij = 2 2 X ZZ( —mj jxij 2. 2 dipx
_ MMialj= i=1j=1 _i=lj=l _i=lj=1
R(X)= T T " T @
m n 2 2 2 m n 2 2 2 m n 2 9 2
2. 2. 0% > 2. 0% 2. 2. %%
i=1j=1 i=1j=1 i=1j=1
i=12,.m, j=12,..,n
The maximization problem (7) while satisfying (2) - non non
(4) is a complex problem of fractional nonlinear ZZd--x-- ZZd--x--
programming. An approximate solution to this problem i i
can be obtained as follows. R(X)=—"5 —> L =T(X).(8)
As m n 2 2 2 ZZO‘inij
1 2.2 00X | A
2 n i=1j=1

s8] (55| 5

i=1l j=1 i=1l j=1 i=1 j=1

then

At the same time, the task is reduced to finding a
plan X that satisfies restrictions and maximizes T(X).

To solve the problem, it is proposed to use the following
iterative procedure.




___ 82

ISSN 2522-9818 (print)
ISSN 2524-2296 (online)

Innovative technologies and scientific solutions for industries. 2021. No. 2 (16)

A random plan x(©) is chosen that satisfies
constraints (2) - (4). If this plan does not maximize

T(X), then there must be some other plan x@ for
which

T(X(l))—T(X(O))>O. ©)

m n
Since ) > ojjXj >0 in any task plan, it follows
i=1 j=1
from (9) that

i=1j=1 i=1j=1
:ii(dij -T(x )a,J)x,J =33 a0 5 0
i=1j=1 i=1j=1

Now the task is to find a plan X(l) , that maximizes

s (x(l)) -3'3 aixY (10)
i-1j1

and satisfies constraints (2) - (4). An ordinary transport

linear programming problem is obtained. If the plan X(l)
calculated as a result of its solution does not maximize

T(X), then there must be a new plan X for which
T(X(Z))—T(X(l))>0.
The computational procedure is naturally to stop

m n
when the inequality > > xi(jk+1) —xi(jk) <g s

i=1j=1
completed, where ¢ is a small number.

A brief analysis of publications on the problem of
solving transport problems in conditions of uncertainty
allows us to draw the following conclusion.

In the problem of finding a transportation plan under
conditions of their random cost, there is no method for
obtaining an exact solution. The quality of the
approximate solution obtained using (8) and the rate of its

convergence cannot be estimated.

The purpose of the article is to develop
mathematical models and effective methods for solving
transport problems in conditions of uncertainty. To
achieve the goal, it is necessary to solve the following
tasks.

1. Development of effective (accurate and fast)
methods for solving transport problems with a
probabilistic description of the cost of transportation;

2. Development of a method for solving transport
problems for the case when the distribution density of the
random cost of transportation is not known.

Thus, the mathematical model of the transport
problem under uncertainty has a canonical representation
(1) - (5). The corresponding optimization problem is
formulated as follows: find a plan X that maximizes the
fractional — quadratic function (11) and satisfies
constraints (2) - (4).

Main result

Methods for solving transport problems in the
context of a probabilistic description of the cost of
transportation.

Any exact solution to problem (8), (2) - (4) can be
obtained by solving a recurrent sequence of nonlinear
programming problems as follows. It is clear that the

maximum R(X) is reached on the same set as the

maximum R? (X). In accordance with this, we introduce

[iiduXUJ
F(X)=RE(X)="2 2

m n

DIyt

i=1 j=1

11)

Thus, the problem is reduced to the following: to
find a plan X that maximizes the fractional-quadratic
function (11) and satisfies constraints (2) - (4). This
problem is proposed to be solved as follows.

Let's introduce columns E,X and a matrix G

dig X1
dio X2
E= dln © X = Xn :
dyy X91
dmn an
2
Gi1
Gh
0
G= Giy
2
Go1
0
2
Gmn
Then relation (11) takes the form
T AF T
X'C-C X X'CX ——T
L(X)= = C=CC . (12)

xTex  XTox'
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Now the problem is reduced to finding a set X that
maximizes (12) and satisfies

AX =B, (13)
where (13) is a matrix analogue (2) — (4).
X>0. (14)

The solution to this problem is achieved by
implementing an iterative procedure similar to that
described above. An arbitrary vector X @ s chosen that
is a solution to the system of equations AX =B and
satisfies the constraint X >0. If this vector is not a
solution to the problem, that is, does not maximize (12),

then there must be some other vector X ® for which

LXD)-L(x@)>o0. (15)
Since X' DX >0 , it follows from (15) that
(L(X (1)) —L(X (0))))( OTex® —
(16)

=XOTex @ _xOTex DL (x @y > 0.

Taking into account (16), the problem is reduced to
finding a vector x® satisfying (13) - (14) and
maximizing

R(X®)=xOTc-L(xM)G)x®,

Thus, the original problem is reduced to an iterative
procedure for finding a sequence of vectors satisfying (13)
- (14)

X*(l), X*(Z),..., X*(k),x*(kﬂ) ,

for which recurrence ratio is performed

= max [ X (BTex kb x Gt gy (b (1) |
¥ (kD)

(17)

= max X ® DT c_oLx*Myx kD -
(k1)

It is natural to stop the computational procedure

[x ) _x 9)

when the inequality ‘ <¢& is completed

Hx(kﬂ) —X(k)H<8, where & is some fairly small

number. This ensures the required accuracy of solving the
problem.

Each of the sequence of problems (17) is easier than
the original problem, since here the maximization of the
fractional-quadratic functional (12) is replaced by the

optimization of the usual quadratic functional (17). In this
case, at each iteration, it is necessary to solve problems of
the form: find a vector X that maximizes

f(x)=XTGX (18)

And satisfies
AX =B, (19)
X >0, (20)

Lagrange function is generated:
F(X,A)=f(x)-AT (AX —=B) = XTGX —AT (AX —B). (21)
As it is known, if X* s the optimal solution of the

problem (18) - (21), then there must be a vector A" such
that X* and A* satisfy the relations

A axTe-ATA<0, (22)
dX  [x=x
A=A"
AFX LA ) g, (23)
dX
GFOCA) e _Bax =0. (24)
dA
Transposing (22), we get
26X - ATA <0 (25)
or
ATA-2GX*>0.
Enter vector V* = ATA—2GX* > 0.
Then, taking into account (25),
26X* - ATA+V* =0, (26)
Further, we write (23) as follows
VT X* =0
or
(X*Tv*=0. (27)

Thus, if X is a solution to the problem, then there
are V* >0 and A" such that relations (24), (26), (27) are

satisfied. On the other hand, if there exist X >0, V" >0,
A which satisfy the conditions

AX =B, 2GX —ATA+V =0, XTv =0, (28)

then the vector X is the optimal solution to the problem
(18) - (20).

A significant drawback of this technique is the slow
convergence of the procedure for finding a sequence of
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solutions X*(l), X*(Z),...,X*(k) in problem (15) - (17).
This noted feature is explained by the fact that at each
iteration of the procedure for sequential improvement of
the objective function (12), it is necessary to solve a
quadratic programming problem, which is difficult in
itself. In this case, only an approximate estimate of the
number of iterations required to obtain an admissible
solution in terms of accuracy is possible. In this regard,
let’s consider another method for solving the problem.

It is convenient to replace the problem of
maximizing function (11) by the equivalent problem of
minimizing the function

m n

> o0

i=1j=1

{iidii XijJ

i=1j=1

G(x)= (29)

To solve the fractional-quadratic programming
problem obtained in this form, we introduce a new

variable
1
Yo=1
2 2 i
i=1 j=1
whence

m n
yodeinij =1.

i=1 j=1

(30)

Let us formulate a new set of variables

i=1 j=1 i=1 =1

iznlo'u Yij — Zil [Z Yij — Yo@i

Further
do(y)
dy;;

1

yij =_2</7.1 +ﬂj+Vdij), i=1 2,...m

O'ij
Substituting (38) into (33) - (36), we have

m n dl-
222—12(1, + 41 +vdjj )

i=1 j=1 £0jj

i 1

220 (ﬂ, +yj+vdu) Yod,i=1 2,..,m

m
1
Z—Z(/ll +/,IJ +VdU) yob] ,J—l 2,.

i-1 207;

2
=20y} Yij — 4 —pj—vdij =0,

yij = yoxij , =1 2,..,m, j=1 2,...,n (31)
In this case, relations (2) - (4), (29), (30) take the
form
1 2 y., G 2.2
ZZZ% 2 =220, (32
Yo i=lj=1 Yo i=lj=l
m n
D> dijyij =1, (33)
i=1 j=1
ZXU Zy” a,i=1 2,
0j=1
m 1 m
inj :_Zyij =b] , j=1, 2,..,n-1, (34)
i=1 Yo iz
whence
n
zy” =Yo4 , i=1 2,...m (35)
j=1
m
zy” = yObj y j=1, 2,..,n=1. (36)
i=1

Now the original problem has been reduced to the
form: find a set Y =(yij), i=1 2,.m, j=1, 2,..,n

minimizing (32) and satisfying constraints (33) - (36).
Let's solve the resulting quadratic programming problem.

Let’s introduce the Lagrange function
m n
Zﬂ, Zyu Yobj || DD dijyij -1 (37)
j=1 i=1 i=1j=1
i=1 2,..,m, j=1 2,..,n,
i=1 2,..,n (38)

Solving the resulting system of linear algebraic
equations, we obtain expressions for {4}, {,uj}, v

through yo and the initial data {a}, {bj}. Substituting
these expressions in (38), we obtain the relations for y;j;
through yp. Now we find the value y, from (32).
Finally, we calculate the values of the initial variables X;;

using (31). Problem is solved.

The fundamental advantage of the proposed method
for solving a transport problem in conditions of
uncertainty is the ability to obtain an accurate and fast
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result due to a single solution of the fractional — quadratic
programming problem.

The real complication of the problem arises if the
statistical data for an adequate reconstruction of the
distribution density of the random costs of transportation
is not enough, but a correct statistical estimate of the
mathematical expectations and variances of these random
variables is possible. Let’s consider a method for solving
the original problem under these conditions. Let m;; and

aﬁ — statistical estimates of the mathematical expectation

and variance of the random cost of transporting a unit of a
product from the i -th supplier to the i -th consumer. To
solve the problem, the following two-stage procedure is
proposed.

At the first stage, we will find a transportation plan
X that minimizes the average total cost of transportation

(39)

'V'[L(X)]:iimijxij

i=1j=1
and satisfying constraints (2) - (4). This is a common

transportation problem and let X (©) be the solutions.

At the second stage, we will set the task of finding a
plan that minimizes the compromise criterion made up of
four terms. The first term determines the variance of the
total cost of transportation, the second — a measure of

deviation of the desired plan from the plan x (0 , the third
term provides a solution satisfying (2), the fourth —
satisfying (3). Thus, the composite criterion has the form

mn22mn (0)2m m n-1 m
L(X)ZZZO'U'XU'-FZZ(X”—X” ) +Zﬂ1 inj—ai +Z/JJ inj _bJ . (40)
i=1 j=1 i=1 j=1 i=1 j=1 j=1 i=1
Further
dL(x
%:2(7"2&]‘ +2(Xij —Xi(jo))-i-ﬂi +/.lj =0,i=1 2,...m, j=1 2,.,n-1.
1)
Hence
0
X,__zxi(j)—ﬂi—ﬂj . _
'J_f’ i=1 2,.m, j=1 2,..,n-1. (41)
Z(O'ij +1)

Substituting (41) into (2) - (3), we obtain the system
of equations

o 2Xi(jO) — i —

=q;,i=1 2,...m,
j=1 2(0‘5+1)

0
m 2x\%) — 2 + )

3 —bj,j:l, 2,...,n-1.
i=1 2(0'” +l)

The solution to this system of linear algebraic
equations defines the sets {4}, i=1, 2,..,m, {yj},

j=1, 2,..,n—1. Substitution of these sets in (41) gives
the desired solution to the problem.

We now make an important remark. The results of
solving the original problem naturally depend on the
nature of the distribution density of the random variables

Cj, i=12..,m, j=12,..,n. The set (xij) obtained
in problem (39), (40), (2), (3) corresponds to the
hypothesis that this distribution is Gaussian with
parameters (mij, 0“2). The real distribution can be very
different from the Gaussian one. Therefore, it is advisable
to consider the solution of this problem under the

assumption of the worst distribution density of the random
cost of transportation, having previously found this worst

distribution. The problem of finding the worst distribution
is solved under the condition that, based on the results of
statistical processing of the available data for each

"supplier — consumer" pair (i,j), estimates of the

mathematical  expectation and variance of the
corresponding random value cj; are obtained. Let us

assume that the worst density corresponds to the
maximum probability that a random value of the cost ¢j;

will exceed a given acceptable threshold c¢,. Thus, this
problem can be formulated as follows: find the
distribution density of the random value f(cij) that

maximizes
p(Cij >Cn)= j f (Cij)dcij (42)
Cn
and satisfies the accepted constraints
I f (Cij )dcij =1, (43)
J. Cij f (C)dC = mij ) (44)
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Iczf(c)dc:oﬁ+mﬁ.

—00

(45)

The resulting problem is a special case of the
continuous linear programming problem, the general
methods of solving which are presented in [15]. It is
shown that the solution to problem (42) - (45) must be
sought in the form of a linear combination ¢ of the Dirac
functions. The solution procedure is iterative and consists

in the sequential calculation of the components
(X1s X9, Xm )+ (61, 62,...,6y ) , the basic plan — function

m

> x5(0-6;).

=1

(46)

The plan-function defined on each iteration is
checked for optimality. If the sign of optimality
formulated in [15] is not fulfilled, then another step is
taken to improve the solution. This procedure will result
in a function for task (42) - (45)

T 2, 52 2

Ch—M “ —mi

£(6)= ( n u) . 9_m,1+c7 Mij Cn o _5(0-c,), )
O'2+(Cn—mij> Cn_mij O'2+(Cn—mij)

moreover, the probability of getting into critical area Conclusions

Cc > c, is equal to coefficient at second term in expression

(47). Thus 1. Considered the problem of forming a

2
P(c>Cy)=—— (48)
o +(Cn - mij )

Now, using (48), an additive criterion of
efficiency (expediency) of a transportation plan X can be
formed, taking into account the worst
conditions  for its implementation, which has
the form

m n O'i?
L(x)=22> 5 Xij - (49)
i=1j=1 O-i? +(Cn —mj )

The directions of further research are associated with
the development of methods for solving the considered
problems for cases that are deeper than the theoretical and
probabilistic uncertainty of the initial data. This
uncertainty in the context of small samples of
observations can be described in terms of fuzzy [16 - 18]
or imprecise [19 - 20] mathematics. Possible solutions in
this case can be obtained using the methods proposed in
[21].
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METO/I BUPIIIEHHA KAHOHIYHOI 3AJJAYI TPAHCIIOPTHOI JIOTICTUKH B
YMOBAX HEBU3HAYEHOCTI

IIpeameT. Po3risiHyTO KaHOHIUHY 3a/ady TPAHCIIOPTHOI JIOTICTUKH Y PO3TayXeHid cucteMi "mocradaiabHUKH — crioxkwuBadi”. Hiab.
Po3pobka TouHOrO anropuTMy BHpIIIEHHS Li€i 3amadyi 3a IMOBIPHICHUM KPHTEpiEM B HPHUIIYIICHHI IPO BUIAJKOBUH XapakTep
BapTOCTEH TpaHCmopTyBaHb. 3agavi. 1. Po3poOka ToYHOro MeToqy BHpIIICHHS 3a/adi BiAIIyKaHHS IJIaHY, MIHIMI3yI04OTO CyMapHY
BapTICTh TPAHCIOPTYBaHb B YMOBAaX, KOJH IX BapTOCTI 3a/laHi BIACHOIO LIUIBHICTIO po3mofiny. 2. Po3poOka mMeTony BUpIIIEHHS
3aa4i, KOJM LIUJIBHOCTI PO3IOALTY BapTOCTI MepeBe3eHb HEeBiOMi. MeToaM. 3aIpONOHOBAHO OOUMCIIOBAIBHY CXEMY BUPILIEHHS
3ajadi, sIKa peanizyeThesl ITepalifHoI0 IPOIEeAyPOIO MOCIIIOBHOTO ITOKpAIIeHHs IUIaHy TPAHCIIOPTYBaHb. 30KHICT Li€l mponexypu
JIOBEJICHO. 3 IJUII0 IMPHCKOPEHHS 301KHOCTI 00YMCIIOBAIFHOT HPOIEIYPH A0 TOYHOTO PIIISHHs 3alPOIIOHOBAHO aJlbTepPHATHBHHI
METOJ], 3aCHOBAaHMH Ha pillleHHI HETPUBHAIBHOI 3amadi JPOOHO-HENIHIHHOTO NporpamMyBaHHA. MeToJ 3BOIAWTH BHXITHY CKJIAJHY
3ajady 10 pillleHHs MOCIIiIOBHOCTI O1IBII MPOCTHX 3aad. BuxinHa 3amada JOMOBHEHA PO3IIISIOM BaXIIMBOI JUIS IPAKTHKH CUTYAIIii,
KOJI B yMOBaX Majol BHOIPKH MOXITHUX JAQHUX BIJACYTHS MOXKIMBICTh OTPHMaHHS aIeKBaTHUX aHATITHYHUX OIHCIB JUIS IUIBHOCTEH
PO3TOALTEeHHs BUMIAAKOBHX BaAPTOCTEH TPaHCTIOPTYBaHb. [l pillieHHs 3a/1a4i B TAKOMY BHIIAJIKY 3aIPONOHOBAHO MiHIMAKCHHN METOL
BiJIIyKaHHS HAHKpaIIOro IUIaHy TPAHCIOPTYBaHb Y HAWOUIbII HECHPUATIMBIA CHTyalii, KOJIHM MIUIBHOCTI PO3MOALTY BHIIAAKOBOI
BapTOCTI TPAHCIIOPTYBaHb OyAyTh HaWripmmMu. /s BigIIyKaHHS TaKUX OIUIBHOCTEH BUKOPHCTAHO CY4aCHHN MaTeMaTUYHUH amapat
KOHTUHYQJIFHOTO JIHIHHOTO mporpaMyBaHHs. Pe3yabTaTH. 3amporoHOBaHI MaTeMaTHYHa MOJENb Ta METOJ DIlICHHS 3amadi
TPaHCIOPTHOI JIOTICTHKY B YMOBaX HEBH3HAUCHOCTI MOXiTHMX AaHuX. lllykaHWH I1aH JOCSATAEThCS 3 BUKOPHCTAHHSAM PIIICHHS
3amadi IpoOHO-HeNiHiiHOTO nporpamyBaHHs. BucHoBkH: Po3risiHyTo 3amauy GopMyBaHHS IUIaHy TPaHCIOPTYBAHb 32 YMOBH, IO 1X
BapTOCTI — BUIAIKOBI BENMYMHHU. TakoXk PO3MISIHYTO METOJ BUPIIICHHS 3a/adi ONTHUMI3alil TPaHCTIOPTYBAHb VISl BUIAAKY, Y SKOMY
IITBHICTH PO3NOAITIEHHS BUIIAKOBOI BAPTOCTI HE MOXKEe OYTH KOpPEKTHA BU3HAUCHA.

KurouoBi cjioBa: TpaHCTIOpTHA 3a7ada JIHIKHOTO MPOTrpaMyBaHHS; BUIIAJKOBa BapTiCTh TPAaHCIOPTYBaHb; ApOoOHO—HENiHiHA
ONTHMI3aisl.

METO/I PEIIEHAA KAHOHUYECKOM 3AJJAYU TPAHCIIOPTHOM
JIOTUCTHUKHU B YCJIOBUAX HEOIIPEAEJIEHHOCTH

[peamer. PaccMoTpeHa KaHOHMYECKas 3aJada TPAHCIOPTHOH JIOTUCTUKM B paclpelelicHHOW cucTeMe "MOCTaBIIMKH —
notpeburemn”. Lleanb. PazpaboTka TOYHOTO anropuTMa perieHus 3TOH 3aJady M0 BEPOSTHOCTHOMY KPUTEPHUIO B MPEATOJIOKCHUN O
ClTydaifHOM XapakTepe CTOMMOCTEH TpaHCOpPTUPOBOK. 3agaun. 1. Pa3paboTka TOYHOTO METO/a PEIICHUS 3a]]a4l OTHICKAHHUS IJ1aHa,
MHHUMHU3UPYIOIIET0 CyMMapHYI0 CTOMMOCTh TPAaHCIOPTHPOBOK B YCIOBHSX, KOTIJd MX CTOMMOCTH 33/IaHBI CBOMMH IUIOTHOCTSIMH
pacnpenenerus. 2. PazpaboTka MeToza pelleHus 3a/laud, KOTJa IUIOTHOCTH PaclpenesieHHs CTOMMOCTH NEPEBO30K HE H3BECTHBI.
Metoasnl. IlpennokeHa BBIYMCIUTENBHAS CXeMa pelIeHWs 3aJadd, KOTopas pealnn3yeTcs HTEepalMoOHHON Mporeaypoi
MOCJIe/IOBAaTEIFHOTO yIydIICHHS IUIAHAa TPAHCIOPTUPOBOK. CXOAMMOCTH 3TOW Tpomemypsl AokazaHa. C IENBI0  YCKOPEHHS
CXOJMMOCTH BBIUHCIUTEIBHON MPOIEAypsl K TOYHOMY PEIICHHIO MPEIIOKEH albTepPHATUBHBIA METOJ, OCHOBAHHBIA HAa PEIICHUH
HETPUBHANBHOM 3alaull APOOHO-HENMHEHHOro NpOrpaMMHUPOBaHUSA. METOX CBOJAWT HCXOAHYIO CIOXKHYIO 33Jady K PEHICHHIO
TOCIIeIOBaTeIFHOCTH O0JIee MPOCTHIX 3a1ad. McxomHas 3aada JOMOTHEHA PACCMOTPEHHUEM BAXKHOM JUIS MPAKTUKH CHTYalllH, KOTa
B YCJIOBHSX MaJOH BBIOOPKH MCXOIHBIX JJAHHBIX OTCYTCTBYET BO3MOXKHOCTBH MOJIyYEeHUs aJCKBAaTHBIX aHAJUTUUECKUX OIMCAHUH JUIs
IUIOTHOCTEH pacrpeleneHnss CIydalHbIX CTOMMOCTEH TpPaHCHOPTHPOBOK. Jlmsi pelleHust 3ajadd B ITOM cCilydae HpEIOKEH
MHHUMAaKCHBIA METOJ OTHICKaHHsI HAMJIYYIIEro IUlaHa TPAHCIIOPTUPOBOK B Hanbosee HEONaronpusITHONH CHTyalllH, KOra IIIOTHOCTH
pacnpeneneHus Ciry4aliHOH CTOMMOCTH TPaHCIIOPTHPOBOK SIBISAIOTCS HAUXYAIIUMH. JIJIsl OTBICKAHUS TaKUX IFIOTHOCTEH MCIIOJIb30BaH
COBPEMEHHBI MaTeMaTW4YeCKMi ammapaT KOHTHHYaJbHOTO JMHEWHOro mnporpaMMmupoBanusi. Pesyabtatel. [IpenioxeHs
MaTeMaTHIecKass MOAENb W METOA PEIICHHUS 3a4a4d TPAHCIIOPTHOH JIOTUCTUKH B YCIOBHAX HEONPEIETCHHOCTH UCXOAHBIX JAaHHBIX.
VckoMBbIf TIaH JOCTHTaeTcsl € WCHONB30BAaHMEM pEIICHUS 3adadd  JApoOHO-HEMTHMHEHHOTro IporpaMMHpOBaHus. BbIBOABI:
PaccmoTpena 3amada (OpMHUPOBAaHUS IUIaHA TPAHCIIOPTUPOBOK IPH YCIOBHH, YTO MX CTOMMOCTH - CIIydJaiHBIE BEIMYHHBI. Takxke
paccMOTpeH METO]] pPelIeHHs 3aJa9l ONTUMH3AIMN TPAHCIOPTHPOBOK JUIS CUTYAIllH, KOTAA IJIOTHOCTH PacIpeeNIeHus! CITydaiHOH
CTOMMOCTH HE MOJET OBITh KOPPEKTHO OIpE/IeNicHA.

KiioueBble cj10Ba: TpaHCIOPTHAS 3aa4a JIMHEHHOTO NPOrpaMMHPOBAHHUS; CIIy4aifHasi CTOMMOCTb TPAHCIIOPTHPOBOK; APOOHO—
HEJIMHCHHAS OIITUMM3ALUA.
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MOJIEJIb B3BAUMOJIENCTBUI U ®A30BBIX COCTOSIHUAM ITPA
PACHPEJEJEHUN YACTOTHOI'O PECYPCA B I'PYIIIINPOBKE
PATUODJIEKTPOHHBIX CPEACTB CETU MOBHWJIBHOMU CBA3U 5G

IIpenmer: Monenu B3aUMOJECUCTBUSI M (DAa30BBIE COCTOSHMSA IIPH pPACMpeleleHHH YacTOTHOTO pecypca B TpPYNNUPOBKE
PaJMOdIEKTPOHHBIX CPEACTB ceTH MoOwiIbHOH cBa3u 5G. Ileab: pa3zpaboTka AMHAMHUYECKOH MOJAETM MHOMKECTBEHHBIX
B3aUMOJCHCTBUI N-3JIEMEHTOB CJIOKHOW CHCTEMBI MOOMIBHOH CcBA3M SG, B KOTOPOI y4TEHBI XapaKTep MEX3JIEMEHTHBIX CBA3eH U
(a30BBIX COCTOSIHMII IPH TPYNIOBOM HCIOJIB30BaHHM YaCTOTHOTO pecypca. 3ajadm: Ha OCHOBE CIOXKHOM MOJENH N-3JIeMEHTHOH
CHCTEMBI C MHO>KECTBEHHBIMH B3aUMOICHCTBHSIMH pa3paboTaTh MaTeMaTHIECKyI0 MOJIEb ONUCAHUS JJIEKTPOMArHUTHON 00CTaHOBKH
TPYNIUPOBKU PAJUONICKTPOHHBIX CPEICTB B NPOCTPAHCTBE COCTOSHHUN IPU IPYNIOBOM MCIONB30BAHUU YacTOTHOIO pecypca;
MIPOBECTH aHAIN3 (ha30BBIX COCTOSHHUN B3aMMOZIEHCTBHS SJIEMEHTOB CHCTEMBI I'PYHITUPOBKU PAJHOAIEKTPOHHBIX CPEICTB CHCTEMBI
MOOWIBEHOH CBSI3M NPU KOTOPBIX OHM CMOTYT ()YHKIMOHHPOBATh 0€3 yXyALIEHHs KaueCTBEHHBIX ITOKa3aTesel, KOTOPhIE OTPAKAIOT
CYMMapHBIIl ypOBEHb TPYMIIOBOIO BIMSHMS H3ITydYalONIMX 3JIEMEHTOB Ha INPHEMHBIC YCTPOMCTBA, B YCIOBHAX ONTHMAIbHOTO
pacmpesenieHuss 4acTOTHOTO pecypca; MPOBECTH aHanu3 (Da30BBIX COCTOSHHN B3aUMOJECHCTBUS 3JIEMEHTOB CHUCTEMBI TPYNITHPOBKH
PaIMO3IEKTPOHHBIX CPEICTB CHCTEMBI MOOWIBHOHM CBSI3M IIPH KOTOPBIX OHH CMOTYT (DyHKIHOHHPOBaTh 0€3 yXyIIICHUSI
Ka4eCTBEHHBIX ITIOKa3aTelell B YCIOBHSIX ONTHMAIBHOTO pacHpeneNeHus 4acTOTHOTO pecypca. MeToabl: MaTeMaTHIECKHH METOX
MIPOCTPAHCTBA COCTOSHUM CHUCTEMBI, OIHCHIBAIOIICH HENMMHEHHBI XapakTep M (ha30BbIE COCTOSIHUS CHCTEMBI C yYETOM
WHTEHCHBHOCTH B3auMopeiicTBus e€ dieMeHTOB. Pe3yabTathl: Pa3paboTaHa MatemaTuueckass MOJETb 3JIEKTPOMarHUTHOW
00CTaHOBKH TPYNITMPOBKY PAAUOIIEKTPOHHBIX CPEICTB, XapaKTepPHU3yIONIasi HeIMHEHHBII XapakTep B3auMOJICHCTBUI IIPH I'PYIIIOBOM
HCTIONB30BAHMM 4acTOTHOTO pecypca. IlodydeHo pekyppeHTHOE BBIpaKEHHE A7 MOJEIMPOBAaHMs OLEHKH COBOKYIHOTO XapakTepa
JNEKTPOMATHUTHBIX B3aHMOJCHCTBHH B TPYNIHPOBKE pPAAMOIIEKTPOHHBIX CpeACTB. IIpoBeJeHO MOJEIMPOBAHHE IWHAMUKH
B3aMMOJEHCTBUS U (PA30BBIX COCTOSIHMHM TPYMNITHPOBKH PATMONICKTPOHHBIX CPEACTB NPH T'PYIIIOBOM HCIOIb30BAHUHM YAaCTOTHOTO
pecypca. BoiBoasi: [TokazaHO, YTO ¢ TIOMOIIBIO MOJENH, MOACTUPYIOMINN TUHAMUKY B3aMOAEHCTBUI rpynmupoBku POC, MoxkHO
aHAIN3UPOBATh €€ COCTOSIHUE B OyaymmieM. JlaHHas MOZENb MO3BOJISET BHIIONHSITH aHAHN3 IPYNIUPOBKU PaJH03IeKTPOHHBIX CPEICTB
IIpU PA3IUYHBIX, KOHKPETHBIX IapaMeTpax OTAEIbHBIX TUIOB PAaJUORJICKTPOHHBIX CPEACTB, XapakTep U HHTCHCUBHOCTH HUX
B3aUMOJICHCTBHA B TPYIIIUPOBKE NPU ACHCTBYIOIEM pPacIpeelIeHUs pECypCoB.

KunrouoBi ciioBa: nuHamudeckas MOJIENb; MHOXKECTBEHHBIE B3aMMOACIHCTBHS; JIEKTPOMarHuTHas 00CTaHOBKA; paclpelielieHue
pecypcoB; paclipeieieHne 4acToT.

BBenenue (MocTaHOBKA 3a1a4M) SIBJISIETCSL DJIEKTpOMaruutHas coBmectumocts (OMC). Ha

3Tare MOJArOTOBKH K BHEAPCHUIO PAJMOCETEH TEXHOIOTUU
BceM wmmpe ©G, HasBauHoii  NewRadio (NR), nHeob6xomumo
3a0JIATOBPEMEHHO TM03a00TUTHCS O MPUHATHH MEp 10
s dexTuBHON oneHKH yciaoBuii DMC ans 3TUX ceTeil Ha

B NOCJIICAHHUEC JACCATUIICTUA BO
CTPEMUTEIILBHO Pa3BUBAIOTCA I/IH(i)OKOMMyHI/IKaHI/IOHHLIe

TEXHOJIOTUH, KOTOPBIE HEMOCPEACTBEHHO BJIHAIOT Ha

pa3Butue 9KOHOMUKH, O6p2130BaHI/I$[, HAayKHU, OCHOBC TIHIATCJIbHOI'O aHaJIu3a 0COOEHHOCTENH TEXHOIOTHHU
3IpaBOOXpAHEHMS, KymbTyphl H  oOpaza oxm3am 5G, @ TNPaBWIBHO M TOYHO OLCHUB OTH YCIOBHS —
yenoBeka. Ilo gamHeiM  MexayHapogHoro Coroza — YCHCIIHO obecreqnTh SJICKTPOMarnuTHyIo
Anextpocesasu  (ITU-International Telecommunication =~ COBMECTHMOCTb PaJHOCPEICTB HOBBIX CETEH.

Union) (MC3) yxe B 2012 rtomy WaTepHETOM
M0JIB30BAJICSL KaXAbId TPETUH >KUTEIb 3e€MJIM, U YHCIIO
TIoJIb30BaTeNei HEYKJIIOHHO pacrer.
Nndoxommynukanmonnsie texnoiorun (UKT) n yenyrn
Ha 0a3e IIMPOKOIOJIOCHOTO JIOCTyNla TOA OT Troja
CTaHOBSITCS BCe 0oJiee JOCTYNHBIMH JUIsi HACENIeHHUs, B
TOM YHCIIE U 110 CTOUMOCTH.

Cern MOOWJBHOW CBA3M IIATOTO  IIOKOJIEHHUS
MIPU3BaHbl 00ECTIEYUTH BCE BO3PACTAIONINE TIOTPEOHOCTH B
MOJIYICHUH COBPEMEHHBIX HH(QOPMAIIMOHHBIX  YCIIyT

MOOWIBHBIX mojdb3oBaTeneid [1-9]. Cetm 5G  wurparot
KIIIOYEBYIO pOJIb B NPEBpAIICHUU TOPOIOB B Pa3yMHbIE
ropojia, 9To IO3BOJIUT TPAXKTaHAM M OOIIECTBY B IIEIIOM,
MOJYYUTh COIUAIEHO-I)KOHOMHYECKHE BBITOJBI, KOTOPHIC
JaeT mepenoBas IUQpOBas 3KOHOMHKA C WHTCHCUBHBIM
ucnonb3oBaHueM gaHHbIX [10]. TexHosoruss HOBOrO
nokoseuuss 5G / IMT-2020, xak wu mo0as HoBas
TEXHOJIOTHS, MIPUBHOCHT CBOM crierupuIecKue
0COOCHHOCTH BO BCE aCHEKTHI, KacaIOMIMEeCs TPAKTHKH €€
npuMeHeHnA. OOHAM W3 TaKHX 0CO00 Ba)KHBIX ACTIEKTOB

Jns BHenperns 5G kaOMHET MUHHCTPOB Y KpawWHBI
YTBEpAMJ IUIAH  HCIIOJNB30BAaHHUS  PaJANOYACTOTHOTO
pecypca 1o 2025 roga. OTH U3MEHEHHUS IO3BOJIST
MOJI30BATEIAM TI0NTydaTh OoJiee CTaOMIIBHBIE W BBICOKHE
CKOPOCTH Tiepeaadn HHPOpMaIuu.

MCD ¢ 1995 roma craxr MeXIyHapOIHBIM
KOOPAWHATOPOM DPa0OT IO 3JIEKTPOCBSA3H, HANPABICHHBIX
Ha Cco3/1aHue TI00anbHOr0 WH(GOPMAIIMOHHOTO OOIIeCTBa.
CozgaB  Permamentr paauocBsisu [11] u  pasgenus
MOBEPXHOCTh 3eMin Ha Tpu peruoHa, MCD opranusosan
ONpENENEHHbI MOPSI0OK B YAacCTOTHOM IOJIb30BaHMH.
OnHako YacTOTHBIM pecypc, NPUHAIIEKUT BCEMY
YeJIOBEYECTBY, UCKIIOUUTEIBHO aKTUBHO HCIOIb3YETCS U
IO cedl JAeHb YacTOTHbE auamna3oHel Hmwke 5 ITn
MIPaKTUYECKH HeperpykeHsl. IIpucBoenue pagnodacTor u
pPaZMOYacTOTHBIX KAaHAJIOB JUIL  PAaIHO’IEKTPOHHBIX
CPEICTB B OTHX [MAala30HAX OCYMIECTBISIETCA II0
TEXHOJIOTHSIM 9aCTOTHO-TEPPUTOPHAIIEHOTO
miaaupoBanust (UTII) [12-14] ¢ o0s13aTeNIbHBIM pacueToM
OMC paguocpencTs.

© K. A. CenuBanos, b. I1. Mymsip, 1O. 1O. Konsinenko, H. B. Mockaser, 2021
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KifoueBbIMH ~ pEIICHUSIMH W TEXHOJIOTHYECKUMHU
kommnoHeHTaMu [1-4] cetm pammomoctyma S5G  NR
SIBIISTEOTCSI:

1) ucnonp3oBaHme HOBBIX dbopm CUTHAaJa,
nosyauBmuX Ha3zBaHme Non-Orthogonal Waveform wu
JTAIOIINX BBIMTPBINI B CIEKTPAIbHON 3((HEKTUBHOCTH MO
otHoteHunio kK OFDM;

2) mpUMEHEHWe  TOMHOro  aymiekca FD o -
OJIHOBPEMCHHOW Tepefiauydl W mpueMa B 0OmIel mojoce
4acTOT, NPEUMYIICCTBCHHO B KOPOTKHX COCIMHCHUSIX
"rouka-touka" (D2D, V2V);

3) npuMeHeHe MHOrOMepHBIX aHTeHH MIMO, B
KOTOPBIX 3¢ hekTuBHO peanmsyeTcst PEKUM
ITUHAMAYECKOTO (OPMHUPOBAHUS HANPABICHHBIX Jy4en
s mepemaun (3D / Beamforming), dro mo3BoiseT
YBEJIIMYHUTh HSHEPTeTUUCCKUAN BBIMTPHIII B  0XXHIACMBIX
BBICOKHX AuamnasoHax 4YacTOT W YJIYUIIUTb MNOKPBITUC U

CHCKTPATBbHYI  3(PGEKTUBHOCTH B YJIBTPA-IUIOTHBIX
MaJlbIX COTax;

4) mpumenenne Mmansix coT Small  Cellco co
CBEPXIUIOTHBIM  pacmpefesieHieM  (OJUH  IIPUEMO-

MepelaTyuK Ha KaXJO0ro [OJIb30BaTelsl), pasrpyxas
MaKpOCOTaMH CETH C pa3leliecHHeM Cpel Iepenadu
KOMaHJ VYOpaBICHHUS W TIIOJB30BATEIECKOTO Tpaduka
MeXITy Makpo- u Small-coTaMi B pa3IWYHBIX ITIOJOCAX
gacToT (koHuemnus "PhantomCell»).

PaguouactoTs!l mis cerert 5SG — 3TO 0JHA U3 ITIaBHBIX
KOMIIOHEHT, OKa3bIBacT CyIIecTBEHHOE BiusHUE Ha DOMC
[6,9,12].

Ha BcemupHoii koHdepenuu paanocssizu BKP-15
ObUTH OMpEeNICHbl HOBBIC JHMANA30HBI PAJUOYACTOT IS
5G, B TOM 4HCIEe JAHana3oHbl CAHTUMETPOBBIX U
MWIIAMETPOBBIX  BomH  [12]. B memom  atoT
PaJIMOYaCTOTHEIA CHEKTp pa3MEIIeH B TpeX OONACTSX:
Hoke 1 ITm, or 1 I'Tg mo 6 ITu m Beme 6 I'Tno
(mo 100 I'T'm).

B kauecTBe r1aBHBIX 0COOEHHOCTEH ITOTO CHEKTpa C
Toukd 3peHuss OMC MOXHO BBIICIHUTH CJEAyIoUlee:
BO3MOKHOCTh HCIOJI30BAHUS IMUPOKOW HEIPEPHIBHOMN
mosiockl kaHaia (cymmapuo jo 1-2 I'Ti), manbie 30HBI
oOcnyxuBaHus (IaJLHOCTh M3JTyuYeHus1) B Manbix (Small)
u ynerpa-maneix (UltraSmall) corax; BO3MOXHOCTH
WCTIONIb30BaHUSl ~ MaJOTa0apUTHBIX ~ MHOTO3JIEMEHTHBIX
anTeHH MIMO c¢ y3kuMH Jy9amMH Kak B 0a30BbIX
CTaHIMX, TAK U B A0OHEHTCKUX YCTPOHCTBAX; pa3INIHbIH
XapakTep TOTEPb MPU PACHPOCTPAHEHUWH CHUTHaNa, B
YAaCTHOCTH, 3HAYUTEJIbHOE BIIMSHUE Ha YpOBEHb NOTEPh
JIOTIOJTHUTENbHBIX pAaHEE HEU3BECTHBIX B COTOBOM CBSI3U
dakropos [15-18].

VYuuteiBass 0COOCHHOCTH ceTeir 5G  akTyanbHOM
HaydHOW 3amaued, sBisercs pa3paboTka MOJENH
B3aMMOJICHCTBUSL B TPYNIHUPOBKE PAAHOIICKTPOHHBIX
CPEJICTB MPH pachpeie]ICHHH YaCTOTHOTO pecypca B CEeTAX
MOOWITLHOM CBSI3U.

AHAaIU3 NocIeHUX AOCTHKEHMI 1 My anKanuii

Taomuua 1. Hymeponozus cmandapma 5G-NR

B 5G-NR wucnonssyrorcs OFDM mognecymue c
paznuaHoi mmpuHOW cmektpa — 15k[m, 30k['m, 60k,
120kI'n 1 240kI ' (Tabu. 1) [19].

HKJIHYE€CKHHU

u (HymepoJiorust) AF=2"15 [kI'u] B npedmie

0 15 (CO(:_T-I]fEEﬂ)"CTByeT Normal

1 30 Normal
2 60 Normal, Extended

3 120 Normal

4 240 Normal
UcnonszoBanue pAa3IUYHBIX HYyMEPOJIOTHiA
OTKpBIBACT IIMPOKHE BO3MOXXKHOCTH I  THOKOM
HACTPOMKM TOBENEHUSI CETH MPHU MNPEAOCTABICHUM TEX
WIM WHBIX YCIOyr, Hampumep, Uil [PUIOKEHUU

KPUTHYHBIX K YPOBHIO 3a[I€PXKEK, YMECTHO MCIOIH30BAThH
MOJHECYIIHE C MIHPOKAM CHEKTPOM TIPH MEHbBIICH
JUTATEIIFHOCTH CHMBOJIa, W HaoOOpOT, MpH TIepermade
Tpaduka IIHPOKOIOIIOCHOTO IOCTynma B VIHTepHET U
HU3KOCKOpPOCTHOTO Tpaduka HHTepHera Bemedt —
HCIoNB30BaTh "y3kue" moanecyume [20].

B 5G-NR nepenaua nannsix B Bocxosmem (Uplink
— UL) u mucxogsmiem (Downlink — DL) HanpaBneHusix
OpraHu3yeTcsi Ha OCHOBe ()pelMOB, JIUTEIbHOCThIO T =
10mc. Kaxneiii ¢peiim nemutcs Ha 10 cyOdpeiimos,
IUIATENBHOCTEI0 Tsf= 1Mc kaxnaelil. Takxe KaxIblid
cyodpeiim nmenutes Ha aBa monydperima (half-frame 0 u
half-frame 1). Kaxneiii cyOdpeiiM meaMTcss Ha CIIOTHI,
KOJIMYECTBO CJIOTOB OMNpEAeIsieTcs IIMPUHON CIeKTpa
nmogHecymei u coctaBmser 1, 2, 4, 8§ wm 16 cinoToB (B
ormmuue ot cereit LTE-FDD, rne ucnonp3yeTcst eauHas
CTPYKTYpa C IByMsI CIIOTaMH Ha Kaablid cyodpeiim) [21].

B 5G-NR  «kommuecteo OFDM  cuMBOJIOB,
NPUXOJSIIUXCA HAa OIWH CIIOT, HE 3aBUCHT OT
HyMeposioruu u, 1o asajmormu c cersmu 4G-LTE,
OMpeNeNsIeTcsl TOJBKO THIIOM IUKIMYECKOro mnpedukca:

14 cumBonmOB and  HoOpManpHOro ® 12 — s
pacumpenHoro mpedukca. Ha puec. 1 mnpuBeneHa
quarpammMa  OFDM-cuMmBONOB Ha ceTke KOOpIMHAT

"yactora"-"Bpems" [22,23].
a~
f, KMy

240Ky, 4

120kly

60Ky

u=3
15kMy  30kMy 4 . I
L —
! T >
66, 7MKC 33,3mKc  16,6MKC
8,33MKC

4,17mKc

t, MKC

Puc. 1. OFDM cumMBOJIBI

I[Io amamormm c¢ 4G-LTE enunwnmeir d4acToTHO-
BpeMeHHOro pecypca B cerix SG-NR  sBusercs
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pecypcubiii 610k — RB (Resource Block). Kaxmomy
aOOHEHTCKOMY TEPMHHANy Ha OIPEACICHHBIH IEpPHON
BPEMEHH Ul TpHeMa/Tiepefadyn [aHHBIX BBIACIACTCS
HEKOTOPOE, OIPEAEICHHOE IUIAHUPOBIINKOM CHCTEMBI,
KOJIMYECTBO PECYpCHBIX OyiokoB. Kaxaplii pecypcHbIi
OJIOK B YacTOTHOMH O0OJAaCTH COJCPXKHUT 12 CMEXHBIX
nojgHecymux 4actoT. lllupuHa MOJIOCH YacTOT OAHOTO
pecypcHoro  Oioka  3aBHCHUT  OT  HCIIOJb3YeMOM
HyMepojoruu. B paMkax omHOro paavoKaHala MOXET
HCTIONB30BaThCsI HECKOJIBKO HyMepojoruii [22].
HasnadeHne 9acTOTHO-BPEMEHHBIX OJOKOB ISt
nepenaun curHagoB AC IPOMCXOAWT B pe3yibTaTe
MIPOLICAYPHI TNIAHUPOBAHUS (pacTpeaeneHus ) GU3NICCKUX
pecypcoB. llenp »3Tol mpoueaypsl 3aKiIO4YacTCs B
BBIZicieHUH  Oa3oBoit  cranmuerd (BC) momHecymux
Ka)XXJJOr0 JOCTYITHOTO 4acTOTHO-BpeMeHHoro Omoka AC,
JUIL  KOTOPBIX JIOCTHIaeTcss HauOoubllee 3Ha4YCHHE
HEKOTOpOi MeTpuku (ueneBodl (yHKIUM) Ha JaHHOW
rpynne nogHecymux. B xadecTBe Takol METPUKU MOMKET
BBICTYIIaTh 3HAYEHHs OTHOLICHMS MOIIHOCTU CHUTHaNa K
mornHoctd momexu U myma (OCIII) B kaHane mis i -it

YacrtoTa

Puc. 2. Pactipenenenue pecypcoB mexay AC

g pemieHuss Bolpoca O HapyLIEHUM YCIOBUHI

SHSKT‘pOMaFHI/ITHOﬁ COBMCCTHUMOCTH HECO 6XOI[I/IMO
YCTAHOBUTH XapaKTCp BJIUAHUA TIOMEX W OLCHUTH
peE3yIbTaThI 9TOTO BIIMAHUA Ha Ka4y€CTBO

(YHKIIMOHUPOBaHUS pasinoIeKTpoHHbIX cpeactB (POC)
B paccMaTpUBaeMOH TIpymIupoBKe. BriOop KoHKpeTHON
MOJIENH ONPEAETIAeTCS METOIOM aHaJIHn3a, TPEOOBAHISIM K
€r0 TOYHOCTH, CBOWCTBAMH M TOCTOBEPHOCTBIO MCXOIHBIX
JlaHHBIX. Hampumep, pu BBICOKOM CTEIIEHU
B3aMMOJICHCTBUSL  dJIEMEHTOB B TpymmupoBke POC
HACTyIaeT HEPAaBHOBECHOE COCTOSIHHE CHCTEMBI, YTO
MIPUBOANT K TOTepe ee ycToiunBocTH. C TOUKH 3pEeHUs
panuopu3MYecKoro TpaKTa TaKOE€ COCTOSIHHE MOXKET
HaCTYITUTh npu MHOKECTBEHHOM IIOMEXOBOM
BO37cHcTBUN B TpymmupoBke POC cucrteM MOOWIBHON
CBA3M M B TOM UHUCIE B YCIOBHSAX HEONTUMAIbHOIO
pacInpeneneHust 4acTOTHOTO pecypcea.

Ananmuz OMC B rpynmupoBKe pPaguodIeKTPOHHBIX
cpeactB ©Oasupyercs Ha pe3yibTaTaXx HCCICIOBAHUA
IEKTPOMAarHUTHOH  OOCTAaHOBKM M IapaMeTpoB,
Bmusitonx  Ha  OMC  Ha  Ka4eCTBEHHOM |

AC, oOTHOIIEHHWE MTHOBEHHOW CKOpPOCTH Iepeaadu
nmaHubix |-t AC K cpeHel TpOIyCKHOW CIOCOOHOCTH,
paccUMTaHHOE /ISl HEKOTOPOTO BPEMEHHOTO MHTEpBaa.

JIiss TOBBIICHUS CIIEKTpaibHON 3(ddekTuBHOCTH
MIMO-OFDMA cucteMbl CBS3M OJMH H TOT JK€
YaCTOTHO-BPEMEHHOUW OJIOK MOJKET HCIIONB30BaThCS IS
obcyxxnBanus Heckonmpkux AC. B stom ciydae mexmy
curHanamMu AC TOSIBIISIFOTCS B3aMHBIE TIOMEXH.

B manHOM ciydae amcmerdep KOHTPOJHMPYET, IS
KaXIOro MOMEHTa BpeMmeHH, KakuM AC HyXHO
pacnpenenuTh 4acTH COBMECTHO HCIIOIB3yEMOTO pecypca.
Jucneruep Takxke OmpeAeNseT CKOPOCTh MepeAaydu
JIaHHBIX, KOTOpasi TOJKHA MPUMEHSThes A Kaxaon AC.
Jucneruep omnpenenser MNPOU3BOAUTEIBLHOCTh  BCei
CHUCTEMBI, OCOOCHHO B O4YCHb 3arpyKeHHO#W cetn. Kak
HHCXOIdIas, Tak Bocxozsamas uHuu cBa3u SG-NR
MOJIBEPTalOTCA IDIOTHOMY (KOMITAKTHOMY ) TIAHUPOBAHUIO
[24]. HAucnerdep misi KakIOro BPEMEHHOTO MOMEHTa M
4acTOTHOW oOmactu BeIOMpacT AC ¢ HaWIydIIAM
COCTOSIHHEM KaHaya, Kak MOKa3aHo Ha puC. 2.

YacToTHO-BpeMeHHBIe 3amupaHns, AC Nel

KOJIMYECTBEHHOM ypoBHsX. IlosTomy 1enecoo06pa3HO
HaxOXJICHUS YpPOBHEH TpENeNbHBIX MHOXKECTBEHHBIX
BO3JICHCTBHH, NMPU KOTOPBIX HACTYNAeT HEPAaBHOBECHOE

cocrostaie rpynmupoBkun POC  cucteMbl MOOWIBHOMN
CBSI3M, TNPU KOTOPOM  CTAHOBHUTCS  HEBO3MO>KHBIM
(hYHKIIMOHHPOBaHUE CHUCTEMBI o MOKa3aTessiMm
Ka4yecTBa.

B cBa3uM Cc 3TUM aKTyanbHOW 3ajadel SBISETCS
pa3paboTka MaTeMaTHYECKONH MOJIENH B3aUMOJIEHCTBUN U
(a30BBIX COCTOSIHMI TIPH paclpelelleHHH YacTOTHOTO
pecypca B TpPYIIHMPOBKE DPAAUOIEKTPOHHBIX CPEICTB

cetm  MoOwibHOW cBfi3m  5G  mpm  TpymImoBOM
UCTIONB30BaHUM YAacTOTHOTO pecypca, OCHOBAaHHAas Ha
JUHAMUYECKOM MOJIeNu MHO>KECTBEHHBIX

B3aUMOEHCTBUI N-32JIEMEHTOB CJIOKHOM CUCTEMEL.

Pa3pabotka Takoit MOIENN TO3BOJIUT OCHOBATEIHHO
NPOBOANTD aHanu3 TIpynnupoBkn POC  MOOHMIBHBIX
cucteM cBs3u 5G MpH pelleHUH 3a/layd ONTHUMAaJIbHOTO
pacmpeneNeHdss  9acTOTHOTO — pecypca  TPYIITUPOBKH
PaZMO3JIEKTPOHHBIX CPEACTB B YCIOBHUSX HEIWHEHHBIX
3JIEKTPOMArHUTHBIX BO3/IEUCTBUI.
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Anammz Bszammozeiicteus POC NR u ux OMC
MOJKHO TIPE/ICTABUTH B BHJE TEOPETUKO-UT'POBON MOJICIH.
Urpa — sT0 MaremaTHdecKkas MOJENb KOJUIEKTUBHOTO
MOBEICHHUA: HECKONBKO  YYaCTHHKOB  BIHSIOT  Ha
CUTyaIli0, TpPUYeM WX WHTEPECH (BBIUTPHIN WU
MOTEpH IIPU  Pa3NUYHBIX  BO3MOXKHBIX  CHTYaIHsX)
Pa3IUYHEIL. [pn TaKOM NIPEACTaBICHUN BO
B3aUMO/ICHCTBUM AMHAMUYECKHX CHUCTEM BO3MOXKHBI TPH
XapaKTepHble CTpaTerHH IOBEJCHUs. B mpumMeHeHHH K
nporeccy 3JeKTPOMAarHUTHBIX B3aHMMOJECHCTBUH MEXIy
POC NR s3tH cTpaterut MOryT OBITH KJIACCH(DHIIMPOBAHEI
cienyoumM o0pa3om:

1) aHTarOHUCTHYECKAsT CTPATETHUs, KOT/Ia YIaCTHUKU
HMEIOT MIPOTHBONOJIOXKHBIE HHTepeckl. OHa MMpUMEHNMa B
cIyd4ae CO3/MaHUS NpeIHaMEpeHHBIX IoMeX. JTa
CTpaTerus He XapakTepHa s npodiematuku OMC;

2) KooTepaTHBHAs CTpATeTrysl, KOT/1a y BCEX UIPOKOB
ecTh o0IIas 1eib U UX CTPaTeru coryiacoBaHbl. JlaHHas
cTpaterusi Haubosee OnarompusitHa B cioxkHod CIIO,
TMOCKOJIBKY OHa TMpEAnoJara€T HaJlu4Yue YIIPaBIACMbIX
3JIeMeHTOB, popmupyronmx MO, T.e. ymnpaBicHHe BCeil
CHCTEMOH B IIEJIOM;

3) crparerusi paBHOAYIINS WM UTpa C HPUPOIOH,
KOTJIa CTPATerusi j -ro UrpoKa He 3aBUCUT OT CTPATETHH

i -ro wrpoka. JlaHHast CTpaTerdss — TOHUCK CBOGOIHOTO
pecypca, OHa XapakTepHa @pH JELUEHTPaJIU30BaHHBIX
METOJ[aX YIIPABIEHUS SJIEMEHTAMHU CBSI3H.

M3BecTHBI W JApyrue THUIIBI CTPATErdil, KOTOpPbHIC
HACTIONB3yIOTC B 3amadax OMC — 49ucThie WIH
cMenianHble. Mirpa B 4MCTBIX CTpaTEerusx Mpeanoiaraet
JNIETEpPMUHUCTCKMA  TOOXOJ, M  Kak cleayeT U3
TEOPUHU WIpP, PEJIKO KOTJa MPUBOJUT K PABHOBECHBIM
pemieHusM. B TIPOTHMBOMONOXKHOCTh 3TOMY, IJII UTP B
CMEIIaHHBIX CTPATEeTUsAX, MPU CTOXACTUYECKOM IOJXOJE
KpyT PaBHOBECHBIX peuieHuit 3HAYUTENIEHO
pacmmpsiercs.

Pemenue 3a1a4m KOJUIGKTUBOM UTPOKOB CBOJIUTCS K
BEIOOpPY CTpaTerMW W K 3ajade MHOTOKPHUTEPHAIBHON
ontumu3anmi. [lpy  HEOONBIIMX  OTKJIOHEHUSX B
nHpOpMAaMU OO0 AampHOPHBIX JAaHHBIX IIOBEICHUE
CHUCTEMBI MOYKHO MPEACTaBUTh MOJIENbIO B3aUMOJAECHCTBUI
u  (a30BBIX COCTOSHHHA TPYNIHPOBOK  H3ITYYAOIINX
9JIEMEHTOB.

Lenpto  ucciemoBaHusi  sBIsEeTCS  pa3paboTka
IMHAMHYECKOM MOJIENH MHOY>KECTBEHHBIX
B3aMMOJCHUCTBUI  N-DJIEMEHTOB  CJIOKHOM  CHUCTEMBI
MOOWIBbHOW cBsi3u 5G, B KOTOPOH YUYTEHBI XapakTep
MEX3JIEeMEHTHBIX CBA3eH M (a30BBIX COCTOSIHUH mpH
IPYIIIOBOM UCHOJIb30BAaHUHM YACTOTHBIX PECYPCOB.

Matepuajabl M1 METOABI

B rpymmupoBke POC NR ocHOBHBIE mapaMeTpbl

N
CPEICTB X (t) 00OBIYHO
nerepMUHUpoBaHbl. COCTOSIHUE K€ BCEW TPYNIHPOBKU —
ciay4daiiHo. DTO OOBSACHSETCS BIUSHUEM MHOXKECTBA
HEOIIPEeNICHHBIX, CIyYalHBIX YyCIOBUH, (OPMHUPYEMBIX
XapaKTepUCTHUKAMHU pacnpocTpaneHus pamuoBoiH (PPB).

B pesynbrate ciywaiimeix  B3ammoneidctsuit - Sjj(t)

CcaMHuXx HU3BCCTHBI,

i=Ln, j=Ln, tme n - uucao POC, B camux
mapamerpax  POC  mpoucxoasdTr  HW3MeHeHHA. B
rpymmupoBke  POC  uMerTcs  COOTBETCTBYIOIIHE

TUHAMAYECKHE B3aWMOJICHCTBHSA, KOTOPHIC MPOSBIAIOTCS
B pe3ysJbTaTe  HM3MEpPeHMH W HAOMIOJACHWH |
XapaKTepU3yIOTCS BEKTOPOM pPacHpeAeICHHs YaCTOTHOTO

H
pecypca y(t). JluHamMuka W3MEHEHHMH MapaMeTPOB

OTHCHIBAaETCS T PepeHINATHHEIM yPaBHECHHEM:
) FoxO+BOIO+COED, O
F -

cocrosiausi, U(t) — BekTop ympasnenus, B(t) — marpuna

rae  X(t) — BEKTOp COCTOSIHHIA, MaTpuIa

yIpaBJICHUS, E (t) — cmyuaiiueie Bosmymienus, G(t) —

MaTpHIia CITy4aiHBIX BXOJHBIX BO3MYIICHHUH.
Wnu B Goree obmmem ciydae

d g(t) = HIX (), Y. @)

YCnemHocTh pemeHnsl 3aadn 3JIEKTPOMarHUTHON
COBMECTHUMOCTH paccCMaTpUBAaEeMON IPyMIINUPOBKU 3aBUCUT

= gn(X(1).1),

OT HaIMYHBIX PECYPCOB O melL,M, a
TakKe OT M3BECTHBIX ANPHOPHBIX  BEPOSTHOCTEH
pacnipenenenns  Pj,i€ln  um  napametpoB  Cijy,

ONPEIENAONINX XAPAKTEPUCTHKU CBA3U MEKAY |-M H

j-M POCu m-Mm pecypcom.

Hamunele pecypcsl §y, ONpENENsIOTCsS CyMMOMR

YaCTOTHO-TEPPUTOPHAITBHBIX, BPEMEHHBIX,
TMOJIAPU3allUOHHBIX, OHEPIre€TUYCCKUX )44 APpyTrux
napamerpoB  POC wu smHMiA cB3u. WX  MOXKHO
MpEeACTaBUTh B BUJIE:
- n
Im(X(®).0) = D CijmSij - 3
i,j=1
B cucreme rpymmupokn POC B mporecce ee
(YHKIHOHMPOBAHHS — PEaTM3yeTCs  COOTBETCTBYIOIICE
-
nepepacnpenenenne  pecypcos  Y(t), onpenensemoe
MOJIEJIIMA ~ CTAllMOHAPHBIX  COCTOSIHUM,  KOTOpEIE
OITMCBIBAKOTCSL 3aJa4yaMu MaKCHUMU3alluu OHTPOIINH
CUCTEMHI [25]
H(y) = Zp, I 5 max . (4)
i=1 i

IPH COOTBETCTBYIOLIMX OIPAHUYCHUSIX HA PECYPCHL.
JluHamuka COCTOSTHHS pacnpeienuTeabHOro
-
nporecca omnpenensercs pemenwem Y (t) 3amaun (2),
KoTopoe, kak ciexyer u3 (3) u (4), 3aBuCHUT OT ee
napameTpoB P, Cjjm U Opy .

Takum 00pa3om, MOAETHh AHHAMHUKH HEPAaBHOBECHBIX
cocrostauii NR nproOperaeT cienyromuii BU:
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VX (t).1) = argmax| H(y)|ge (X9 |

PaccMOTPHM CTPYKTYPHYIO CXEMY MAaKpPOCHCTEMEL,
00pazoBaHHYIO TPYIIHUPOBKOIH POC (puc.3).
DNEKTPOMAarHUTHBIE B3AUMONEHCTBHS Sjj (t) mpoumcxomsr

Mexnay omementamu  Xj(t) u X;(t), coorsercTBEHHO:

HUCTOYHUKAMU U PEUCTITOPAMHA.

Puc. 3. CrpykrypHas cxema B3aumozenicTeuil S;; B NR

]
B3anMoneicTByIOMAE CBSI3M MEXAY DIIEMEHTAMHU
Cn =[cijm;|, J el,n]
KoTopble cocTosT u3 0 1 1 U ompeAensoT HATWYHE WIH
OTCYTCTBUE TAKOU CBS3U.

Od4eBUIHO, B TaKOW HEPABHOBECHOW CHUCTEME
OoTMeuaeTcsi 2  OCHOBHBIX  Impomecca  (TMOTOKa):
BOCCTAHOBJICHUS U pacrpeneneHus. Takod mpouecc Mbl
HaOmomaeM B CHCTeMaxX MOOWJIBHOH CBsI3HM, KOrza
abonentckue craHmu (AC) MOTPeOISIOT 1 0OCBOOOKIAIOT

pecypc ©0azoBeix craHmmii  (BC), T.e. mpomcxomuT
pacnpeneseHre 1 BoccTaHOBIeHHe pecypeca NR.

O[> (1), 7 ()]

OIIPEACIAIOTCA MaTpuamMu

O0603HaUYNM yepes MOTOK
-
BoccTaHoBieHus u  depes  Q[X(t), y(t)]  morok
pacrpeiiesieHuss. JTH TIOTOKM 3aBHMCAT OT COCTOSHUS
%
X(t) — nmpouecca BOCCTAHOBIEHUS M COCTOSHUS
H

y(t) — npouecca pacnpeneneHus.

B pamkax mnpeamnonoxeHuii O TOM, YTO BpeMs
BOCCTAHOBJICHMS Ha  MHOro  Ooiblle  BpeMEHHU
pacnpenenenus [25], MOXHO 3amucaTh CIEIYIONIYIO, B
o01m1eM cirydae HeMMHEHHYIO CHCTEMY YpaBHEHHUI:

N

d x(t) - o> -
ek RAQIRACIOIDIE (%)

N

dy(t) - o>
e~ Ax®, y(x(®.1)], (6)
ra€ & — auaroHallbHasg Marpuia MallbIX IapaMeTpoB,
ONpeleNAmrIias  MHTEHCUBHOCTb  PAJMOIEKTPOHHBIX

B3aUMOJICHCTBUI B paCCMaTPUBAEMON CHCTEME.

dopmupoBaHue MOJIeTTH BHJA (6) TUTST

pacIpeienuTeIbHOr0 Mpoliecca C OrPaHHUYCHHSIMH U
Pa3HOTHUIIHBIMH DPECypCamMH IOKa OCTAeTCs HepeIeHHOW
3amaueii [25]. Takyioo Moaens yaaaoch MOCTPOUTH JIHIIE
JUIsL TeX Clly4aeB, KOTJa JHHAMHKA paclpeAeiuTeIbHOro

Tporecca — MapKOBCKas, JJIsl OTpaHUYeHUH 0alaHCOBOTO
THIIA. B paccMaTpuBacMoOM ciydJae MOJKHO
MIPEAIOJIOKHTh, YTO JAWHAMHKA PaCHpeIeTHTEeIHLHOTO
mporecca — MapKOBCKasg [25], MOCKOJNBKY HE HMeEeT
3HaueHWs, Korma u kak NR mepemmia B Tekyiee
COCTOSIHUE, a CYLIECTBEHHO JHIIb TO, KaKOW pecypc
CHUCTEMa WCHOJIb3YeT Ha JAHHBII MOMCHT BpPEMCHH —

YaCTOTHBIA,  MOJIAPU3ALMOHHBIN,  BPEMEHHOH  WiH
MIPOCTPAHCTBEHHBIH.
[Ipoananuzupyem JTIUHAMUKY COCTOSTHUS

rpynmupoBkr POC NR. Jlns 3Toro Heo0X0IuMO OTHCaTh
CTPYKTYpPY PECYpcoB W UX pacmpezeneHue mexmy POC.
Bynem paccmarpuBath rpynmupoBky POC, cocrosiyio u3
MHOXKECTBAa TIEPENAaTINKOB M IIPHEMHHUKOB. Bce oHH
SIBIITFOTCSL TTOTpeOUTEIIIMA pecypca. Eciam moTpebutenn
pecypca coctosT 3 N POC, To kommyecTBo pecypca B
sBisiercst pyHkuueit uncnennoctd POC B = B(yy,..., Yp) -

[Tpu otcytcTBuM noTpeduteneit (Y, =...= Y, =0) umeem
makcumanbHbiii pecypc B(0). Ilpu ouenb GosbiioM ux

konuuectBe (Y; —> ©,..., Y, —> ) pecypc CTPeMHUTCS K

uymo B(x)=0.

Jns  STOrO0  pacmpeneNuTeNbHOro  Ipolecca
MOYHO yKa3arb HEKOTOPYIO arpUOPHYIO
xapaktepuctuky. Jusa kaxzgoro Tuma POC  oO0buHO
W3BECTHO HOPMAaTHBHOE KOJMYECTBO pecypca ;.
OnpeneniM BeTHIHHY

aYi . 8 Yi

n
Pi = Pi = ; 0<p<1; > opi=1. (7)

n ! n ,
D&y, D ay, =1
i—1 (=1

Torna npouecc ciayyailHOTO pacrpeesieHus: pecypea
mo tunam POC  oSKBUBaJeHTEH CIy4allHOMy W
HE3aBHUCHMOMY paclpesieneHuo M kaxaios o n POC ¢

anpHOPHOUN BEPOSITHOCTHIO pacrpeaeeHust
P —{ P1on P}

[MoncraBuB BEIpaxkeHue (8) B (6), MOIydnM
HeNMHelHyl  cucteMy Bonbreppa, —pachpejeneHus

YacTOTHOIrO pecypca B rpynnuposku POC:

dy; (t) L LR
| = piYi (& — D PsYs — 2. D PsYsPiYj)- (8)
t s=1 s=1j=1
IIpeobpasyer JTaHHOE nmuddepeHIHaIbHOE
BBIpa)XKCHHE K pasHocTHOMY. O6o3naumm t,  —

JUCKPETHOC BPEMH.

dy; (t.1) —dy; (t) =Pyt ) - Zn: Ps Vs (tc) —

tar — =
n n . (9)
=22 PsYs () Py Y (te))
s=1j=1

rae Gy —t =Ty
MPE/IOCTABIICHNSI YAaCTOTHOTO pPecypca OTHOCHUTENbHO
BpeMeHH HabmoneHus. OO03HAYMB JAWCKPETHOE BPEMsI
t, =k momyunm pasHOCTHOE ypaBHEHHE:

— HWHTEpBAJI IUCKPETU3AINH, BPEMA
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n 0.45 T .
Vi (k+2) =Tqy; (k) + TPy i ()& — D psys (k) — m--rorarTarT —
= L ! ———y2|
= . (10) 04 /
n n a !
Q
=22 ps¥s(K)pjy; (k)] Dot /
s=1j=1 a
J§ !
IF
JaHHast MoJenb TO3BOJSIET BBIMOJIHATh aHAIH3 § 031 ]
IpU  Pa3lMYHBIX  KOHKPETHBIX  MapaMmerpax H % /
3JIEKTPOMArHUTHBIX B3aUMOJACHCTBUM. g 025 x’ 1
Pe3yabTaThl HecIeJ0BaHUS U UX 00CY KAeHHE & 02p 7
E ;
2
B kauectBe mpuMepa pacCMOTPHM JIMHAMHKY & 015 1
coctosiauss Byx POC NR (Nn=2) mpu pas3nudHbX i
3HAUCHUAX &, YUYHUTBIBAOMINX HUHTCHCUBHOCTH 01F 1
B3aUMOJEUCTBUS POC. dopmanuzanus JAHHOTO
MoKa3aTtelsl HOCHT CaMOCTOSTENBHBIH  Xapakrep U 0.05 : '
pelmaeTcs B 3aBHCHMOCTM OT pellaeMoi 3ajaud. B 10° 10 102 103

MoKa3aTelb HHTCHCUBHOCTH B3aUMOJECHCTBUS MOXKET
BXOOUTH  pocT  umciaeHHoctw  POC,  wyacToTHO-
SHEpPreTUYeCKuil  pecypc, oTpeOIIIeMbIi OJHUM
tunoM POC, apmantupyeMocTh CeTH K CHUTHAJIBHO-
IIOMEXO0BOM 0OCTaHOBKE M [Ip., a OIpeesicHHe TaHHOTO
moKaszarelsl sBISETCA 3ajadell MHOTOKpHUTEpHATBHOU
ONTUMU3AIIHH.

YacTOTHO-3HEPTETHYECKUN pecypc Ha HadajdbHBIN
MomeHT cocraBisier:  Yp(k =0)=0,0833 pecypcroro

omoka — mus mepsoro POC n y,(k=0)=0.1667 — mus
Broporo POC. Amnpuopnsie BepositHoctn vy =0,3024
v, =0,6976 . nTepBan quckpernsanuu Ty =1.

Ha puc. 4 moka3aHo mepepacnpeeieHue 9acTOTHO-
SHEPreTHYECKOTO pecypca BO BPEMEHH IPH OJMHAKOBON
HHTCHCHBHOCTH B3amMojeiictBuss POC, a wuMmeHHO
& =05, ¢ =05. Homepa KpHUBBIX COOTBETCTBYIOT

HOMepy cetd. Kak BHOHO W3 pHC. 2 TpH MalbIX U
OJIMHAKOBBIX 3HAYEHUSAX £ 3aBUCUMOCTh
nepepacmnpenenenus pecypca Mexay POC mpaktudecku
JUHEHHO BO3pacTaeT  BO BpEMEHH u npu
JanbHEWIeM pocT mpekpaimaercd. Paziauuune coctouT B
HadaJdbHOM HCIOJB3YEMOM pecypce M B aIpHOPHOMN
BEPOSATHOCTH  paclpeleNicHus.  Takas  TCHICHIHA,
OYEBUIHO, XapaKTepHa I cocymiecTBoBaHUs aByX POC
npu HEAHTarOHUCTHUYECKOM XapakTepe ux
(YHKIIMOHAPOBAHHUS.
Ilpn 3HaueHMsAX 5)

rpaguKoB.

£ =1,35,

oTMeuaeTrcsi 3 XapakTepHbIe
Hauanpnass  oOmacte, rzme  OTMEYaeTcs  IUIAaBHOE
yBEeNMYEHHWE  NOTpeOiseMoro  pecypca  Kak s
onHoro POC, tak u qns apyroro. IIpu 3Tom am1s nepsoro
POC NOTpeOIIsIEMBIi pecypce YBEIIUYUBAETCS
MeJUICHHEee 10 CPAaBHEHHIO CO BTOPBIM 33 CUET MEHBILETO
HAYaJlbHOTO 3HAYEHMs YACTOTHOTO pecypca. Bropas
obnacTp — CTalMOHapHas, paBHOBeCHas 4acTh. Jlanee
HabJI0aeTCs yBEIMUEHHE TTOTPEOICHNS pecypca MepBBIM
POC 3a cuer OGonblrero mokasarens & MO CPAaBHEHHIO C

& =13 (puc.

obnactu

& ¥ cmnax mnorpebieHust pecypca BropeiM  POC,

BCIIEICTBHE OAaBiieHus ero nepebiM POC.

k, IMCKPETHOE BpEMA

Puc. 4. 3aBucuMoCTh pacnpeaeneHus YacTOTHOTO pecypcea Mpu
c1ab0if ”HTEHCUBHOCTH B3aUMOICHCTBHIA

3 T

y1

N
o

-aHepreTn4ecknin pecypc
N

-
(4]

Y, HacTtoTHO

10°

10?
k, anckpeTHoe Bpems

10°

Puc. 5. 3aBucumMocTh pacnpeaeneHus 4acTOTHOTO pecypcea MpH
cpelHel HHTEHCUBHOCTH B3aUMOEHCTBUI

&y, =16 (puc. 6)
orMevarorcss 2 obsactu. HavanpHas obmacte, ¢ pocTom
yBEJIMYEHUS TOTpedisieMoro  pecypca  (IepexoHON
PEXKIM), 3aTeM  HaONIOMAOTCS  CKAaYKOOOpa3HbIe
M3MEHEHHs1 TOTpeOJieHHss pecypca, CBs3aHHbIE C
JIOCTHKEHHEM KPHUTHUYECKHX 3HAYCHUI 110 HACBIIICHHIO
CHCTEMBI, C OrpaHUYEHHEM HAJIMYHOTO pecypca. MoxkHO
CKa3aTh, 4YTO CHCTEMa B [JaHHOM Cilydyae HMeeT
HEYCTOWYMBBINA PEKUM PaOOTHI.

Kak  BUOZHO W3  TPUBENCHHBIX  PHCYHKOB
nepepacripeielieHie  pecypcoB B 3HAUYHUTEIbHOU
Mepe  3aBUCHT  OT  [apamMerpa  HMHTEHCHBHOCTH
B3aumogeiicteuit POC. [lpoBeneH aHamu3 W MOCTpOEHA
3aBUCHMOCTb pacrpezeneHus pecypcoB B
YCTAHOBHBIIEMCS] PEKUME OT MapaMeTpa MHTCHCHBHOCTH
¢ (puc. 7).

Ilpn 3HauyeHmsx & =1,6;
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Puc. 6. 3aBucuUMOCTh pacIpeeicHus] pecypcoB Ipu
KPUTUYECKOI MHTEHCUBHOCTH B3aUMOJEHCTBUI

0.7 - . - . - . r - -

o
]

o
w

o
B

o
w

(=]
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Y, YacToTHO-3HEpPreTUYeCcKun pecypc

01r .

04 06 08 1 12 14 16 18 2
MHTEHCHBHOCTL BIaMMOAEACTBHA

0 0.2

Puc. 7. ®a30Bblit nopTpeT. 3aBUCUMOCTD PACHIPEAETICHUS
pecypcoB Y OT HHTEHCHBHOCTH B3aUMOJCHCTBUN £ TpU

HHTEpBase Juckperusanun g =1

rpaduka,
cucTeMa

Kaxk  Buano u3 MIPUBEJIEHHOTO
KPpUTHYECKUM YHUCJIOM &, TpU KOTOPOM
elle He TepseT yCTOW4YMBOCTH, sABisiercs ¢ =14. U3

rpagpuka (puc. 7) crmemyer, 4to B obmactn &>14

HAaCTyNaroT  pa3[BOeHMs Tpaekropuid  (Oudypkarms
COCTOSIHHSA).

OueBugHo, B obmactu &>1,4  w3MeHEHHUS
COCTOSTHHSI HAOJII0OIaeMOM CHCTEMBI MOTYT OKa3aThCs
3HAYUTEIbHBIMHU n HEOJHO3HAYHBIMHU pu
HE3HAYMTENIbHBIX  BXOJHBIX  BO3JCHCTBHAX.  Takoe
COCTOSTHHE B TEOPHM YIPaBICHUS TPAKTYeTCs Kak

HeycTonuuBoe [25].

VYcTolunBOCTE B JAaHHOM Cly4yae IOHUMAeTCs B
KJIACCHYECKOM BapHWaHTe: dYTOOBl Maible HW3MEHEHUS
YOpaBIIOMMX TapaMeTpoB B obmacth &£<14 He
NpUBOAMAM OBl K OONBIIMM M3MEHEHHSIM COCTOSHUS
CUCTEMBIL.

IMoxyden a3oBblii HOpPTpPET TIIpU  HMHTEpBale
IHCKpeTH3amu Ty =2 (puc. 8) M ¢ TeMH ke UCXOJHBIMH

JAHHBIMH, 9TO W JUIS IPEABIAYIIET0 IpuMepa.

0.45
04F 1
035 | -

03}

0.25 1 . 1

0.2 . . 1

Y. HacToTHO-aHepraTMYacKkun pacypc

0 02 0.4 06 0.8 1 1.2
MHTEHCMBHOC Tb B3AWMOOBHCTBUA

Puc. 8. ®azoBblil nopTpeT. 3aBUCUMOCTD pacHIpeaeIeHUs
pecypcoB Y OT MHTEHCUBHOCTH B3aUMOJICHCTBUN & TpU

HHTepBaJe JUCKPeTH3alul 1q = 2

Kak BugHO W3 puc.8 Oudypkanus TpacKTOpUi
HaOmomaeTcst B obmact & ~0,75, T.e. mpu ropasno
MEHBIINX WHTEHCUBHOCTSX B3aUMOIEHCTBUI.

AHalorn4Hoe HEYCTONUMBOE IOBEIEHHE MOXKET
HacCTyIMTh M B paBHOBecHOIl cucreme (1), xorma mpu
J00aBJIEHUH HE3HAYUTEIHHOTO KOJIMYECTBA PAIHOCPEACTB
B rpymmupoBky POC Takoe paBHOBECHOE COCTOSIHHE YyXKe
HE HacTyIaer.

biu3kue mo cocTosIHMIO HEPABHOBECHBIE YCIIOBHS
MOTYT BO3HHKAaTb U B JPYIUX CHUCTEMAaxX CBS3H, C
KOTOPBIMH ~ B3aUMOJCHCTBYIOT ~MOOWIBHBIE CHCTEMBI
cBs3M. Tak MOMNbITKa BHEAPEHUSI METOJOB JMHAMUYECKOMN
MapmIpyTH3alldi TpUBENa K IOSBICHUIO MPOOIEMEI
"6uenust mapuipytos”; B CAPJl, GyHKIIHOHUpYONUX 11O
mporokonry IEEE  802.11a  BO3HHKalOT  "B3PBIBBHI
(parMeHTOB", KOTJa u3-3a HEpalMOHAIHLHOTO BBHIOOpA
mapaMeTpoB  CHCTeMa  3arpyXaercsi  IOBTOPHBIMHU
nepegadamMu (pparMeHToB.

BriBOaBI

PaccmoTpena Monens AMHAMUKUA HEPaBHOBECHBIX
COCTOSIHUI npu aHalu3e 9JIEKTPOMAarHUTHBIX
B3aUMOJICHICTBUAX B TPYMNIHUPOBKE PaAHOIIEKTPOHHBIX
cpenctB cetn MoOwibHOM cBsizu 5G. Ha koHKpeTHOM
npuMepe OBIJIO MMOKa3aHO, KaK ¢ MOMOIIbI0 HEJTMHEHHON
CUCTEMBl  ypaBHEHMH, MOJEIUPYIOIEH  IUHAMUKY
B3aUMOJEHCTBUI TPYIIIUPOBKU POC, MOXHO
aHATM3UPOBATh €€ cocTosHue B Oyaymem. [lanHas
MOJIENTb TIO3BOJISICT BBIMIONHATH aHAIHM3 IPU Pa3INYHBIX,
KOHKPETHBIX TIapaMeTpax oOTAenbHBIX THIOB POC, mx
B3aUMOJEICTBUI M pacnpezneseHuss pecypcoB. JlaHHbIe
HCCIICIOBAaHMS IIO3BOJIIIOT J1aTh PEKOMEHAANNH TIPH
IUTAHUPOBAHMU, IIPOEKTUPOBAHNUM, YacTOTHO-
TEPPUTOPUAIBHOM IUIAHUPOBAHUU U HKCILTyaTalluy ceTeil
MOOMJIBHON CBS3H.
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MOJIEJIb B3AEMOJIIN I ®A30BUX CTAHIB ITPA PO3IOALII YACTOTHOI'O
PECYPCY B YI'PYIIOBAHHI PAJIIOEJIEKTPOHHUX 3ACOBIB MEPEXKI
MOBIJIBHOTI'O 3B'AI3KY 5G

Hpeamer: moneni B3aemoxii 1 (a3oBi cTaHy IpH PO3MOALI YACTOTHOTO PECypCy B YIPYIOBaHHI pagiOeNeKTPOHHUX 3ac00iB Mepexi
MoOinbpHOTO 3B'13Ky 5G. MeTa: po3poOka JHHAMIYHOI MOJETi MHOKHHHUX B3a€EMOJIN N-elEeMEHTIB CKIaJHOI CHCTEMH MOOIIBHOTO
3B'13ky 5G, B AKili BpaxoBaHi XapakTep MEKeJIeMEHTHHX 3B'S3KiB 1 (a30BMX CTaHiB IpPH IPYNOBOMY BHKOPHCTaHHI 4acTOTHOTO
pecypcy. 3agadi: Ha OCHOBI CKJIQIHOI MOJIENIi N-€IeMEHTHOI CHCTEMH 3 MHOXXHHHHAMH B3a€EMOMISIMH PO3POOHUTH MaTeMaTHIHy MOJIENb
OIUCY ENEKTPOMArHiTHOI OOCTAaHOBKM YIPYHNOBAaHHS PaliOCNeKTPOHHUX 3acO0IB B MPOCTOPI CTAaHIB IPH IPYNOBOMY BHKOPHCTAHHI
YacTOTHOTO PECypcy; MPOBECTH aHali3 (ha30BHX CTaHIB B3a€EMOJii €JIEMCHTIB CHUCTEMH YIPYIOBaHHS PaliOCICKTPOHHHUX 3ac00iB
CHUCTEMH MOOIUTBHOTO 3B'S3KY IIPH SIKMX BOHH 3MOXYTh (DYHKI[IOHYBaTH 0€3 MOTIpIICHHS SKICHHX MOKa3HHUKIB, SKi BiIOOpakaroTh
CyMapHHUIl piBeHb TPYIIOBOTO BIUIMBY BHUIPOMIHIOIOUHX EJIEMEHTIB Ha NPUHMAaibHI MPHUCTPOi, B YMOBaX ONTHMAIBHOTO PO3MOILTY
4acTOTHOTO pecypcy. MeToam: MaTeMaTHYHHI METOJ MIPOCTOPY CTaHIB CHCTEMH, SKa ONHCY€ HEMHIHHMN Xapakrep 1 (a3oBi cTaHy
CHCTEMH 3 ypaxXyBaHHIM iHTEHCHBHOCTI B3aeMoii ii enemenTiB. Pe3ysabTaTu: Po3pobieHo MaTeMaTHYHy MOZAETH €ICKTPOMAarHiTHOL
00CTaHOBKH YTIPYNOBAaHHS pPagiOCNEKTPOHHMX 3ac0o0iB, IO XapakTepH3y€ HENIHIMHUI XapakTep B3a€EMOAId NPH TPYHOBOMY
BUKOPHUCTaHHI 4YacTOTHOTO pecypcy. OTpuMaHO peKyppeHTHOe BHpa3 Ui MOJEIIOBAaHHS OLIHKH CYKYITHOTO XapakTepy
€JIIEKTPOMArHITHUX B3aEMOIIH B yIpyMOBaHHI palioeeKTpOHHUX 3ac00iB. [IpoBeIcHO MOICITIOBaHHS JMHAMIKH B3a€MOIi Ta HhazoBUX
CTaHIB yIpyINOBaHHS PagioeNeKTPOHHUX 3aco0iB IIPU IPYHOBOMY BUKOPHUCTAHHI YaCTOTHOTO pecypcy. BHCHOBKM: moka3aHo, 10 3a
JOTIOMOTOI0 MOJENi, IO MOJEINIOE IWHAaMIiKy B3aeMofii yrpymoBanHs PE3, moxHa anamizyBatw ii craH B MaiiOyTtHhomy. JlaHa
MOJIeJTb T03BOJIsIE BUKOHYBATH aHAIII3 yTPYIOBaHHS PafioeeKTPOHHHX 3ac00iB MPU Pi3HUX, KOHKPETHUX MapaMeTpax OKPEMHX TUIIB
PE3, xapakTep 1 iHTEHCHBHOCTI iX B3a€MOJIii B yTpyHOBaHHI P YUHHOMY PO3MOJIITY PECypciB.

KnaiouoBi cioBa: nuHamiuHa MOZETh, MHOKHHHI B3a€EMOJIi; €JIEKTpOMarHiTHa OOCTaHOBKA; PO3MOALT PECypCiB; PO3MOILT
9acToT.

MODEL OF INTERACTIONS AND PHASE STATES IN THE DISTRIBUTION OF
THE FREQUENCY RESOURCE IN THE GROUPING OF RADIO ELECTRONIC
MEANS OF A 5G MOBILE COMMUNICATION NETWORK

Subject: interaction models and phase states in the distribution of the frequency resource in the grouping of radio electronic means of
the 5G mobile communication network. Purpose: development of a dynamic model of multiple interactions of n-elements of a
complex 5G mobile communication system, which takes into account the nature of inter-element connections and phase states in the
group use of the frequency resource. Tasks: on the basis of a complex model of an n-element system with multiple interactions, to
develop a mathematical model for describing the electromagnetic environment of a grouping of radio electronic means in a state space
with a group use of a frequency resource; to analyze the phase states of interaction of the elements of the grouping system of radio-
electronic means of the mobile communication system in which they can function without deteriorating the quality indicators, which
reflect the total level of the group influence of the emitting elements on the receiving devices, under conditions of optimal distribution
of the frequency resource. Methods: mathematical method of the state space of the system, which describes the nonlinear nature and
phase states of the system, taking into account the intensity of the interaction of its elements. Results: A mathematical model of the
electromagnetic environment of a grouping of radio-electronic devices based on the Volterra model has been developed, which
characterizes their nonlinear nature of interactions in the group use of the frequency resource. A recurrent expression is obtained for
modeling the assessment of the aggregate nature of electromagnetic interactions in a group of radio-electronic means. Modeling of the
dynamics of interaction and phase states of the grouping of radioelectronic devices in the group use of the frequency resource has
been carried out. Conclusions: It is shown that using a model that simulates the dynamics of interactions of a group of
radioelectronic, it is possible to analyze its state in the future. This model makes it possible to analyze the grouping of radio-electronic
means with different, specific parameters of individual types of radio electronic devices, the nature and intensity of their interaction in
the grouping with the current distribution of resources.
Keywords: dynamic model; multiple interactions; electromagnetic environment; resource allocation; frequency allocation.
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