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Problems of identification
in information systems

YK 004.932.2:004.93°1

doi: https://doi.org/10.20998/2522-9052.2022.3.01

B. O. T'opoxosarcekuii, 1. C. TBopomenko, 0. B. UmyToB

XapkiBChKUH HalliOHATBHUI YHIBEPCUTET PaiOCNeKTPOHIKH, XapKiB, YKpaiHa

3ACTOCYBAHHS CUCTEM OPTOT'OHAJIbHUX ®YHKIIIA 1151 ®OPMYBAHHS

IPOCTOPY O3HAK Y METOJIAX KJIACH®IKAIIIl 306PAKEHD

AnoTanis. [IpeameroM HOCTIDKEHB CTATTI € YAOCKOHAJICHHS CTPYKTYPHUX METOAIB Kiacudikamii 300pakeHs y CUCTe-
Max KOMIT FOTEpHOrO 30py. MeToo € CKOpOoYeHHS OOYMCITIOBAIGHHX BUTPAT Ha KJIACH(]IKAIIO MIITXOM BIIPOBAKCHHS
arapary po3KJaJlaHHA KOMIIOHEHTIB ONUCY 300paXKeHHs 3a CHCTEMOIO OPTOTOHAJNBHUX (DYHKIIiH Ta BHPOBAIKEHHS MOJie-
JIe CTUCHEHHS TPOCTOPY O3HaK. 3aCTOCOBYBaHI METOJM: JIETEKTOp KiIo4oBHX Touok ORB, amapat Teopii MHOXWH i Bek-
TOPHHX IIPOCTOPIB, METPHYHI MOJIEINI I BU3HAYEHHS PEIEBAHTHOCTI IOJO0 MHOXXHH 0araTOBUMIPHMX BEKTOPIB, TEOpIs
OPTOrOHAIIBHOT'O PO3KIIA/ICHHS BEKTOPIB, €JIEMEHTH Teopil HMOBIpHOCTEH, MporpamMHe MojentoBanHA. OTpuMaHi pe3yIbTra-
TH: po3pobieHo MoudiKkalii MeToxy Kiacudikarii 300pakeHb Ha OCHOBI BIPOBAKEHHSI OPTOrOHAIFHOTO PO3KJIAJICHHS
JaHUX Yy BEKTOPHOMY IIPOCTOpI, 3alpONIOHOBAHO MOJENI [UI CTUCHEHHS IaHHMX y TPaHC(OPMOBAHOMY IPOCTOPI O3HAK,
BBEICHO METPUKY TaHIMOTO I 3icTaBlIeHHsS 00pa3iB, BCTAHOBIICHO CIIOCIO BHOOPY MOPOTY IS BU3HAUSHHS €KBIBaJIEHT-
HHMX KOMIIOHEHTIB OIUCY. Pe3ysbratiBHICTh po3pobnennx Moaudikaiii kiacudikatopa 3a1eXuTh BiJ BUOOPY MiJAMHOXKH-
HU (YHKIIH 171 pO3KJIAICHHS, METPUKH JUIsl 31CTAaBJICHHS OIHCIB, CIOCOOY BU3HAUCHHS IIOPOTY eKBiBaJIeHTHOCTI. Bripoa-
JDKEHHSIM arapary OpTOroHaIbHUX (YHKIIH BAATIOCS HE TIIBKH y AECATKU Pa3iB CKOPOTHTH OOYMCITIOBAJIbHI BUTPATH, ae i
3a0€3MeUUTH JOCTaTHbO BHUCOKI ITOKA3HHUKH PE3yJIbTATUBHOCTI Ta 3aBafocTiikocTi knacudikanii. I[IpakTuyHa 3HaUyIIicTh
pobotu — no0ynoBa HOBUX Mojelell kinacudikaTopa 300paxeHb y TpaHC(HOPMOBAHOMY MPOCTOPI O3HAK, IiJTBEPIUKCHHS
TMpare3aTHOCTI, MBHUAKOMII Ta 3aBaJOCTIHKOCTI 3alpONOHOBAHUX MOAM(DIKaIii Ha MpUKJIaTax 300pa’keHb, CTBOPEHHS
MPOrPaMHOr0 3aCTOCYHKY [T BIIPOBAUKEHHS PO3pOOIEHHX METOIIB Kiacu(ikalli y cucTeMax KOMIT F0TEPHOTO 30Dy.

KawuyoBi c1oBa: KoM IOTepHUI 3ip; CTPYKTYypHI MeToau Kinacudikanii 300paxkens; neckpunrop ORB; oproronansHe

po3knaneHHs; GyHKUil Yonma; mBHAKOAisS 00poOIeHHS; pe3yIbTaTUBHICTD Kiacudikaii.

Beryn

dopmyBaHHsI IPOYKTHUBHOI CUCTEMH 1H()OpPMATHB-
HHUX O3HAaK 3a/Uls 3a0€3Ie4eHHs pe3ybTaTHBHOI Kiacu-
¢ikawii 300pakeHb y KOMIT IOTEPHOMY 30pi € OJHHM i3
KJTFOUOBHX 3aBIaHb TEOpil po3mi3HaBaHHs maHux [1-5].
Haii0iipn npiOpUTETHUM HAIPSMKOM HOBITHIX JIOCHI-
JDKeHb € BUBYEHHS MPHPOIH aHAJI30BaHUX JAHUX 3 Me-
TOI0 BCTAaHOBJICHHS B iX CKJIaAi HAasSBHUX YM CKPUTHUX
3aKOHOMIPHOCTEH, HANpPUKIAM, CIUIBHUX YW BIAMIHHHX
XapaKTepUCTHK, KiacTepiB Tomo[6, 7], i BOpoBamKeHHs
OTpUMAaHHUX 3HaHb y mporiec posmizHaBanust [8-10].

VY Toii ke yac pO3BHUBAETHCS IHINA TPya METOIIB,
y SIKHX aHaji3 0a3yeThCcsl Ha MPOEKTYBAaHHI JOBUIBHUX
BXIJHUX JaHUX Ha (iKCOBAHUI MPOCTIP OPTOTOHATHHUX
(YHKIIH 1 BAKOPUCTaHHI 3HAYCHDh OTPUMAHHUX TIPOCKIIii
SIK O3HaK JuTst po3misHaBauus [1-3]. Taki MmeTomu HOCSTH
cyTo (opmarizoBaHMI XapaKTep i 37aTHI y BiAIIOBIAHO-
CTI 0O BCTAHOBJIECHOI MPOIEAYPH yHIBEpCATbHO OIpa-
IbOBYBAaTH OyIb-sKi MaHi y 3amaHomy mpoctopi. Edek-
TUBHICTh IUX MIAXOMIB 3aIeKATH BiJ CTYHEHS PO3IO-
TTBHOI 3IaTHOCTI BUOPaHOi CUCTEMHU (PYHKIIIH CTOCOB-
HO aHali30BaHuX qanux [6, 11].

UYacTo mpu ormpartoBaHHi cucTeM (PyHKIIiH cTOCOB-
HO 3a1aHoi 0a3m 03HaK 300pakeHb € MOMKIIMBICTB IEII0
CKOPOTUTH IIOBHY MHOXXHHY €JIEMEHTIB PO3KIaJCHHS 3
METOI0 CTBOPEHHSI ITIIMHOXKHHH, IO 3aJ0BOJIGHSE TIOT-
pebaM TpOAYKTUBHOI KiIacHpikailii. Y TaKOMy BHIIAIKY
TIPOTIOPITIHHO CTYTICHIO CKOPOYCHHS BHAETHCS JOCATTH 1
CYTTEBOTO 3MCHIICHHS OOYMCIIOBAJILHUX 3aTpaT 3a pa-
XyHOK CTHCHEHHS MOM(piKOBAHOTO IIPOCTOPY O3HAK [4].

Juis meroniB wiacugikamii Ha mifcTaBi po3kia-
JaHHs 0a30Ba MHOXHHA JUIsl IPOEKTYBAHHS aHali30Ba-
HUX ONHUCIB 300pakeHb yxKe 3aJiaHa, Tomy Ii He Tpeda
(dopmyBatu y mporieci HaB4YaHHs Kiacudikaropa. Tex-
HOJIOTIsI HaBYaHHS TYT MOXKE MOJATaTH SK y aJanTauii
JI0 eTanoHHol iHdopmallii, Tak i y GpopmyBaHHi ederTh-
BHOI MIJIMHOXKHHH, sIKa Ja€ MOXIHMBICTH y 3aJaHuii
YacOBHH Jliala3oH 3/1HCHIOBATH PE3yJIbTATHBHY KJIacH-
dixarmiro [12, 13, 27, 28].

Y crpykTypHHX MeTojax kiacudikamii oOpa3
00’€eKTa MOJAETHCS CKIHYEHHOI) MHOXHHOKO BEKTOPIB,
mo € jgeckpunropamu kiodoBux To4dok (KT) 300pa-
xennst [15- 18]. BapianT e(eKTHBHOTO MOJaHHS MOXKE
OyTH TOB'I3aHUil 13 TMEpPEeTBOpPEHHsIM 00pa3y, TOOTO
HasiBHOI MHOXKMHH JI€CKPHUITOPIB, 0 OPTOTOHAIBEHOTO
npoctopy. [Ipuknagnuii iHTEpeC Yepe3 JOCTaTHBO MPo-
CTy TIpOrpaMHy Ta amapaTHy peaji3amii mMae 3acTocy-
BaHH# cucteMu ¢yHKUii Yomma (DY) Ta mepeTBOpeHs,
nmoB's3aHuX 3 HUMH [1, 4, 14, 22]. BnpoBamkeHHS Kyc-
KOBO-TIOCTIHUX 0azucHuX (QYHKIH Younima xapakre-
PH3Y€ETHCS HE3HAYHUMH OOUYHMCIIOBAJIbBHUMH 3aTpaTaMy,
TaK SK HE MOB’SI3aHO 3 JisIMA MHOXKEHHS 1 peai3yeTbes
Y TIPOCTOPI MiJIFX YHCEIL.

Cucrema ¢ynkuin Yomma (Axamapa) 1a€ MOXKIHA-
BIiCTh 3MIMCHUTH PO3KIANAHHS BXIJHOTO CHTHAIY (OK-
pemo koxHoro aeckpurropa KT) 3a cimeiicTBoM mipsi-
MOKYTHUX OaszucHuX QyHKOiH. OTpuMaHa MHOXWHA
IIJIOYHCENFHIUX BEKTOPiB-03HAK € TPYHTOBHOIO MifCTa-
BOIO /7151 TOOYmOBH KiacupikaTopa.

MeTta po6oTH — YIOCKOHAJICHHS CTPYKTYPHUX Me-
ToiB Kiacupikamii 300pakeHb B acHeKTi CKOPOYEHHS
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00YHCITIOBANEHUX BHUTPAT IUITXOM BIPOBAJKEHHS arla-
paty po3KJIaJaHHS KOMIIOHEHTIB OMNKCY 3a CHCTEMOIO
OpPTOTOHANBHUX (YHKIIN Ta 3acTOCYBaHHS MOJENeH
CTHCHEHHSI IPOCTOPY O3HaK.

3aBaaHHA TOCJTiKeHHS TTOJIATAlOTh y 3/ ICHeHH]
OPTOTOHAJIFHOTO PO3KJIAJaHHS €TAJTOHHUX Ta BXITHHUX
00pas3iB, moOy0Bi METPUYHOTO Ki1acudikaTtopa y TpaH-
c(hOopMOBaHOMY IPOCTOPi O3HAK, BU3HAYECHHSI ITapaMeT-
PiB ITOpOTY UISl €KBIBAJICHTHOCTI KOMIIOHEHTIB OIUCY Y
PI3HHUX METpUKaX, BUBYECHHS PE3YJIBTATUBHOCTI pO3p0O0-
neHnx Moauikamid kmacudikaTtopiB (Mpane3saTHOCTI,
MIBUAKOMII, 3aBaJOCTIMKOCTI) IIUIAXOM IMITaIliifHOTO
MO/IEITIOBAHHSI.

IloganHs omucy y OPTOroHAJILHOMY Oa3uci
Ta kjaacudikanis
Y npocTopi cTpykTypHuX o3Hak omuc Z ={zj}_4
300paKeHHSI MAEMO SIK CKIHUEHHY MHOXHHY i3 S BeK-
Topi zj, s=card Z, z;eB", z;={z ;}|;, B" -
BEKTOPHHUI MPOCTIp PO3MIPHOCTI N3 OIHAPHUMHU KOM-
nonentamu {0,1} [15]. Jdeckpunrop KT 300paxkeHHs

TYT MOXKHa PO3IIISIATH SIK TOYKY N -MIPHOTO JHCKpET-
HOTO CHTHaJy. 3Ba)KMMO Ha Te, 10 y Oy/ib-SIKOMY CKiH-
YEeHHOMY BEKTOPHOMY IIPOCTOpi iCHye Xoda O ojHa

oproronansHa cuctema Bekropie W ={{w j,b}rj]:l}lra]:l’

Taka, mo Gymb-saxuit Bektop Z € B", z={z,}_; moxe

OyTn TmomaHMd y HIH KopTekeM KoedilieHTiB
o :{aj}r}:]_ , A
n
aj=2-Wj)=2  ZWjp. 1)

Koxnuii xoediuieHT(1) BU3HAYAETHCS SIK CKAIISIP-
HUI 100YTOK BEKTOpY Z Ha BEKTOp W j OPTOrOHANBHOI

cuctemn [14-16]. Koediuientn o HasuBaoTh KOOP-

JIMHAaTaMu BekTopy y Oasumci W . [lns koxkHOTO Zj € Z

TaKUM CIOCOOOM OTPHMAaEMO 3HAYCHHS BEKTOPY PO3K-
nagaHHs . I3 BOpOBa/LKEHHS MaTEMaTH4YHOI MOJeNi
BEKTOPHOTO TPOCTOPY 10 Kiacu(ikalii BUILIMBAE, IO
OyIb-KMi JecKpunTop Zzj € Z o0pa3y 300paskeHHS
MOJKHA 00EpHEHO €IMHUM CIIOCOOOM TO/IATH SIK JIHIHHY

KOMOiHaIi0 0a3MCHUX BEKTOpiB, a BHOpaHWA Oa3mc
CKJIaJIa€ TIPU I[bOMY TOYHO N BEKTOPiB, TOOTO

zj = (o -wj) =ZE=10li,ij,b . 2

3ayBaxxuMo, 0 y N -BUMIpHOMY MIPOCTOPi BEKTO-
PiB TEOPETUYHO ICHY€ MHOXHMHA Pi3HUX OPTOTOHAIBHIX
Oasucis [1, 14].

3Bakatoun Ha Te, M0 DY PopManbHO MPUHMAIOTH
snauenns {1, -1} ta Ge3mocepeHbO HE BXOIATH y BEK-

v . n .
topHuii mpoctip B, meperBopenns (1) ¢akrtuuHO Bi-
. n n .
nobpaxae tpancdopmaniro BT — C" y mpoctip C"
BEKTOPIB 3 MUTUMHA KOMIIOHEHTaMH. Y TOH e dac mpoc-
. n n .

tip B" < C" € mianpocropom st pocropy C", Tomy
i3 3araJlbHUX MO3WIIIH MOKHA BBaXkKaTH, IO HEPETBO-
pernst (1), (2) snificHrorothest y mpoctopi C". Koediri-

€HT HOpMyBaHHS 11 @Y 10 OpTOHOPMAIIEHOI CHCTEMH,
KA 3a0e3medye 3BOPOTHICTH mepeTBopeHb (1), (2).e
KOHCTAHTOIO IIPH 3aJaHOMY N, TOMY IPH OOUYUCICHHSIX
HOTro MO’KHA HE BPaxOBYBaTH.

VY pesyibTaTi 3aCTOCYBaHHS M0-EJIEMEHTHOI TpaH-
chopmanii z; > omuc Z  OTpUMaE  BUJ
a(Z) ={o}y, 1o6t0 muOKuHa {z;j}4, Zz;eB",
neckpuntopiB KT TpaHChOpMyeTbCS Y MHOXHHY BEK-
Topis {ej}_1, @ €C", Tiei x posmipHOCTi Ta uMCeNb-
HOCTI. MHOXUHY @ Ha3UBAIOTh PO3MOJIIEHHSAM HOTY-
kHOCTi curHanmy z; [1, 21]. Bunmkae muTaHHS TIpO

pe3yJIbTaTUBHICTh 3JifiCHEHHs Takoi TpaHchopmariii
JUIsl TIOJ@HHS JTAHUX y HOBOMY IPOCTOpI O3HaK NpH
3/iHCHEHHI Kitacudikailii 300pakeHb.

Bekrophi npoctopu B",C" BiHOCSTS 10 eBKITizTO-
BUX, JI¢ VTS OY/Ib-SIKOTO BEKTOPY Z MOXKHA BBECTH HOPMY

Izl=\G2) =X} 257 ®)

a HasBHICTh MOHSTTS CKAJSIPHOTO J00YTKY J1a€ MOKIIHU-
BICTh BU3HAYUTH KYT MIJK BEKTOpamu Y, Z SIK

__ b 4
Hyll-1lzll @

Bupa3z (4) Hapsmy i3 BH3HAUEHHSM METPUKH
p(Y,Z) Ui BEKTOPIB YaCTO BUKOPHCTOBYIOTH Y CHCTE-

7

Max posmizHaBaHHs naHux [5, 11, 12], npu upomy Bu-
KOHY€ETBCSI ymMoBa |COS@|<1. Ksaapar wopmu (3) y

npocropi B" mimnosinac YHCITy OJIMHUYHUX OITIB.
[TepetBopenns (1), (2) Takox MOXKHA 3amHCaTH y
BEKTOpHIH (opMmi. 3acTocyeMo pO3KIaJaHHS ONUCY Y
0asuci ciMeicTBa MPSMOKYTHUX Oa3MCHHMX (YHKIIH —
JuckpeTHux @V, sKi € BEKTOpaMH IUIMX YKCelT (3HAUCH-
Hs1 +1,-1) CKIHUEHHOT PO3MIPHOCTI (SIK TIPABUIIO — CTETIiHb
nBiiikn). TloBuuii Habip DY po3mipHOCTI N yTBOpIOE
OpPTOTOHANBHY MaTpuIlo Ajamapa A po3mipom Nxn,
AKa CKIaJaeTbes i3 N BekTopiB ®Y wWi,...,W, . Hampu-

KJIaJl, MaTpuIlsd Anamapa nmpu N =4 Mae BUTII:

111 1
11 1 1 1
2011 a1
11 -1 1

ne koedimieHT ' 3a0e3medye BIACTUBOCTI OPTOHOP-
MaJBHOCTI i 00EPHEHOCTI IEPETBOPEHHSI.

Matpuni A [DOBUTBHOTO pO3Mipy (OPMYIOTECS
PEKypPEHTHOIO TPOIeAyPOr0 KPOHEKEPIBCHKOTO JOOYTKY
13 MaTpHUIlb MEHIIOTO PO3MIpY, B Pe3yJIbTaTi MOPOIKY-
€TbCc MaTpuilsl OmouHoi cTpykTypu [21]. Matpurmi
Anamapa MaroTh e PsJI IHIIAX TPUKITATHAX BIACTHBO-
CTeH 1 9aCTO BUKOPHUCTOBYIOTHCS TPH OOPOOICHHI AucC-
KPETHHX CHUTHAJIB Ta 300paxkens [3, 22].

VY Toii e Jac aHai30BaHUHN OMUC Z SIK MHOXHHY
neckpurntopiB KT MokHa po3rismaTé sIK MPSMOKYTHY

MaTPHUILIO Z:{zi’j},izl,_s, j:l,_n po3mipom Sxn,

PSAAKK SIKOi MICTSTH S JiecKpunTopiB omucy. Ileperso-

6
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peHHs omucy Z Temep MOKHA MOJATH SK MHOXEHHS
MIPSIMOKYTHOI Ta KBaJpaTHOI MaTpHUIlh

U=2%*A. (5)
VY pe3ynbTaTi MHOXEHHS (5) OTPUMAEMO TPSMOKY-
THy Matpumo U = {Ui,j } i=1s, j =1n po3MipomM

SXN, pSIOKA SKOI MICTSATh BEKTOPH PO3KIANAHHS «
JUISl TECKpUINTOpPIiB ommcy Z . 3Bakaloud Ha Te, 10 Y
HaIoMy JociipkeHHi HabOip @Y posrnspaerses 1 3a-
CTOCOBYETHCSI y TIOBHOMY CKJIaJli, MA HEe OyJIeMO aHai-
3yBaTU Pi3HOMAHITTS CIIOCOOIB YIOPSIIKYBaHHS CHCTEM
OV (Youm, Anamap, Ileni, Tpaxtman Ta iH.), KOKHa 3
SIKUX Ma€ PsIJl CBOIX BJIIACTHBOCTEH 1 BIAMOBIMHI chepu
MPUKJIAJAHOTO 3acTocyBaHHs [1].

Tpamumiiauii mMeton kimacuikaiii rmoyisrae y
BCTaHOBIICHHI CTymeHsl peneBaHTHocTi O(Z,E,) wmix

omicom {z;}_; aHani30BaHOro 306pakKeHHs Ta CKIAI0-

Bux kommonentin E, ={e;(K)}_; Gasmu E={Ek}kN:1
etagonnux ommcis [15, 20, 23]. Kmac m o06’exra Bu-

3HAYa€ThCs BIAMOBINHO 1O eKCTpeMyMy  (yHKIil
O(Z,Ey) sx

m=arg kfzxtr O(Z,Ey) . (6)

yorey

[Ticnst 3piiicHeHHsT TpaHC(oOpMallil TTOpPiBHIOBAHUX
omnuciB nporiec kiacudikaiii Oyae OasyBaThcsi Ha BHU3HA-
uenni crynens penesantHocti O (a(2),a(Ey)) mis
tpancdopmoBanux omucis a(Z) ta a(Ey) y HOBOMY
rpoctopi o3HaK. KokHMIT 13 epeTBOPEHHX OITHCIB € MHO-
YKMHOIO BEKTOPIB 13 koMrnoHeHTamu i3 C" abo y penykoBa-
Homy mipoctopi C?. 3Bakaroun Ha OOMEXKEHWI Jiiana3oH
3HAUYEHb BXIJHOTO CHrHAITy Ta (HiIKCOBAaHE MEPETBOPEHHS Y
MIPOCTOpPI LUIMX YHCElN, MpU 1MoOyIoBI KiacudikaTopa €
MOYKJIMBICTB OLIIHUTH Jliana30H 3HaueHb QyHKid @ Ta O%
1 BUKOPHCTATH 11l 3HAHHS JTs1 Kiacuikarii.

OpuuM 13 BapiaHTiB @ uum O“ € MeTpuKa I
MHOXHH BeKTOpiB. Lle Moxe OyTu Bijactanb Xaycaopda
SIK Mipa peJIeBaHTHOCTI ISl TBOX MHOXUH A, B omHo-
TUIHUX BeKTOpiB [5, 13]

X(A, B) = max{ max p(a,B),max p(b,A)} , (7)
aeA beB

ne p(a,B)= rt;nin p(a,b), a p(ab) — merpuka y Bexro-
B

pHOMY TpocTopi (HANpWKIAN, BiACTaHH XeMiHTa IS
. . n .
OiHapHUX JaHMX 13 B 4m MaHXeTeHChKa BiJCTaHb IS

C", C%). 3uavenns mipu (7) € BigcTaHp MiX IBOMA
CHeIiaThbHO OOpaHIMH TOYKAMHA MHOKHH.

[HmmM BapiaHTOM OIIHIOBAHHSI PENIEBAHTHOCTI €
Bizctanp Tanimoro (JKakkapa) ams MHOXHH, sSKa O3Ha-
Yae BiHOMICHHS YMCIIA €IEMEHTIB CHMETPHUYHOT Pi3HUIIL
Ta 00’ €THAHHSA MHOXWH

card (AAB
T(AB) = # . (8)
card (AUB)
Mipa (8) na Biaminy Bix (7) BizoOpakae KiTbKiCHI
XapaKTePUCTUKU €KBIBAJCHTHUX Ta BIAMIHHHUX €JIEMEH-
TiB MTOPIBHIOBAHMX MHOYKUH.

IIpn 3actocyBanHi MeTpuku (8) BaXIMBUM € ii
TpaHWYHE 3HAYEHHS, JUIS SIKOTO €IEMEHTH BEKTOPHOTO
MPOCTOPY BBaXKatoThCs ekBiBamentHumu [10, 15, 16].
s mpoGniema € ostHI€IO i3 KIFOUOBUX Y OaraTOBUMIPHHUX
pocTopax HaHuX. Bubip MOpory CyTTEBUM YHHOM
BIUIMBAE HA Pe3yJIbTaT Kiacupikarii.

Juist 11 BUpINIEHHS 3alpOINOHYEMO JIBA CIOCOOM.
OnuH 13 HUIX BU3HAYA€ TPAHUYHE 3HAYCHHS

Piim (& b) = @pmax (a,b) 9)

SK BIICOTOK @ BiJl MAKCHMAIbHO TCOPETUYHO BU3HA-
YEHOTrO 3HAYCHHs METPUKH. Hampukiaz, Uit METPUKH
XeMiHra, 10 y JJaHOMY BHITIQ/IKy 3MIHIOEThCS Ha iHTEp-
Bami [0, 256], mpu BincoTky y o =25% MokHa BH3Ha-
YUTH Pjim, (&, b) =0,25*256=64.

binpm mpakTMYHUM € cnocib, 10 BU3HAYae
Piim (@,b) 3a pe3ynpraToM aHanizy KOHKPETHHX EKCIIe-

PUMCHTAJIbHUX JHAHUX, A€ POmax OOYHUCITIOETHCS JUIsA

(hikcoBaHOTO HAOOPY OMHUCIB eTaNIOHIB. Yac 0OUMCIICHHS
Pmax HE BILUIMBAE Ha BUTpATH AJS KiIacupikamii 1 31ii-
CHIOETBCS Ha MOMEePETHOMY €Tarlli aHai3y JaHuX.
ByeMo OIiHIOBaTH MPOAYKTUBHICTH METOJY Kila-
cudikaiii MokasHUKOM TOYHOCTI Pr , sSIKUA 00YMCITIO-
€THCS BIIHOIICHHSIM YHMCJIa MTPABUIIBHO Ki1acu(piKoBaHUX
00’€KTIB Iy 10 3arajbHOrO iX yncaa I, 10 BUKOPHCTO-

BYBAJIOCS B eKcriepuMenTi [5]

pr=rp/r. (10)

Ba)k/IMBHM MMOKa3HHUKOM PE3yJbTATHBHOCTI METO-
JUB pO3Ii3HaBaHHS 300paKeHb TAKOX € 3aBaJlOCTIM-
KicTh. BOHa XapakTepu3yeTbCsi 3HAYCHHSIM TOYHOCTI
Kracudikamii B ymoBax aii 3aBax [16, 22, 27]. Axmio mist
aJMTHBHOI 3aBaju Ha 300pakeHHsT B(X,Y) omucyeTbcs

MOJIEJIIIO
Bs(X,y) =B(X,¥) +<(X,Y)

a 3aBama &(X,Y) XapaKTepH3YEThCS CepeIHbOKBAIPa-
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TUYHUM BIAXUJICHHSIM O , TO BiJJHOILCHHSI CUTHAJI-IIYM
MOJXKHa omucat ik i =By, /o, ne B, — ammiitygna

XapakTepuCThKa (HAPUKIIa, CEPEIHE 3HAYEHHS SCKpa-
BOCTI). BakjMBUM € BHBYEHHS 3alekHOCTI Pru) mis

PO3pOOICHOTO METOTY.
Penykuis npocTopy o3Hak

3BakarouM Ha Te, [0 BH3HAYEHHS TpaHCc(HOpMOBa-
HOI CICTEMH O3HAaK 3aCHOBAaHO Ha IHTETpaIlifHOMY IIpO-
1eci po3KJIalaHHS JAaHWUX BXIJHOTO OMHCY 32 CIIEKTPOM
OPTOTOHAIBHUX TPOEKLil, y HOBOMY IPOCTOPi
C"3’sBnsiETHCSI MOXJIMBICTh (JOPMYBAHHSI KOMIIAKTHOTO

* * .
momanast o (Z) ta o (Ey)3i crucHenuM 06’emMom
KOe(IITi€HTIB.

CTHCHEHHS PO3MipHOCTI IPOCTOPY NAaHUX pealtizye
TIEPCIIEKTUBHY 1/I€f0 CKOPOYEHHS OO0CITy OOYMCIICHB
JUTS 3HAYCHHS PeJIeBaHTHOCTL O% HUIIXOM 3MEHIIICHHS
po3Mipy BEKTOpY O3HAK i 33Ul 3MEHIICHHS 4acy Kia-

cucikarii 3aramom [1, 7, 26]. Take 06pobieHHst HaGyI0
MOMYJISIPHOCTI Y CHEKTPAIBHUX METOJax, A€ ILIIXOM

7
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¢inbTpanii He3HaUyIMX KOMIIOHEHTIB CHEKTpY 3a pa-
XYHOK JIEIKOTO 3OUTBIIEHHS TOMMJIKH BiJIHOBJIECHHS
CUTHAJTy 3MEHIIYIOTh HaJMIpHICTh TpENCTABICHHS Ta
CKOPOYYIOTh BEKTOp 00poOmoBaHux nanux [21]. [pu
LBOMY TIIOKa3HUKH (YHKI[IOHYBaHHSI CHCTEM 3HHXKY-
I0ThCSI HE3HAYHUM YHHOM.

OnuH i3 TpaIuniiHUX crIoco0iB Mosrae y Bigoopi

TTiJIMHOXXHHH {ai}iq:l, (< 'S, IO B TOH ke Hac 3a0e3-
mevye JOCTaTHRO sKicHY Kiacudikarito. [lpu mpomy
(opMyBaHHS CTUCHEHOI MiAMHOXUHHU {¢j }iq:1 Jlae Mo-

JKIIUBICTH BiIOpaTH KOMITaKTHY YacTHUHY cepel] (yHK-
uiii oproronansHoi cucremu W , TOOTO BHUKOPUCTATH
JUTS KJTacuGikalii Juiie AesKy MiIMHOKUHY Wq i3 W,

Wq cW . ¥V Takomy BUIAJKy Bianagae HeoOXiHICTh

(hopMyBaHHs TOBHOI CHUCTEMH KOC(]iIli€eHTIB pPO3KJa-
JaHHS SIK JUIS BXITHOTO 00pasy, Tak 1 Jyis eTajloHHOI
MHOXHHHU E .

Take x came 00poOIeHHsT MOXKHA OyJi0 O crpoOy-
BaTH 3IHCHUTH 1 O€3MOCePEaHBO IS BXIAHOT MHOXKUHH

{z;}}1 o3HaK, HaMPHUKIAJ, 32 BCTAHOBJICHUM KPUTEpieM

inpopmaruprocti [3-5]. Ommak Take Ge3mocepeaHe
CKOPOYCHHS YacCTO IPU3BOAUTL 10 CYTTEBUX BTpaT
iH(opMaii MpsMO MpOMOpIiHHE KUIBKICHOMY CKOpO-
YEHHIO omucy. Y TOH jKe yac oOYMCIIeHl Mpoexmii
{aj}}4 He TinmbKM MalTh GaraTOCTIEKTPaNbHMIl CEHC
JIAHUX, aJie 1 MICTATh Y OUIbLIIi Mipi iHTerpoBaHy iHdo-
pMaitlito 3a paxyHOK mnpouecy po3kianeHss (1) 3a cuc-
TEeMOI0 0a3uCHUX (YHKIIH, TOMY MOXKYTh OyTH yCIIillI-
HO TOKJIa/IEHI B OCHOBY 3/iHCHEHHSI e()eKTMBHOTO CTUC-
HEHHS JaHHX.

Taxum urHOM, SIKIIO BBEACHOIO MPOLIEAYPOIO (Biib-
Tpatii BAacThCs BiiOpaTi BUCOKOIH()OPMATHBHY YaCTH-
HY CHEKTpy, sika 3a0e3reuye J0CTaTHBO SIKICHY Kiacudi-
Kallifo, TO 33 PaxyHOK LOI'O MO)KHA CYTTEBO CKOPOTHTH
OOUMCITIOBAIBHI 3aTpaTh Ha Kiacudikalliio i3 3ade3re-
YEHHSIM HEOOXi/THOTO PiBHS PE3yJIbTATUBHOCTI.

OtpumaHa B pe3yJbTaTi TaKOTO CEKBECTPYBAaHHS
MiJIMHOXHMHA HailOLIbII iH(DOPMATUBHOI YaCTUHH CIIEK-
Tpy @V € pe3ynbTaToM HaBUaHHS Ha 3aJ[aHiil MHOXKHHI
€TaJIOHHUX CUTHANIIB, ii (opMyBaHHs Oe3mocepeHbO
3aJIeKUTH BiJ aHATI30BAaHOTO MPOCTOPY JaHUX 1 afarTo-
BaHe JI0 HbOTO.

Jlng iHmmx BapiaHTIB KOJEKIIiM €TaIOHHUX JaHUX
M IMHO)KMHA KOMITOHEHTIB CIIEKTPY MO)KE MAaTH 30BCIM
IHIINHT CKIIaI.

[ToctaBuMO 3amady IDIIXOM TpaHCOpMAIii y HO-
BUH TIPOCTIp HAa OCHOBI MOOYZOBH BigoOpakeHHS

*
T:a(Z)>a (Z), abo daktuaro T :W —>W,, 3a
pPaxyHOK 3aCTOCYBaHHS OPTOTOHAIBHOIO PO3KJIAJAHHS
3a KoMmakTHowo cuctemoro Wy @Y chopmysat ctrc-
.. . * *

HeHi inpopmaruBHi omucu o (Z) ta a (Ey), mo 3a-
0e3MeuyroTh JOCTATHI TOKA3HWKH PEe3yIbTaTHBHOCTI
kiracuikarmii. Take Bimobpakenus T =T(E,W) e o¢y-
HKII€I0 K eTaJIOHHUX MaHuxX E , Tak i Bumy oproro-
HabHOI cuctemu GyHKIin W .

Crnoco0u nody10BM KOMIIAKTHOTO ONHCY

Bracnmiok HasSBHOCTI 3HAYHUX KOPEIAIIHHUX
3BSI3KIB MK €JIeMEHTaMH 300pa)KeHHsI peajbHOi Ipu-
pOIM, IO 3HAXOJUTH CBOE BIATBOPEHHS y 3HAYEHHSX
neckpunrtopiB KT, oCHOBHa eHeprist y IMCKpETHOMY
CHEKTpl Mae TEHJCHIIII0 KOHIIEHTPYBATUCS Y BiJHOCHO
HEBEJMKIA KUIBKOCTI BIUIIKIB, IO BiAIOBIJAIOTEL IOBi-
JBHO OCHWIIOKUNM 0Oa3zoBuM (QyHKIisM. Tomy 0e3
ICTOTHOI IIKOMW I BIJHOBJICHHS YM KJIACH(iKarlii
300pa’keHHs] HEBENMKI 32 BEJIMYMHOIO CIIEKTPaJbHI
KoeilieHTH MOXHa B3arayii oOHyIHTH (200 BIIKUHYTH
X aHaii3), a 3HAUYYIIl €JIEMEHTH CIIEKTPY BUKOPUCTOBY-
BaTH y Tpolieci po3mizHaBanust [21].

JucnepciiiHuii aHami3 o04YHMCIEHHX KOe]illieHTIB
OPTOTOHAJIEHOTO TIEPETBOPEHHSI € Ha CHOTO/IHI OCHOB-
HUM arnapaToM JUisl OL[IHIOBaHHSI 1X 3HAUYIIOCTI y MOjie-
ni noganHs curHany (1) [1, 24, 27], Tak sIK cepeTHbOK-
BaJlpaTUyiHa IIOMUJIKA BiJHOBJIECHHSI 3aJIS)KUTh BiJ| AWC-
NepciiHuX XapakTepuCTHK. TOMY MPUPOJHUM KpUTEpi-
€M ISl BUOOPY MHOXKMHH 3HAYMMHUX KOE(IllieHTIB PO3-
KJIaJICHHs] € HalO1IbIle 3HaYeHHs aucrepcii. SIk mpasu-
J10,004KCITIOIOTh KPUBY HOPMOBaHHMX 3Ha4yeHb JHCIEp-
ciif B 3ajexHocTi Bijf Homepa @Y, po3milieHux 3a cra-
JIAHHSIM, 1 BIIPOBAUKYIOTh y Tpoliec Kiacudikaiii mia-
MHOXHHY KOe(iIli€HTIB 3 HAHOIIBIIMMY 3HAYCHHSIMH.

3acTocyBaHHS 1IbOTO anapary B 3ajadi knacugika-
1ii, e onucH 300pakeHb MOJAHO MHOXXHMHOIO JECKPHII-
TOpiB, Ma€ ¢BOi 0cobIMBOCTI Ta MOskiHBOCTI [4]. CripaBa
B TOMY, IO HE 3aBXKIM KOCMILIEHTH 3 HAHOLIBIIAMU
JCepCisiMU 3a0e31e4yIoTh MOTPIOHUI pPiBEHb PO3pi3-
HEHHsI BXIZHUX 300paxkeHb. [Ipyrum ¢axropom € Moxk-
JIMBICTh 311 ICHEHHSI AUCIIEPCIHHOTO aHAI3Y JAHUX SIK Y
pamMKax TOBHOI 0a3u €TaJlOHIB, TaK 1 B MEXKax OKpeMHUX 11
NPECTaBHUKIB, 10 MOKE MTOKPAILUTH Pe3yIbTATHBHICT.
[lle oaHi€l0 MOMJIMBICTIO € OpraHi3aiisi JUCIepCiiHOro
aHaizy B paMKax CUCTeMHU (parMeHTiB JeCKPHIITOPHOTO
OIIHCY, 10 peatizye BikoHHe 00pobnenHHs [9, 25].

Ha noBHiil MHOXUHI naHux E ju1d omucis erano-
HIB oTpuMaemo matpuilio (5) posmipom NSxn , oOumc-
JMMO IJIsL KOXKHOTO CTOBMI MaTpuii U Bekropu Ma-

TeMaTH4HOro ovikyBaHHA MU; Ta mucmepcii o-iz

1 o Ns
Mui :mzjzlui’j y

2 1 Ns  np 2
Oj _mzjﬂ(u'rl Muy;)” .

IIpu Bu3HaueHHI MOKa3HUKIB (12) miIs okpemoro
etanmony Tpeba B3siTu N =1. Ha ocHOBI oTpumanHux
TUCTIEPCIMHUAX ~XapaKTepUCTUK MOXKHA TO0yIyBaTH
KIacudikaTop, aHAIOTIYHUN KIIacH(iKaTOpy 3a 3HAUCH-
HSM JHCIIepciii 6e3mocepeHbO TSI MHOKUHH TECKPHUTI-
TOpiB omucy Z .

3nificHIMO pamKupyBaHHA cnucky DY w; 3a

(12)

3HAYCHHAM JAWCTepCil O'i2 IUTE OKpPEMHUX KOMITOHEHT

CHEKTPY: Wy, Ws,..., W, , Tak 1100 Oyna BUKOHaHAa yMOBa

0-12 2 0-22 2.2 o-,% CIIaJaHHs 3HAYCHb.

IToknagemMo OoTpUMaHUN CIIMCOK B OCHOBY IpOLIE-
JIypH CTUCHEHHS.

8
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PesyanaTn KOMH’]OTepHOFO MOJCJTIOBAHHA

Jnist BUBYEHHS! MTPOAYKTUBHOCTI 3aIPOIIOHOBAHUX
METOIIB Kiacudikamii (mpamne3aTHICTh, IIBAIKOIIS,
3aBaJIOCTIHKICTh) IMPOBEICHO KOMIT IOTEPHE MOJICITIO-
BaHHs. Jys mociikeHHs oOpaHO 0a3y i3 I'sATH eTa-
JIOHHUX 300paxkeHb TepOiB (yTrOompHUX KIyOiB. 30-
OpakeHHs1 MalOTh po3Mip 325 x 325 mikcemniB (popmar
JPEG). Oxpemuii BizyanbHHI 00’€KT (€TajioH) po3Ta-
LIOBYETHCS Ha cBiTIIOMY (hoHi (puc. 1).

e f

Puc. 1. Etanonsi 300paxeHHsL:
a-e — erasionu; f — koopaunaru ORB-neckpunTopis
(Fig. 1. Standard images:
a-e — etalons; f— coordinates of ORB descriptors)

I3 3acTocyBaHHAM CHCTEMH IporpamyBaHHs Py-
thon Ta 6iGioTeKH aXTOPUTMIB KOMIT FOTEPHOTO 30py
OpenCV [25] coopmosano 500 meckpumropie ORB
PpOo3MipoM 256 OIT It KOXKHOTO 300pakeHHSI.

Ha puc. 2 HaBeneHO 3HaYeHHS IEPETBOPEHHS OJI-
HOTO i3 AECKPHUIITOPIiB 3 BUKOPUCTAHHSM OPTOTOHAIIBHO-
ro mepeTBopeHHs 3a cucreMoro @Y. ExkcrnepumeHTH
MOoKa3aiy, Mo BiacTtans Xaycmopda MiX €TaIOHHUMHU
omHMcaMu 3 JECKPUNTOpaMHU y OITOBOMY BHI 3HAXO-
IUTBCA Y BY3bKOMY iHTepBaii 3HaueHb [95,..., 100]
(MK meckpunTOopaMu — BijcTaHh XeMmiHra). Biacrans
Xaycmopda 3 momanHsM y mpoctopi ®Y — B iHTEepBami
nimx 3HadeHb [1960,..., 2034] (mix TpaHchopmoBa-
HUMH JECKPHUIITOPaMH — BIICTaHb MaHXeTeHa).

132,4,14,-2,-8,-4,6,-6, 0, 8, 2, 10, -4, -16, 2, 6, -8, -8,
14,-2,0,4, 2, -10, -8, 8, -18, -2, 8, 4, -6, 6, 2, 2, 4, 12, 6,
10, -4, -8, 2, 10, -4, 12, -10, 10, 4, 0, 2, 10, -8, -8, 18,
-18, 4, 8, 14, -10, 4, 4, -2, 2, 0, -4, 8, 12, 2, -10, 0, 8, 6,
-2,0,-12, 2, 6, -8, -8, -10, -10, -4, -8, 2, -2, 0, -16, -6, 10,
-8, -4, -2, 2, -4, -4, -10, 6, -10, -6, -8, -12, 6, -2, 4, 4, 2,
-10, -4, -8, -6, 10, 0, -8, 6, 10, 12, 8, -6, 18, 4, 4, -2, -6,
-12,-8,10, 2, 4, 4,-2, 22, 4,4, -6, -2, -4, 8, 2, -6, -24, -8,
-2,-6,0,4,18,-6,4,-12,2,6,-8,4,-14,2,-4,4, 2,6, 0,
12,0, 8, -2, -26, -4, 0, -10, 10, 0, -8, -2, -10, 4, -16, -2
10,0, 0, 2, -14, -8, -12, -2, -6, -12, -4, 14, 6, 4, 0, 18, -2,
-2,-6, -4, 0, 6, -2, -8, -8, -2, -14, -4, -8, -2, 6, 0, 0, 10,
6

-18, 4,0, -2, -2, -12, 12, 6,-6, 8, -12, 18, -6, -16, O, ,8, 4,

-18, -6, 8, 0, 2, -6, 4, 8, -6, -2, 4, -4, -2, -10, 16, -4, -6,
-10,4,-4,10,2,0,-4,2,-2,4,4,2,2

Puc. 2. [lpuknaa nepeTBOpEHHs! IECKPUITOpa
3a MHOYKHHOIO 256 QyHKIi# Yorma
(Fig. 2. Butt conversion of the descriptor
for a multiplier of 256 Walsh functions)

Sk G6auynmo, jmiarnazoH 3HA4YEHb TPaHCHOPMOBAHUX
JaHuX OOMEKEHHH, 10 Ja€ MOKJIUBICTL 3IMCHUTH
AKiCHY Kiacudikarito.

Tabn. 1 mMicTuTh HOMEpH nepumx 16-TH BiCcOpTO-
BaHux OV 3a BENIMYMHOIO KBaJpaTy QHCIepcii Ha MHO-
JKMHI IECKPUNITOpPIB 0a3u eTajoHiB puc. 1.

Tabnuys 1 — Homepu BincoproBanux @Y

Ne Neddy Hopmosana nqucnepcisi
1 0 1.0

2 45 0.00159
3 106 0.00157
4 208 0.00156
5 176 0.00145
6 10 0.00134
7 85 0.00128
8 1 0.00123
9 109 0.00122
10 80 0.00119
11 209 0.00119
12 9 0.00115
13 3 0.00113
14 54 0.00107
15 72 0.00107
16 197 0.00105

Bingcrans Xaycnopda 3 momanHsIM y mpoctopi 16
BifiOpannx @Y — B iHTepBam minmux 3HadeHb [126,...,
146] (mix TpaHc(hOPMOBAHUMH JECKPHUIITOPAMU — BiJIC-
TaHb ManxeteHa). [Ipy mpoMy KOMIT'IOTEpHUI 9ac Ui
obunciieHHs MeTpuK ckiaB 21, 29 ta 1,7 ¢ BimmoBimHO.
Sk 6aumMo, 3aCTOCYBaHHSA CKOPOUECHOTO IPOCTOPY O3HAK
3HIKY€E 0O0unciroBabHI BUTpatu y 17 pasis. [Ipu mpomy
yci Tpu Kinacudikatopu 3a0e3MeuyioTh Oe3[MOMUIKOBY
Kimacrikariiro 11 HaBJaIbHOI BUOIpKU 0a3u €TaIoHiB.

EkcriepumeHTanbHe BHBYCHHS 3aBaJOCTIHKOCTI
pO3pOONCHUX TMiAXOAIB 3 BHKOPHCTAHHSIM METPUKU
Xaycnopda (7) mpu aii agutuHOTO mymy (11) mokaza-
710, 110 mokasuuk (10) pr(x) mwis TpamuiiitHoro Merto-

Iy 1 U METOy 3 TIOBHUM HabopoMm 256-tu @Y mopis-
Hioe | mpn p <8 1i3HmKyeThes 0 0,8 mpu =6 . ns

METO/Ty i3 CTHCHEHMM ToiaHHsM 16 @Y pr(y) sumwky-

erbesi 10 0.9 mpn 1 =25
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3acrocyemMo Tenep MeTpuky TaHIMOTO Ui MHO-
KHH y KnacudikaTopi At TpaHc(opMOBaHOTO TPOCTO-
py JaHHX 3 BUKOPUCTaHHAIM mopory (9) pjim K 25%

BiJl MaKCUMaJILHOTO 3HAYEHHSI METPUKU JUISL JECKPHUII-
TOpIiB Ha YCiii MHOKMHI eTaJIoOHHKX AaHux. [Ipn mpomy
MaKCHMaJlbHE 3HAYCHHS METPHKH, a 3Ha4uTh 1 IOPIr
Plim > 38JI€XKaTh BJl BIIPOBAXKEHOTO IPOCTOPY JaHHX.

BigmiTuMo, 110 BifcTaHns TaHIMOTO MIK €TaJIOHOM
1 3aIIyMJICHUM C€TaJIOHOM ITOCTYIIOBO 3POCTAa€ 3i 301JIb-
LIEHHSIM PIBHS IIyMY (3MEHIICHHSIM /£ ), @ 1I€ BIUIMBAE

Ha TOYHICTh KJIaCH(iKarlii.

ExcriepumeHTanbHE BHBUEHHS 3aBaJOCTIHKOCTI
po3pobniennx Momudikamiii kracudikaTopa 3 BUKOPHC-
TaHHAM MeTpukd TaniMoTo (8) 1 BHOpaHOrO HOPOTY
Plim T BIUIMBOM aJUTUBHOIO IIyMy IOKa3ajo, 10

nokasHuk (10) pr(y) ans metomy 3 MOBHHUM HabOpOM

256-tn @V, a Takoxk I METOJY i3 CTUCHCHUM I10/IaH-
HaM 16 @Y nopiBHioe 1 (kmacudikarisi 63 MOMIIIOK)
npu z>1,2 i3amkyersest 1o 0,9 mpu u=1. Jlns tpa-
TUIIAHOTO MeToJy Oe3 3acTocyBaHHs amapaty DY
MOKa3HUK 3aBaJOCTIHKOCTI Pr(u) 3HAXOAMUTHCS Mpak-

TUYHO B THX K€ MCXKax.

Juist MeTosty i3 CTHCHEHHMM MoJaHHsIM y 8 DV, 3
HoMepamu 2,...,9 i3 Tabn. 1 3nadeHHs Pr(u) sHmKY-
etbest 10 0.9 mpu =12

3arajioM I1¢ JIOCHTh BHCOKI IOKa3HUKH 3aBajioc-
TIAKOCTI JUIsS MPHUKIagHUX cHUCTeM [26], Tak sk MeTon
Mpaioe Oe3[IOMUIIKOBO HAaBiTh MPU BIJHOIICHHI CHI-
HaJI-IIIyM OJIM3bKUM 710 1!

Yac oOunciieHHs METPUKH Y MOM(DIKOBAHUX ITPO-
cTopax JaHux (yac kiacudikarii) npu 1bOMy CKOpOUY-
€THCS MIPOTOPIIMHO KiJIBKOCTI BUKOPUCTAHUX (DYHKITIi
Youua.

ExcriepuMeHT NoKa3aB 3HW)KEHHS YaCOBHX BHTpPAT
y TOpIiBHSHHI 3 TOBHUM Habopom 256-tiu VY s 16-tu
@DV y 17 pasis, mis 8-mu ®Y —y 29 paszis (Tadm. 2).

[Ipu upomy uac kracudikaiii s TpagumiiHOro
METO/y IUISIXOM OOYMCIIeHHST MeTpuku TaHIMOTO st
omuciB 0e3 Tpancdopmarii orpumano y 11 pasi Bu-
i, HK 7t Moudikariii i3 16 OY.

Tabnuysa 2 — ExcriepuMeHTaIbHA OLHKA Yacy Kiacudikairii, ¢

MeTton Yac
256 Y 2229
16 Y 12,6

8 DY 7,8
Tpaauuidauii 138,9

BucHoBxku

3acToCyBaHHSI CHCTEMH OPTOTOHAJIBHHX (DYHKIIIH
Ui TpaHchopMarlii Omucy 300pakeHb SK MHOXKHHU
neckpuntopiB KT Tmokazanmo MOXIUBICTE CYTTEBOTO
BUTpAIlly y HIBUAKOMII OOpOOJeHHS i3 30epekeHHsM
BHCOKHX TIOKa3HUKIB TOYHOCTI Ta 3aBaJOCTIMKOCTI Kia-
cudikamii. KiiroyoBUMH MOMeHTaM# ¢(PEKTHBHOCTI TaKO-
TO TOJIaHHS € BHOIp METPHKH JyIsl 3iCTaBlIeHHs TpaHcdo-
PMOBAHUX OITKCIB Ta MOPOTY JJIsi BCTAHOBIICHHS CKBiBa-
JICHTHOCTI KOMITOHEHTiB y HOBOCTBOPEHOMY MPOCTOPI
naHuX. bBinbil eheKTHBHUM BHSBHIIOCS BHKOPHCTAHHS
MeTprky TaHiMoTO Ta mopory sik 25% BiJ MAKCHUMaJBHOTO
3HAYCHHS BUOpPAaHOI METPUKH [UIsl E€TAIOHHOTO Habopy
nanux. [lporiesypa BH3HAYEHHsI CKIALy CKOPOYCHOTO
koprexxy @Y Tex BIUIMBaE Ha TOUHICTH Kiacuikaii. Sk
MOKA3aJI0 JIOCITiDKEHHS, BIIPOBKCHHSAM arnapaty (yHK-
i Youia Baanocs He TUIbKU Y JIECSTKH pa3iB CKOPOTUTH
00YHCITIOBANIBHI BUTPATH, ajle y TOH e 4ac 3a0e3nednTy
BUCOKI IOKa3HUKH Pe3yJIbTATUBHOCTI Kilach(iKariii.

HaykoBy HOBH3HY JOCII/DKCHHS CKITamae yIo-
CKOHAJIEHHs MeToJy Kiacuikaiii 300pakeHb Ha OCHO-
Bi BIPOBA/KEHHS OPTOTOHAIBHOTO PO3KIIATAHHS JaHUX
Ta MoJieNiell CTUCHEHHS OIUCIB y HOBOCTBOPEHOMY IPO-
CTODI, 110 3HAYHO 3HUXKYE OOUYUCIIOBAJIbHI BUTPATH HA
Ki1acudikarito.

IIpakTHyHa 3HAYyWicTh POOOTH MOJArae y Io-
OymoBi Moxeneit wiacugikamii y TpaHchopMOBaHOMY
MPOCTOPl JIaHWX, MiATBEP/PKEHHI Mpale3laTHOCTI Ta
3aBaJIOCTIHKOCTI 3alpOIOHOBaHMX Moau(ikamiid Ha
IpHKIagax 300pakeHb, CTBOPEHHI IPOrPaMHUX 3aCTO-
CYHKIB JIJIsl BIIPOBADKEHHS Po3polieHnx kiacudikaTo-
PIB y CHCTeMaxX KOMIT IOTEPHOTO 30Dy.

IlepcnekTHBH  JOCHiTKeHHA MOXYTb OyTH
MOB’s13aHI 13 ONpAIFOBAaHHIM PI3HOMAHITTS MoJeJei
Juist (pOPMYBaHHSI CTUCHEHHUX OIHKCIB.
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Application of systems of orthogonal functions for formation of sign space in image classification methods
Volodymyr Gorokhovatskyi, Iryna Tvoroshenko, Yurii Chmutov

Abstract. The subject of the article's research is the improvement of structural methods of image classification in com-
puter vision systems. The goal is to reduce computational costs for classification by implementing a device for decomposing
image description components using a system of orthogonal functions and implementing feature space compression models.
Applied methods: ORB key point detector, set theory apparatus and vector spaces, metric models for determining relevance to
sets of multidimensional vectors, theory of orthogonal decomposition of vectors, elements of probability theory, software model-
ing. Obtained results: modifications of the image classification method based on the introduction of orthogonal data decomposi-
tion in vector space were developed, models were proposed for data compression in the transformed feature space, Tanimoto
metric was introduced for image comparison, a threshold selection method was established for determining equivalent descrip-
tion components. The effectiveness of the developed modifications of the classifier depends on the selection of a subset of func-
tions for decomposition, the metric for comparing descriptions, and the method of determining the equivalence threshold. The
implementation of the apparatus of orthogonal functions not only reduced computational costs tenfold, but also ensured suffi-
ciently high indicators of classification performance and interference resistance. The practical significance of the work is the
construction of new models of the image classifier in the transformed space of features, confirmation of the functionality, speed
and immunity of the proposed modifications on examples of images, the creation of a software application for the implementa-
tion of the developed classification methods in computer vision systems.

Keywords: computer vision; structural methods of image classification; ORB descriptor; orthogonal decomposition;
Walsh functions; processing speed; effectiveness of classification.
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I'. B. XaxaHoBa
XapkiBCbKHI HalliOHAJILHUHN YHIBEPCUTET PaJioeNeKTPOHIKH, XapKiB, Y KpaiHa
BEKTOPHHMI METO/I IOIIYKY MOCJITOBHOCTEH Y BEJIMKHUX JJAHUX

AHoTanisi. [IponoHy€eTECS TEXHOJIOTIYHE TIPOrpaMHe PIIICHHS VI METPHUYHOTO MOIIYKY Ta 1IeHTH(IKaNil JOTiKo-9aco-
BHX IaTepHiB 013HEC-TIOTOKY JAaHKX 33 PaXyHOK CTBOPEHHS JOJATKOBHX BEKTOPHUX CTPYKTYp JAHMX Ta MapajlelbHOro Me-
Toxy ix 006poOku. [IpenmeToM HocTiAKeHb € METOIH MONIYKY Ta iIeHTH(]IKaI{ IOriK0-4aCOBHX IAaTEPHIB Y BEJINKHX JTaHUX.
Merto10 € miBHUIIEHHS e()EeKTUBHOCTI MOIIYKY Ta PO3Ii3HABAHHS JIOTIKO-YaCOBHX IIATEPHIB, 10 CEMAaHTHYHO yTBOPIOIOTH
0i3HeC-(YHKIIOHAIFHOCT] Y 8-TOAMHHOMY YacoBOMY (peiiMi CKPIiHIIOTIB 31 «CMITTEBUMI» TaHUMH. 3aCTOCOBYBaHI Me-
TOJM: arapar Teopii MHOKHUH Ta OyJeBoi anreOpy, MeTpHYHI MaTpUIHI MO BU3HAUSHH TapaMeTpiB ISl MHOKUH JBil-
KOBHX BEKTOpIB, €JIEMEHTH Teopil HMOBIpHOCTEH, TEOpisl aJrOpPUTMIB, POrpaMHe MOJEINIOBAHHS, aHAJII3 BEIUKUX JAHUX.
Ompumani pe3ynomamu’ METOJ TIOIIYKY Ta PO3Ii3HABaHHS NAaTCPHIB HA OCHOBI BEKTOPHOT'O 3aBJIaHHA CHMBOJIBHHX MOCIIi-
JOBHOCTEH, AKi i1eHTH(IKYIOTh MaTepPHH y MOTOKAX BEIMKHX JaHMX, 0 BUKOPHUCTOBYE yHITapHE KOJYBaHHS iH(pOpMaIini-
HUX TIPUMITHBIB Ta JaHHUX; BEKTOPHI MOJIEN — CTPYKTYPH YHITAPHO-KOJIOBAHUX JAHUX IS OIHCY ITOTOKY BEIHKUX JTaHUX,
SIK JICKapTOBi JOOYTKH MHOXHHH MPUMITHBIB-StriNG-MapKepiB Ta MCKPETHOI MOCIi TOBHOCTI-peanisaiii 3a[aH0ro 4acoBoro
¢peiima. [IpakTHyHa 3HAYYIICTH POOOTH TOJISTae y pearizamnii BEKTOPHOTO METO/IY, IO T03BOJIIIIO CTBOPUTH HPOTpaMy
pO3Mi3HaBaHHS MATEPHIB Y MOTOLI BEIMKUX JaHUX 3 HMOBipHIicTIO 0,77%.

Kaw4yoBi caoBa: joriko-uacoBi marepHH, Oi3Hec-(YyHKIIOHATBHOCTI; YaCOBUH (peiiM; MOIIyK Ta igeHTH(iKamisl; MeT-

pHKa IepeTHHY-00'€IHAHHS; BepHU]IKaIlist KOITy.

1. IlocTaHoBKA MpoOIEeMH

HerepminoBanuii nngposuii komn'rorep (DC) 3aB-
KM Kparue 3a OyAb-sKy IMOBIpHICHY T€XHOJIOTi0, Oy b
TO: MalllMHHE HABYAHHS, HEYiTKa JIOTiKa, IITY4YHHH 1HTe-
JIEKT, HEHpOMEepeKi, eBOITIOLIHHI anroputMu. Bei Al-Te-
XHOJIOTIT MalOTh Ha METi JIOCSATTH Y CBOil JOCKOHAJIOCTI
a00 HaBYaHHI JETEPMiHI3MY KJIACHYHOIO KOMII'TOTHHTY.
MeTpHKOIO ISl IOCSATHEHHS TaKOi JOCKOHAJIOCTI € KpH-
TuHi napamerpu: Yield — sikicTb oO4mcItoBaua abo po3-
mizHaBanHsA Ta Time-to-Market — gac miig mocsrHEHHS
TaKoi sIKocTi. [HTepec mpeicTaBIisie CIIiBBIIHOLICHHST MiXk
Al 1 KJIaCHYHUM KOMIT'FOTHHTOM Yy METPHIIl TOYHOCTI
(sxocTi) po3B'si3anHs 3amavi Ta yacy Yield — Time-to-
Market cTBOpeHHS NPUAATHOIO IJIsi BUKOPUCTaHHS Ha
MPAKTHIIl OOYUCITIOBaYa, puc. 1.

1| Yield

Al
DC

0 Time

Puc. 1. Merpuute BigHOmeHHs MixK Al- Ta 1erepMiHOBAaHUM
komir'rorepom (Fig. 1. Metric relation between Al-
and deterministic computer)

Taxum unaOM, DC Xapaktepu3yeTbes SK iHTEIeK-
TyaneHa TBOpYicTh (human intelligence), ko moTpiOHO
iHTeNeKTyalbHe HANPY>KEHHS, 00 OTPUMATH TOYHHA
po3B’s30K, a Al — € pyTrHHE HaBYaHHS (routine training),
110 TIPHU3BE/Ie O KMOBIPHICHOTO HETOYHOTO PO3B’SI3KY 3a
TpHUBaNIUil gac. [HIIUMH cTIOBaMH, MITYYHUH 1HTEIEKT HE
BHMAarae IPHUPOJHOTO IHTENEKTY, a JAeTePMIHOBAHMIA
KOMI'TOTHHT OOOB'S3KOBO BHKOPHUCTOBYE BHCOKHHA pi-
BEHb IPUPOJHOTO IHTENEKTY. BHXOANTS, 110 Ie TyKTHBHI
METO/IH, SIKi MAIOTh allPiOPHY TOYHICTH JIOTTYHUX BUPA3iB
a00 aHANMITHYHNX (HOPMYI, € KPAIIUMHK JUIA iX IMILIeMe-
HTalii B MPAKTHKY, HDK IHIYKTHBHI METOAHW, IO

BUMaralmTh TPUBAJIOTO HaBYaHHS Ta BepHQikaiii s
BITPOBADKEHHS Y BUPOOHHYI TIPOLIECH. AJle 3aITUIIAETHCS
BEJIMKE II0Jie HEBH3HAUYEHHMX (HENOBHHX, HEUITKHX)
3HaHb MPO MPOIIEC YU SBUILE, JIe TAMYACOBUM BHXOJIOM
MOYKET CIIYKUTH HMOBipHiCHUIT Al-po3B’s130K 3a1ai.

2. AHaJi3 ocTaHHIX J0cCTigxKeHb 1 myOsikamii

MeTpr4HO BU3HAYHUTH HAJISKHICTH 3a/1a4i JI0 MoTe-
HIIHOTO JIETePMIiHI3MY 4M WMOBIPHICHOTO miaxomy ii
BUpilIeHHS — OyJI0, € 1 OyJje MOMEHTOM ICTUHH Yy TBOP-
4OCTI Ha moji emerging computing. Jleskum miaTeep-
[DKCHHSIM CKa3aHOTO € TPSH/I0BA KapTHHA TOIM-TEXHOJIO-
riit Big kommnawnii Gartner [1], npeicTaBieHa Ha puc. 2.

Top Trends Impacting 1&0 2021

@ Anywhere Core ol
Operations Modernization 1o

Optimal

Distributed (;8:)
Infrastructure

Cloud

Critical Skills I%
vs. Critical Roles

Puc. 2. Hanpsimku BIuuBY Mogeneii iHdpacTpykrypu
Ta onepariiii Ha 6i3Hec (Fig. 2. Directions of influence
of infrastructure and operations models on business)

=N Operational
\@/ Continuity

TyT HaromouryeTbcst Ha ONEpAIliifHY JIOKAIBHICTH
BUKOHAHHS 0i3HeC-(PyHKI[IOHAIBHOCTEH B ONTHMANbHIH
Kibep-¢hiznuHiil 1HPPaCTPYKTYypi CHIBpOOITHIKAMH, IO
MaloTh He poui (TMO3uMil), a KPUTHYHI 3HAHHS PO HOBI
TEXHOJIOT1i, BKIOYarOud XMapHi (eaepanbHi MOCITyTH
manmHHOro HaB4aHHA (Federative Machine Learning)
[2,3]. Bizyaumizatiis CTpyKTYpOBaHHX JaHUX, IO i€papxi-
YHO €BOJIOLIOHYIOTE, i3 YaCOM MEPETBOPIOETHCA Y MIPO-
omemy. IcHye kinmpKa migxomiB 1o 1i BupimeHHs [4]. Taki
METO/H, SIK aHIMOBaHi a0 3icTaBieHi AepeBonoiOHi Bi-
3yaJizamii, He 37aTHi 3a0e3MeYnTH XOPOIIHIA OIS Ya-
COBHX PSIB i HE MAIOTh BUPA3HOCTI B Mepenadi 3MiH y
yaci. Bxmazseni motokoBi rpadgu 3abe3nedyioTh Kparie
PO3yMiHHS €BOIIONIT JAHUX, aJic HE MAIOTh YiTKOT CXeMHU

© Xaxanosa . B., 2022
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iepapXiYyHUX CTPYKTYp Ha 3aJJaHOMY 4acoBoMy kpoui. Lli
X0 4acTO OOMEKYIOThCSI CTATUYHUMH 1€papXisMH
a00 BUKIIIOYAIOTH CKIIAJHI 1€papXiuHi 3MIHM JaHHX, 00-
MEXYIOUH BapiaHTH iX BHKOpUCTaHHs. [IpomoHoBaHMiA
METOJ JI03BOJISIE TUIABHO MEPEXOIUTH MiXK JIepeBOMOIi0-
HUMH KapTaMH Ta BKJIaJCHUMH rpadamMmu HOTOKIB, J03BO-
JITFOYH TOCTIDKYBATH KOMITPOMIC MiXK TTHAMIYHOIO T10-
BEJIHKOIO Ta i€papXivyHOI0 CTPYKTYporo. OCKUTBKH TeX-
HOJIOTisl 00pOOJIsE TOMOJIOTIUHI 3MIHM BCIX THIIB, BOHA
MJXOUTH JUISl IIMPOKOTO 3arajly ToAaTKiB. JleMoHCTpY-
€THCsl KOPUCHICTh METOTY Ha JEKUIBKOX IPHKJIIaiax, OLi-
HIOIOYH HOT0 32 JOIIOMOTOI0 TOCIIIDKSHHS KOPHCTYBava,
3 Ha/IAHHSIM [TOBHOT'O BHXITHOTO KOJIY.

VY nocmimxenHi [5] po3nizHaBaHHs 00pa3iB KOHTPO-
npHuX KapTok (CCPR) y 6inbmocTi monepeHix METOIiB
BHUKOPHCTOBYBABCS KITacH(iKaTOp JUIsl MO3HAYEHHS aHO-
manbHux KKT. OnHak J0BrocTpoKoBi 1aHi KOHTPOJIBHOT
KapTKH YaCTO MIiCTATh BEJIMKY KibKICTh HEBETMKHUX aHO-
MaJlbHUX TATepPHIiB 3 XapaKTePHCTHKAMHM, BiJIMiHHHMH
BiJI THX, 0 BUIHO IPH TTI00aTbHOMY ITePETJIsiIi BCiel Ka-
pTKH. IcHY€e TakoX BHCOKa HMOBIpHICTH TOTO, IO JIOKA-
JIbHI aHOMaJbHI TATEPHH 3aCIyTOBYIOTh Ha aHai3.
[IpencraBineHo HOBY CXeMy po3Mi3HaBaHHA 00pa3iB Oa-
raToMacimTadHuX KoHTposbHHX miarpam, MS-CCPR,
sika He (POKyCYEThCs Ha Kiacu(ikalii JaHuX 3 oHiel -
arpamu. HaTtoMicTb cxemMa BUKOPHCTOBYE ITPOIIOHOBAHE
IpeCTaBICHH JaHUX Ha OCHOBI ICTOrpaM Yy HO€HAHH1
31 3ICTaBJICHHSM IIiJ MOCTIOBHOCTSAMH YaCOBUX PSIiB
JUTSl BUSIBJICHHST aHOMAJIBHUX 3aKOHOMIPHOCTEH y Pi3HUX
Macmtabax 3 JOBIOro psmy KOHTPOJIBHUX KapT. Ekcre-
PUMEHTAJIbHI PEe3YJIbTaTH JEMOHCTPYIOTh €()EKTHBHICTh
3aIlPOINIOHOBAHOT CTPYKTYpH €(EKTHBHOMY BHSIBICHHI
rpagiuHUX NaTepHiB y pi3HUX MacliuTabax, rmepeBepiy-
I0YM CYYacHI aJTOPUTMH 3ICTaBJICHHS ITOCIIIOBHOCTEH
YaCOBHX PSIIIB.

Y po6oTi [6] po3risiHyTO IPOOIEMY pO3ITiZHABAHHS
o0pasiB nepewkos (JPR), konmu mesiki 00pa3u He MarOTh
HaB4YaIBHUX BUOIPOK. [CHYIOUl pOOOTH Y IIbOMY HaMpsMi
OIHUCYIOTh PO3Mi3HABAHHS JIUIIIE BIOMUX MOJIEIIEH mepe-
ILIKOJI 1 PO3IISAI0Th CUTYAIlI 13 HEBIJOMUMH MEPEIIKO-
JaMu. ABTOpH MpONoOHYyI0Th cxemy JPR Ha ocHOBI HaB-
YaHHS 3 HyJbOBUM moctpinom (ZSL). Ha mnepiomy
KpOILli BBOJWTHCA KOHTPOJBOBAHHWHM IPOLEC HABYAHHS
IUIsl BUBYEHHS YSABJICHHS IPHXOBAHMX O3HAK BiIOMHUX
abIoHiB nepeniko/. [1oTiM MpONoHY€eThCsS HEKOHTPO-
JBOBAHUN MiAXiJ 70 knacudikaiii st po3mi3HaBaHHS
pisHEX Mozenelt nepemkon. Haperri, sk Bigomi, i HEBi-
JIOMi MIa0JIOHU MEPEIIKO] KIACU(IKYIOThCS Yy TPOCTOPi
NPUXOBaHUX O3HAK. Pe3ynbTaTH MOIETIOBAaHHS IOKa3y-
[0Th, IO 3aIIPOIIOHOBaHA cXeMma 3abe3redye BiAMIHHY
MPOAYKTUBHICTD MiJ 4ac poOOTH 3 BIOKPUTHMHU 3a/a-
yamu JPR.

B ocranHi poku posmizHaBaHHS [7] Bupazy 00-
muuas (FER) mpuBepHYB BenHKy yBary depes Horo Im-
PpOKe 3acTocyBaHHA. Xo04a IIEBHOTO Nporpecy 0yo gocs-
THYTO 3aBJASKH IOSIBI TIIMOOKOTO HaBYaHHS, IMpolieMa,
MIOB's13aHa 31 3MiHOIO 1103, 3aJMINAETHCA. BinmbmIicTh Tpa-
JTUIIHHAX TMiaxoaiB 3ae0inbimoro BukoHyoTs FER y ma-
00paTOpHO-KOHTPOIHOBAaHOMY cepemoBuli, a FER y mu-
Kilf IPUPOI IPUALIAETHCS MO0 MeHIIol yBaru. s pe-
amizarii FER y nmukiii mpupoai MOXIMBHAM pIIIEHHSAM
Oyna 6 Mozep po3ni3HaBaHHS BHPA3iB, iHBapiaHTHA 10

03H, aJie JIsl Hel iCHye rmpobieMa HecTadl HaBYaJIbHUX
JaHuX. JlocTaTHI HaBYANbHI JaHi 3 HAJIHHUMH MiTKaMH
BupasiB 1 FER 3a3Buuait HenoctynHi. Ls craTrs npu-
CBsIYCHA BUPIIICHHIO ITPOOJIEMH MOJEIIOBAHHS Bapiaii
03K Ha 300pa’KeHHSAX OOJIMYYs Ta BUKOPHCTaHHS 3a-
HIyMJICHUX JIAaHUX B [HTepHETI IS MiABUIIEHHS TPOIYK-
tuBHOCTI FER. TIporoHoBaHa MoJenb pealti3yeThesl Ha-
CKpPI3HUM CITOCOOOM 31 CJTa0KUM KOHTPOJIEM 1 Ma€ HU3KY
nepesar. [1o-nepiire, BOHa BHKOPHCTOBY€E MacHBHi 3a1ly-
MJIEHI pO3MidYeHi JaHi MiABWIIEHHS IPOXYKTUBHOCTI
kiacugikaropa FER, HaBueHOT0 Ha HEBeMKOMY HabOpi
yrcTHX MiTOK. Ilo-zpyre, MpONOHYETHCS HOBa Mepeka
MO/JICITIOBaHHS 1103 JUIS aJallTUBHOTO (DiKCYBaHHS HEBil-
MOBIJTHOCTEH Y IPOCTOPI TIIMOOKHUX YSIBJIEHb 300paskeHb
00JINYYs 32 Pi3HUX 1103 TOJIOBH. 3aIPOIIOHOBAHA MOJIEb
JIO3BOJISIE BUBYMTH YSIBJIICHHS iIHBapiaHTHHX JIO [TO3U BHU-
pasiB. st BUKOpHCTaHHS HadilHoI iH(opMarii B 3amrym-
JIEHUX JaHuX C(hOpPMYJIbOBaHA MEpeXa MOJEITIOBAHHS
HIyMYy, sIKa 3/laTHa BUBYATH BiT0Opa)KeHHs IPOCTOPY 03-
HaK 3aJIUIIKU MK YACTUMH MITKaMH 1 3aIIyMJIEHUMH Mi-
TKaMU. 3ampOoIOHOBAHMNA MiAXij MepeBipeHo Ha 4-X 3a-
ranmpHONOCTYHNX TecTax FER: AffectNet, RAF-DB,
SFEW T1a BU-3DFE. Benuki excriepuMeHTH [1OKa3yIOTh,
1110 3aIPONIOHOBAaHHUI METO]| Kpallnii 3a HIII cydacHi Me-
tonu. [HOAI po3mi3HaBaY CMITTEBUX JAHUX €()CKTHBHIIIIC
Mpaltoe, HiX po3mizHaBad (QyHKIIOHAJIBHOTO PSY.

IIporuo3 ¢iHaHCOBMX YacoBUX PsiB [8] € OCHOB-
HUM 00'€KTOM BHBYEHHS Y Taity3i (iHAaHCOBOi €KOHOMET-
puxku. Ha mepmomy ertami BHKOHYETBCS BiJJIICHHS
Oy/b-SIKMX CHCTEMATHYHHMX Bapialliii LuX psaiB Big iX
BUMAIKOBUX pyXiB. CUCTEMATU4H] 3MIHH MOXYTb OyTH
BUKJIMKaH] TPEHJaMH, CE30HHUMH Ta LUKJIIYHUMH KOJIHU-
BaHHsIMU. EKOHOMETpUYHI MOJIejl BKJIIOYAIOTh Pi3HI pi-
BHI CKJIQZIHOCTI sl iMiTallii pi3HOMaHITHUX 3aKOHOMIp-
HocTel. IIpore ajropuT™MH MAalIMHHOIO HaBYaHHS MO-
JKHa BUKOPHCTOBYBATH MPOTHO3yBaHHS HENIHIMHUX 4a-
COBUX DAIIB, OCKIJIBKH MOXYTh HAaBYATHCS 1 pPO3BHBa-
THCS pa3oM i3 (iHaHcoBUMH prHKamu. HaiiOunbin cTaH-
JApTHUM EKOHOMETPUYHHM IIiJIXOJOM 1O IPOTHO3Y-
BaHHsI TeHACHIIN (hIHAHCOBHUX YaCOBHUX JIaB € METOJI0JIO-
rist bokca Ta [Ixxenkinca (1970). PosrnsHyTuit miaxin 3a-
CHOBAHMI Ha BU3HAYEHHI BiAMOBIIHMX CUCTEMATAYHHUX
Bapialliif 4acoBoro psuy (TpeHi, Ce30HHI a00 HUKIIYHI
edexTn).

3. IlocTaHOBKA 3aBJAAHHSA

Mera MOCHIIKEHHS — MiIBUIIECHHS €(EKTHBHOCTI
MOIIYKY Ta PO3IMi3HABaHHS JIOTIKO-9AaCOBHX IATEpHiB,
10 CEMaHTHYHO YTBOPIOIOTH 0i3HEC-(PYHKIIIOHATBHOCTI
y 8-roIMHHOMY YacOBOMY (pperiMi CKPIHIIIOTIB 31 CMITTE-
BUMH JJAHHMH.

IMouarkoBi maui: daitmu GizHec-moTokiB y 8-ro-
JIMHHOMY YaCcOBOMY KaJIpi, 110 MICTATh naTepHu Gopmy-
BaHHS Oi3Hec-(PyHKIIOHAFHOCTEH, a TaKOXX 1HTEPBAIH
yacy s popmyBaHHs Oi3HeC-(QyHKIIOHATEHOCTEH. 3HA-
YUMICTh JAHWX BU3HAYA€THCA YACOBUM IHTEPBAJIOM, a
TaKOXX BPYYHY NPH3HAYCHUMH KOMITOHEHTaMH, SIKi MO-
JKYTb MaTH HE3HAYHUH Yac BUKOHAHHSI.

3anaui:

1) dbopmyBaHHS Momedi — CTPYKTYp OaHHX IS
OTIMCY TTOTOKY HEBU3HAYEHUX MHOHH TTATEPHIB, CYKyTI-
HICTH (pparMeHTiB, sIKi MAIOTh 1AEHTH(IKATOPH TOYATKY
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Ta KiHIsl. baraTo maTepHiB Mae B KiHIIi KOKHOTO (hparme-
HTa UQPOBUI ineHTHDIKATOD;

2) po3pobka yHITapHO KOJOBaHOI MAaTPUYHOI MO-
JIelti SIK IeKapTOBOTO TOOYTKY MHO>KUHH ITPUMITHBIB-CH-
MBOJTiB Ta set-BEKTOpa JUCKPETHOT ITOCIi JOBHOCTI-peati-
3aIlii 3aJ]aHOTO YacoBoro Oi3Hec (permy;

3) cuHTe3 JOTIKM ANTOPUTMIB JUIsl TIOUIYKY, ileH-
Tudikamii Ta Kracudikanii narepHiB-MHOXKHMH. Bu3Ha-
YEeHHS! PUHHATHOTO (OpPMaTy BUXITHUX JAHHX Ta CY-
TIPOBI/IHOI CTATUCTHKHY,

4) Bepuikamis 3HAWICHOI CYKYIMHOCTI MAaTepHiB
Ha OCHOBI METPUKH IIEPETHHY-00'€THAHHS;

5) TectyBaHHs Ta BepHiKallis mporpamu, oGpopm-
JICHHS KOy aJTOPUTMY Ta OIHCY CTPYKTYp AaHUX.

4. OcHOBHUIT MaTepiaJ J0CTiTKeHHS

4.1. Po3po6xa Monei 1Jis MOMYKY Ta ixeHTndgi-
Kamii 0i3Hec-maTepHiB. Mojemnb 111 CHHTE3Y JIOTiKH aJl-
TOPUTMY MOLIYKY Ta ieHTrdiKallii € BUXiaHO0 abo nep-
BiCHOIO MaTpHIieto, (POPMAaTOBAHOIO B METPUIII TapaMeT-
piB <string-primitives — business-flow>, mo npezacras-
JIEHO Ha puc. 3.

— B8

-

1 1

Puc. 3. Marpurs y MeTpuil napaMeTpiB
(Fig. 3. The matrix in the parameter metric)
<string-primitives — business-flow>

TyT xoXeH CTOBIELb Ma€e JHUIIE OJHY OAWHHUIIIO,
OCKIJTBKH CKPIHIIOT He MOKe (He TIOBUHEH) MICTUTH JBa
aKTHBHI BiKHa pi3HUX (YHKI[IOHABHOCTEH. Psiku Mic-
TATH KIHLEBY KUIBKICTh OJJMHUIIb, SIKi (DOPMYIOTh Y4aCTh
MIPUMITHBY B OZIHOMY 200 JIEKIIbKOX MaTepHaX B paMKaXx
3aJJaHOT0 YacoBoro ¢gpeiimy (8 roaun). Sk nmpasuio, mo-
CIIIJIOBHICTh CYCIJIHIX CTOBIIIIB-BEKTOPIB, L0 MAalOTh
OJIMHHITI, CKIIaal0Th ATEPH CBOIMH JIITEPHUMH (CTPHH-
roBuMH) ifeHTudikaTopamu. TpuBajicTh OHOTO HaTe-
PHY PETYJIIOETECS YaCOBUM IHTEPBAJIOM, SIKUIl Ma€ IEBHY
CTaTUCTUKY 00poOku nanux. Came 4acoBuil iHTEpBal
BUKOHaHHS Oi3Hec-(QyHKI[IOHANBHOCTI € BepudikaTo-
POM-pO3/ILITIOBAYEM OHOTO MATEPHY BiJl 1HILIOTO, SIKIIO B
HUX BHKOPUCTOBYIOTHCSI OJIHAKOBI MHOXKWHHM String-iie-
HTH}IKATOPIB. 1110 OEPYyTh Y4ACTh Y POpMyBaHHI Oi3Hec-
(GYHKIIOHABHOCTEHA.

[pukiamoM-pe3yibTaToM BUKOHAHHSI i€l mpoiie-
nmypu € Ta6i. 1. Tyt 00'eqHaHHS M IMHOXXHH-TIPUMITHBIB
BUJIUJIEHI PI3HUMH KOJBOPAMH, JI€ TIEPETHHN YTBOPEHUX
I IMHOKHAH TIO TPyIaxX PSAAKiB i CTOBMINB (3HAMICHI €K-
BiBaJIGHTHI TPYTIH, 10 CTAHOBIIATH MATEPHH, Ta0I. 2) 10-
PIBHIOIOTH MTOPOXHIN MHOXUHI, a X 00'€eTHaHHS CTaHO-
BUTH Oi3HEC-TIOTIK:

3HaliTH KOPETAIit0 MK TIPUMITHBAMH, III0 CTAaHOB-
JSITh TATepH, IULIXOM 3aCTOCYBAaHHS AITOPUTMIB Kiac-
{Tepu3, Uik }-armii € cyTHICTIO 3aBIaHHs. 171 ITi ABUTIICH-

Hs TIPOIYKTUBHICTI HaBYaHHS MOXXHA BUKOPHCTOBYBATH
PO3MOAIIEHY CTPYKTYPY, IIPEACTABICHY Ha pHC. 4.

Tabnuysa 1 — Ipukiaaaq BUKOHAHHS NPOLEAyPH

W Patterns

1 2 30 F45 157 6N i7a 8 9 10 11 12

(A N

B | 1

[c | 1

[D | 1

I — 1

i i— 1
G | 1
[H | 1
(K| 1
1
(M| 1
[N ___ | 1
Tabnuysa 2 — BuaineHHs naTepHiB
W Patterns

1 2 3 F43 ESH ke EZ B 9 10 11 12

(A |
(B |
c |
(D |
(E |
EF—1
G
[H |
(K|
WE

i Aggregating H ML-Testing |

o L ¥

= Cloud Pattern Recognition Computing |

(]
A
>
]
o
o
Q
-
@
—
()
©
)
(58

Cyberspace

Puc. 4. MacoBe mammnaHe HaB4yaHHt FML
(Fig. 4. FML massive machine learning)

Jani HeoOXiiHO (GOpMyBATH KBAPATHUHY MATPHIIIO
YaCTOTHOI B3a€MOJIii OyKB-IpUMITHBIB (Tpad 4acToTHOC-
Teii epexo/1iB Ha OyKBax) 3 METOI0 BU3HAYCHHS KOPEJISIIT
MIDK HUMH Ta BUJUICHHS MiIMHOKUHU OYKB, BIAMOBITHUX
naTepHam. TyT BUPINIYETHCS 3aJada CKBiBAICHTYBAHHS
MIIMHOXKHH, SIKi TIOBUHHI TIEPETUHATHCS, alie CTAHOBUTH
MIOBHY MHOXKHHY JiTep (maTepHiB) 3a il 00'eqnanHi. Oxpe-
MHUii BUIAIOK B3aEMOJIii TATepHIB Ha JliarpamMax Ta B Kap-
tax Kapno (O. JIpo3 ) mokaszanmuii Ha puc. 5.

Po3rispaeTbes MOCHiOBHICTE (PparMeHTIB-IIPHMi-
THBIB

G; = ID; (F, Foo - Fjoeo Fy )
3 ogHUM IH(ppoBuM ID-Kir04g0M, JIe KOXKeH (pparMeHT cH-

MBOJIB-JIITEP — PSIZIOK Ma€ BUPaXKEHi TIOYATOK 1 KiHEIlb!

K :(start,al,az,...aj,...am,end—IDi).
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AN

Tabnuys 3 — @opmMyBaHHA PAIKIB

2
B2
[5%]]
[}
(%)
3¢}
9%}
—|
3%}
©a

(]
[¥%1]
()

LS

-1
(1]
LS

-
(]
W

3

Puc. 5. B3aemonis marepsiB ID-niocimigoBHOCTI,
wo misirae noxainy (Fig. 5. Interaction
of ID-sequence patterns to be separated)

CyKynHICTb 13 N OCTIOBHOCTEH JIii CTBOpIOE Oi3-
HEC-TIOTIK, 8 TOMHH:

G :(Gl7G2""Gi7"‘Gn)'

3HaiTH (HYHKIIIOHAJIBHO MOMIOHI MTOCIIJOBHOCTI Ta
o0'eqHaTy iX B OMH KJac 03Ha4yae moOyayBaTH set-Mo-
Jenb Oi3Hec-Tpolecy, sKa HaOYHille 1 MpOCTille NpH
anamizi. Chopmysatu K pisHEX KiaciB GyHKI[IOHATBEHO-
cteit Ha oroui G. Bukonatu Bepudikaiiro K sHaigeHIx
KJIAC1B €KBIBaJEHTHHUX IIOCJIIJOBHOCTEN MIii.

Cnig maM'aTaTH, 10 €KBIBaJEHTHI ITOCHITOBHOCTI
MOXXYTh BIAPI3HATHCA APYT BiX Apyra 3a moaibHicTio 90
BiJCOTKIB 1 MEHIIIE.

ExBiBaneHTyBaHHs — IpOLEC MOLIYKY Ta iAeHTUudi-
Kalii CykymHOCTi (MiJMHOXXHHHU) TIOCIIZOBHOCTEH [iii
(mocnimoBHOCTEW PYHKIIOHANBHHUX (hparMeHTiB) Oi3Hec-
npolecy, 0 MalOTh METPUYHO OJIHAKOBI BIACTHBOCTI
(pedieKCUBHICTh, CUMETPHYHICTh 1 TPaH3UTUBHICTB).
Set-BekTOp — MO3HAYEHHS CYKYITHOCTI (MHOXHHH) KOM-
MOHEHTIB Y (OpMi BHOPSIIKOBAHOI MOCIIIOBHOCTI CUM-
BOJIIB UM 4ncel. bynp-sika MHOXHMHA (TTIIMHOXXHHA) €K-
BIBJICHTHO IO BiJHOIIECHHIO 10 HAJEXHOCTI CBOIX €Jje-
MeHTIB. [[Bi MMIMHOKHHN €KBIBaJIEHTHI, SIKIIO BOHH Ma-
I0Th OJIHAKOBI elleMeHTH. Y MatpuuHii dopmi nigamMHO-
JKMHA TpPEJCTaBJIeHA KBAJPaTOM EJIEMEHTIB JiaroHali.
HoBa mMeTpuka: BiIHOIIEHHS MK KIHIIEBUM YHCIIOM 00'-
€KTIB € €KBIBaJICHTHUM, SIKIIIO HUKJIIYHA CyMa BiJICTaHEH
MIX HUMH JIOPIBHIOE HYIIIO!

@ d; =
i=L,n

CuubHa 3B'3HICTh Ipada € CyKyIMHICTh BEpILIHH 3
BiJICYTHICTIO 3B'SI3KiB, KPiM BIIHOILIIEHHSI BJIaCHOCTI. Ma-
TPULSI MHOKHHH € IBOBUMIPHOIO CTPYKTYPOIO, KOOPIHU-
HaTH SKOi YCIOY BH3HAYCHI OANHUIISIMH

4.2. AIrOopuTM CHHTE3Y MOJei:

1. Buxigni gaHi: TEKCT-BEKTOPH, IO MAIOTH ITOYa-
TOK-1 KiHEIlb-1IeHTU(IKATOPH, 1[0 MEPETBOPIOIOTHCS HA
YHCcla-JIiTepH set-BeKTopa:

S =(Sl,82,...8i,...8n).

2. ®opMyBaHHS PAIKIB st OiHapHOT MaTpuIl Set-
BEKTOpiB Ha METPHUIl YHIKAIFHUX YHCEN 32 TPaBIIIOM:
Mij (Sj) = 1. B pesynbrati Oyme chopmMoBaHo M psiakiB
MaTpHIli, IO JOPIBHIOE KIIBKOCTI IOCIIJOBHOCTEH miif
abo set-BeKTOpiB. UNCIIO CTOBIIIIB TOPIBHIOE KLTBKOCTI
YHIKQTBHUX KBAJIPATUKIB-TITEP-IH(P y BEKTOP-YHIBEP-
cymi U: if Symbol ¢ U then p=p + 1. Ocraunuim Oyzne
p-iHAEKC, MO0 JOPIBHIOE MOTYKHOCTI YHIKAJIBHUX KBaI-
paTHKiB y BCiX ITOCIIIOBHOCTSIX 1 (Tabu. 3).

6= [alslc|olelrF k[t|nm]p [T ]
S1=ABC U= 18 20 | 3 | 3l 6 7| el [Fol Faol Pt B12
S2=ABC ST 11
S3=DEF sz [ i e
S4=KIN |m) s3 i | ae [ @
S5=ABC s4 f st |k
S6=MPT S5 4114
S7=KLN s6 10 L iy
S8=DEF s7 |k [t

s8 | [

ITepeBnopsinikyBaHHs PAIKIB-ITOCII JOBHOCTEH

JIBIIIKOBOT MaTpHIli IPU3BOIUTH 3aBXK/IH JI0 JliarOHATBHOT
CTPYKTYPH OAHOPITHHUX (YHKIIIOHAJIBHOCTEH, sIKa TOoKa-
3y€ 00CST KOKHOTO BUIY JisUTBHOCTI OIepaTopa B pam-
Kax 8-TOJMHHOTO YacoBoro (peiimMy (Tadm. 4).

Tabnuys 4 — IlepeBnopsiAKYBaHHS PSAKIB

6= [alslclolelr kL NIM P [T |
Uu= 1 2

331 IF4- 55 8 6N B78 ESH BOS 10N 178 12

S1
S2
S5
S3 il | Bl | Al

S8 ik | Al | st

S4 ik | ko] sl

S7 T8 1 T

S6 1 1 1

(RS =
(R

il
1
1,

[uy
[y

[Tpu 1pOMy YiTKO BUIHO, IO NMEPETHH JiarOHalb-
HUX MiJIMaTPHULIb, 10 CTBOPIOIOTH EKBIBAIICHTHI ITOCIII10-
BHOCTI JIili, TOpIBHIOE TIOPOXKHIM MHOXUHI, a iX 00'ex-
HaHHsI — CYKYITHOMY Gi3Hec-Iporiecy.

3. BukoHyeThest KBaapaTHUHe MapaieabHe XOr-mo-
PIBHSIHHS BCIX PSJIKIB MaTpHIII MiXK co0010 [uisi popmy-
BaHHsI OI[IHOK ITOJIIOHOCTI, 3BE/ICHHX Yy BiJIITOBIIHY KBa/l-
PaTHYHY MATPHIIO

S(si.8j)=>1 [s A sj/z_l(sl_vlns)

PO3MIpHICTD SKOI JOPIBHIOE MOTYKHOCTI ITOCIiOBHOC-
Tel niit y 6i3Hec-IoTOKY (TalI. 5).

Tabruys 5 — Pe3yabrar XOr-nopiBHsIHHSI

MEEEEIEBEI

s1 1,0
S2 1,0 1
S3 il 1,0
sS4 1 1,0
S5 1,0 1
S6 il
s7 1,0 1
S8 1,0 1
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4. ExBiBasieHTyBaHHS ITOCIIIOBHOCTEH [Iii (set-Be-
KTOpiB) 3a KJlacaMH, 10 BU3HAYAIOTHCS] MAKCUMAIIbHUMH
OIIIHKaMH IXHBOI MoAi0OHOCTI. bepeThcst mepmmii psiIok,
B SIKOMY BHOMPArOTHCS BC1 KOOpJIMHATH piBHI 1 (abo ne-
SIKOMY MaKCHMaJIbHOMY 3Ha4YeHHIO), 5K 11eHTU(DIKYIOTh
eKBIBAJICHTHUH KJIAC ITOCIIiIOBHOCTEH-CTOBMIIB. [ToTiM
yCi CTOBIIIII Ta PSAKH, IO BiIIIOBIIAIOTh CKBIBAJICHTHUM
MTOCIiOBHOCTAM it (S1, Sz, Ss), 00HYIAIOTECS. MOKHA
TaKOX BUKPECIIIOBATH 1X, 3SMEHIIYIOYH PO3MIPHICTh MaT-
pHIIi Ha KOXKHOMY KPOIIi, 1[0 TT0Ka3aHo Ha Tabi. 6, 7.

Tabnuys 6 — ExBiBanieHTyBaHHS Set-BeKTOpPiB
3a KJacamHu (I104aTOK npouecy)

| sim [s1 |2 |53 [sa [ss s |s7 s8]
1

S1 1,0 1,0

S2 ihlo) | il

S3 1 1,0
sS4 1 1,0

S5 1,0 1

S6 1

S7 1,0 1

S8 1,0 1

Tabnuysa 7 — EXBiBaleHTYBaHHS set-BeKTOpPiB
3a KJacamu (iACyMOK)

ENENEIEREN
S3 1 1,0
sS4 1 1,0
S6 1
S7 1,0 1
S8 1,0 1

Kopa nuist momyky eKBiBaJIGHTHHX KIIACiB MOCIIIOB-
HOCTEH Iii Ma€ TaKUil BUTIISAL:

Mijj;i, j++if My =10thenk ++ Ek = J;
M; —delete; M ; —delete.

5. Jlami po3riisiaeThes 4eproBuid psaoK (micist BU-
JIAJICHHS PSKIB 1 CTOBIILIB 3aBXK/IM PO3TIISIA€ThCS TIep-
LW PAIOK 1 epIlia KOOpAWHATa B HOMY), 1€ € 3HadyIIIa
KOOpAMHATA, IO JOPiBHIOE 1. AJTOPHUTM TPUBAE 10 TTOB-
HOTO OOHYJEHHS (BHKpPECIECHHS) BCiX KOOPAWHAT, SKE
CBITYUTH MPO MOOYHOBY BCiX KJIACiB €KBIBAJICHTHUX II0-
ciiioBHOCTEN il (Tabi. 8).

Tabnuys 8 — Pe3yabTar ajaropurmy

ENEIER EX
1

S4 1,0 S6 il
S6 1
S7 1,0 1

6. OTxe, HAMITPOCTIIINI ANrOPUTM BUKPECIICHHS Psi-
JIKiB Ta CTOBIIIIB 32 CyTTEBUMH KOOPIMHATAMH JA€ MOXK-
JIUBICTH PO3OUTH MATPHIIIO Ha KIIACH €KBIBAJICHTHOCTEH:

E ={{Ss, Sz, S5}, {Ss, Ss},{S4 S7}, {Se}}-

ExBiBaneHTyBaHHS MOYKHA IIPOBOJUTH 1 110 TIEPIIIii
JBIMKOBIM MaTpHI MOCIIJOBHOCTEH iif, aje JUIIe B
TOMY BHIIQ/IKy, KOJM KPUTEpIEM €KBIBAICHTHOCTI Oyne
TIOBHHMIA 30IT Mapy MOCIIAOBHOCTEH JIiif 110 BCiX KOOP/IH-
HaTax. B iHImoMy BumanKy HeOOXilHO 3a/1aBaTH HHYKHIO
MeXy noAioHoCTI (Hanpukia, >0,8), BIIHOCHO SIKOT citi
BBaKaTH IIOCJIJOBHOCTI [ii, 1[0 HaJIeXKaTh O OJHOIO
KJIaCy CKBIBAJICHTHOCTI.

7. Bepudikamist OTpEMaHOTO pe3yNbTaTy IUIIXOM
BUKOHAHHS TPOLEAYp NEpPETUHY INap eKBiBaJEHTHUX
KJIaciB, sike Ma€e OyTH MOPOKHBOK MHOXUHOI0. O0'e1-
HaHHS KJIaCiB Ma€ JOPIBHIOBATH 0i3HEC-TIOTOKY.

4.3. lleperBopennst crpykrypu I'CA Ha MHO-
JKHHY eJeMeHTiB-(QyHKI.

3anava. IlepetBoput ctpykrtypy I'CA Ha MHO-
JKUHY €JIeMEHTIB-(PYHKIIH, 0 MiIsraloTh BAKOHAHHIO,
iHBapiaHTHOMY 110 TopsnKy. Lle o3Havae — mokputH cy-
KYyITHICTh €JIEMEHTIB aKTUBHOCTI OlepaTopa Ta BH3Ha-
YUTH CXOXICTh — BIAMIHHICTH KOXKHOI ITOCJIIJOBHOCTI
¥, 110 HAJISKUTH 0 KiIacu(ikoBAaHOTO BUIY (DYHKIIO-
HaJIbHOCTI. [HaKIIe, BU3HAYUTH 3arajbHe sIpo Ta Aude-
PEHIIIATOPH 15 KOXKHOT TIOCITIIOBHOCTI JTiHl y BUTJISI Ii-
JMHOXKHHH JIiTep yHiBepcyMy. Takux xiaciB Moxe OyTH
KiHI[eBa MHOXKMHA. 3aMiHa CTPYKTYpH MHOXXHHOIO O3Ha-
Yae yCyHEHHs ICTOTHHX JeTajedl MOJeli Hpolecy 4u
seuia. OQHAK IJIS BUPINICHHS BEJNMKOI KIJIBKOCTI 3a-
BIaHb KOMII'FOTUHTY CTPYKTYPHI OCOOIMBOCTI CTBOPIO-
I0Th OOYHMCITIOBAJIBHY CKJIQJHICTh aJrOpuTMy 0€3 SIBHUX
1 BUAUMHUX IepeBar y KiHIIEBOMY pe3yJbTaTi. [Hmmmu
CJIOBAaMH, SIKILIO € MOXKIIMBICTb PO3B’3aTH 3a/1a4y ITPUMi-
TUBHOT Oe3aapecHOi (0e3cTpyKTYpHOI) JIOTIKM KBaHTO-
BOro 004MCITIOBaya (Teopii MHOXKHH), TO aJTOPUTMH Tie-
PETBOPIOIOTHCS HA KiJIbKa PSIIIKIB KOLY, CYTh SIKUX — T10-
€IHaHHA HEIlyCTUX Pe3yJbTaTiB MepPeTHHY BX1THOTO Ha-
0opy 3 psikamu peryssipHoi (YHITapHOi) Tabiui iCTHH-
HOCTI, 110 B alreOpi JIOT1KK I3 TOHKIisI HECYTIEpeINBUX
KOH'IOHKIIH. 1le € nuisix 10 CHnpolieHHsS CTPYKTYPHO
CKJIQJIHUX aJITOPUTMIB, [II0 MAfOTh 0araTo yMoOB Ta Iapa-
JeTbHUX MUISIXIB I OTPUMAaHHS pe3yJIbTarTy.

[lizcTaBa 1 BUKOHAHHS 3aBHAHHS: TEOPETHUKO-
MHO>KHHHE ITOJJaHHS SIK 3aBTOJJHO CKJIaJHO{ CTPYKTYpHOI
Mojeni Oi3Hec-Tpolecy, sika € He TUTbKH KOMITAKTHORO,
aJe 1 O1JIbII 3pO3YMLIOK0 1 JOCTYITHOO JUTS KOPUCTYBaua,
puc. 6.

GEO P
800 b 4
CHH

Flow chart

s

Transforming

Set chart —Class 1

\ | ( v )
Pos e Moo M oper MMy

Set pattern 1
Gryadka 1

Set pattern 2
Gryadka 2

Set pattern 3
Gryadka 3

Puc. 6. TpancdopmyBaHHsI CTPYKTYpH Y MHOXUHY
(Fig. 6. Transforming the structure into a set

3BHuaiiHO, (Gopma 300paXKeHHsS KJIAciB IMOCIHIiIOB-
HOCTEH [iif Ma€ 3HaYCHHS JUII KOPHCTYBada 3 IOTIISLY
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Bi3yasizamii Ta 3pyYHOCTI CIPUHAHATTS iH(OpMaii mpo
3MicT Oi3Hec-Tporecy. OaH 3 MOXIIMBHUX BapiaHTIB 30-
OpaskeHHs ABOX KJIAciB IMaTepHiB-IIOCIHIOBHOCTEI HaBe-
JIeHUuH Ha puc. 7

DDI Set structure of Classes D:Ij
A ]8[c] [x[v[z]
stuloon Doojeis
Puc. 7. Set-cTpykTypu IBOX KIIaciB MOCHITOBHOCTEH il
(Fig. 7. Set structures of two classes of action sequences)

K [L M R [T U]

Buxinna indopmariist pecTaBicHa Y BUTISAL Ti-
nok flow chart, siki CTBOPIOIOTH OCITIZIOBHOCTI [T (T1a-
TEpHU) SK BIAOMTKM BUKOHAaHHS (PyHKI[IOHATBHOCTEH
omepaTopaMu. Set-MOEIb MOCIIIOBHOCTI MPEICTaBIs-
€ThCSI Y BUDJISAI MIIMHOXHAHHU YHIKQJIBHUX CUMBOJIB, 1H-
BapiaHTHUX JI0 TOBTOPEHB Ta MOPSAKY NpsMyBaHHs. Lle
JIa€ MOKJIUBICTh 3HAYHO CIIPOCTUTH MOJEIH Oi3HEC-TIPO-
LeCy IS TOAIBIIOTO aHaJIi3y. Set-moCii0BHICTS € 1J1e-
aJBHOIO ()OPMOIO BH3HAYCHHS KIHIIEBOTO YHCJIA KJIACiB
(YHKITIOHAIEHOCTEH, 1 HaBITh [T 11eHTHdiKaNii BiAMIH-
HOCTEH MK OCITIIOBHOCTAMM OJTHOTO Kjacy. Takum uu-
HOM, MOCHIIOBHICTh Gij, SK IpUMITHB-TIaTepH Oi3HEC-
Ipollecy Ma€ Takui opmar:

G ={S;.D;},

ne Si— s/Ipo Kiacy MociJIOBHOCTEH /iH, sIKe € 3arajlbHUM

aTprOyTOM, CKJIaJICHUM 13 OYKB-TIpUMITHBIB, Dj — nude-
PEHILIIATOPH TOCIiIOBHOCTEH, SIKI CTBOPIOIOTH PI3HUIIIO
MIX TOCJIIOBHOCTSIMU OJIHOTO Kiiacy. TaOmuist cTpyk-
TypH TIOCIIIIOBHOCTEH [Iiif 3 JOMOBHEHHSIMHU Ma€ BUIJIS]
BHUpPaXCHUX MOiOHOCTEH Ta BiamiHHOCTE#H (Tabm. 9).

Tabnuys 9 — Tabauust CTPYKTYPH NMOCTiT0BHOCTEI /il

2¢ 51 B (ES1 B 50 S B0 BT T TN Fa2 0 BT G EXS 8 19 20
01 1

S2 31 1

S5 ald i 1

S3 T RS N1 1

S8 3 E1 BT 1

s4 1 ) 3

S7 2 B Y 1

S6 1 i A 1

S1

R e

Aunroput™ Kinacudikanii MiCTUTh TaKi ITyHKTH:

1) Bubip 4eproBoi MOCIIAOBHOCTI Iiii A5 ii TIepe-
THHY 3 PEIUTOIO0 1HIIMX 3 METOI0 BU3HAUYCHHS HEITyCTOTO
MIEPETHHY, SIKE CTBOPIOE SIPO KiIacy;

2) (opmyBaHHS PI3HHII MiK TOCIiJOBHOCTSIMH
OJTHOTO KJIaCy IULIXOM BHKOHAHHS ollepawii CHMeTpuy-
HOT pi3HUIII.

3) IHKpeMeHT HOMepa YeproBoi IMOCIIiIOBHOCTI Ha
MHO>XHHI, 110 3aJIMLINIIACS, 3 METOIO TOBTOPSHHS ITyHK-
TiB 1 1 2 anropuT™My [UIs BH3HAYCHHS YEPTrOBOTO KIIACY.
AJITOPUTM TPUBAE JI0 TOTO Yacy, IIOKH iCHYIOTb LIe 10C-
JJOBHOCTI, HE BKJIFOUEHI B )KOJTHOTO KJIacy.

AJTOPUTM TIO CYTi MICTUTH JIBI TIPOIIEYPH:

1) xmacudikamis BCIX PAAKIB-TIOCITITOBHOCTEN
IUISIXOM TIONIYKY MAaKCHMaJbHOI MOMIOHOCTI (3 HEXK-
HBOIO Mexero >0,8) MiXx psaKaMy TaOIUIl iICTHHHOCTI,

2) BU3HAYCHHSA BiIMiHHOCTEW-IU(epeHIiaToPiB
MK psSAKaMH KOJKHOTO KJIacy HIISIXOM BUKOHAHHS XOr-
orepariiid Mi>k TOCiIOBHOCTSIMHA JiH.

Bxinni nani. Buxigauii ¢aitn MiCTHTE PSITKH, IO
CTaHOBIISTH ITIOCIIIOBHOCTI i, 0OMeXeHI MapKepamu
(st, en). KinbkicTh TaKUX MOCIIOBHOCTEH CTBOPIOE PO-
0ounii JeHb OJJTHOTO OTepaTopa, y pasi HAeThCs PO JBOX
orepatopax, Jie MepuInii mpeCTaBIeHUH 1BOMa THSMH,
a Ipyruil — ogHUM. Psiiku Mixk Mapkepam# en i st irHo-
pytotbes. dopmar HaHUX psAKa MpeicTaBlIeHUH iHTeT-
paJIbHO 1 PO3INEHO M'SIThMa MOJSIMU-aTPUOyTaMH, SIKi y
CYKYITHOCTI CTBOPIOIOTH KOPTEXK, KU Mae OyTH iICHTH-
(ikoBanuit cumMBoIIOM (1T (POIO) YHIBEPCYMY JITED, SKI
HEOoOXIi/THO 1 TOCUTH POPMYIOTh 3aJaHHId Oi3HEC-TIPOILIEC.
CtpykTypa BekTOpy imeHTHdiKaTOpiB Oi3Hec-mporecy
Ma€ TaKui BUTIISIL

P = (12342318) (14567331) (1234445635)
(123455334667) (12343234555).

[Tpu upomy yniBepcyMm npumitusiB U=(12345678)
NpPE/ICTABICHUIH BEKTOP-MHOXHUHOIO YHIKaJIbHHX HOMe-
piB, SIKMM CTaBJISATHCS Y BiANOBIMHICTH CTPIHTH-IETIIHN-
HkU. [IpUMITHBU CTBOPIOIOTH BEKTOp ifeHTH(]IKAaTOpIB
Oi3Hec-mpoliecy.

AJITOPUTM CTBOPEHHSI YHiBepCyMY IMPHUMiTHBIB-
JiTep MICTUTh TaKi IyHKTHU:

1) mepernsa yeproBoro psiaka Activity Name.
SIKIo BOHA paHille He 3ycTpidaiiacs, BOHa 3aHOCHTHCS
JI0 MacuBy yHiBepcymy npuMiTHBiB U 1 il mpUCBOIOETHCS
YeproBui yHIKaJIbHUI HOMED B HyMepallil yHiBepcymy;

2) el HOMep TaKoXK IPHUCBOIOETHCS PIAKY AAHUX
Activity Name, sikuii popMy€e BEKTOp HOMEPIB MPUMITH-
BiB P, 1110 JOPiBHIOE 32 JIOBKMHOIO YUCIIa PSIKIB TAOIHIL
Oi3Hec-mpoliecy;

3) SKIIO PAMOK paHimie 3ycTpivaBcs y Tabmuii 6i3-
Hec-(DYHKIIOHAIIBHOCTI, TO HOMY HaJIa€ThCsl BIATOBIJI-
HUi HOMeD 3 yHiBepcyMy nipumitugiB U. [Iporec Hyme-
pauii psakiB U TpuBae 10 HOBHOI ieHTH]IKaIIT iX HOMe-
paMu MPUMITHBIB.

[Ticnst cuHTE3y yHIBEPCYMY NPHMITHBIB 1 BEKTOPY
inenTudikamii P psakiB Oi3Hec-mpolecy BUKOHYEThCS
anroput™ (GOpMyBaHHS JBIMKOBOT MATPHIII TIOCIIIIOBHO-
CTed Iiif, y MeTpuIli YHIBEpCYMY MPUMITUBIB HUITXOM
BUKOPUCTaHHS BEKTOPY P: BUKOHYETHCS 3aHECEHHS IO
MOYaTKOBOTO DPAAKY MAaTpHlli OAWHWYHHUX 3HAYeHb 3a
TUMH KOOPANHATAMH, SIKi QIrypyrOTh Y BEKTOPHiil opmi
niit M (i,j) = P(K), mo permamenTyeThes ineHTH(DIKATO-
paMu MoYaTKy Ta KiHIIS 9eproBoi mociigoBHOCTI. Yncio
MOCTiZOBHOCTEH N (popMye€ KITBKICTh PSIIKIB MATPHIII.
[Ticns cuaTe3y MaTpPHIli BU3HAYAIOTHCS KJIACH eKBiBa-
JEHTHHUX MOCJIMOBHOCTEH il IUITXOM BHUSBJICHHS I10-
IIOHOCTI MiX yciMa mapamu TociimoBHOcTed. [lpm
[OMY BCEPEIMHI OJJHOTO KJacy (GOopMyrOThCs qudepeH-
[IaTOPH, IO PO3PI3HAIOTH KOXKHY ITOCIIIOBHICTD ycepe-
JIIHI KI1acy (QyHKIIOHATBHIMHA OCOOIHBOCTSIMHU.

YT1ounenns. HeoOXinHO BpaxoByBaTH HYac CTBO-
pEeHHS CHMBOJIB-PS/IKIB Y KOXXHOMY (PparMeHTi 9 MOC-
nmigoBHOCTI. MaTpuiisi BU3Ha4YeHA B METPHIIl YHIBEpCyMy
MIPUMIiTHBIB-CHMBOITIB-PSIIKIB, JEKAPTOBO TTOMHOYKEHOL
Ha KIJIBKICTh IOCIIJOBHOCTEH, KOKHA 3 IKUX MICTUTD Ki-
HIIEBY KUIBKICTH (parmeHTiB. Ilpy mpomMy KoopauHaTa
MAaTpULi BH3HAYCHA YHCEILHUM 3HAYCHHSM 4acy, sSKUil
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iHTEerpasIbHO OyJI0 BUTPayeHO Ha (POpMyBaHHS CHMBOJI-
pAnKy y macmrabax mociigoBHOcTi. [Ipukian marpumi
«yHIBEpPCYM-TIOCIIIIOBHOCTI» HaBeAeHUH y Tadi. 10.

Tabauysa 10 — Mpukiaax maTpuui
«yHiBepCyM-TIOCJTiIOBHOCTI»

EEHEEEHHEE“H.HEEH“EHE
31 B 151 6! 174 B8 EO! IO BTN BTN B13 7 el FEhT RT6H EvZN E184 RION $20

SICN 2 47 5

S2N 4 312 5

S5l 4 1585, 6

S3 3 |15] £ 7

S8 2 15 =7 4

s4 6 77 3

S7 543 6

S6 5 S 7 3

TyT 3HaueHHsI KOXKHOI KOOPJIMHATH BH3HAYAETHCS
CcyMoI0 YaciB (opMyBaHHSs JiTepU-psAKa Y BCix (parme-
HTax OJIHi€T OCIiIOBHOCTI

=244

Metpuka i HifpaxyHKy MOIOHOCTI MIX paa-
KaMH MaTpuIi BUKOPHCTOBYE TpaHChopMaliito GopMyu
MOTIOHOCTI TS IBIHKOBOT MATPHIII:

M ajEGi.

n
2|51, 2,5 ) Zia|min(ss;)
S(s;.S; ~
n
Y|y S| X max(ses;)

Hanpuxknaz, noaiOHICTh MiX HEPILIUM 1 IPYyTUM psi-
JIKAMH MaTpHIli BU3HaYaeThes Nfrumu o6uncieHHsIMu:

S(si.8j)=~
4),(4,3),(7,2),(5,0),(0,5)

max (2,4),(4,3),(7.2),(5.0),(0,5)

Zn min (2

_lljl

Zia

i,j=1,n
7 min (2),(3).(2.(0).00)|
B n _25_028
S0 max (4),(4).(7).(6).(5)

SIKIIO CUMBOJI-PS/IOK, IO 11eHTU(IKYETBCS JTiTe-
poto, OUTbIN BaXkiuBa Al (POPMYBaHHS MOCIIIOBHOCTI
Iiii, HABITh 32 MAJIOTO 3HAYCHHS Yacy, TO 1 HATAETHCA
MaKCcHMaJlbHa Bara B MacIuTabi Bciei MaTpuii 6i3Hec-T0-
CIIiIOBHOCTEHA.

4.4. Makpo-aJIrOpuT™M BU3HAYCHHS KJIACIB eKBi-
BAJICHTHOCTEH

1) BusHaueHHs yHiBepcyM-andasity st Gopmy-
BaHHS CTOBINIIB MaTpuili Oi3Hec-mporecy. s 1mporo
MIPOTJISIIAETBCSA BECh MOTIK JaHUX 3 METOI0 BHIICHHS
JIUIIIC MHOKHHHU OPUTIHABHUX CHMBOITIB-PSIIKIB.

2) ®da3a 3amOBHEHHS YeProBOro (IIOTOYHOTO) psi-
JIKa MaTpHIi IUIIXOM I1epedopy CUMBOJIB Y (hparMeHTax
OJTHI€T TTOCITIIOBHOCTI il JJTs1 aIMTHBHOTO ()OPMYBAHHS
YacOBHX XapaKTEPHCTHK KOXXHOTO CHMBONY, IO Oepe
y4acTh B IHTETPaJIbHIA (YHKIIIOHAJIBHOCTI MOCIIOBHO-
CTi:

Mij = M'J +t'(Gk)(—Gk =aj,

zie cuMBoNI-psinok & €U cTBoproe yHiBepCyM i 0HOYa-
CHO HAJIOXKUTh MOCIIOBHOCTI &j € G;, mo ¢opmye

J-KOOpAMHATY B i-psIIKY MaTPHUII.

3) ®aza dopmyBaHHS KBaJAPATHYHOI MATPHIL MO-
JIOHOCTI IIISIXOM 3aCTOCYBaHHS MIHIMaJbHOI METPHKH
JUTS BU3Ha4YeHHs Similarity.

4) ®a3za BHM3HAYCHHS KJIACiB €KBIBAJICHTHUX MOCITi-
)IOBHOCTCﬁ OUIIXOM IIOMIYKY MaKCHUMaJIbHUX 3HAa4YC€Hb
MOIOHOCTI MIXK psZIKAMH MaTpHLli Oi3HEC-TIPoLIECy.

5) ®asa nepeBipku abo Bepudikailii OTpEMaHUX
KJIaciB €KBIBAJICHTHOCTEH HUISIXOM IX MepeTHHY-00'€-
HaHHS, 10 Ma€ OyTH MOPOXKHBOIO MHOXHHOIO Ta Oi3Hec-
MOTOKY BiJIITOBI/IHO.

[Mporpamua peamnizauis mo3Bonuna orpumatu 100
nocnigoBHocTedl Ta 2000 NPUMITUBHUX CUMBOIIIB, JIE €
MOPOXKHI 32 yacoM cuMBOJIM. HeoOXiJHO MiHIMI3yBaTH
YHIBEPCYM JIiITEp LIUIAXOM BUKJIIOUYEHHS HE3HAUHMX AT
Ki1acudikaiii CHMBOJIIB.

ANTOpUTM BU3HAYEHHS KJIACTEPIB y BHUIVISL MiaAM-
HOXHMHU TIOCJIIZIOBHOCTEH NIiil 3 yHIBEpCYMY NPHUMITHBIB
Ha OCHOBI aHaJIi3y MOTOKY JAHUX, BUKOPHUCTOBYIOUH 3pi-
3aHe YKCJII0 aTPUOYTIB.

1) CuHTe3yBaTH KBaJpaTHUHy MATPHIIO TOAIOHO-
CTi MOCIiJOBHOCTE# mpotieciB (puc. 8).

2) Tlpubpatu cumBoIH X, IOTIM TOBTOPUTH TIOOY-
JIOBY Matpwuili moaioHocTi. CKIIeroBaTH MOBTOPIOBaHI 11~
(dpoBi ineHTH(IKATOPH TOCIITOBHOCTEH Mil.

3) PosainuTy MOTIK AHSME Ta omeparopamu. Ilo-
BTOPHUTH MOOYIOBY MAaTPHIIb TOAiOHOCTI.

4) Po3rSIHYTH MOXJIMBICTH CYTTEBOTO 3MEH-
[ICHHS] CUMBOJTIB an(haBiTy NUISIXOM BHJIQJICHHS MPaBO-
py4 HeCyTTeBUX qu]epeHIiaTopiB.

5) TloBTopuTH MOOYIOBY MAaTpHUIlh MOAIOHOCTI Ha
MiHIMaTbHOMY MHOXKHHI CUMBOITiB.

0.0 0.13400960828945000 0.04917119487354380 0.06820125433918990
0.0 0.16021377030235100 0.04928536780545550
0.0 0.0 0.07440620438881340
0.0 0.0 0.0
0.0 0.0 00
0.0 0.0 0.0

0.0453304 2877744030
0.16842554680827900
0.17489600686236400
0.10142093439855100

00

0.0
0.0
00

0.0
0.0

0.0 0.0

0.0 0.0
0.0

0.0

0.0
0.0

0.0
00

0.0
0.0

S8888888¢88

00 0.0 0.0 00

0.13865343254882600 0.005837307927746210
0.20038765470381400 0.015956796302356700
0.0951858804499107
0.05863023054153540
0.22130789859102500
0.0

0.05538760660993240 00
0.005540510174220970
0.00169730037 18962500

0.01477639357761750
0.0055851290422233100
0.006871205913370990

0.13396072159004400
0.04411281858847900 0.29195646562776400
0.011140246276971300
0.004690725968196420

0.006200139457040040

0.03231413021384780
0.24044312439889100

0.137137855148924
0.0
00

0.0 0.016329516212738700

0.0

0.00235247 1009560550
00 0.0028112634885094200
0.0 0.0
0.0

00

0.0 0.0

0.0 0.0 0.0

00 0.0 00

Puc. 8. Marpuus noi6HocTi mocrigosrocreit aii (Fig. 8. Matrix of similarity of action sequences)
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Busnauennst momiOHOCTI 3a yacoM fae 14 kinactepis:

[0, 1, 5, 10, 18, 24, 25, 27, 28, 29, 30, 31, 34, 35, 36, 37,
38, 43, 44, 48, 49, 54, 56, 57, 61, 62, 63, 64, 65, 69, 71,
72,74,75, 76, 81, 82, 84, 86, 87, 88, 90, 93, 100], [], [2,
4,7,9,13, 16, 19, 20, 21, 22, 23, 55, 60, 70, 77, 78, 80,
85], [3, 11, 12, 33, 42, 45,52, 59, 66, 67, 68, 79, 83, 89,
91,94,99] 0] 0. [6], O, 8], 00, [0, 00, O, O, [14, 15, 32,
41,53, 92], 1, [I, [17, 95, 96, 97, 98], [, [I. [, O, 0. [,
0. 0, (26, 0, 0. 0. 0. 0. 0. 0. 0, 0, 0, 0, 0, [39], [40],
0. 0. O, [, [46], [47], [, 0. (501, 511, 0, O, 0. 0. 0,

s8], [0, 0. 0. 0.0.0.0. 0, 0. 0.0, 0, [1. 0, [73], [,
000000000000 000000
0000000

[epeBipuTH KUTBKICTH TIOCIITOBHOCTEH Jili. Bepu-
(ikyBaTH MO MOTOKY MOJIOHICTH MOCIIIOBHOCTCH i,
SIKi TIOTPANUIIK Y KIacTepy. [HTerpajsbHUi 4ac KOXHOT
MTOCITIIOBHOCTI MOYE JOMOMOITH iIcHTA(]IKYBaTH KJac-
TepH. SIKIIO He BPaxOBYBATH YaC BHKOHAHHS KOXHOTO
CHUMBOJTY, OIlIHKa MOIIOHOCTI MOCITiOBHOCTEH 1CTOTHO
miaBUIMUThCs. CripoOyBaTH BU3HAYUTH CXOXKICTh IIO
JBIAKOBIM MaTpuIli mocigoBHocTe miit. [Totim Bepudi-
KyBaTH PE3yJIbTAT 332 YaCOM BHKOHAHHS MOCIiJOBHOCTI.
3MEHIIMTH KUTBKICTh aTpuOyTiB 10 ABOX (IpuOMpa-
IOTBCSI XBOCTH, 3MEHIIYETHCS TOTYKHICTh angapiTy cu-
MBOJIIB) Ta MOpaxyBaTH KUIBKICTh KiacTepiB. Y IbOMY
TAKOX 3pOCTA€ OI[IHKA MTOAIOHOCTI.

AJNTOpUTM BH3HAYEHHS KJIACTEPIB y BUTIISIL MiIM-
HO>XMHU OyKB 3 YHIBEpCYMy NIPUMITHBIB Ha OCHOBI aHa-
JIi3y MOTOKY JIJAaHUX 3 BUKOPHCTAHHIM YCI4€HOT KIJIbKICTh
aTpuOyTiB. CTBOpIOETHCSI rpad Kopensiii Beix nap Oyks
i3 YHIBepCyMY ITPUMITHBIB, SIKi € CyCIZIHIMH Y BUOpaHOMY
BikHI Oi3HEC-MOTOKY. AJie CyCiIHIMU MOXYTbh OyTH Jii-
Tepu, L0 HaJekaTh pi3HUM (yHKIioHaNBHOCTSIM. Dop-
MYETBCSl KBaJpaTHUHa MaTpHULs YacTOTHOCTEH (ane He
MoJiOHOCTI) cyciqHiX OYKB yHIBEpPCYMy Ha IOTOL Jia-
Hux. [Ipu 11bomMy Moxe OyTH He BpaxoBaHa B3a€MOJIist Jii-
Tep A Ta b y mocnigoBHocTi A...B, sIKIO niTepu BUXO-
JUITh 32 MEXI BIKHA, II0 € MOMWIKO0. [lani BUKOpUCTO-
BY€ETBCS METOJ CIEKTPaJbHOI'O aHAII3y KBaApPaTHYHOI
MaTpHIli Ju1s ieHTr iKalii KiacTepis, B SKUX HESBHO 3a-
XOBaHi MOCIIIOBHOCTI Il (matepun). [lepetnH knacre-
PiB MiK COOO0 JOPIBHIOE TIOPOKHIA MHOXHHI. MOX-
JIUBO, 1Ie¢ HAWKpAIMi METO JUIs KiacTepu3alii 6i3Hec-
(GYHKIIOHAIBHOCTEH, MOOYIOBAaHUX 3 €JIEMEHTIB-JITep,
10 CTBOPIOIOTH Oi3HEC-TIOTIK poboyoro mHs. Hapasi 6i0-
nmoreka Mae 350 CUMBOJIIB, HA AKMX BH3HA4YeHO 331 Kia-
cTep.

B imeam nBa pe3ynpTaTé 3a ABOMa METOIAMH
(puc. 9) moBHMHHI CHiBHAamaTH 3a MiAMHOXHWHOIO OyKB Y
KJIacTepi.

[

[
.
[
I

. Scrolling | |Symbol’s Matrix Set of

S | Window [Frequencyfs(Spectral [»{Symbols |= Symbol
© | | ofData Graph Analysis Clustering Set
& for

] Gryadka
= Data-Flow| |Table of Gryadka Set of Set
‘Z |»{Alphabet |- Alphabet- |»|Similarity | Gryadka | Union
@ Definition| |Gryadka Matrix Clustering

Puc. 9. [ToxiOHicTh Ta BiAMIHHICTH IBOX METO/IIB
kiacrepusaii (Fig. 9. Similarities and differences
of two clustering methods)

TyT Ha BUXOZI aJTOPUTMY B IEPIIOMY BHIAAKY (o-
PMYETBCSl CYKYNHICTh MiJMHOXKHH, IO HE IepeTHHa-
IOThCS, OYKB-CHMBOJIB, SKi Bi/IOBIAIOTh OCHOBHUM
(yHKIiOHANBHOCTSIM, 3amu(poBaHuM B Oi3HeC-TIOTOMI
JTAHUX.

VY npyromy BHMNanKy BHKOHYETHCS KIIacTepH3allis
MoCiJOBHOCTEH abo Oi3Hec-maTepHiB, Jie BcepeanHi Ko-
JKHOTO KJIacTepa 3HaXOIAThCS MOMi0HI 3a YHKITIOHATE-
HOCTSIMHU ITiIMHOKHHHU JIITEP, sIKi X (hOPMYIOTb.

SIKmo 3amMiHMUTH 4YacoBi mapaMeTpu angasiTy Ha
JIBIMKOBI CHMBOJIM, KBaJpaTHYHA MATPHIS MOAIOHOCTI
MOCHIJOBHOCTEH i Mi’ COOOI0 iCTOTHO 30LIBIIMTHCH.
B pesynbraTi aHanizy MaTpuili HoaiOHOCTI OyIM OTpH-
MaHi HacTynHi 44 KjacTepy Ha IMOBHI MHOXHHI ITOCITi-
JIOBHOCTEH Jiiit, uncio sikux popisHioe 100, 3a BijcyTHO-
CT1 BUIMMOI KOpeJIsiLlii yacy BUKOHAHHSI TOCTiIOBHOCTEN
B KOKHOMY KJIacTepi.

Heo0xisHO nopaxyBaTtH iHTETpaJbHAN Yac 3a KOX-
HOIO TIOCIIIIOBHICTIO, 11100 TOPIBHATH TXHIO KOPEJISLIIO B
KO’KHOMY Kiactepi. Yac moBuHeH Oyt mpuOIM3HO OJI-
HAKOBHM JTS BCiX MOCIiIOBHOCTEH B OJHOMY KJIacTepi.

3aBnanns. [IpuGpatu Idle, Ta iHm HecyTTEBI KOM-
MOHEHTH, 3MEHIIUTH andaBiT OyKB 32 paXyHOK BKJIIO-
4eHHs Jiie 3 aTpuOyTiB.

[Tpu3HaunTH Bark KO>KHOMY 3 aTpHOyTiB, 110 CTBO-
proroTh  andapit, BIANOBIIHO 10 i€papxii, JiBOpyY:
2%,23,22,21, 20, Sxmo cumBon-aTpuOyT CTOITH Ha HEp-
IIif NO3MLLi1, HOMy IPUCBOIOETHCSA MAKCHMaJIbHA Bara Ha
'ATi — MiHIMaJIbHA.

OO0uncneHHs noai0HOCTI M’k cOO0K0 BCIX IOCIIII0-
BHOCTEH il TIOTOKY JJaHUX 3IIHCHIOEThCS 32 TaKoto (o-
PMyJI010:

Zinzl[mi”(silsj )}

i=1,n

Sra pses)|

i=1,n

5(si.8)=

Bu3HaueHHs KacTepiB Ha OTpUMaHOMY andasiTi 3
ypaxyBaHHsIM Bard. CTBOPUTH MAaTPHILIO YaCTOTHOCTEH
0OMEKEHOT0 YKCIIa 3HaKIB, a Jali o0y 1yBaTH MATPHIIIO
noioHocTi. Lle Texx Mae crpalfoBaTi, OCKIJIbKH JIiBi aT-
puOYTH 3'SBISIFOTHCS YaCTillle, HDK TIpaBi, 110 Aa€ mijc-
TaBW BBaXXATH YaCTOTHICTh METPHKOIO ISl PIBHIB i€pap-
Xii, Jie 1[0 BHILIE YaCTOTHICTh, TO BHILE 3HAYECHHS 1 BUIIE
PpiBEHB i€epapXigHOCTI B OCIITOBHOCTI [Iiil.

Koopamnata j MaTpulli Ma€e iHKPEMEHT, SIKIIO CUM-
Bol Gir 13 CYKyIHOCTI aTpuOyTIB MOCHIIOBHOCTI JOPiB-
HIoe OykBi andasitTy Aj Ha yHIBepCyMi BU3HAUYEHUX IIPH-
MITHBIB:

Mij = MU +1(—Gir :AJ’,

IlepeBipuTH iHTETpaTBPHUN Yac TOCITITOBHOCTI i
0e3 imeHTH}IKaTOPIB.

Tabnmist Kopensilii BEKTOPIB MPUMITHBIB JaHUX Y
Metpuri HOpMH (0—1) Mae BUTIAA, HaBeIeHHH Yy
Tabmn. 11. BukopucToByeThCs OiHapHA MATPHIIS CIiB, IO
(hopMYTIOTH TTOCTITOBHOCTI [TiiA.

3aranpHa KITBKICTh PAOKIB Yy TOTOI JAaHUX —
19939. Ywmcno mocmigoBHOcTed mii — 100. Andasit
ciiB = [176].
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Ta6auys 11 — Tabauus Kopesuii BeKTOPiB NpUMITHBIB 1aHux y MeTpuii nopmu (0-1)

1 2 3 4 S ] 7 8 9 10

11 12 13 14 15 16 17 18 19 20 21

-

1.000 0.737 0.500 0.476 0.385 0.370 0.186 0.500| 0.105 0.500

0.737 1.000 0.571 0.579 0.522 0.500 0.188

0.306
0.176

0.640
0.559
0.500

0.176 | 0.640
0606

0.500

0.500 0571 1.000 0448 0567 0.548 0.143

0.476 0.579 0.448 1.000 0.571 0.545 0.286

0.385 0.522 | 0.567  0.571 1.000 0.773 0.197 0517 0.211

0.200
0.061
0.160

0.5617

0.370 0.500| 0.548
0.306

0.559

0545 0773 1.000 0211 0.552

0.300
1.000

0.500
0.186
0.500

0.188 0.176
0.500
0.286

0.500

0.197 0.21
0.552
0.200
0.500
0.538
0.312

0.333

1.000
0.300

0.247

0.640 0.517 0.724

- - - B - I B N

0.105 0.176  0.143 0.211 0.061  0.160 | 1.000 0.1680

0.500
11 0.609
0.444

0.640
0.800
0.462

0.606
0.600
0.429
0.290

0.517
0.560
0.323

0.247  0.724
0.667

0.469

0.160
0.200
0.130

1.000
0.731
0.516

0.619
0.440

0.211
0.313
0.318 0.273
0.600

0.450

0.444 0.348 0.164
0.268

0.197

0.276 | 0.231 | 0.276

0.464 0.733 | 0.520 0.593 0.571 0.581| 0.167 | 0.581

0.364
0.263
0.500
0.375
0.158

0.414 | 0.687 0455 0435 0.462

0.280
0.667

0.308 | 0.462
0.280
0.562
0.367

0.154

0.353  0.250 | 0.500 0.300

0.630

0.286 0.106 0.571

0.577 | 0.606
0.333

0.138

0.444
0.500
0.187

0.552
0.385
0.190

0.282
0.206
0.060

0.115
0.391
0.167

0.400
0.200

0.367
0.154

0.111
0.286
0.357
21 0.565
0.560

0.480
0.750
0.727

0.531 | 0.591
0.500

0.500

0.739
0.520
0.518

0.708 0.208 0.484
0.571

0.621

0.190 | 0.484
0.516

0.613

0.444 0.197

0.239

0.150
0.182

0.571
0.500 0.621
0.440 0.591

0.640

0.567
0.606

0.737 0727 0696 0214 05710211 0571

0.500 0.560 0.517 0.667 0.247 0.667 | 0.160 | 0.613

0.609 0.444 0.318 0.464 | 0.364 | 0.263 0.500 0.375 0.158 0.357 | 0.565

0.800
0.600
0.619

0.462 0273
0.290

0.444

0.600 | 0.450 0.353 0.577

0.606
0.444

0.381
0.333
0.500

0.167
0.138
0.187

0.480
0.531
0.591

0.750

0.429 0.733 | 0.414 0250 0516

0.440 0.520 | 0.687 0.500 0.500

0.560 0.323 0.348

0.333

0.593 | 0.455 0.300

0.286

0.630 0.400 0.200
0.190
0.060
0.154
0.286

0.154

0.739 | 0.520

0.538 0.312 0.571
0.268

0.581

0.435 0.552
0.282

0.667

0.385
0.206
0.367

0.708
0.208
0.484

0.444
0.211
0.667
0.200
0.731

0.313 0.164

0.276

0.197
0.462
0.308
0.462
0.500
0.458

0.106
0.280

0.197

0.469 0.571

0.130 0.231 0.167 0.571 0.115 0.111 0.180 | 0.150

0.516
0.500
1.000
0.360

0.276
0.333
0.360

0.581
0.630
0.484
0.333

0.280
0.350
0.261

0.562
0.607
0.424

0.367
0.385
0.462

0.484 | 0.571
0.625

0.414

1.000
0.500
0.333
0.630
0.500

0.136
0.125

0518
0.303
1.000 0.320
0.333

0.471

0.471  0.267
0.292

0.538

0.276
0.633
0.357

0.474
0.333
0.450

0.133
0.160
0.200
0.333
0.154

0.240

0.484 1.000 | 0.480 0.552 | 0.593

0.458 0.480
0.292
0.633
0.333

0.160

1.000 0.417 | 0.391

0.350 0.261 0.267 0538 1.000 0231 0.211 0.273 | 0.300

0.607
0.385
0.136

0.424 0.276 0.357 0.231 1.000

0.323
0.154

0.323 0.533 | 0.571
0.296

0.200

0.462
0.125

0.474 0.450

0.200

0.211
0.333

1.000
0.167

0.167
1.000

0.423
0.133 0.182
0.518
0.625

0.680

0.303 0.320| 0.552
0.593

0.586

0.417 0273
0.300

0.318

0.533 0423
0.286

0.357

0.182
0.200
0.174

1.000 | 0.481

0.414 0.240

0.259

0.391
0.400

0.571
0.567

0.481
0.536

1.000

0.517 0.708

0.625 0.367 0.348 0.593| 0.524 0.368

0.280

0.571 0458 0.200 0.739| 0.520

0.667 0.424 0.276 | 0.581 | 0.407 0.562 0.414 0.154 0533 0.571

Classes=45 (sim>0.6)
[[0, 1, 10, 35, 43, 56, 58, 69], [, [2, 9, 13, 16, 21, 23, 60,
78], [3, 14, 22, 38, 59, 66, 76, 80, 81, 85, 89, 91, 92], [4,
5,19], 1, [6], [7, 771, [8], [, I, [ 11], [12, 46], [], [] [15,
32,45,51], [0, [17], [218], [1, [200, [1, 1. [ 1. [24, 48], [25,
42, 53, 61], [26, 27, 29, 30, 36], [1, [28, 371, [, [, [31,
55], 1, [33,34,54], [1, [I. I, 1. O, [39, 79], [40], [41,
471, 00, 00, [44], 00, [0, 0, O, [49], [501, [0, [52, 71], [, [0,
0. 0, (571, 0. 0. 0, [, [62, 87], [63], [64], [65], [I, [67,
68], [, [, [70, 72], [ 1, [1, [73], [74], [75,94], [0, 00, 00, [,
0, [, [82], [83], [84], [ 1, [86], [1, [88], [1, [90], [1, I [93,
95,96, 97,981, [1, [1, [0, 0. [1, [99], [100]]
Classes=28 (sim>0.5)
[[0, 1, 10, 20, 21, 30, 34, 35, 36, 38, 43, 44, 56, 58, 60, 61,
69,71,72,76,77,84,88],[1,[2, 4,5, 7,9, 13, 16, 19, 22,
23, 40, 78], [3, 14, 25, 41, 46, 47, 48, 59, 66, 67, 68 , 75,
79, 80, 81, 85, 89, 91, 92], [, [1, [6], [0. [8, 151, [, [, [11,
42,901, [12],[1, 0. O, O, [7], (28], [0, [0, 0. 0O, 0, [24, 28,
29, 371, [1, [26, 27, 33, 871, [1, [I. [1 [1, [31, 54, 55], [32,
45,51,53], [I. (01, (1. 0. 0, 0, 391, 0. 0. 0, 00, 00, 0, [0, O,
(1, [49, 93, 95, 96 , 97, 98], [501, [1, [52], [1, [0, [0, [. [571,
0, 0,0 0, 62], [63, 64], 1, [65],01, O, O, [, [70, 100], I,
0, (73], [74], 00, 0. 0. 0. 0. 0, 0, (82, 83], [, [, [1. [86],
(0. 0. 0. 0,001, 0 1941, 0, 0. 0. 0, 1991, 01

BuxonaTtn Bepu(ikaIlito po30MTTs MUIIXOM IIepeBi-
PKH CXOXKOCTiI _en pAOKiB KOXKHOI MOCITiZOBHOCTI i,
BKITFOYEHOI 10 Knactepa. Knacrepu, cknazeHi 3a _en ps-
JIKaMH, € TOYHE PIIIeHHS, CBOTO POy CIemudiKaris.
Tomy HaxIagaHHS JBOX KBAAPATHYHUX MATPHI MMOi0-
HOCTI JaCTh MOJJIUBICTh BH3HAYHTH SIKICTH PO3OHTTA
[UITXOM OOYWCIICHHS 1HTErPabHOI OIIHKK IMOAIOHOCTI
3a BciMa BiAMIOBITHUMH KOOPAWHATAMH ABOX MATPHIIh:

N j_l{mm(M'J Eij )}

i=1,n

Z:j:l{max(Mij Ej )}

i=Ln

5(si.8)=

[TpuBeneHHs MaTpUIb A0 ABIKOBOTO BUTJISILY BH-
KOPHUCTOBYE HIKHIO MEXKY MOAIOHOCTI, sika (hOPMY€EThCS
espuctryro: Min={0,4 v 0,5v 0,6}

ij = 0)1

if(Mij > min)~(Mij :1)else(M
E; =0).

VY nBifiKOBOMY BHUTJISIII OIIIHKA TOAIOHOCTI € OTbII
aJICKBaTHOIO Ta KOHTPACTHOIO, sika GopMye MOMIOHICTD
000X MaTpHIIb:

if (Ej; > min)-(Ej =1)else(

Z| j—1<M AE )
i a(My v Ey)

YV 11poMy BUIIAZIKY pe3yIbTy09a S-MaTPHIA HOi0-
HOCTI TaKOX MaTUMe IBIMKOBUH BUTIISA, a IHTETpaTbHUIA
kputepiit S(M, E) mokasyBatume TOYHICTH KilacTepusa-
1ii TOCiJOBHOCTEH Miif, sika MpUBEeHA IO CIieldika-
1ii, TII0 CTBOPIOETHCS _en psiakaMu. OOUuCIIeHHS moaio-
HOCTI 9epe3 pi3HUITI0 MK JBOMA MATPHUIISIMH:

S(M,E)=1-D(M,E)=1-

zl] = M 6_)EU /Zu = MUVEU)

npencrasieni TadmsiMu puc. 10.

S(M,E)=

—E~077
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HS CJTiB, peYEHbB Ta IHIIMX CUMBOJIGHHUX TIOCIIIIOBHOCTEH,
AKi 1IeHTUQIKYIOTh Oi3HEC-TIaTepHH y MMOTOKAX BEIHKUX
JTAHUX.

Merton BUKOPHUCTOBYE yHITapHE KOIyBaHHS iH(POP-
MAIliifHUX TPUMITHBIB Ta JaHUX, SKi Jajdi MOJAIOThCS Y
BUTJISAJI TIOCITiTIOBHOCTI a00 JBIITKOBOTO BEKTOpA, SIKHIA
ommcye OizHec-matepH abo (yHKIIOHAIBHICTb, BUKO-
HaHy OIepaTopoM i 9ac poOdoUOoro JHS.

1 (M@ Ey) CTpyKTypH 1aHHX, 3aCHOBaHI Ha yHITAPHOMY KOy~
-1 (MyV Ey) BaHHI iH(opMarlii, MOXKYTh OyTH 00pOOJIEHI B Tapalielib-
=1— g =0,77 HOMY PEKHMI 32 JIONOMOT0I0 OCHOBHHX JIOTIYHHX OIlepa-
1iH, 1m0 GOpMYIOTh MOAIOHOCTI Ta BiAMIHHOCTI MATCPH-
BEKTOPIB, YAM JIOCSTAETHCS] BUCOKA IPOAYKTHBHICTD 00-

Puc. 10. O6uncnenns noxidbHocTi POOKH BEJMKUX JAHHMX 3 METOIO aHaji3y poOoYoro JHs
(Fig. 10. Similarity calculation) ormeparopa.
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[MpakTruHa peanizallis BEKTOPHOTO METOJY J03BO-
JIMJIa CTBOPHTH NIPOrpaMy po3Ii3HaBaHHS MTATEPHIB Y MO-

3anponoHOBAaHO Ta PEali3oBaHO METOA MOUIYKY TA  TOIi BEIUKUX AaHUX 3 MMOBIPHICTIO 3 MMOBIpHICTIO
pO3Ii3HaBaHHS NMAaTepHIB Ha OCHOBI BEKTOPHOTO 3aBNaH-  0,77%.
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A vector method for finding sequences in big data
Hanna Khakhanova

Annotation. A technological software solution is proposed for metric search and identification of logical-temporal pat-
terns of a business data flow by creating additional vector data structures and a parallel method for their processing. The subject
of research is the methods of searching and identifying logical-temporal patterns in big data. The purpose of the study is to
increase the efficiency of searching and recognizing logical-temporal patterns that semantically form business functionality in an
8-hour frame of screenshots with "garbage" data. Applied methods: apparatus of set theory and Boolean algebra, metric models
for determining parameters for sets of binary vectors, elements of probability theory, theory of algorithms, software modeling. The
results obtained: a method for searching and recognizing patterns based on a vector problem of character sequences that identify
patterns in big data streams using unitary coding of information primitives and data; vector models are unitary-encoded data struc-
tures for describing a big data flow as Cartesian products of a set of primitive-string-markers and a discrete sequence of implemen-
tation of a given time frame. The practical significance of the work: the implementation of the vector method, which made it
possible to create a pattern recognition program in a big data stream with a probability of 0.77%.

Keywords: logical-temporal patterns; business functionality; time frame; search and identification; union intersection
metric; code verification.
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BUKOPUCTAHHS JUCHEPCIMHOT'O AHAJII3Y ITPH OBY 1OBI MOJIEJII
®AKTOPHOI'O BILTUBY HA PE3YJIBTAT JUCTAHIIMHOI'O
TEIVIOBOI'O KOHTPOJIIO BIOJIOT'TYHUX OB’€EKTIB

AHoTanisi. Po3risiHyTO BHpIIICHHS HAyKOBO-IIPAaKTUYHOI 3a]adi BUKOPHUCTAHHS JUCIIEPCIHHOrO aHAI3y IS MOOYHOBI
MoJeli (aKTOPHOTO BIUIMBY Ha Pe3yJIbTaT JUCTAHIIHHOTO TEIUIOBOrO KOHTpomo OiomoriuHux o6’ektiB. IlpencraBieHo
MOJIeTIb BIUIMBY Ha pe3yJbTaT BHUMIPIOBAHHS TEMIIEpaTypH OiOJIOTIYHOrO 00’€KTy YOTHPHOX (haKTOpiB, IO HETaTHBHO
BIUTMBAIOTH HA TOYHICTH BUMIPIOBaHHS TEMITEpaTypH, a caMe: TeMIepaTypa MOBITPs, 3alMIEHICTh MOBITPs, SICKPaBiCTh CBIi-
TOBOT'O BUIIPOMiIHIOBAaHHS, BOJIOTIiCTh MOBITPs. Po3risHyTa cxema nii 3a3HaueHnx ¢akropiB. OTpuMaHi pe3ynbTaTi 0a3y-
IOTBCSL Ha TiM, IO AWCIIEPCIHHUN aHaIi3 — [Ie METOJ CTATHCTHYHOI OLIHKY HAAIHHOCTI MPOSIBICHHS 3aJI€KHOCTI pe3yJbTa-
THUBHOI O3HAKH BiJ OHOTO ab0 KUTbKOX (akTopiB. 3poOIEHO BUCHOBKH, IO OTPHMaHi pe3yJIbTaTH JAFOTh 3MOTY IOJailb-
IIOT0 YZOCKOHAJICHHSI METOJIiB 0OPOOKH pe3y bTaTiB 0e3KOHTAKTHOTO BHUMipIOBaHHS TEMIEpaTypH 010JI0TiYHNX 00’ €KTiB.
[pexcTaBieHi MepCHEKTHBY TTOJAIBIINX JIOCTI/PKEHb pO3po0iIeHol Mozeni, a came Te, IO € 3MOora OTPUMAaTH PiBHSIHHS JUIS
OIIHIOBaHHSI JIOCTOBIPHOCTI CTAaTUCTUYHHX BHCHOBKIB IPO 1H(pOpPMAaIiifHy 3HaYNMICTh MOKa3HHUKIB KOHTPOIIIO TEMIIEpaTypHy;
OTPUMAHHS aHAJIITUYHUX CITiBBIHOIIEHD, IO JayTh 3MOTY OLIHUTH KUIBKICTh iHQOpMALil 11 KOKHOTO 3 IMTOKa3HUKIB KO-
HTPOJIIO TEMIIEPATypH MpH (HaKTOPHOMY BIUIMBI Ha (DYHKIIIFO MEPETBOPEHHS IMX ITOKAa3HUKIB 3 THM, 100 paHXUPyBaTH TI0-
Ka3HUKH KOHTPOJTIO TEMIIEPATYPH 3a 3MEHIIICHHIM 1X YyTJIMBOCTI 10 3MiHH PiBHIB TapaMeTpa TEMIIEPATypHOTO KOHTPOITIO.

KawuyoBi caoBa: Gionoriunuii 00’ €KT; BUMIpIOBaHHS TeMIIepaTypH; 0E3KOHTaKTHHI MeTOJ; iH(ppadyepBOHa TepMOrpa-

¢is; nucnepciiiHuii anamis.

Beryn

Ha 1 npoGnemu mnomupenHs KopoHoBipycHOT
in¢exuii (COVID 19) MeauyHi npaiiBHUKH Ta MpariB-
HUKH BETEPUHAPHOI CITy»KOM 3alliKaBleHl y BUMIipIOBaH-
Hi 1 MOHITOPUHTY TEMIIEpPaTypu Tijia JIOAEH 1 TBapuH,
0COOJIMBO KOJM BOHHM 3HaXOIAThCsS Yy CKymueHHi. Ll
3alliKaBJIEHICTh, OCHOBaHA Ha Oe3MocepeIHIX 3aJIeKHOC-
TSAX MDK MaTOJOTTYHUMH CTaHAMH 1 TEMIEpaTyporo Tijia
OiosioriyHUX 00’€KTiB. BiNbIICTh 3aXBOPIOBaHb CYIPO-
BOJDKYIOTBCSI BIIXUJICHHSIM TeMIIEpaTypH Tija Bij HOp-
MaJbHOI (s mroaed npuiimarotk 36,6 °C), a oTxe, 3a-
CTOCYBaHHS OE3KOHTAKTHUX METOMIB BHMIPIOBaHHS
TEeMIIepaTypu, Ia€ MOXJIUBICTh CBOEYACHO BHUSBISTH
MOTEHIIIHHO XBOpUX y cKymueHHi. lle nae MOXIHBICTH
CBOEYACHO 130JIF0BATH XBOPOT'O BiJI COLIIyMY.

Metoau G€3KOHTAKTHOTO BHMIPIOBAaHHSI TeMIiepa-
TYpH BXKE JaBHO 3HAXOIATh IIMPOKE 3aCTOCYBAHHS B
MEIUYHINA MPaKTULli, OCOOIMBO TaMm, A€ MPSIMUI KOHTaKT
BHUMIpIOBAIEHOTO OOJIaHAHHS 3 O10JOTIYHUM 00’ €KTOM
HEMOJJIMBUH, Ba)KKOJOCTYNHUN abo B3araii Hebaka-
Hull. BUKOpHUCTaHHS TaKuX METOMIB Iepeadadae BU3HA-
YeHHs TeMIEepaTypH Ha OCHOBI HEIHBA3UBHO BUMIPSHHUX
3HaYeHb 1HTEHCHBHOCTI TEIJIOBOTO BUIIPOMIHIOBAHHS 3
MTOBEpXHi TKaHUH [1].

BeskoHTakTHE BUMIpIOBaHHS TEMIIEpaTypu 01070-
TIYHUX 00’€KTIB CTA€ MOMJIMBHM 32 PAaXyHOK 3aCTOCY-
BaHHS TEXHOIIOTII ceHcopa iH(pauepBOHOTO BHIIPOMi-
HioBaHHA (A = 9,35 ... 9,19 Mxm). CeHcopu iH(ppadep-
BOHOTO BHITPOMIHIOBaHHS, 30KpeMa Tepmodarapei, mpu-
3HA4YeHI A BUMIPIOBaHHS TEMIIEPATypH BiIalCHUX
abo HemocspkHUX 00 ekTiB. CeHcopu iH(ppa4epBOHOTO
BHUITPOMIHIOBaHHSI 3apPEKOMEHIyBalll cebe sSKHAWKpaIle,
30KpeMa y BY3bKHX Jialla30HaX TeMIepaTyp JOCSITHYTO
pe3yibTatiB 3 TouHicTiO B Mexax 0,01 K [2].

IndpadyepBoHa TepMorpadis — 1e MeToMKa 3acTo-
CyBaHHS CHeuiaﬂbHI/IX CJICKTPOHHO-ONITHUYHUX MPHUCTPO-
iB, 110 PEECTPYIOTH 1 BUMIPIOIOTh BEIUYHUHY TEILIOBOTO
notoky. Halinpocri TerioBizopy 31aTHI CTBOPIOBATH
BiJICOCHTHAJI, Y SIKOMY Ol 00J1acTi BiIoOpaXkaroTh Mak-
CUMYMH BUIIPOMIHIOBaHOI €Heprii, a TeMHi 00JiacTi BKa-
3YIOTh Ha OlJbllle HU3bKUII PiBEHb TEIIOBOI'O BUIIPOMI-
HIOBAaHHS.

TeruoBi3op — 1€ NpHIIaJ, MPU3HAYCHUH JUIs BiJO-
OpaskeHHsl CUTHAJIIB, YaCTOTHI XapaKTEPUCTUKH SIKUX
JeXaTh HIDKYE Jlalla30Hy ONTHYHOrO crekTpa. L{g oco-
ONMUBICTH TO3BOJISIE O/IepXKyBaTh (POTO3HIMKH a00 BiJeO-
300paKeHHs1 TEIUIOBOI KapTHHU 00’€kTa, 60 Mexa BH-
SBJICHHS TEIJIOBUX PO3XOUKEHb Cy4aCHUMH TEIUIOBi30-
pamu ayske maia — ycporo 0,01 rpamyca [2, 3].

KBaznpokonTep 3 TEIIOBI30pOM YacTO BUKOPHCTO-
By€ThCs B 0araTtbox 00NACTSX, Y TOMY YHCII — JUIsl PO3-
BiZIKH BOTHHII IIOKEX, MOUIYKY BHTOKIB ra3y, AJs BHU-
Jy4eHOTO KOHTPOIIO JiHiK enekrporoctadanns (JIEID),
JUII OXOPOHH TEPHUTOPiH 1 MEepuMeTpiB, IS MOUIYKY
JoAe i TBapuH. AKTUBHO BUKOPHUCTOBYIOTD <JTITAIOUUI
TEIUIOBI30p» PATYBATBHHUKH, BICHKOBi, MUCIHUBII. Bu-
TOTOBIICHHSIM KBaJPOKONTEPY 3 TEIUIOBI30pOM 3aiiMa-
I0TBCS 0arato Kommadiil mo BcromMy CBiTy.

AHaJi3 OCHOBHMX JOCTiIKeHb i myOmikamiii. YV
pobotax [4 — 6] IPOMOHYETHCS BHKOPHCTOBYBATH IS
BAMIPIOBaHHS TeMIepaTypu Oi0JOTIYHUX 00’ €KTIB came
KBAJIPOKOIITED 3 TEILIOBI30POM.

OpHak Tpu BUKOPUCTaHHI 3ac00iB OE3KOHTAKTHOL
TepMoMeTpii Tpeba BpaXxOBYBAaTH BILTHB (PAKTOPIB, IIO
3aBaXalOTh OTPUMYBATH JOCTOBIpHI PE3yJNbTaTH BHUMi-
pIOBaHHS TeMIIEpaTypH, a came: 3aCcBidyBaHHS Bif CTO-
porHix npeameriB (KF), BumpoMiHeHHS TOCTIIKYBaHOL
nosepxHi (7), xoedimieHTa MPOIYyCKaHHS MPOMIKHOTO
cepenosuma (Ka), 3HaYeHHS! BUIIPOMIHEHHS BiJX 3eMHOL
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noBepxHi (Kg), po3irpiB 00’€KTy Bil COHSYHOTO CBITIa
(Ks), mponyckanns ontuynoro kanany (Ko). Bei mi
BILIMBAIOYM (DAKTOPU YCKIIAIHIOIOTH TOUYHE BHU3HAUYCHHS
TEMITepaTypy 1 MMOBHHHI OyTH BpaxoBaHi ITiJ{ Yac orpa-
LIOBAaHHS pE3yJbTaTiB BUMipIoBaHHA. [IpomoHyeThes
BHKOPHCTOBYBAaTH METOJ JWMCHEPCIHHOTO aHaJi3y IpH
moOyJ0Bl Moz (haKTOPHOTO BIUIMBY Ha pe3yjbTar
JMCTAHIIHOTO TEIUIOBOTO KOHTPOJIO Oi0JOTIYHHUX
00’€KTiB.

I3 [3] Bimomo, 110 ITOBHA €HEPTis, SKa BUIIPOMIHIO-
€TbCS 3 OJAWHMIN ITOBEpXHI Ol0JOTIYHOTO 00’€KTy B
ONMHHMINI0 4Yacy BH3HAYaeTbcsi 3akoHoM CredaHna-
bonprmMana:

Me(T):TMi(ﬂ)dﬂ:gaT“, @)
0

ne o =5,67032-107° Bm/(M2K4) — ctana Credana-

Bonwpumana;

£ — BUIPOMIHIOBAJIbHA 3/IATHICTh, IO 3aJIEKHThH
BiJ Marepiany (IIKipa JIIOJMHH) Ta BiJ TeMIepaTypu
ioro mosepxHi (& <1);

T — rtemmepatypa OioyoriuHoro o6’ekty (IKipa
JIFOJTUHA).

Y poboti [3] 3a3HaueHO, MIO OCKITBKH BHIIPOMi-
HIOBaJIbHA 3JIATHICTh 3AJICKUTH BiJl JOBXUHHU XBUII, TO
3B’SI30K MiXK JIHCHOIO i BUMIPIOBAHOKO TEMIIEPATYPOIO
BHU3HAYAETHCS BUPA3OM:

£
+——=—-In—, 2)
Co(a-h) &
ne C, =1, 43881072 m-K— Jpyra KOHCTaHTa BHIIPO-
MIHIOBAHHS,
gy 1 &y,
3/IaTHOCTI 010JIOTIYHOTO 00’€KTY, Ha JIOBKHMHAX XBWJIb

M 1 Ay —poboua 1 clieKTpanbHa cMyra ONTHYHO-

Koe(ilieHTH BUIIPOMiIHIOBAIBEHOL

IpUMaIbHOI CHCTEMH TEILIOBi30pa.

Ha puc. 1 npencraBieHo cxemy BIUIMBY HaBKOJIH-
IIHBOTO CEPEJOBUIIE HA BUIPOMIHIOBaHHS 00’€KTa KO-
HTpOJI 1 BHACJIIIOK 1[LOTO HA CaM Pe3y/IbTaT BHMIpIO-
BaHHS TeMIIepaTypu Oe3KOHTAaKTHHUM 3aCO00M BHMIpIO-
BaHHsI (KBaJIPOKONTEPOM i3 TEIIOBI30pOM).

=

VAV A AV AV AV AV AV ey AV ey ey ad

/7 /7

Puc. 1. CxeMy BIUIMBY HaBKOJIMIIIHBOTO CEPEAOBHILIE HA BUIIPOMIHIOBAHHS 00’ €KTa KOHTPOJIS
(Fig. 1. Scheme of the environment influence on the radiation of the control object)

Ha npakTuiii He 3aBXIM € MOXIIMBICTh BUMIPIOBa-
TH TEMIIEPATypy JIIOJUHU a00 TBapHHU 3aco00M Oe3Ko-
HTaKTHOTO KOHTPOIIO 3a3[alierifp OOpaBIId Micle, B
SIKOMY y TIpOIeCi BUMIPIOBaHHS HE TPOSIBISIETHCS [Iist
(akTopiB, 10 HEraTHMBHO BIUIMBAIOTh HA TOYHICTh BU-
MipIOBaHHS TeMmepaTypu. ToMmy Tpeba po3poOutu Mo-
Ieib (paKTOPHOTO BIUIMBY, sika Oylie BpaxOBYBaTH Haii-
OLIBII BOXJIMBI (DAKTOPH, 110 HETaTHBHO BIUIMBAIOTH HA
pe3yneTar BUMipioBaHHS. Lle MOXIHMBO 3poOMTH BHKO-
PHUCTOBYIOUH TUCTIEPCIHHMI aHANTI3.

VY pobori [7] 3a3Ha4eH0, IO AUCTICPCIHHAN aHATI3
— e METOJl CTATUCTHYHOI OIlIHKM HAJIHHOCTI IPOSB-
JICHHS 3aJIeKHOCTI Pe3yNbTaTHBHOI O3HAKH BiJ] OJHOTO
a00 KiTbKOX (DaKTOpiB, IO HETATHBHO BIUTUBAIOTH HA
TOYHICTh BHMIPIOBAHHS TEMIIEPaTypH. 3a JIOTIOMOTOIO
METOJy IUCIIEPCIHHOTO aHATi3y MPOBOIUTHCS TIEPEBip-
Ka CTaTUCTUYHHX TIIIOTE3 BIJHOCHO CEPEHIX B KITBKOX
TeHEepaJbHUX CYKYITHOCTSX, SKIi MaroTh HOPMAJIBHHI
po3mozin. BxazaHo, mo qucnepciifHuil aHali3 gae 3Mo-

Iy BCTaHOBUTH, HACKUIbKM BHOIPKOBI MOKa3HHKH
3B’A3KY pe3yJIbTATUBHOTO i (JaKTOPHUX O3HAK JOCTATHI
JUIA TIOIIMPEHHS OJIEp)KaHWX 32 BUOIPKOIO NaHUX Ha
TeHepalbHy CyKYIHICTh. JlOCTOTHCTBOM IBOTO METOMY €
Te, IO BiH Ja€ JOCUTHh HaIiifHI BUCHOBKU IO BHOIpKax
HEBEJIMKOI YNCETBHOCTI.

Jocnimkyroun Bapiamiro pe3yJbTaTUBHOI O3HAKU
il BIUIMBOM OJTHOTO 200 KilbKOX (DaKTOPIB 3a JOMOMO-
TOI0 IHCIEPCIHHOrO aHami3y MOKHa OAEp KaTH KpiMm
3arajJlbHUX OI[IHOK ICTOTHOCTI 3aJIeKHOCTEH, TaKOX 1
OIIHKY BiJMIHHOCTEH y BEIHMYHUHI cepenmHix, mo ¢op-
MYIOTBCSA TIPH PI3HUX PIiBHIX (AKTOPiB, Ta iCTOTHOCTI
B3aeMozii (haKkTOpiB, M0 HETATHBHO BIUIMBAIOTH HA TOY-
HICTh BUMipIOBaHHS [7].

OcHoBHUi MaTepiaJ

Jucrniepciiiauii aHami3 0a3yeTsCss HA PAOl TPUITY-
IICHh CTOCOBHO BHIIAJKOBHX BEJIMYHH Ta ITapaMeTpiB,
o GOPMYIOTh MOMUIIKY eKcriepuMeHTy [8 — 12]:
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— MaTeMaTHU4YHe CHOMIBaHHS KOXKHOI 3aJIHIIKOBOT
BHUITAJIKOBOI BEJIMYHHHU JIOPIBHIOE HYIIO, TOOTO CHCTe-
MaTHYHA CKJIaJI0Ba BiICYTHS;

— 3aJMIIKOBI BUIIAJKOBI BEJIMYMHU B3a€MHO He3a-
nexHi. L[ BuMora osnauae, mo AWCIIEpCis CyMH BCiX
3aJIMIIKOBUX BUIAJKOBHX BEJIMYHMH JOPIBHIOE CYMi JH-
criepcili WX BEJTMYNH;

— BCl 3aJIMIIKOBI BHITA/IKOBI BENWYMHH MArOTh O]
HAKOBE CePeHbOKBAIPATHYHE BiIXIICHHS.

— KOXXKHa 3aJIMIIKOBA BHIA/IKOBA BEIMYMHA PO3IIO-
JiJIeHa 32 HOPMaJbHUM 3aKOHOM. 3a3HaueHe MpUITy-
LICHHS, SIK TPABHJIO, HE BUKOHYEThCS, aJie HABITh iCTOT-
Hi BIIXWIECHHS BiJI HOPMAJIBHOTO 3aKOHY HE pOOJISTH
ITOMITHOTO BIUTUBY Ha IIPOLEYpY aHAaIi3y.

OCHOBHUM MOHSATTSAM JMCHEPCIHHOTO aHa3y €
MOHSATTSL (haKTOpy — SKOCTi abO BIIACTHUBOCTI, BiIMOBi/-
HO JI0 5IKO1 KIacu(iKyIOThCs JaHi 1 KOXHUI (akTop Mae
KiJibKa piBHIB. CTPYKTypHa CXeMa €KCIIEPUMEHTY OITH-
cyeTbesl, pakTopaMu M0 BXOSTH JI0 HOTO 1 CIIOCO0aMu
KOMOiIHyBaHHs pi3HMX (AKTOPIiB Ha PI3HUX PIBHSIX.

VY HamoMmy BUMAJIKy Ha Oi0JOTIYHHI 00’ €KT KOHT-
pOJIIO BIUIMBA€E JeKijgbka (AKTOpiB, L0 HETATUBHO
BIUIMBAIOTh HAa TOYHICTh BHUMIPIOBAHHS TEMIIEpPaTypH,
SKi HE IMiJIa0ThCsA CTablmizarii a00 BaKKO KOHTPOJIIO-
I0TbCS, alle AKi BUKIMKAIOTh MOXHUOKY BHXiJHOI Besu-
quHE. Y TAKOMY BHIAIKy BapTO MPOBECTH MPOIECIYPY
panomizauii Juis Toro, 1mod 3poOuTH iXHIH BIUTUB BH-
MaaKOBUM.

[Ipu OaraTodakTOpHOMY EKCIIEPUMEHTI BiJ| TOTO,
ska Oyze oOpaHa MOJeNb, IO 3aJICKHUTh Bijl CIOCOOY
B3aeMoii akTopis.

VY mpakTHili JUCHIEPCIHHOTO aHali3y po3pi3HsIOTh
JIBa BUIM B3aeMOJil (akTopiB — iepapxiuHa Ta mepex-
pecHa knacuikarii.

[pu iepapxiyniii knacudikaiii po3pi3HIIOTh (ak-
TOPH OCHOBHOI Tpynu i (akTopu MHiArpyr, MpudoMy
KOXXHHH PiBeHb OJIHOI'O OCHOBHOTO (DAaKTOPY MOXKe OyTH
OB’ s13aHUH 3 0€3/MiY4I0 PiBHIB Ipyroro ¢akropy — dak-
Topy miarpynu [8, 9].

[pu nepexpecHiii knacudikariii KoXHi piBHI OHO-
ro (akTopy MOXKYTh CIIONy4YaTHCS 3 yCiMa PIiBHSMH iH-
moro (axkTopy # YHOpsIKYyBaHHsS BCIX B3aEMOJAIN y
LOMY BHWIIQJIKy, Ha BiIMiHYy Bijl iepapxiuHoi kimacudi-
Kalii, HeMOKJIHBO [8, 9].

[Ipunyctumo, mwo 7 — napamerp, O XapaKTEpU3ye
BHUITPOMIHEHHS JOCIIKYBaHOI NOBEpXHi, SKWil Tpeba
BUMIipIoBaTH, a P1 , ... Pn — OKa3HUKN KOHTPOJIO, IO
BH3HAYAIOTECA Yy TMPOIECI BHUMIPIOBAaHb (HAPHUKIA,
TeMIepaTypa MOBITPS, 3alUJICHICTh TOBITPS, ICKPABICTh
CBITOBOTO BHUIIPOMiHIOBAHHSI, BOJIOTiCTh TTOBITPSI).

PesynpraT croctepexxeHHS 3HAUYCHHS KOXKHOTO 3
MTOKa3HUKIB KOHTPOIIO MOXKHA 3aIMCATH Y BUTIISAL Ma-
TEMaTHYHOI MOJIENI, ¥ AKil (paKkTOpamu, M0 BIUIMBAIOTh
€ TTa (n— 1) dpakTopiB, 3yMOBICHUX MiHJHBICTIO ITOKa-
3HUKIB KOHTPOJIIO, M0 3anuuimincs. Lle TBepIkeHHs
3yMOBJIEHE TUM (DaKTOM, IO MOKa3HUKH, LIO0 3aJHIIH-
JUCS XapaKTepu3yIoTh KimbkicHO (N — 1) ¢isnuni Brac-
THBOCTI 00’€KTa KOHTPOIIO Ta BiJIPi3HSIOTHCS BiJ mapa-
METpPY TEIUIOBOI'0 KOHTPOIO 1, THUM, L0 € MOXIIUBICTD
TIPSIMOTO BIMIipIOBAaHHS iX PiBHIB.

OTxke, pe3ylbTaT CIIOCTEPEKEHHS 3aJIKUTh Bia N
(axTOpiB, IO BILUIMBAIOTH.

Monens npu aucriepciiiHOMy aHami3i Mae Takui
Burisiz [8, 9]:

{ (3HaveHHs, Wwo cnocTepiraeTbes) = X (Pakropw, WO

onucyloTb edekTy, Wo Bu3HavawTbes) + X (Bunag-
KOBI BENNYMHW, LLO OMUCYIOTh 3anuLIKoBi edekTn) }.

Jlyisi GEe3KOHTAKTHOTO BUMIPIOBAHHS TEMITEPATYPU
0i0JI0TIYHOTO 00’€KTY PO3MIITHEMO MOJICTh BIUIHBY Ha
pe3yNnbTaT BUMIpIOBaHb IOKa3HHKA KOHTPOMIO Pyp.q

IpH 4OTUPHOX (paKTOpax, IO BIUIMBAIOTH (&, Ta Qak-

TOpax, PiBHI SKUX KUTBKICHO BiIOOpa)KeHi 3HAYCHHSIMHU
TPHOX MOKA3HUKIB KOHTPOIIIO, L0 3IUIIMIKCS (TeMITe-
paTypa MOBITPs, SICKPaBICTh CBITOBOT'O BUIIPOMIiHIOBaH-
Hsl, BOJIOTiCTh OBiTpst). BoHa Mae BUTIISI:

Pabed =P +&a +ap+ B + 24 +
+(5a)ab +(5,B)ac +(£;()ad +
(@B )pe +(BY)eg + (a2 ) +
"'((‘»“9‘/’7}(),5&,6.6 +0aped »

@)

Ie a, b, ¢, d — Homepa piBHiB (PaKTOPIB, 110 BILIMBAIOTH,
&, — BIOXWJIEHHS Pe3yJbTaTy BUMIPIOBaHHS MOKa-
3HUKa P4 BiJ Horo cepennboro 3HaueHHs P, o0y-
MOBJICHE BIJIMBOM MapameTpy T;
Oy, Poy ¥4 — BLAXWICHHS pe3yibTaTy BHMIpIO-
BaHHS Pypq Bim P, oOymoBneHe Tppoma (akTopamy,
110 3aJTHIIHITACS

(ga)ab ' (gﬂ)ac ' (gl)ad ' (O‘ﬁ)bc ' (ﬂl)cd ' (a;()bd

BIJIXUJICHHS, OOYMOBJICHE MapHUMHU B3aEMOJISIMU YCiX
(hakTOpIB, 1110 BILIMBAIOTb;

(£0:Bx) . — Bimxuienms, oGymoBieHe B3aeMo-

Ji€10 YOTUPBOX (aKTOPiB, L0 BIUIMBAIOTE;
daped — BUIAIKOBHUH 3aJIUIIOK.

[NouyarkoBuMu ymoBamu Juis mozenm (3) Oyaytsb

Taki piBHOCTI:
Zea =0; Zab =0;
a b
D B=0; D xg=0
c d
Z(ga)ab =0: Z(ga)ab =0;:

%(sﬁ)ac =0; %(s/)‘)ac =0;
%(SX)ad =0; %(sx)ad =0;
%(aﬂ)bc =0; Zc:(aﬂ)bc =0;
%(az)bd =0; ;(az)bd =0;
;(ﬂx)cd =0; %(ﬂz)cd =0

2 (0B Jgpog =03 22(60B ) apeq =0
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26081 ) g =05 22608 ) ypeg =0
o d

Z Z Z Zdabcd =0.

a b ¢ d

KpiM mux yMOB Ha BHITQJKOBHIl 3aJIMIIOK HAKIa-
JieH1 0OMeXeHHS:
1) yci BunaakoBi 3ammmukn Ogpq € B3a€MHO Hesa-

JIEKHIMH,
2 2.
2) M[dabcd :|=O' y
3) BuManKkoBi BeNHMYUMHH Ogpq PO3MOiNEHI MO

HOPMAaJIbLHOMY 3aKOHY.
Ilo crocyeTbcs BUAY BIOXUIEHb &g,y fBer Xd »

TO Ha HUX OyJyTh HAKJIAAEHI TaKi YMOBH:
1) &, — € BUNAKOBOIO BEJINYHHOIO, OCKUIIBKU BO-

Ha BizoOpakae e(eKT anpiopHO HEBH3HAUEHUX PIBHIB
napaMmeTpy KOHTPOJIO T;
2) oy, Pey Xd — € METPOJIOTiYHA BU3HAUYCHUMH Ia-

pameTpamy OKa3HHKIB KOHTPOJIIO.

Mopgenb, 3amana BupazoM (3), He € BUKIIIOYHO ITa-
paMeTpuyHO0, i3-32 BHIAQJKOBHUX pIBHIB Iapamerpy
KoJopuMeTpuyHOro kouTpomo T. Ti ciin Bimmectn mo
3MILIaHUX MOJIENIEH.

BucHoBku

1. 1t 6€3KOHTAKTHOTO BHUMIipPIOBAHHS TEMITEPATY-
pu OGionoriyHOro 0O0’€KTYy 3allpoOIIOHOBaHA MOJEINb
BIUIMBY Ha pe3yJbTaT BUMIpPIOBaHb MOKa3HUKA KOHTPO-
10 Papeg IpU 4OTUPBOX (PaKTOpax, L0 BILUIUBAIOT.

Monenb BpaxoBye edekTd omHOYACHOI B3aeMOJil (hak-
TOpiB (TemrepaTypa TOBITps, SCKpPaBICTh CBITOBOTO
BUITPOMIHIOBAHHS, BOJIOTICTh MOBITpsi). [IpencTaBieHa
MOJIENb JIa€ 3MOTY NP TMOAANBIINX TOCHTIPKEHHSIX BHU-
3HAYUTH OOMEKEHHS Ha KUIBKICTh PIBHIB OCHOBHOTO
nmapamMeTpy KOHTpPOJIIO Ta (haKTopiB, MO BIUIMBAIOTH HA
pe3yapTaT BUMIPIOBAHHSA TPU 3aJlaHii METPOJIOTIUHIN
HEBH3HAYEHOCTI apaMeTpa KOHTPOJIIO.

2. Y mojanmpliuX JIOCHIPKEHHSX IPeCTaBlIeHOT
MOJIeNIl € 3MOra OTPUMATH PIBHSHHS JUIs OI[IHIOBaHHS
JIOCTOBIPHOCT] CTATUCTUYHHMX BHCHOBKIB Npo iH(pOpMa-
IHY 3HAYMMICTh MOKa3HUKIB KOHTPOJIIO TEMIICPATYPH.

3. TlepcneKTHBHHM € OTpUMaHHS aHaJiTHIHHX
CHIBBITHOIIEHb, IO JaAyTh 3MOTY OL[IHMTH KUIBKICTH
iH(opMarii sl KOXKHOTO 3 TTOKa3HUKIB KOHTPOJIIO TEM-
nepaTypH npH (pakTOpHOMY BIUIMBI Ha (YHKIIIIO IepeT-
BOpPEHHS IIMX TOKAa3HHKIB 3 THUM, MI0O0 paHXHUpPyBaTH
MOKa3HUKH KOHTPOIIIO TEMIIEpaTypH 3a 3MEHILIEHHSM iX
YyTIMBOCTI JI0 3MIHHM PIBHIB MapaMmeTpa TeMIepaTypHO-
T'O KOHTPOJIIO.

10.

11

12.
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Use of dispersion analysis in building a model of factor influence
on the result of remote thermal control of biological objects

lhor Hryhorenko, Svitlana Hryhorenko, Oleksandr Zhuk

Abstract. The solution to the scientific and practical problem of using dispersion analysis to build a model of factor in-
fluence on the result of remote thermal control of biological objects is considered. A model of the effect on the result of measur-
ing the temperature of a biological object of four factors that negatively affect the accuracy of temperature measurement is pre-
sented, namely: air temperature, air dustiness, global radiation brightness, air humidity. The scheme of action of the specified
factors is considered. In practice, it is not always possible to measure the temperature of a person or an animal by means of non-
contact control by choosing a place in advance in which the influence of factors that negatively affect the accuracy of tempera-
ture measurement is not manifested during the measurement process. Therefore, it is necessary to develop a factor influence
model that will take into account the most important factors that negatively affect the measurement result. This can be done using
variance analysis. It was concluded that the obtained results enable further improvement of the methods of processing the results
of non-contact temperature measurement of biological objects. Prospects for further research of the developed model are present-
ed, namely, that it is possible to obtain an equation for evaluating the reliability of statistical conclusions about the informational
significance of temperature control indicators; obtaining analytical ratios that will make it possible to estimate the amount of
information for each of the temperature control indicators under the factorial influence on the transformation function of these
indicators in order to rank the temperature control indicators according to the decrease in their sensitivity to changes in the tem-
perature control parameter levels.

Keywords: biological object; temperature measurement; non-contact method; infrared thermography; dispersion analysis.
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EVALUATION MODEL OF THE RECOVERY PROCESSES OF NON-MARKOVIAN
SYSTEMS, CONSIDERING THE ELEMENTS UNRELIABILITY UNDER
ARBITRARY DISTRIBUTION LAWS

Abstract. The subject of the study is the reliability of recoverable non—-Markovian systems, functioning of which is
described by arbitrary distribution laws. The purpose of the article is to develop a mathematical model of the functioning of
modern computer systems under arbitrary laws of the distribution of stay duration in each of the states, taking into account
the recovery system and the provision of spare elements. The main task is to develop an adequate model of the system
functioning process, taking into account the non-Markovian character of the processes occurring in the system, its possible
large dimension, and the presence of a hierarchical recovery system. Based on this model, a method for calculating the
density of the system recovery time distribution has been developed. At the same time, a universal four-parameter
distribution is proposed to describe random processes occurring in the system. Using this approximation, the calculation of
the desired parameter of the recovery flow is performed by solving the Volterra integral equation with a difference kernel.

Keywords: restoration of non-Markovian systems; mathematical model of reliability; density of the recovery time

distribution.

Introduction

Problem Statement. In the last decade, due to the
wide spread of the Internet, the so—called “cloud
technologies” have been rapidly developing, structurally
implemented as complex software and hardware
complexes representing Multi-Position  Distributed
Systems (MPDS). From the hardware point of view,
these are complex, spatially and functionally distributed
multi-level hierarchical structures consisting of many
functional subsystems - groups of radio electronic and
computer systems (RECS), united by means of network
communication and control. The main features of the
MPDS in comparison with single-position systems are
as follows: presence of structural and information
redundancy arising from the interaction of RECS

groups, use of spatial-temporal methods of
multidimensional ~ processing  of  measurement
information, large amounts of data (BigData

technology), unified synchronization of connections
between the systems included in MPDS, variety of
principles of RECS technical implementation and
computational means of ensuring the “cloud” storage,
information  processing and transmission, high
requirements for the reliability of elements and
subsystems, etc.

In the process of functioning, elements and
modules of all subsystems often fail. The concept of
failure is understood as a complete or partial loss of
operability by object, which is a consequence of
environmental factors impact (temperature, humidity,
vibration), internal physical-chemical processes, as well
as continuous operation in loaded modes, violations of
operating modes, maintenance, software failures, etc.

In order to guarantee the high reliability of such
complex long-term MPDS for their hardware
component, the following methods of reliability
increasing are currently used [1-4, 6, 9, 11]:

e redundancy of unreliable or
important elements and their blocks;

especially

e reducing the failure rate of elements and the
entire system;

e reduction of continuous operation time in
especially loaded modes;

e reduction of the average recovery time, etc...

In order to guarantee high reliability and efficiency
of MPDS, based on the possibilities of practical
implementation and the degree of efficiency, the most
significant for the hardware component of MPDS is the
formation of self-control system and spare standard
elements provision (SCSSSEP). At the same time, each
individual RECS is given a set of standard spare parts
containing a certain number of replacement elements of
all necessary types. To replenish the spare parts SPTA,
a group (SPTA-G) is used, which is attached to the
entire MPDS both to replenish the spare parts and to
ensure reliability for certain types absent in the
nomenclature of single spare parts. In addition, a
common repair body (RB) is distinguished in the
structure of the entire SCSSSEP, the functioning of
which consists in eliminating failures by identifying and
replacing (repairing) hierarchically smaller failed
structural elements in faulty elements [4-6, 11].

To solve the problem of optimal synthesis of
restoration and maintenance system SCSSSEP of
MPDS, it is necessary to develop methods for analyzing
the effectiveness of RECS functioning together with
SCSSSEP, using the parameters of the structure and
configuration of the spare parts and providing a target
function of the form

P=f(X),

where P is the efficiency indicator of MPDS, X is the
vector of SCSSSEP parameters. To construct
mathematical models of the functioning of both
individual RECS and MPDS, the theory of random
processes and queuing theory are used today in the vast
majority of cases, focused mainly on the exponential
distribution of failure and recovery flows [1-6, 9, 12-
17]. Several types of indicators are recommended to
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evaluate the effectiveness of modern RECS, taking into
account the reliability. The main ones are [1,3,11]:

e probability of uptime for a given time
to: P(ty) ;

* average operating time to failure: T, ;

e average recovery time: Ty ;

o system availability coefficient for reliability
Kgr;

o operational readiness coefficient for time ty:

R(to) -

It should be noted that the traditionally used
models for evaluating the MPDS effectiveness, taking
into account the reliability of its elements, are focused
on assumptions about the exponential distribution of the
uptime of all types of elements and their recovery time,
and about the relatively small dimension of tasks. This
ensures the formation of elegant and simple
mathematical models, but, of course, imposes certain
limitations on the level of accuracy of the results
obtained using these models. Analysis of the problems
RECS with SCSSSEP effectiveness evaluation shows
[1-6,9,11], that only particular problems of this problem
can be solved by existing analytical methods using
sufficiently strict restrictions on the number of
variables, the laws of distribution of failure flows and
recoveries, the structure and options for SCSSSEP
construction, maintenance  processes using the
assumption that maintenance updates the system
completely.

Thus, the tasks of analyzing the effectiveness of
MPDS functioning, taking into account the structure,
composition, options for strategies for replenishment,
control and maintenance of spare parts kits, as well as
the synthesis of hierarchical spare parts of the optimal
structure and quantitative composition, despite a large
number of developments and publications on this topic,
remain relevant. This is due to the lack of a sufficiently
general methodology for assessing the MPDS
effectiveness, which would allow expanding the space
of the analyzed parameters, would provide the
possibility of using non-Markovian laws of failure flow
distribution and recoveries and obtaining the final
quantitative results.

The article attempts to construct a general
mathematical model of RECS functioning, taking into
account the recovery system. Analysis of the
functioning of such a generalized system will allow to
obtain the laws of RECS recovery times distribution,
necessary for calculating the MPDS functioning
efficiency, taking into account reliability.

Main Results

Development of a mathematical model of non-
Markovian functioning systems taking into account the
recovery system. Consider an MPDS consisting of S of
one-type RECS, each of which is given its own set of
spare parts. All single sets of spare parts are closed to a
group set of SPTA-G. Let's assume that the average
failure rate of elements of the j-type of the RECS set
when operating under current as part of the equipment is

equal to ﬂ;@, and in storage mode — lgp. When
transferring elements from storage mode to operation
mode under current, their failure rate becomes equal to
/Lp). Then, when the RECS is operating in standby

mode, the failure rate of elements of the j-type of the
RECS aggregate can be written as follows [3]:

A0 220k + a0 (1-ky), (1)

where K, the intensity coefficient of equipment

operation. The cyclicity of RECS operation has a
significant impact on their reliability and to account for
this effect on the failure rate of RECS elements, the
ratio (1) can be written as follows [3, 5]:

A =40 (14 py7), )

where p; is a coefficient showing how many times the

failure rate of j-type elements increases with each turn
on of the RECS equipment, y is a coefficient
characterizing the average number of turns on of the
RECS equipment per hour. At this

A0 2 200k 42 (1- k). 3)

The models given below characterize an arbitrary
k-th interval of RECS operation, the index k will be
omitted in the future for convenience of recording.

Suppose that the RECS has in its composition a set
of elements that are homogeneous in characteristics.
Duration of their uptime is a continuous random

variable with a distribution density that fo(s(t).t) isa

function of the conditions and operating modes of the
system ¢£(t), as well as their lifetime t, and

fo(£(t).t) = A(2().t)P(e(t).1)=
= A(g(t),t)exp(—.[;/i(g(x),x)dx),

where A(£(t),t) is the failure rate of the elements as a

(4)

function of the conditions and modes of their operation
£(t) and the "age" .

Let's consider the process of elements operation of
the set of S RECS, taking into account the functioning
of the support system in time. At the moment of tlFA”'

failure of any of the RECS elements, it goes into a
recovery state.

The failed element is either rejected or sent to RB,
where it is restored, and a working element from the
spare parts kit is installed in its place. The recovery ends

at a random moment th, after which the RECS is

operational until the next failure.
The density of the RECS recovery duration

distribution is denoted by fg(t). During the RECS
operation, random periods of uptime 7} and recovery
time alternate 7.
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Such a process is called an alternating recovery
process [5, 7]. Introduce Gy (t) - time distribution

function of the k-th transition from the recovery state to
the working state. At this

Gy (t):jcb[(zk-l),r]fR (t)dt, (5)
0

where ®[(2k—1),7 |- there is a probability that the

system, starting from the recovery state at t=17; the

moment of time, has returned to the same state by the
moment of time, having made 2 k-1 transitions.
On the other hand, it is clear that

@[(Zk—l),rjz.t[Gk_l(r—u)fo(u)du. (6)

0

Substituting expression (6) into (5), we obtain the
distribution function Gy (t):

Gy (t)= j[ij_l(r—u) fr (u)du}fo (t-7)dz. (7)

oLO

Atthis  Gy(t)= [ fg(z)dx. ®)

It is shown [7] that if there R (t) is a time

distribution function of the k-th transition from the
working state to the recovery state in the alternating
process, then the failure flow parameter is obtained

from the ratio
d o0
a[kz a(t)} ©

Then, in the same alternating process, by analogy,
we calculate the parameter of the recovery flow wp (t)

by the formula

oR (t)=%[éek (t)}= ki;lgk (t)

Performing the forward and
transformation of the expression

t)= ZLGk (t)

after the transformations, we find the ratio for the
parameter of the recovery flow

on (1) = Tr (1) +

(10)

reverse Laplace

1)

t|z 12
+I[IwR(r—u)fo(u)du}fR(t—r)dr, (12
0Lo
or, equivalently
or (t)=fr(z)+
(13)

+I[I u)fo(t—z- u)dquR(r)dr.

This relation for the given ones fy(t) fg(t) is
the Volterra integral equation of the second kind with a
difference kernel relative to wp (t) .

The main indicators of RECS reliability will be
considered the system readiness coefficient (the
probability that at any given time t the RECS will be in
working condition - K, (t)) and the operational
readiness coefficient (the RECS will work flawlessly for
a given time interval (t, t+7), that is - P(t, t+17)), which
are respectively equal to:

Ki(t)=R+P,=p(t)+| p(t-7)wr (r)dr,

O —y

t
P(tt+7)=p(t+7)+[ g (u)
0

where p(t+7) is the probability that the RECS will not
fail once during the time interval (t+7),

[y@r (L)P(t+z-u)du is the probability that the

)p(t+7—u)du, (14)

RECS will fail for the last time at some point in time
u(u<t), will be restored by time t and will not fail again
until time t+7z.

Thus, in order to calculate the main indicators of
RECS reliability, it is necessary to know the law of
system operation duration distribution before failure (or

the corresponding density - fq (t)) and the parameter of

the recovery flow wg(t), found from the integral

equation (13) through the recovery time distribution
density fg(t).

On the other hand, to analyze the alternating
recovery process, it is necessary to know the density of
the uptime fy(t) and recovery time fg(t)

distribution, while equation (13) can be used with this
law of change wg(t)to find the recovery time

distribution density fg (t).

An exact analytical solution of the Volterra
equation of the second kind is possible only in some
special cases.

Consider the options for obtaining a numerical
solution of the Volterra equation.

Option 1. In this case, the traditional approach
[8] is used, which consists in decomposing the core of
the resolvent equation into a series. Let's evaluate its
versatility.

Let's rewrite the expression of the Volterra
equation (13) as follows

t

fr(t)=ar () +A[K(to)f (r)dz.  (19)
0
Here 1=-1, and
K(t0)= | g (0)fo(t—r—u)du.
0
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The kernel of the -equation (resolvent) is
represented as an expression
0
K(t,r)=Y Kpa(t.7),
n=0

where K, (t,7) -
recurrence relation

Ky (t,7)=K(t,7),

iterated kernels obeying the

Kn+1 (t, T) =

t
:IK(t,z’)Kn(t,T)dr, n=12,.... (16)
0

We will present the desired solution in the form of
infinite series

fr(t)=fo(t)+Af(t)+

, (17)
+A5fy () +. .+ A () +...
After the transformations, we get
fr(t)=r (t)+
(18)

o t
+Y 17IK7 (t,7) g (7)dz.
r=1 0

In order to evaluate the effectiveness of the
described method of restoring an unknown law of the
distribution of recovery time, a computational
experiment was conducted. During the experiment, the
reliability behavior of M homogeneous TEZ was
simulated (M=50 was assumed).

Random recovery time durations were formed in
accordance with the test distribution density fg(t).
Rayleigh's law was chosen as a test distribution law.
Random operating time to failure was assumed to be
exponentially distributed.

Data on failures and subsequent recoveries were
processed in order to calculate the law of change in the

parameter of the recovery flow @(t) .

The empirical function obtained in this case was
@g (t) further used to calculate the density of the
recovery time distribution.

However, the functions obtained in this case f (t)
are not distribution densities (they are not normalized
and have negative values in the distribution area).

Therefore, an attempt was made to modernize the
traditional methodology.

The resulting empirical function is @g (t) pre-
smoothed. To form a smoothed estimate of the
dsmtH (1) function, the é@(t) cubic polynomial
approximation using the least squares method was used.
But the dgyrh (t) functions obtained as a result of

substitution into equation (12) and its solution are
fsmth (t) also not normalized and are negative in the

distribution domain.

Thus, significant limitations of using the
traditional method of obtaining a numerical solution of
the Volterra equation of the second kind are revealed.

Option 2. Using parameterization technology. Due
to the fact that the traditional approach of obtaining a
solution to the Volterra equation of the second kind is
not universal enough, a different approach is proposed.
To find the density of the recovery time distribution, we
use parameterization technology. In this case, we will
look for the required density in some class of
distributions.

The requirements for the analytical description of
such a density consist in the possibility of changing its
statistical characteristics in a wide range by varying the
parameters.

In practice, [3, 5 7, 10] several different
approaches are used to obtain such descriptions, but the
necessary requirements are met by the distribution
density function, called the ¢ - distribution:

40 = A1+ 04 (x-01)/(263) ]

xexp[—(x—gl)z/(29§).(p+93.sgn(x—e1))}.

Here is:
A — normalizing coefficient,
01 — parameter that characterizes mathematical

expectation x,
0, — parameter that characterizes variance x,

03 — parameter that characterizes asymmetry x ,

64 — parameter that characterizes kurtosis x,

o — parameter that defines the possibilities of
¢ — distribution by asymmetry.

(19)

If 93:0, 494:0andp:1,

then ¢(x) is a normal distribution. It follows from
relation (19) that the values of the ¢ — distribution for

any values of the parameters included in it are non-
negative.

The multiplier A is found from the normalization
condition:

[~ p(odx=1 (20)
At this

[1+94-(x—91)2/(29§)}<
—(X—el)z/(29§)x dx=1 (21

x(p+63-59n(x—61))

N

—oo| XEXP

From here, after cumbersome

transformations, we get

simple but

-1

2 1 (“2( 9;1 )j+
A= 92\/;>< \/ (p+93) p+0O3

+ ! [l+ 04 J
J2(p-03)\  2(p-03)

L (22)
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For unimodality #(x), we require that it increases

on the interval [—oo;m], ie. dﬁ(x) >0, if xe[-o;m],
X
and decreases on the interval [m;+oo], i d9(x) <0, if
dx

X €[m;+o], where m =g is the mode of distribution
x. Then after analyzing the expression of the first

derivative we get
(1404 (=00%/(263) |- (o-lod) > 00 (23)

Condition (23) should be satisfied for all
X € (—o0;+00);and since 94> 0 u |93 < p, in particular,

(x-0)°
05

takes the smallest value equal to 1. Hence the
unimodality condition is follows:

and for x =g, which the multiplier {1+ Oa

04+|03 < p. (24)

We will investigate the possibility of using the
¢ —distribution to find the density of the recovery time
distribution satisfying equation (12). Let's consider an
optimization problem. For the given functions
wg (t)and fy(t), describing the law of change of the
recovery flow and the density of the distribution of the
operating time to failure, it is necessary to find such a
fixed set of parameters (6,,6,,65,0,) defining the ¢—
distribution so as to minimize

wg ()~ 9(61,65,05,6, ) -

t—r

=[] Tont

u) fo (t—r—u)du |x | dt. (25)

xp(61.0,.03,0,)d7

The objective functional (25) is the integral of the
discrepancy square between the observed law of change
of the recovery flow parameter and the one calculated in

accordance with (13) description of this law
corresponding to a fixed set of parameters
(61,60,,05,04).

The resulting optimization problem was solved by
the modified Nelder—-Meade method. The Nelder—-Mead
method is a development of the simplex method of
Spendl, Hext and Himsworth for finding the minimum
of functions of n variables. In this case, a set of

unknown parameters (6;,6,,63,6;) determines the

optimization procedure of the function n=4 variables.
The essence of the method consists in comparing the

values of the objective function J. (6,6,,65,6,) Atthe

(n+1) vertices of the simplex and moving the simplex in
the direction of the optimal point using an iterative
procedure.

The original simplex D, is introduced so that the
coordinates of the vertices are determined by the table
(one of the vertices is at the origin):

d d, .. d

dy d; .. d

0 dy dy .. dy

0, 9 93 .. 9
(n+1) dots

dy = \/_(\/n+ +n-1), dy, =

t is some selected number.

At each iteration for the current simplex, the
coordinates of the center of gravity of the figure resulting
from the removal of the vertex are found 4

1
9:_.222121_

n

I(W 1),

Ynil -
(26)

Further, as is known, the simplex moves towards
the optimum using three operations — reflection,
stretching and compression, providing at each kth
iteration J«(6y,6,,63,0,4) < J«1(61,65,65,6,)

The criterion for stopping a computational
procedure has the form:

ol 5ot

j=1

(@7)

n+1l
H1-8) [ 3 (8, -0T (8, -0), s <[01],
n+1
j=1

The stop criterion J is composite. At the same
time, its components have different weights depending
on the nature of behavior of the optimized function in
the vicinity of the extremum. If the optimized function
changes in the "deep depression" type in the region of
the extremum, then the first term makes a greater
contribution to the numerical value of the criterion K,
and the second one decreases rapidly. On the contrary,
if the optimized function changes in the "flat plateau"
type, then the first term quickly becomes small and
therefore the second term contributes more to the value
of the criterion K.

To prevent premature triggering of the stop
criterion near the optimum and neutralize the so-called

“ravine effect” for the function J k(6y,6,,65,6,) at the

kth iteration, an improvement technique was used, the
essence of which is as follows. After the stop criterion is
triggered, a new simplex is constructed above the center
of gravity of the compressed simplex, the dimensions of
which correspond to the original simplex. Let the
coordinates of the center of gravity of the compressed

sl
simplex form a vector $=| :
B0
&
Is the coordinates of a point A=| : | such that
éI’]
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the center of gravity of a simplex with an edge length
equal to t, using the vertex A as the starting point,

would coincide with X . The coordinate matrix of the
specified simplex has the form

él é1+dl é1+d2 él+d2
4 4,+d, &,+d 4, +d
D21=22221 27592 | (08
én én +d2 én +d2 én +d1
The coordinates of the center of gravity of this
simplex form a vector
1
4 +—(d{+(n-2d
| n+1(l (n-1)dy)
1
& +——(d;+(n-1)d
ci=|® (G (n-Dd2) | (29)

1
a, +——(d n-1)d
n+n+1(1+( )d2)

Now we will A find the coordinates of the point
from the equality C 3 =4, from where

1
&4 =%-——([W +(n=-Dd5) =% -5,
=% n+1(1 (n-Ddy)=%
’312=*2——1 (dp +(n=1)dy) =%, s,
n+1

(30)

Ao 1 o
a, =X, —m(d1+(n—l)d2) =%, -5,

d; +(n-1d,
n+l
Substituting the calculated values &,4d,,...,4, into

expression (28), we obtain the required simplex, using
which the minimum search procedure continues. This
procedure is considered complete if, after the next

where s =

(). o, (1), p(1)

14

compression, the algorithm leads to a point from which
the distance to the point of the previous compression

does (G 6ok B3k , 4k ) NOt exceed some sufficiently

small 5.
The results of solving the problem of finding a

set (6,,6,,03,0,) are shown in Fig. 1. The resulting
function ¢(t) s the desired distribution density, since it

the  normalization that s
tll)r?o R(t)= Iimjgﬁ(t)dt =1, as illustrated by the graph
in Fig. 2. Here0 is also a graph of the function for
comparison F, (t) =.t[ fomh (t)dt.

Thus, using the0¢—distribution allows to calculate

the recovery time distribution density based on data on
the law of change in the parameter of the failure flow.

After the density of the recovery time distribution
is formed according to the data on the law of change in
the parameter of the failure flow, the average recovery
times of the RECS operability are calculated.

So, let the average recovery time of RECS
working state in case of a failure of j-type element with

satisfies condition,

an unlimited supply of spare parts is Téé) . If there is no

j-type element in the spare parts (or it is not provided),
then RECS recovery is carried out at the expense of the
elements of the spare parts SPTA-G and the average
recovery time of the functional state will be

RO (OO 10N (31)

where P(gj) is the probability that there are no j-type

elements in the spare parts kit at any given time, Tap is

the average delivery time of the replacement element
from SPTA-G to the spare parts (the average RECS
recovery time due to the spare parts).
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Fig. 1. Calculation ft) Using ¢ -Distributions
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Fig. 2. Checking the Normalization of the Distribution Law

The ratio (31) is obtained under the assumption
that the group set of SPTA-G is an inexhaustible source
of replenishment.

In the absence of a replacement element in SPTA-
G, the RECS restoration is carried out at the expense of
the element returned from the repair body. Then the
average recovery time of the RECS can be written as
follows

T =70 (1-rEV)+
_ . R (32)
TP (1— Pé’))+T,£’)P(§J)P(§’),

where P((;j) - the probability that at any given time

there are no j-type elements in the SPTA-G Kkit, TF(,j) -

the average repair time in the repair body of the j-type
element.

In conclusion, we note that the calculated
recovery time density is uniquely determined by the

nature of the data on the failure flow, however, the
specifics of the structure and parameters of the spare
parts system, heterogeneity, and multi-nomenclature of
the source data are not fully taken into account [18,
19], which does not allow to consider the described
methodology as a comprehensive method for analyzing
the effectiveness of RECS groupings with unreliable
elements in depending on the parameters and structure
of SCSSSEP.

Consideration of these circumstances determines
the direction of further research.

Conclusions

1. Mathematical model of the recovery process is
proposed. A universal four-parameter distribution is
used to describe random processes occurring in non-
Markovian systems.

2. The resulting model makes it possible to
determine the parameter of the recovery flow by solving
the Volterra integral equation with a difference kernel.
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MopeJib OLiHKM NMPOLECiB BiTHOBJIEHHS HEMAPKIBCbKUX CUCTEM
3 ypaxyBaHHSIM HeHailHOCTI eJieMeHTiB 3a 10BiIbHUX 3aKOHIB PO3NOLTY

JI. T'. Packin, 1O. B. IBanuuxin, JI. B. Cyxommus, f. B. Cesrkin, P. O. Kopcyn

AnoTtanis. Ilpenver gociaixKkeHHs1 — HAAIHHICTh HEMAPKIBCHKUX CHCTEM, IO BiJHOBJIIOIOTHCS, QYHKIIOHYBAHHS KX
OIHUCYEThCS IOBUTBHUMHU 3aKOHAMH po3mojiry. MeTor crarTi € po3poOka MateMaTH4HOI MOAElNi (yHKIIOHYBaHHS Cy4acHHX
KOMIT FOTepHHUX CHUCTEM 3a JOBUIBHMMH 3aKOHAMH PO3MOJIiTy TPUBAJIOCTI mepeOyBaHHS B KOXKHOMY i3 CTaHIB 3 ypaxXyBaHHSIM
BIJIHOBIICHHSI CHCTeMH Ta 3a0e3MeYeHOCTi 3amacHuMK eneMeHTaMid. OCHOBHHMM 3aBJAaHHSIM € po3po0Ka afeKBaTHOI MOAEi
npotiecy (GyHKIIOHYBaHHS CHCTEMHU 3 YpaXyBaHHSIM HEMapKOBCHKOrO XapakTepy MpOIECiB, 10 BiAOYBAIOThCS B CHUCTeMi, 1i
MOXITHBOI BEJIHMKOI PO3MIPHOCTI Ta HAsBHOCTI iepapxiuHoi cucTeMu BifHOBIEHHs. Ha OCHOBI Iii€i Mojem po3poOieHO MeTox
pO3paxyHKy  MIIJIBHOCTI ~ pPO3MOALTY  4Yacy  BiHOBIGHHsS CHCTeMH. BoJHO4Yac  3ampollOHOBAaHO  YHIiBepCalbHHI
YOTHPUIIAPAMETPUYHHUN PO3MOIN Ui OMKHCY BHUIAJKOBUX IPOIECIB, IO BiAOYBArOThCS B CHUCTEMi. BHUKOPHUCTOBYIOYH IO
amMpOKCHUMAIIiI0, PO3PaXyHOK IIYKAHOrO MapaMeTpy IOTOKY BiHOBICHHS BHKOHYETBCS IUIIXOM PO3B’SI3aHHS iHTErPABHOTO
piBHsiHHS BonbTeppa 3 pi3HHUIIEBUM SAPOM.

Kiaw4yoBi ciaoBa: BiJHOBICHHS HEMapKiBCKHX CHCTEM; MaTeMaTHYHA MOJIENb HAIHHOCTI; MILTbHICTh PO3IOIIIY Yacy
BI/IHOBJICHHS.
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PARAMETRIC SYNTHESIS OF AN ELECTRO-HYDRAULIC EXECUTIVE DEVICE

OF ADIGITAL SYSTEM OF AUTOMATIC CONTROL OF A MOVING OBJECT

Abstract. Most modern moving objects, including military moving objects, are equipped with guidance and stabilization
systems with electro-hydraulic executive devices. Intercontinental ballistic missiles, space vehicles, aircraft, the main
armament of tanks and ships have high-precision digital guidance and stabilization systems with electro-hydraulic actuators
with potentiometric feedback, capable of ensuring high accuracy of stabilization of a moving object in a given direction. The
work is devoted to the development of a methodology for selecting the value of the feedback channel amplification coefficient,
which provides the maximum margin of stability and the maximum speed of the closed digital system of guidance and
stabilization of a moving object. The proposed technique is based on the application of a discrete-continuous mathematical
model of a closed digital system of guidance and stabilization of a moving object, which contains ordinary differential
equations for describing the disturbed motion of the continuous part of the stabilized object, as well as difference equations for
describing a discrete stabilizer. To construct the characteristic equation of a closed discrete system, the mathematical model
is reduced to a system of difference equations using matrix series. At the same time, the number of considered members of
the matrix series depends on the value of the quantization period of the digital stabilizer, therefore, in addition to determining
the amplification coefficient of the feedback channel of the executive device, the proposed technique also includes the
determination of the value of the quantization period of the digital stabilizer.

Keywords: guidance and stabilization system of a moving object; electrohydraulic executive device; quantization period

of the digital stabilizer; margin of stability and speed of the closed-loop system.

Introduction

Problem statement. Electro-hydraulic actuators or
electro-hydraulic amplifiers (EHA) are widely used in
automatic control systems for moving objects and,
above all, for military purposes objects. Guidance and
stabilization systems for aircraft, missiles, spacecraft,
ship and tank guns usually contain EHA, which make it
possible to provide the required stability margin, high
speed and accuracy of guidance and stabilization of
these objects. The creation of high-precision systems of
armaments and military equipment has led to the mass
transition of automatic control systems for military
facilities to a digital construction principle, which
makes it possible to implement complex non-linear and
non-stationary control algorithms that ensure high
quality indicators of these types of armaments. The
purpose of this work is to select the variable parameters
of a digitally controlled EHA that provide high accuracy
in processing control signals generated by an on-board
digital computer (OBCM).

Main material

Mathematical model of the perturbed motion of the
EHA. As an example, let us consider a schematic
diagram of an EHA of a ballistic missile guidance and
stabilization system that ensures turn of the combustion
chamber of a liquid-propellant jet engine (LRE) [1, 2],
shown in Fig. 1. The inputs of the onboard computer
1 receive signals from the outputs of the inertial sensors
of angles, angular velocities and accelerometers that
measure linear accelerations relative to the main central
axes of inertia of the rocket, as well as signals from the
outputs of the feedback potentiometers 14. The analog-

' 14

——————— 19 B
3 [
:g 5

Fig. 1. Schematic diagram of an EHA of a ballistic
missile guidance and stabilization system

to-code converter converts the onboard computer input
signals into lattice functions, on the basis of which the
guidance and stabilization algorithm is formed in the

form of a lattice function uy [nT ], which is converted

by the code-to-analog converter into a continuous
voltage function uy (t) supplied to the electromagnet

input 2 which contain control windings 3 and 4, rocker
arm 5 and fixing spring 6 holding rocker arm 5 in the
neutral position at zero signals to windings 3 and 4. If

the lattice function ug [nT] is positive, then a positive
signal ug (t) goes to winding 3, and if the function
uy [nT] is negative, then a positive signal uy (t) goes

to winding 4. In the first In this case, the rocker arm 5
rotates by a positive angle A(t) (counterclockwise),

and in the second case, by a negative angle A(t)
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(clockwise). The instantaneous value of the current in
any of the control windings 3 or 4 is determined by
solving the differential equation

800

Y gt +ri(t)=ug (1), )
where L, is the inductance of the control winding; ry, —

active resistance of the control winding; us (t) is the

signal at the output of the code-analogue converter
corresponding to the lattice function

ug [nT]=G[nT]-k s5[nT], 2
where G[nT] is the lattice function that determines the

stabilization algorithm; k s6[nT] — lattice function of

the feedback EHA by the angle of turn of the LRE
combustion chamber.

When the rocker arm 5 is rotated by a positive angle
B(t), the needle 7 slightly opens the calibrated hole 9,
and the needle 8 covers the calibrated hole 10. The
pressure created by the hydraulic pump 11 decreases in
the upper cavity of the hydraulic power cylinder 12, and
increases in the lower cavity, causing the piston 13 to
move up. The turn of the rocker arm 5 is described by
the differential equation

dzﬂ(t)+ 4B()
dt? dt

and the displacement of the piston of the power
hydraulic cylinder s(t) is associated with the turn of

the rocker arm 5 through the angle A(t) by the
dependence

+cp(t) =kgi(t), )]

Ik

ds(t) _
5~ keA ). )

here Iy is the moment of inertia of the rocker arm; f

is the coefficient of fluid friction along the axis of the
rocker arm; ¢ — stiffness coefficient.

And finally, the angle of turn of the LRE
combustion chamber &(t) is related to the moving of

the piston s(t) by the formula

5(t)=kes(t). ®)
From relations (4) and (5) we have
do(t) _
?—kpksﬂ(t)- (6)

We write differential equations (1) and (3) in the
form

7, 200 =y () o

d?(t) _ dA(t K .
W dtZ()+T2 dt)+ﬂ(t):Tﬂ'(t)' ©

where the following notation is accepted

L |
T, =—2; k —i; T2 =K, Tzzl.
ry ry c c

Differential equations (6)—(8) together represent a
mathematical model of the continuous part of the EHA.
The mathematical model of the discrete part of the EHA

can be obtained from relation (2), if we put G[nT]=0
in the latter. As a result, we have
ug [nT]=-k55[nT]. 9)

We write the mathematical models of the
continuous and discrete parts of the EHA in normal form,
for which we introduce the state vector of the EHA

x(t) | ]i(t)

x| [B(1)], 4
O e | s VOO
X (t)] [5(t)
As a result, we have
dx;_t(t):_%x (t)+k—Zuz (t);
dxzt(t): (0) (10)
dxg(t) 1 T, k _
i ——Exz(t)—¥x3(t)+éxl(t),
dx;—t(t):kpksxz(t).

We write system (10) in the vector-matrix form
X(t)=A-X(t)+B-U(t), (11)

where the matrices A and B are written as

0 0 o kT
T, Ky
oo 1o Ty
| kg 1 T, B0
—3 "3 2 0 0
S P P .
0 ke, O O] L~

Let us write a difference equation connecting the
initial state of the continuous part of the system X [kT ]
with its final state X [(k+1)T ] at each discreteness
period [3]

X[(k+1)T]=@-X[KT]+H-U[KT],  (12)
where the matrices ® and H are determined by the
formulas:

<D=§%AiTi; (13)
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_ zl: | |+1:|B ) (14)

The number of terms of the matrix series (13) and
(14) taken into account depends on the value of the
discreteness period T . Usually, when using modern
onboard computers with a small quantization period, it
is assumed with sufficient accuracy

O=E+A-T; (15)
H=B-T. (16)
We write relation (9) in the vector-matrix form
U[KT]=K-X[KkT], an
where the Kravna matrix is equal to
K=[O 00 k5]. (18)

Let us substitute relation (17) into difference
equation (12). As a result, we obtain the difference EHA
equation with digital feedback

X[(k+1)T|=[®+H-K]-X[KT]. (19)

Let us write the characteristic equation of the EHA [3]
det[®@+H-K-E-z]=0. (20)

Substituting matrices (15), (16), and (18) into
equation (20), we obtain

(1-2)-1 o 0 ks
Ty Ty
y 0 1-z T 0
et =0.(21
kgT T T,T (21)
— 3 -5 0
Ty T T
0 kpks 0 1-z |

Expanding the determinant (21), we write the
characteristic equation of the EHA with digital feedback
in the form

(1—2)4—(1—2) T—22+— T+(1- z) X

Ty

2 3 4 (22)

o 1472 T—Z—(l—z) LS ks T =0,
Ty Ty TyTl T Tl

where the gain of the direct circuit of the EHA is equal to
kyk gk k

B ACAN R (23)

c

Parametric synthesis of EHA with digital
feedback. Let us use the w-transformation method [4]
and set in the characteristic equation (22)

l+w
1-w
Then
2
1—2:—2—W; (1—2)2: aw 5
1-w 1-2w+w

(1-2)° =——8W32 X
1-3w+3w° —w (24)
(1_2)4 _ 16w

1—4w+6w2 —awd +wh

In the obtained relations (21), we will make the
replacement [5] w=a + jo . As a result, we get

1-z=o(a,0)+ jf(a 0);
(1-2)* =z (@, 0)+ By (@, 0);

2P (@)t iBylaa)
(1-2)" =y (o, 0)+ [ Ba (e, ),
plan) -t @)
) (22_:;(21)(1—)2%052—@2)—
tac?(1-a
az(a,a))=(1_2a+a2_w2)2+4w2 oy . (28)
20(1-a)(a® -0 )+
+200(1-20+a? - 0?)
fy (a,0) = et e . (29)
o (c,0) =
(o - 300 )
8% 1-3a+3(a? - 0?)-(a* - 3aa? ) | +
+o? (-3+60-3% +o )( ~o?) | 0
- :1—3a+3(a2—a)z)—(ag—Saa)Z)T+
+w2(—3+6a—3a2+w2)2
B3 (e, 0) =
~(® -300% )0 -3+6a-30% +? )+
8 +(3020-0° )
; (31)

x|1-3a+3(a? - 02 )-(a ~3a0?)
z_wz)_(a3_3aw2)}2+

+0° (—3+ 6 —3a® + W’ )2

:1—30: +3(a

ay(a,0)=
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(* ~60%0 + 0 )
1-4a+6(a’ -’ )~
><—4(a3—3aa)2)+ +
16] | +(a*-6a%0" +0)
+haa? (a2 —a)z)x
—4+12a—4(3a2—a)2)+

X
+4a(a2 - wz)

= > (32)
1—4a+6(a2—wz)—4(a3—3aa)2)+
+(a4—6a2a)2+a)4) ’
—4+12a—4(3a2—a)2)+ ?
+@?
+4a(a2—a)2)
Pa(a,0)=
40:(0( a)z)x
1-4a+6(a’ - 0? )
X ( 3 300 )+
161 | +(a* 6a2w2+a))
(a4 6c’w’ + @ )4a)><
—1+3a w2)+
-’)
1- 4a+6(a2 ( 3 _3qw )+ e &
+
+(a4 60w +a)4)
—4+12a—4(3a2—w2)+ ’
+@?
+4a(a2—a)2)
Taking into account relations (25), the

characteristic equation of the EHA with digital feedback
(22) takes the following form

ag(a.0)+|fy(a,0)-
(Vo T2 AT, T 3 (,0) + s () ]+
+(1+I_2]%[a2 (. 0)+jfs (a,0)]-

y

(34)

T3
——[al a,m)+
T Tl

T4
iB(a,0)]+k-ks —=0.
T

We represent the value ks as the sum of the real
and imaginary parts

k5 ZRek5+ J Imk5
Then from equation (34) we have
—ay(a,0)+

+(T—2+TijTa3 (a,0)-

2
oy

T, |72 ;
[1+ —ZJT—Z(ZZ (a,0)+
Ty )T

T3

T,

Reks =
T Th

(35)

+ o (a,0)

2
yl

—By(a,0)+
+[T—2+TLJT[33 (a,0)-

Ty

2 . (36
_{1+_1|__—2]T—2/32(a,w)+ (30)

o,
TT12 (2.0)

Using formulas (35), (36), taking into account
relations (26)—(33) in the complex plane (Reks , Imks)

we construct the boundary of the EHA stability region,
assuming « =0 and changing @ from zero to infinity.
The straight line segment enclosed between the
intersection points of the constructed curve and the real
axis will determine the stability region of the EHA with
digital feedback (Fig. 2).

7107 Im K,

10° Re K

Fig. 2. The boundary of the region of stability and
the line of equal degree of stability in the plane of
the complex parameter ks

By changing the value of « in the negative
direction « >y and constructing lines of an equal

degree of stability [5], on the real axis of the complex
plane we will select segments ab; , contracting at some
a=a* to the point ks =k;, in which the stability
margin EHA is maximum and equal to o = a*.
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The point k}, which ensures the maximum

stability margin of the EHA, is located on the real axis
of the complex plane K. The segment a;b; contracts

to this point. Point a; corresponds to w =0 for each of

the lines of equal degree of stability, consequently, the
coordinate of point a; on the real axis of the complex

plane K is determined by the dependence

-0y (a,O)+(T—22+Ti]><

Ty
T, |T2

== o (a,O)—[l+—]—2x

. (37)
Ty )Ty

3

xay (a,0)+ o (a,0)

y'l

where the quantities «;j(«,0) can be obtained from

relations (26), (28), (30) and (32 ) when substituting
w=0 inthem:

2 4a®
al(a,0)=—£; az(a,0)=(1_aa)2;
8a° 160* )
0)=-—2%__. 0)=—"%
az(a,0) T ay(,0) o)

At the point kj, the value of a (e) reaches its
maximum

K5 = maxa, (). (39)
(24

We differentiate the right side of dependence (38)
with respect to « and equate the result of
differentiation to zero

_9a4(a,0) +[T_2+ 1 ]T daz(a,0)

oa T12 ﬂ oa

_[1+T_2JE day (,0)

2
Ty T oa

40
T3 8a1(a,0):0 “0

+ 2
T,y Ooa

As an example, consider an EHA with parameters
k=0,3664 V%, T,=4-107s; T2 =104¢
T,=0,55-102s. Then, taking into account relations
(39), condition (40) takes the form:

o8 [—32+9,6-102T ~4,548.10°T2 40, 25-106T3J+
+a? [—9,6-102T 1+9,1-10%T2 —0,75-106T3}+ (41)
+a[—4,548~1O4T2 +0,75.106T3}—o, 25.108T3 =0,

The real negative and two complex-conjugate roots
with negative real parts of the cubic equation (41)
determine the value of the maximum stability margin
a* of the considered EHA.

EHA with digital feedback has two variable

parameters — the gain of the feedback loop ks and the
quantization period of the onboard computer T . The
optimal value of k; in accordance with relations (37)
and (39) is determined by the formula

I
-0y (0!*, 0) + [T—ZZ + T—]T [24] (a*, 0) -

2
« Ty Ty
s . (42)
kT T, |72 T3
- 1+—= —Zaz(a*,O)-l—zal(a*,O)
Ty )% TyTy

On Fig. 3 shows the root locus of the third-order
polynomial (41) depending on the quantization period
of the onboard computer. Points 1-6 of the root locus
correspond to the following values of the quantization
period T :
1-T=1-10%5;2-T=2-10%5;3-T=4-1073s;
4-T=6-10%55-T=8-103%s;6-T=1072s.
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Fig. 3. Root locus of the polynomial of the third order (41)

A closed-loop EHA achieves a maximum margin
of stability and speed in the case when the real parts of
all three roots of the polynomial (41) are the same, and
the roots themselves are located on a vertical dash-
dotted line. In this case, the value «*=-0,032, which
corresponds to the value of the on-board computer
quantization period T =5-10%s. With a further
increase in T, the stability margin and speed of the
EHA decrease, and at T=107%s, the EHA loses
stability.

Let us substitute «*=-0,032 into relations (38)

o (a*,0)=0,062; ay (a*,0) = 0,00376;
a3 (a*,0)=0,000233; a4 (a*,0)=0,000141.

Then from relation (42) we find the optimal values
of the coefficient of gain of the EHA feedback

K= 0,3664 V.
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period of the onboard computer T . It is recommended
to choose the values of both variable parameters from

The variable parameters of the EHA with digital the condition of ensuring the maximum margin of
feedback are the feedback gain ks and the quantization  stability and speed of the closed-loop EHA.

Conclusions
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IMapameTpu4HHUii CHHTE3 €JIEKTPOTiAPABIiYHOI0 BHKOHABYOTO OPraHy
HHM(POBOI CUCTEMH ABTOMATHYHOI0 KEPYBAHHA PYyXOMHM 00’ €KTOM

€. €. Anexcannpos, T. €. Anekcanzaposa, . B. Koctanuk, . FO. Mopryn

AHoTanist. BinpliicTh Cy4acHMX PyXOMHX OO €KTIB, 30KpeMa pPYXOMHX OO0 €KTIB BiiiCbKOBOrO MpU3HAYCHHS, OCHAIICHI
CHCTEMaMH HaBE/IeHHs 1 cTalimizallii 3 eJIeKTPOriApaBIiYHIMH BUKOHABYMMH OpraHamMu. MiKKOHTHHEHTAJIbHI OaTiCTHYHI paKeTH,
KOCMIi4Hi arapar, JIiTaKu, OCHOBHE 030POEHHSI TAHKIB i KOpaOiliB MArOTh BUCOKOTOUHI IIM(POBI CHCTEMHU HaBEICHHs 1 cTabimizawii 3
@JICKTPOTI APABTIYHIMH BUKOHABYMMHU CIEMEHTAMH 3 MOTCHIIOMETPHYHAM 3BOPOTHHM 3B’S3KOM, 3IATHUMH 3a0€3MEUHTH BHCOKY
TOYHICTh cTabuIi3anil pyXxoMoro 06’eKTa 100 3aJaHoro HampsMmky. Pobora mpucBsiueHa po3polii METOAMKH BHOOPY 3HAYCHHS
KoedilieHTa MiACHICHHs KaHalTy 3BOPOTHOrO 3B’ 53Ky, 110 3a0e3edye MaKCUMAIIbHUIT 3amac CTIHKOCTI 1 MAaKCUMAaJIbHY IBHIKOIIO
3aMKHEHOI 1(pOBOI CHCTEMH HaBEICHHS i cTabimi3ali pyxoMoro 00’exra. 3amnpornoHOBaHa METOIMKa 0a3yeThesl Ha 3aCTOCYBaHHI
JIMCKPETHO-KOHTHHYaJIbHOT MaTeMaTHIHOI MOJieNi 3aMKHeHOI udpoBoi cucTeMu HaBeleHHs i cTabiiiarii pyxoMoro 00’ekTa, 1o
MICTHTh 3BHYaiHI qudepeHiiianbHi PiBHIHHS IS OMUCY 30ypPEeHOro pyxy KOHTHHYaIbHOI YaCTHHU 00 €KTa, 10 CTallmi3yeThes, a
TaKOXX PI3HHLEBI PIBHAHHS [UIs OMKCY AWCKPETHOro crabimizaropa. J[ms moOy0BHM XapaKTePHCTHYHOTO PIBHSHHS 3aMKHEHOT
JIMCKPETHOI CHCTEMH MaTeMaTHYHa MOJENb NPHBOJUTHCS IO CHCTEMHU PI3HHIEBUX PIBHSHD i3 3aCTOCYBAHHSM MATPUYHHX PSIIB.
Ilpn 1npOMY KiNBKICTh BpaxOBaHMX 4WICHIB MATPUYHHMX PsAIB 3alIKHTh BiJl BEJIMYMHH MEPiONy KBAaHTYBaHHsS LH(POBOTO
cTabinizaropa, OTXKe OKpiM BH3HAYEHHS KOe(illieHTa ITiICHICHHs KaHaTy 3B0OPOTHOTO 3B 53Ky BUKOHABYOTO OpraHy 3arporoOHOBaHA
METO/IMKA BKIIFOYAE TAKOK BU3HAUCHHSI BEIMYMHHU TIepioly KBaHTYBaHHs 1i(poBoro crabiiizaropa.

KawuyoBi cioBa: cucrteMa HaBe[eHHs i cTabimizamii pyxoMoro o0’eKkTa; eIeKTpOriIpaBliuHUil BUKOHABYMH OpraH;
Tepiof] KBaHTyBaHHs IE(POBOro cTabirizaTopa; 3amac CTiHKOCTI 1 IBUAKOIISI 3aMKHEHOI CHCTEMU.
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DEVELOPMENT OF AN IMPROVED HIERARCHICAL CONTROL SYSTEM
USING THE METAHEURISTIC PID TUNER FOR DC MICROGRIDS

Abstract. This paper presents the development of the improved hierarchical control system using the metaheuristic
centralized PID tuner for DC microgrids. Hierarchical control is one of the best control strategies employed in
photovoltaics (PV) based DC microgrids with three layers of primary, secondary, and tertiary controllers in which PID
control is at the center of each one of these three layered control levels. The principal objective of the primary controller is
to ensure near-equal power sharing among the units and of the secondary controller is to correct the deviations in the
common DC link, while the tertiary controller is used to manage the energy flow among DC microgrids or between DC
microgrid and the main utility grid. Partial shading, the uncertain nature of solar irradiation, and varying temperatures
significantly reduce the overall power efficiency of traditionally tuned PID control-based hierarchical systems, since the
tuning gains of these PID controllers are not adaptive to the dynamic processes. To optimize the control process, a novel
hierarchical system is considered in which PID gains of primary, secondary, and tertiary controllers are tuned with
metaheuristic moth-flame optimization to adapt to the variations. Matlab/Simulink simulations are performed to verify the
efficiency of the proposed approach. The results highlight the superiority of the proposed method by utilizing process
adaptive gains.

Keywords: Hierarchical control system; DC-DC converters; DC microgrid, Metaheuristic; Moth flame optimization.

2) no need for additional DC-AC conversion for

Introduction PV units:

A growing interest in DC microgrids, which is an
electrical network integrating various distributed
energy sources, has led to the development of more
energy-efficient and reliable microgrids and the source
of this significant interest is the high efficiency of the
DC microgrids compared to the AC microgrids. The
fundamental advantages of DC microgrids are the
following [1]:

1) non-existence of reactive power;

3) no need for frequency synchronization;

4) no need for the AC-DC conversions for
battery energy storage packs.

A fundamental small-scale DC microgrid, which
is shown in Fig.1, is composed of the power
generation units, which in our case they are the
photovoltaic (PV) units, parallel linked DC-DC
converters, batteries for energy storage, and DC-AC
inverters for the AC loads [2].

and are considered to be the main supply of the

| 1 From DC-DC Converter
POWER GENERATION ——»| /DC-ACinverter > LOAD
| | for LOADS
| PV1 |
ipp
DC-DC Converter Fr1
| PV module 1 for PV 1 _I_. — |
| | | ENERGY STORAGE
PV 2 . ; _ |
| 1py2 IB'{IHH} 1| DC-DC Converter P
| DC-DC Converter forbattery 1 attery |
| PV module 2 for PV 2 —|—> |
| ) | ';B,{TTERI'!l
DC-DC Converter |
- | forbattery 2 - EiEnRy 2
| PVn | |
| DC-DC Converter | Tpvn | |
| PV module n forPV n —|—p |
| | iB—‘.mml"l DC-DC Converter
| | for battery n - Battery n |
DCbus — — — — — — — — |

Fig. 1. Simple photovoltaic DC microgrid

PV-based DC microgrids are popular in the field microgrid. However, PV units are susceptible to the

following issues [3]:
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1) varied levels of solar irradiation;

2) partial shading conditions;

3) temperatures;

4) manufacturing imperfections.

The above-mentioned factors cause the output
power and voltage of PV modules to vary, which
necessitate the usage of DC-DC converters. The
principal purpose of the DC-DC converters is to
regulate the output voltage when the input voltage of
the converter is unregulated. These converters, which
are controlled by PID controllers, are utilized between
PV units and DC common bus, battery units and
common bus, load, and common bus.

Analysis of publications. Overall, centralized
[4-8], decentralized [9-13], distributed [14-19], and
hierarchical [20-22] control systems are the
fundamental DC microgrid control strategies.

Observability and controllability are prime
advantages of central controllers, while these
controllers  lack flexibility and expandability.
Decentralized controllers are advantageous in having
no communication links among the units. However,
lack of coordination is the main challenge. The
advantages of centralized and decentralized controllers
can be merged into distributed control systems.
However, the complicated design of systems could
make it impractical. Hierarchical control strategy
integrates all the positive sides of centralized,
decentralized, and distributed controllers.

At the heart of these controllers are PI/PID
controllers. Traditional PID controllers [23] require a
time-consuming tuning process. The increased number
of the converters requires tuning of the multiple
converters which can be time-consuming and
inefficient given all non-ideal characteristics.

Purpose and problem statement. The article
aims at developing a new hierarchical control system
with a metaheuristic moth-flame optimized PID
controllers for the primary, secondary, and tertiary
controllers to obtain higher efficiency.

Research results

MFO Algorithm. A metaheuristic population-
based moth flame optimization was extensively applied
and studied, especially in power electronics, since the
year it was presented in 2015. Population-based
algorithms initially generate a “population”” of the
potential solutions to the given problem, which
accelerate the total search speed. It also boosts the
local optima avoidance capability of the controller.
This optimization technique was inspired by the moth’s
navigation capability to find its way by adjusting its
angle with the moon.

However, around the human-made light sources,
they are easily trapped in the spiral trajectory, ending
up in a lock around the light source.

The MFO follows the fundamental patterns of the
metaheuristic algorithms. It starts the optimization
process with the random initialization process of the
moths with the P matrix and evaluation function array
of OP with the dimension d and flame number n [24].

O12 Y912 - Yud
G- 921 922 - O2d : Q)
Ot 9n2 - Ond
0G,;
06 =| °% )
oG,

Initial moths (potential solutions) are produced
using the following equation:

G;j = (UB(i) - LB(i))rand ) + LB() . 3)

The next component to be initialized is the flame
B and its corresponding evaluation function matrix OB:

Bii B .. By

B Bnz - Bng
OB,

OB
oB=| .| (5)

OB,

The flame matrix denotes the best solutions
obtained at the current iteration.

The logarithmic spiral function is preferred to
update the potential solutions for the next iteration.

S(Gi,Bj):|Bj—Gj|iebtcos(2nt)+Gj. (6)

A simplified pseudocode for MFO is shown in
Listing 1.

initialization
fori=1ton do
the evaluation function computation
while jteration < Max iteration do
update P(i)
Compute the flame number
Compute evaluation function OG
if iteration==1 then
B=sort(G) and OB=sort (OG)
else
B=sort (P(i-1), P()) and OB=sort (P(i-1), P(i))
end if
for i=tondo
fori=1tod do
G (i, j) update
end for
end while

Listing 1 — Simplified Pseudo-code for MFO

Traditional PID control. The design of the
traditional PID controller is performed to compare the
results with the enhanced MFO-PID controller of the
DC microgrid. These controllers are widely adopted in
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DC microgrids owing to their efficiency and easy
implementation. Three main terms are associated with
the PID controller and the total mathematical formula
of PID control is the following:

u(t) = K pe(t) + K; j e(t)dt + Ky % , @)

where u(t),K,,K;,Kq are PID’s control signal,

proportional, integral and derivative gains.

The error is the difference between the desired
and actual value. The famous PID control strategy is
Ziegler Nichols method. This method starts the tuning
process by setting all gains to zero except for the
proportional gain, following which the proportional is
artificially increased and stopped when the system is
unstable. The frequency of the oscillations the
maximum proportional gain is measured and gains are
calculated. The detailed methodology is presented in
[25].

The trial and error method is utilized with the
Ziegler Nichols method to obtain satisfactory
performance.

Proposed Strategy. An improved hierarchical
control system is proposed with metaheuristic
algorithms and is depicted in Fig. 2. With the help of
three fundamental controllers, which are primary,
secondary, and tertiary controllers, superior control can
be obtained.

Primary Controllers. Obtaining optimal current
sharing at the output stages of the converters is of
paramount importance. Small variations in the output
voltages can produce the circulating currents which

overcome this problem, among which the droop
control strategy is one of the most employed control
systems. The droop control strategy is based on the
presence of virtual resistance, which is not a real
resistance, to reduce the output voltage, while
increasing the current. The mathematical model is of
the following form:

Vo.rer.s =Vme.rer — 13Rg; - (8)

where Vyigrer.l5.Rqj are the reference voltage,

converter load current, and virtual resistance values,
respectively.

However, the current regulation can come at a
cost of voltage deviation at the output stage.

At the primary controller stage voltage and inner
current loop, controllers exist.

The error voltage for the voltage controller is:

€o.jv=Yo.Rer.J ~Vo.j ; ©)
IRe ference = K p (eo.j.\/ )+
d(eo jv) (10)
da

The error voltage is fed to the first voltage mode
PID controller, the output of which determines the
reference voltage for the inner loop current controller:

€.j1=lrRer —1j- (11)

The output of the current controller is

+Ki [ (8. jv )dt + Kg

Iregulated = Kp(eo.j.l )+

TERTIARY CONTROL

could fail some of the converters. Primary controllers d(egi ) (12)
are employed for this purpose to balance the output +KiI(e0_J—_,)dt+ Ky —d==,
currents. A lot of topologies have been adopted to d
Kpl ’ Krl J'K:fl
K. K, K, ,
oo e El(:,lmk,,I
| |
|
L :
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Fig. 2. Proposed control method for DC microgrid
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Secondary Controllers. To offset the voltage
deviation in the DC link caused by the droop-based
primary controllers, secondary controllers are
necessary. PID controllers offer simpler and more
effective control action and are used:

€0.j.5=YMG.REF VMG ; (13)

AVsecondary =K p (eo.j.S )+
d(eo.js) (14)
+Ki [(ey i o)t + Ky —d=2,

|I( o.J.S) d dt

Tertiary Controllers. Tertiary control is the
highest level control and functions as an energy flow
controller among DC microgrids or between DC
microgrid and the main grid.

€o.j.p=Prer.Mc —Pvc (15)
Vme.Rer = Kp (€ jp)+
(16)

d(e.jp)
+Ki_[(eo.j.P)dt+Kd %

Simulation results. Simulations are carried out
under varying setpoint voltages and input voltages.

In the first case, which is shown in Fig.3 (a), the
input voltage of the DC-DC converters fluctuate
between 10V to 14V with 12V DC bias voltage and 2V
variation voltage imitating uncertain nature of the PV
units. Setpoint voltages take the following values [30,
38, 25, 30, 38..35]. The output load is selected to be
7Q. As is clear from the graph, the converters with
both traditional PID and MFO-PID controllers track
the varying setpoint voltages closely.

In the second case, which is shown in Fig. 3 (b),
the input voltage variation is increased to 4V with 12V
DC bias voltage, which changes the input voltage from
8V to 16V. The load and setpoint voltages are the same
as in the previous case. The added variation puts
increased stress on the converters. As is clear from the
graph, the traditional PID controller was not capable of
showing robust performance and it destabilized at time
0.75s. However, MFO optimized controller continued
to track the setpoint voltages.

A similar pattern also exists for the power in the
DC link in Fig. 4 (a) and Fig.4 (b).

T
38 - [ T 1
.35 I ] ) A ! k) B M R
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Fig. 3. DC link voltage
. with the traditional tuning methods, outcomes of which
Conclusions

An optimized DC microgrid hierarchical control
system whose PID controllers are adaptively tuned is
proposed in this paper. The centralized MFO-PID tuner
is designed and implemented for the tuning of all PID
controllers in DC microgrid. The results are compared

verified the superiority of the proposed approach by
increased robustness in DC link voltage.
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Po3podka iepapxiuHoi cucTeMu ynpapjaiHHA 3 BUKOPUCTAHHAM MeTaeBpuctu4yHoro III/[-peryasTopa
ISl MiKpOMepesK NOCTiiHOro cTpymy

IOcy6oB EnbBin, bekipopa Jlana

AHoTanis. VY uiil cTaTTi NpeacTaBICHO PO3POOKY BIOCKOHAIICHOI i€papXivuHOl CHCTEMH YMPAaBIiHHSI 3 BUKOPUCTAHHIM
metaeBpuctiuynoro ITIJ[-perynsropa st MiKpoMepex IOCTiiHOro crpymy. lepapxiuHe ymOpaBIiHHA € OIHIE€I0 3 Kpalux
CTpateriii ynpaBiiHHs, 10 BUKOPUCTOBYIOTHCS B MIKpPOMEpEKax MOCTIHHOrO CTPyMy Ha OCHOBI (POTOEJCKTPUYHHX €IEMEHTIB
(PV) 3 TppoMa piBHSIMHU NEPBUHHHUX, BTOPUHHUX Ta TPETUHHUX KOHTPOJIEPIB, B sikux [1IJ]-perynroBaHHs 3HAXOAUTHCS B LIEHTPI
KOXKHOTO 3 IIHX TPhOX piBHIB ympasiiaHsi. OCHOBHHM 3aBJaHHAIM OCHOBHOTO KOHTpOJepa € 3a0e3neyeHHs: MPHOIU3HO PiBHOTO
PO3MOiTY MOTYKHOCTI MK OJIOKaMH, BTOPHHHOI'O KOHTPOJIepa — KOPEKLisl BiIXWICHb Y CHiJIbHIH JIaHIll HOCTIHHOrO CTPyMy, a
TPETUHHHUN KOHTPOJIEpP BUKOPUCTOBYETHCS [UIsl YIIPABIIIHHS TOTOKOM €HEpril Mixk OJI0KaMHU MOCTIHHOTro cTpyMy MiKpoMepex abo
MDK MIKpOMEpexXero IOCTIHHOro CTpPyMy Ta OCHOBHOIO KOMYHAJILHOIO Mepesketo. YacTKoBe 3aTiHEeHHs, HeBU3HAYEHHI XapaKTep
COHSTYHOTO BUIIPOMIHIOBAHHS Ta MIHJIMBI TEMIIEpaTypH 3HAYHO 3HIDKYIOTH 3aralibHy eHeproe)eKTHBHICTh i€papXiuHUX CHCTEM
Ha OCHOBI TpajMiliiiHO HamamroBaHoro IIIJ[-perymsitopa, ockinbku koedimientn HamamryBanHs 1ux [IIJI-perymsitopiB He
aJanTyroThCS [0 TUHAMIYHUX TporeciB. s onTuMizanii mporecy yrnpaBliHHA PO3IIsJaeThCss HOBA iepapxiuHa cucTema, y siKiit
koedirtientn T1IJ]-perynioBaHHs NEPBHUHHHUX, BTOPHHHHUX Ta TPETUHHHX PErYISITOPIB HANAIITOBYIOTHCS 32 JOMOMOTOIO
METaeBPUCTUYHOI omTuMi3amii st amanTaiii mo 3MiH. MogemoBanus Matlab/Simulink BHKOHYETBCsST ISt TIepeBipKd
e(eKTUBHOCTI 3alpOINIOHOBAHOTO MiAXOAy. Pe3ynbTaTd MiJKPECTIOITh IMepeBary 3ampOolOHOBAHOIO METOAY 3a pPaXyHOK
BUKOPHCTAHHS aIaITHBHUX IepeBar mporecy.

KawuyoBi cioBa: iepapxiuHa cucTeMa YIpaBIiHHS, MEPETBOPIOBAYi MOCTIHHOTO CTPyMy; MiKpoMepexa MOCTIHHOro
CTPyMY; METaeBPHCTHKA.
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EFFECT OF AMBIENT TEMPERATURE
ON THERMODYNAMIC TEMPERATURE MEASUREMENTS

Abstract. The development of science and technology is closely related to the use of measuring instruments.
Measurements are one of the ways to know nature as a process and help to make scientific discoveries and apply these
discoveries in production and technology. Measurements are also of great importance as the only means of monitoring
technological processes in various fields of industry and production processes. Properly organized measurements ensure the
reliability, economy and convenience of conducting production processes, as well as provide opportunities for their extensive
automation. In addition, it is not possible to provide safe and trouble-free maintenance of production processes and facilities
without using measurement tools. Today, the national economy of the country is provided with a large arsenal of measuring
instruments of both domestic and foreign production, from the simplest primary converters and measuring devices to complex
automatic tools and systems that allow controlling technological devices and complex production using information and
computers. A wide variety of measuring tools requires the right choice for specific purposes. In this regard, one of the
important issues is the question of their metrological assurance. Accurate and correct measurements performed during
technological processes lead to an increase in product quality, a reduction in waste products, as well as a minimization of
time and material losses. For this reason, ensuring the accuracy of temperature measurements performed in technological
processes is one of the most urgent issues today. The research work has shown that the most important part of the error of
the temperature measurements is the influence of the environment on the measurement process. For this reason, the amount
of this effect was determined and analyzed during the research work.

Keywords: technological processes; environmental effects; measurements; thermodynamics; metrology; accuracy.

Introduction

As we mentioned, the set of technical tools that serve
to perform measurements, the methods and rules of
performing measurements, as well as the interpretation of
their results are considered as the concept of measurement
technique. The place of measuring technique in our
modern world can be characterized by the following
information. Currently, the costs of measuring equipment
during production processes in industrial enterprises make
up approximately 10-15 % of all material consumption. In
some areas of the economy, such as oil refining,
petrochemistry, chemistry, radio electronics, micro-
processor technology, etc., these costs are even 25%.

The section of measuring technique, which includes
measuring methods and measuring devices used in
technological processes, was considered as a part of
technological measurements. The set of measured
parameters included in technological measurements are
quite different for different industries, mainly depending
on the specifics of technological processes. Depending on
the nature of the technological process, it is possible to
classify all production in different industries mainly into
two groups. These are continuous and discrete (numerical)
manufacturing technological processes. The first group,
i.e. technological processes of a continuous production
nature, includes oil refining, drilling, petrochemical,
chemical, metallurgical, thermal energy, hydropower, etc.
The second group, i.e. discrete (numerical) manufacturing
technological processes, includes machine building,
device making, radio electronics, food, etc. production
areas. Measurement of  temperature,  pressure,
consumption, level and amount of substance in continuous
technological processes makes up more than 86 % of the
total amount of all measurements. The remaining 14 %
measurements are the measurement of the substance's

composition and physical-chemical properties, as well as
electrical quantities.

As we mentioned, temperature is the critical factor
and the most important parameter used during
technological measurements, as well as determining the
efficiency of the process and the quality of the product.
As we know, there are several ways to measure the
temperature of technological processes, and each of them
has its own disadvantages. In the course of our research
work, the effects of environmental temperature, which
have a significant impact on the standardization of
metrological assurance of thermodynamic temperature
measurements, were investigated. The research work
provided the basis for designing a new innovative model.
By means of this innovative and modern method, a
comparison of temperature measurement tools,
especially thermocouples, with traditional process
temperature measurement methods was made and it was
determined by which methods and tools the accuracy can
be increased.

Measuring  temperature  through  traditional
measuring methods prevented some of the thermowell
problems by eliminating the need to intervene in the
technological process. Unfortunately, this method also
had its challenges, as the internal temperature of the
process could not be accurately or within a reproducible
interval due to the environmental temperature effect
factor that could affect the measurement.

It is for this reason that during the research, the
characteristics of the ambient temperature, which affect
the thermodynamic temperature measurements, were
studied and analyzed.

Method and materials

During the research work, the effect of ambient
temperature on thermodynamic temperature
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measurements in  technological processes was
investigated and this effect was analyzed through
comparative tests. These tests were performed under both
artificial and natural environmental conditions and the
results were compared.

The following materials were used during the
research work.

1) technological pipe with a diameter equal to 20 cm;

2) oil solution;

3) K type thermocouple;

4) artificial wind generator;

5) simulator.

In order to carry out this research, an experimental
experiment was conducted to determine the temperature
of the oil solution when it flows through the pipe. During
the experiment, oil began to flow from inside the pipe
with a diameter of 20 cm. At this time, in order to
determine the temperature of the pipe surface, a surface
sensor and a transmission head are connected to the pipe
surface. An experiment was then carried out on how the
temperature from the pipe to the transmitter head can be
distributed in the surface sensor assembly (Fig. 1).

Fig. 1. Measuring the temperature
of the liquid flowing through the pipe

During the conducted experiments, the importance
of the surface temperature affecting the temperature of
the oil solution passing through the pipe and the ambient
temperature affecting that pipe was determined.

Analysis of the effect
of ambient temperature on the thermocouple

In the tests carried out during the research work, it
was determined that there is a non-linear relationship
between the temperature of the liquid flowing through the
pipe and the thermal effect of the ambient temperature on
the pipe. To correct and linearize this nonlinear
relationship, it is relatively difficult to model it. The use
of insulation for the temperature measurement assembly
can reduce much of the non-linear heat transfer and also
help create a one-dimensional heat transfer profile for the
temperature assembly and transfer head. Such
linearization of heat transfer does not eliminate all
inaccuracies in the measurement of tube surface
temperature, but it reasonably allows finding a solution
to correct for changing and constant environmental and
process conditions.

During the research work, free convection of the
thermocouple attached to the pipe was initially
performed. During free convection, the thermodynamic
temperature of the oil liquid passing through the pipe was
determined under normal ambient conditions. Free
convection simulation was analyzed during the
experiment.

Then, a forced convection environment was created
for the thermocouple placed on the technological pipe
through which the oil solution passes. At this time, a wind
with a speed of 2 m/s was created by means of an
artificial wind generator, and its effect on the
thermocouple was studied. During the conducted tests, it
was determined that the ambient temperature affects the
temperature of the material passing through the pipe in
the range of 10-18%, both through free and forced
convection. Fig. 2 and Fig. 3 show the heat loss profiles
from the surface temperature unit to the ambient for both
free and forced convection.

During the conducted research, the ambient
temperature and wind speed were measured at different
time intervals in the simulation of free convection. At that
time, the temperature coefficient was in the range of
1,195e+001 and 9,002e+001, and the wind speed was in
the range of 3,245e+001 and 4,975e+001.
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Fig. 2. Simulation of free convection

During the conducted research, the ambient
temperature and wind speed were repeatedly measured at
different time intervals in the simulation of forced
convection. At this time, the existing wind speed

Fig. 3. Simulation of forced convection (wind speed increased by 2 m/s)

(between 3,245e+001 and 4,975e+001) was increased by
2m/s.

As a result of this increase, the temperature
coefficient changed between 1.684e+001 and 9.00e+001.
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Later, during the performed research, tests were
conducted to measure the thermodynamic temperature of
the fluid in the pipeline using an immersion resistance
thermocouple.

The figure below shows the measurement of the
temperature of the liquid in the pipeline using an
immersion resistance thermocouple and the comparison
of the temperature of the thermally insulated surface of
the pipe (Fig. 4).

During the test performed, the ambient temperature
varies between 24 °C and 31 °C, while the process
thermodynamic temperature remains stable at 30 °C.

As the difference between the thermodynamic
temperature of the process and the temperature of the
environment affecting the process increases, the
difference between the thermodynamic temperature of

the process and the temperature of the surface changes up
to 2 °C.

Also, the same behavior can be seen with a similar
change in ambient temperature as shown in Fig. 5.

Under the same test conditions, the ambient
temperature drops from 30 °C to -5 °C. As the difference
between the thermodynamic temperature of the process
and the ambient temperature increases, the difference
between the thermodynamic temperature of the process
and the temperature of the surface changes to almost
15°C

In the graph shown in Figure 6, the difference
between the technological process temperature and the
surface temperature during the test performed under
changing environmental conditions is considered as a
variable.

Temperature, °C
32 4
30
28 e 2
26 -~
4 - \ Time, hour
08:30 10:15 12:00 13:45 15:30 17:15 19:00
Technological process =% Buface —#— Enwvironmental temperature

Fig. 4. Comparison of surface sensor and thermocouple detector at constant process temperature

Temperature, °C

12:00

12:15 12:30

Technological process =

Surface

13:15 13:30

* Environmental temperature

Fig. 5. Comparison of insulated surface sensor and thermocouple detector during ambient temperature changes
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Fig. 6. Graph of dependence of surface temperature with technological process

As the process temperature rises, the error or
difference between the process temperature and the
surface temperature increases.

This relationship makes it difficult to compare the
two values because it depends on the process
temperature, the ambient temperature, and the thermal
conductivity of the measuring device.

The above-mentioned graphs suggest that one of the
most important methods of increasing the accuracy of
temperature measurements  performed during
technological processes is the minimization of the
environmental temperature affecting these
measurements.

During the performed test work, it was determined
that the temperature of the liquid flowing through the
pipeline can vary depending on the ambient temperature
and the surface temperature of the pipe. However, this
variation is not taken into account during thermodynamic
temperature measurements.

Conclusions

During the conducted research, the environmental
conditions affecting the change of this temperature

during the thermodynamic temperature measurement at
all stages of the technological process were analyzed.
Analyzes performed during the experiment were
compared using free and forced convections.

During the performed test work, it was determined
that the temperature of the liquid flowing through the
pipeline can vary depending on the ambient temperature
and the surface temperature of the pipe. However, this
variation is not taken into account during thermodynamic
temperature measurements.

This significantly affects the accuracy of
temperature measurements performed in industrial
enterprises and production processes.

Conflict of interest

The authors state that there is no conflict of interest
regarding the publication of this article.

Acknowledgment

The author Nabi Iskandarov is thankful to Head of
Instrument Engineering Department of Azerbaijan State
Oil and Industry University, professor Lala Bakirova for
support in conducting the research work.

REFERENCES

Grgic, G. and Pusnik, 1. (2011), “Analysis of thermal imagers”, International Journal of Thermophysics, Vol. 32, No. 1-2,
pp. 237-247.

Pearce, J., Edler, F., Elliott, C., Greenen, A., Harris, P., Izquierdo, C., Kim, Y., Martin, M., Smith 1., Tucker, D. and Veltcheva,
R. (2018), “A systematic investigation of the thermoelectric stability of Pt—Rh thermocouples between 1300 °C and 1500 °C”,
Metrologia, Vol. 55, No. 4, pp. 558-567, doi: https://doi.org/10.1088/1681-7575/aacbf7

Ceng, Z. and Liu, J. (2008), “Effect of fixing material on skin-contact temperature measurement by wearable sensor”,
5™ International Summer School and Symposium on Medical Devices and Biosensors, 1-3 June 2008, Hong Kong, China,
pp 137-140, doi: https://doi.org/10.1109/ISSMDBS.2008.4575037

Hreha, P., Radvanska, A., Knapcikova, L., Legutko, S., Krolczyk, J., Hloch, S. and Monka, P. (2016), “Roughness parameters
calculation by means on-line vibration monitoring emerging from AWJ interaction with material”, Metrology and Measurement
Systems, vol. 22, pp. 315-326, doi: https://doi.org/10.1515/mms-2015-0024.

Rodiet, C., Remy, B. and Degiovanni, A. (2016), “Optimal wavelengths obtained from laws analogous to the wien's law for
monospectral and bispectral methods, and general methodology for multispectral temperature measurements taking into
account global transfer function including non-uniform emissivity of surfaces”, Infrared Phys. Technol, Vol. 76, pp. 444-454.

51


https://doi.org/10.1088/1681-7575/aacbf7
https://doi.org/10.1109/ISSMDBS.2008.4575037
http://dx.doi.org/10.1515/mms-2015-0024

Advanced Information Systems. 2022. Vol. 6, No. 3 ISSN 2522-9052

6. Webster, E. (2016), “Thermal preconditioning of MIMS Type K thermocouples to reduce drift”, Int. J. Thermophys, Vol. 38,
No. 5, pp. 25-26, DOI: https://doi.org/10.1007/s10765-016-2140-3

7. Al-Nuaimi, I. A., Bohra, M., Selam, M., Choudhury, H. A., El-Halwagi, M. M. and Elbashir, N. O. (2016), “Optimization of
the aromatic/paraffinic composition of synthetic jet fuels”, Chem. Eng. Technol., Vol. 39, issue 12, pp. 2217-2228, DOI:
https://doi.org/10.1002/ceat.201500513

8. Webster, E. and Saunders, P. (2019), “Characterizing drift behavior in Type S thermocouples to predict in-use temperature
errors”, Int. J. Thermophys, Vol. 41, No. art. 5, doi: https://doi.org/10.1007/s10765-019-2579-0

9. Bayramov, M. R., Hajiyev, M. M., Mirzayeva, M. R. and Mammadov, I. Q. (2018), Workshop on petrochemistry and
petrochemical synthesis, textbook), Vol. 1, 201 p.

10. Wang, X., Jia, T.; Pan, L., Liu, Q., Fang, Y., Zoul, J. and Zhang, X. (2021), “Review on the relationship between liquid aero-
space fuel composition and their physicochemical properties”, Trans. Tianjin Univ.,, Vol. 27, pp. 87-109, doi:
https://doi.org/10.1007/s12209-020-00273-5

11. Grazia, L., Christoph S. and Bernhard, W. (2020), “On the importance of kinetic effects in the modelling of droplet evaporation
at high pressure and temperature conditions”, Fluid Mechanics and Its Applications, VVol. 121 : Droplet Interactions and Spray
Processes, pp. 277-286, doi: https://doi.org/10.1007/978-3-030-33338-6 22

12. Tucker, D., Andreu, A., Elliott, C., Ford, T., Neagu, M., Machin, G. and Pearce, J. (2018), “Integrated self-validating ther-
mocouples with a reference temperature up to 1329 °C”, Meas. Sci. Technol, Vol. 29, pp. 1-9.

13. Yun, S. J., Abidov, A., Kim, S., Choi, J. S., Cho, B. S. and Chung, S. C. (2018), “Water vapor transmission rate property of SiNx thin
films prepared by low temperature (<100 C) linear plasma enhanced chemical vapor deposition”, Vacuum, Vol. 148, pp. 33-40.

14. Vozka, P., Modereger, B., Park, A., Zhang, W., Triced, R., Kenttdmaa, H. and Kilaz, G. (2019), “Jet fuel density via GCxGC-
FID”, Fuel, Vol. 235, pp. 1052-1060, doi: https://doi.org/10.1016/j.fuel.2018.08.110

15. Webster, E. (2020), “Trials of Pt-20 %Rh vs. Pt thermocouples between 157 °C and 962 °C”, Metrologia, Vol. 57, pp. 47-49.

16. Kim, Y., Lee, Y. and Joung, W. (2017), “Temperature dependence of the thermoelectric inhomogeneity for Type B thermo-
couples from 180 °C to 960 °C”, Meas. Sci. Technol, Vol. 28, No. 5, pp. 24-26, doi: https://doi.org/10.1088/1361-6501/aa6366

17. Webster, E., Greenen, A. and Pearce, J. (2016), “Inhomogeneity in Type B and Land-Jewell noble-metal thermocouples”, Int.
J. Thermophys, Vol. 37, Article number: 70, doi: https://doi.org/10.1007/s10765-016-2074-9

18. Nurfatihah, J., Jesbains, K., Pandey, A., Shahabuddin, S., Hassani, S., Saidur, R., Rasit, R., Azwadi, N. and Naim, M. (2019),
“A Review on Nano Enhanced Phase Change Materials: An Enhancement in Thermal Properties and Specific Heat Capacity”,
Journal of Advanced Research in Fluid Mechanics and Thermal Sciences, No. 57, pp. 24-28.

19. Stoll, A.M. and Hardy, J.D. (2019), “Direct experimental comparison of several surface temperature measuring devices”,
Review of Scientific Instruments, Vol. 20, No. 9, pp. 678-686.

20. Farzana, N.H., Aliyev, G.Kh. and Abbasova, S.M. (2005), Technological measurements and devices, Textbook, ADNA, Baku,
78 p.

Received (Hapniiinuia) 07.04.2022
Accepted for publication (ITpuitasita mo apyky) 29.06.2022

BI1JIOMOCTI ITPO ABTOPIB / ABOUT THE AUTHORS

IckannapoB Ha6i — nokropant, AsepOaillpkaHChKHH Nep)kaBHUM yHIBepcuTeT HadTH Ta HpPOMHCIOBOCTi, baky, PecmyGiika
AszepbaiikaH;
Nabi Iskandarov — doctoral student, Azerbaijan State Oil and Industry University, Baku, Republic of Azerbaijan;
e-mail: nabi.iskandarov@engineer.com; ORCID ID: https://orcid.org/0000-0001-5241-5513.

Brnuins TeMnepaTypH HaBKOJMIIHBOTO Cepe0BHINA
HA TePMOAMHAMI4YHi BUMIPIOBAHHSA TeMIlepaTypu

H. Ickannapos

AHoTanisi. PO3BUTOK HayKH 1 TEXHIKU TICHO MOB'SI3aHUH i3 3aCTOCYBAaHHSAM BUMIipIOBAJIbHHUX MPHIAIiB. BUMiproBaHH:
€ OJIHUM i3 cI0CO0IB Mi3HATH MPUPOAY SIK HPOLEC i TOMOMAraTh pOOUTH HAYKOBI BIIKPUTTS Ta 3aCTOCOBYBATH Il BiAKPHUTTS
y BUPOOHHUITBI Ta TexHilli. BUMipioBaHHS MalOTh BEJIMKE 3HAYCHHS TAKOXK SIK €IMHU I 3aCi0 KOHTPOJIIO TEXHOIOTIYHUX MPOLIECiB
y PpI3HHX Trajy3sX MPOMHUCIOBOCTI Ta BHUPOOHHYMX TpoleciB. [IpaBUIBHO OpraHizoBaHi BHUMIpPIOBaHHS 3a0e3MEUYyIOTh
HaiHICTh, €KOHOMIYHICTh 1 3pYy4YHICTh BEICHHS BUPOOHHYMX MPOLECIB, a TAKOXK HAMAIOTh MOMIIMBOCTI Ui iX MIMPOKOT
aBromaru3aiii. KpimM Toro, 6e3 BUKOPHUCTAaHHs BUMIpIOBAaIBHUX 3aCO0IB HEMOXKJIMBO 3a0e3mnednT Oe3reyHe Ta Oe3aBapiiiHe
00cIyroByBaHHss BUPOOHMYHX mpoiieciB i obnagHanHs. CbhOroiHi HapogHE TOCIONAPCTBO KpaiHW 3abe3ledeHe BETHKHM
apceHanoM 3aco0iB BUMIPIOBaJIbHOT TEXHIKH SIK BITYU3HSHOTO, TaK i 3apyOiXKHOTO BUPOOHHUIITBA, Bi/l HAUIIPOCTIIINX MIEPBUHH UX
MePETBOPIOBAYIB 1 BUMIPIOBAIBHUX MPUCTPOIB JI0 CKJIAIHUX aBTOMATHYHHX 3aco0iB 1 CHCTEM, IO IO3BOJISIIOTH KEepPyBaTH
TEXHOJOTTYHUMH TPUCTPOSIMU 1 CKJIaJHUM BUPOOHHLTBOM 3a qoromororo inpopmarnii Ta EOM. . Benuka pi3sHOMaHITHICTH
BUMIPIOBAIbHUX IHCTPYMEHTIB BUMArae mpaBUIbHOTO BHOOPY /ISl KOHKPETHUX Lijei. Y 3B'SI3Ky 3 UM OJHUM i3 BaXITHUBHUX
MUTaHb € MUTAHHS X METPONIoriYHOro 3abe3neueHns. TOUYHI i MPaBUIbHI BUMIPIOBAHHS, IO MPOBOISATHCS B TEXHOJIOTIYHUX
MpolLecax, MPU3BOIATH J0 MiABUILEHHS SIKOCTI MPOAYKIIii, 3MEHIIIEHHS BiIXO/IiB, a TAKOK MiHIMi3allii YaCOBUX 1 MaTepiallbHUX
BTpat. Tomy 3abe3nedeHHs TOYHOCTI BUMIPIOBaHb TEMIIEPATYPH B TEXHOJIOTIYHUX MPOIECaX € OJHI€I0 3 aKTyalbHUX MPoOIeM
cporofieHHs. JIOCHi/KeHHST MOKa3ald, IO HAaWBaXIIMBINIOK YAaCTHHOIO MOXUOKM BHUMIPIOBAaHb TEMIIEPATypH € BIUIHB
HABKOJIMIIIHBOTO CEPE/IOBHIA HA TMPOIEC BUMIPIOBaHHA. 3 Mi€l MPUYMHU KiNBKICTh 1bOTO edekTy Oyira BH3HA4YEeHA Ta
MpOaHali30BaHa IiJ] Yac JOCIiAHUIBKOT pOOOTH.

Kiaw4yoBi cioBa: TeXHOJOriYHI MPOIECH; BIUIMB HA HABKOJMIIHE CEPEIOBHILE; BUMIPIOBAHHSI, TEPMOIMHAMIKA;
METPOJIOTisl; TOUHICTb.
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DEVELOPMENT OF THE ESTIMATING METHODOLOGY
OF AS5TDF ENGINE MOTOR RESOURCE CONSUMPTION
UNDER DIFFERENT OPERATING MODES OF THE MACHINE

Abstract. The subject matter of the article is accounting for the motor resource of the 5TDF tank engine under
different operating modes. The goal of the study is to development of a methodology for estimating the consumption
of a motor resource of a 5TDF engine under different operating modes of the machine. The tasks to be solved are:
based on the analysis of data on the operating modes of the 5TDF engine, to determine a set of parameters that give
empirical and analytical estimates of the consumption of the motor resource of the machine; to request analytical
estimates of the consumption of the 5TDF engine motor resource in terms of the number of years’ service in different
machine operating modes; to propose a mechanism for the processing of numerical values, depending on the results
of the statistical processing of these machine operation data. General scientific and special methods of scientific
knowledge are used. The following results were obtained: A continuous functional dependence of the actual number of
hours spent by the engine on the values of the meter per hours at different speeds, allow more careful accounting of engine
consumption, but will involve the development of special devices based on modern elements has been determined.
Conclusions. It is possible to make a conclusion about the nonlinear nature of the dependence of the engine life on time
with different engine operation at different load modes. Engine operating modes, which are determined by load resistance,
are characterized by the number of revolutions of the engine crankshaft and the amount of power developed by the engine,
largely determine its energy and economic performance of the engine and engine consumption. The testing ground for the
consumption of the motor resource of the machine, depending on the readings of the engine hours counter, can be formed
on the basis of the data obtained from the results of the operation of the machine in different conditions. The analysis of the
results of the research carried out that finding dependence of a 5tdf engine motor resource can be presented as the sum of
two regressions — linear and hyperbolic. The readings of the engine hours counter will be recorded and further processed
when the 5TDF engine is running in 1-V and VI, VII gears, respectively. Such realization will make it possible to use the
regression equation directly for the car crew.

Keywords: consumption of motor resource of the 5TDF engine; regression equation; least squares method; accounting

for tank hours counters.

Formulation of the problem
and research tasks

A tank diesel engine is a complex multi-
component unit with a service life set by the
manufacturer. The concept of diesel engine life means a
certain number of hours that a new power unit of this
type must be guaranteed to work. Under the end of the
diesel life should be understood that further operation of
the engine becomes impossible without overhaul of the
power plant.

The service life of a tank engine depends on the
quality of diesel engine oil, timely maintenance,
serviceability of the diesel engine fuel system and other
internal combustion engine systems. Diesel units are
also extremely sensitive to overheating, which requires
constant monitoring of the cooling system.

The engine life of an internal combustion engine
depends on its design features, as well as individual
operating conditions.

In the near future, the 5TDF tank engine and its
modifications will remain widely used on AMWE
models of the Armed Forces, therefore, the development
of methods for more careful accounting of engine life is
an urgent scientific and technical task [1].

Analysis of recent research and publications.
The issue of accounting for motor resources was indeed
one of the “sickest” for the Soviet tank troops. The idea
to create a device that can accurately consider the

different types of load on the tank engine was proposed
by the famous Kalashnikov shortly before World War
Il, but due to objective reasons, was not implemented.
The development of the element base, SAD-tools, tools
for collecting data on the state of the engine makes it
possible not only to improve the performance of the
machine, but also to more accurately assess the
consumption of its engine life [2].

Traditionally, the consumption of motor resources
is planned for the list number of machines and power
units, but not more than the amount provided by the
regular purpose, and within the established norms,
subject to uniform (stepped) output of machines for
repair during the year. At the same time one hour of
work of the car (power unit) is equated to run (the
specified norm at writing off of fuel and oils is not
applied).

The methodology for accounting for the operation
of a power plant under more severe operating conditions
(for example, when working with a minesweeper, in
rough terrain, severe climatic conditions, etc.) is also
not complete enough.

The need for such an account was considered by
the designers of the T-72 tank. In particular, two hours
counters were installed on the T-72M Ural tank.
However, the ideology of using unlimited resources and
simplifying technology at the end of the Soviet Union,
the collapse of the latter and the lack of funding for
independence, buried this idea.
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Thus, the development of methods for accounting
for the engine life of the tank 5TDF engine in different
modes of operation is relevant.

The goal of the study is to develop a method for
estimating the consumption of engine life 5TDF engine
in different modes of operation of the machine.

This goal defined the following research tasks:

—on the basis of the 5TDF engine data on operating
modes analysis to define set of the parameters giving
empirical and analytical estimations of an expense of a
motor resource of the car.

—to offer analytical dependences of an estimation
of an expense of a motor resource of the 5TDF engine
on quantity of the fulfilled motor-hours at different
modes of operation of cars

— to offer the mechanism of calculation of
numerical values, proceeding from results of their
statistical processing of data of operation of the vehicle.

— to analyze the constructive possibilities of
practical implementation of the developed technique in
view of the available control and measuring devices
installed on the sample T-64B.

Main material

1. Relationship between the operating modes of
the 5TDF engine and parameters give empirical and
analytical estimates of the consumption of the
machine motor resource. To assess the performance of
engines when operating at different load modes, it is
customary to use the following parameters: effective
power; torque, average effective pressure.

Dependences of the basic indicators of work of the
engine on turns of a cranked shaft are accepted to name
speed characteristics.

The external characteristic of the engine, being the
main, allows to estimate:

- limit values of power and torque in all range of
change of turns;

- characteristic speed modes;

- the area of the most economical speed modes;

- traction (dynamic) qualities of the engine.

For example, at idle, the specific indicator fuel
consumption is about twice as high as at higher loads.

These indicators are indirect in relation to the
consumption of the motor resource of the engine,
however, based on their analysis, conclusions can be
drawn:

There is a direct dependence of the ICE resource
on the wear of the cylinder-piston group.

Constant driving at extreme loads or other difficult
conditions can reduce the declared engine life by up to
2-3 times. Maintaining the operating temperature of the
internal combustion engine is extremely important so
that the loaded parts are effectively cooled in order to
prevent rapid wear and damage to the mechanism parts,
in particular, jamming of the pistons in the cylinders.

In addition, it is possible to make a platoon about
the nonlinear nature of the dependence of the engine life
on time with different engine operation at different load
modes.

Engine operating modes, which are determined by
load resistance, are characterized by the number of

revolutions of the engine crankshaft and the amount of
power developed by the engine, largely determine its
energy and economic performance of the engine and
engine consumption [3].

2. Analytical dependences of an estimation of an
expense of a motor resource of the 5TDF engine on
quantity of the fulfilled motor-hours at different
modes of operation of cars. We’ll assume that
accounting for the actual consumption of a motor
resource depending on the number of hours worked by
the engine, in the simplest case, can be carried out
according to the general expression:

MR(m) = XX | ap,imy;. (1)
where a,; — load factor having a positive value; k —
the number of intervals the engine speed range can be
divided [NminiNmax]: Mpi — the number of engine
hours according to the meter readings when the engine
is running at speed in the i-th interval n; & [Niin i Nmax | -

Traditionally, the range [Npmin;Nmax | determines

the intervals corresponding to the engine idling speed,
operating speed and speed at which the machine
operates in difficult conditions at full load. So, we
accept k =3.

So, for the 5TDF engine the full range can be
assigned as [800,3000] .

To continue the operation of the 5TDF, it is
necessary to designate the intervals for changing the
wraps, as to allow the idling of the robotic engine, the
robotic operation in the normal operating mode, and in
the case of robotic navigation:

[nmin' Tlis], [nosl’ nosz]a [nl’ nmax]! (2)

In the simplest wversion for practical
implementation, it can be assumed that the value of the
load factor is constant over the entire i-th interval

apj =const, 3)
then expression (1) can be written:
MR = aymys + a,m,s + azmy, 4

where m;,—the number of hours worked by the engine
according to the meter at idle speed in a certain interval;
m,,— the number of hours worked by the engine
according to the meter at operating speed in a certain
interval; m;,—the number of hours worked by the engine
according to the meter at speeds corresponding to the
operation of the engine under load in difficult conditions
in a certain interval; a;, a2, az — are positive numerical
coefficients.

Let’s note that the use of expression (1) in practice
is not a complicated procedure for the crew of the
machine, although it requires minimal design
refinement.

The accuracy of the obtained results can be
increased by reducing the sampling step over the entire
range of engine revolutions [1,,4., Mminl-

Undoubtedly, the introduction of a continuous
functional dependence of the actual number of motor
hours worked by the engine on the values of the motor-

54



ISSN 2522-9052

CyuacHi iHdopmaniitai cucremu. 2022. T. 6, Ne 3

hour counter indicator at different revolutions will
enable a more thorough accounting of motor resource
consumption, but will be associated with the
development of special devices based on a modern
element base.
In this case, expression (1) will have the form:
MR(m) = f:ma"a(m) dn.

min (5)

Since the dependence M(m) is non-linear, it is
appropriate to consider its derivative as its qualitative
characteristic ?—mR . ‘;—7:, based on the fact that the reading

of the engine hours counter is a function of the engine
revolutions. That is,

JdMR 0Jm

a(m) = ——=-——. (6)

Provided that the assumption (3) is made, it is

possible to accept the expression in a close examination

AMR
o = T

AMR = MRye; — MRyy; @)

Am = Mpeg — Mgip,

mye,— the value of the engine hours counter
indicator at the beginning of the i-th interval;

mg;,— the value of the engine hours counter
indicator at the end of the i-th interval.

Expression (7) can be transformed as follows:

_ MRKinu - MRnov _
am)=————=
Myiny — Myoy
MR.. MR.. )]
Kiny MR,wl, Kiny 4
— MRnou MRnov — MRnov
mkim; _ m, mkinu -1 ’
m m m

noyd nod nod

The relation follows from expression (8)

P _q =a(m)(w—1).

MRH(]‘{ mn(]l{ (9)
To simplify the procedure of statistical processing
of operating data, we accept

MR ginisp Mfinish
Drrinish . a(m) (f_)
MRstart Mstart

(10)
and, taking into account the energy and economic
indicators of the engine, we will assume

MRr n 82 051 0 o g(m) 22,
MR Gfy Sz Uy mq

(11)

where MR — engine resource consumption, engine
hours; Gf — hourly fuel consumption kg/h; S — range,
km; v — vehicle speed, km/h; espectively at revolutions
niand ny, (N2 > ny).

Expression (10) is the most suitable for processing
statistical data obtained during machine operation.

The relationship between MR, Gm, v and S values
is determined based on the design of the machine's
power plant and accepted standards of its operation.

So, based on the values of Gm, v and S obtained
during the operation of the car in different road
conditions and under different loads, the values of MR
are calculated, which we will consider as the starting
point for finding the coefficients a, b, ¢ of the regression
equation (4). When collecting statistical data, it is
suggested to keep track of the selected gear in which

gear the car is moving: p = 1, P, P — the number of
gears the car moves.

Thus, the testing ground for the consumption of
the motor resource of the machine, depending on the
readings of the engine hours counter, can be formed on
the basis of the data obtained from the results of the
operation of the machine in different conditions
(table 1). The value of MR (column 6) is calculated
based on the data of columns (2)-(5) under different
operating conditions of the machine.

Table 1 — Statistical data on motor resource consumption based on the results of machine operation

in various operating conditions

The crankshaft . Engine The number The value of
A Hourly fuel Vehicle 8
Measurement winding - Range resource of the selected | engine hours
- consumption, speed v, ;
number, i frequency, n, S, km consumption gear the car counter
4 Gf, kg/h km/h X o
turns/min MR, hours; moves, p indicator, m
1 2 3 4 5 6 7 8
i nmin Nmin Ghmin S nmin V nmin MRnamin Pnmin Mnmin
in1 N1 Gn1 Sn Von1 MRn1 Ppn1 Mn1
in2 n2 Gn2 Sn2 V n2 MRn2 Pn2 Mn2
i nmax Nmax Grmax S nmax V nmax MRnmax Pnmax Mnmax
3. The regression coefficients calculation. To my; My My,
find the regression coefficients ai, a,, as of the equation M= My My Mym
(4) by the method of least squares, statistical data were ol
obtained according to the table. 1: Myr Moy Mym (12)
It is proposed to calculate the regression a, e MR,
coefficients in a matrix manner. a, e, MR,
Let's present the simulation data and regression A= " E=|"| MR=[""7|
coefficients in matrix form a, e, MR,

55



Advanced Information Systems. 2022. Vol. 6, No. 3

ISSN 2522-9052

where MR — an n-dimension column of the independent
variable; X —an n x m -dimension matrix of the tank
engine hours counter indicators; A —an n-dimension
column vector of the regression equation coefficients;
E — is a n-dimension column vector of deviations of the
dependent variable y; from similar values obtained by
the regression equation:

MRi =am; + am;, + .- +aimin. (13)

In the matrix view we obtain:
e=Y-MA. (14)

By the least square’s method
?:1 eiz = eTe = (15)

= (MR — MA)" (MR — MA) - min.

It can be shown that the front of the mind is
concatenated, as if the Vector

A= MTM)"*MTMR. (16)
After solving equation (15) we obtain the values of
the coefficients of the regression equation A*.

The coefficients of equation (10) can be found as
follows:

A= (4T, (16)

Thus, based on the obtained values the regression
equation (1) and the known M={mi, m; ,...,mn} values
of the tank's engine hours counter, it is possible to
calculate the consumption of the machine's motor
resource, taking into account the peculiarities of its
operation in different conditions [4-7].

3. Calculation of numerical values, proceeding
from results of their statistical processing of data of
operation of the vehicle. Statistical data on operation in
various conditions were subject to research are as
follows:

- movement of the machine on concrete,

- operating with attached equipment of the mine
trawl, etc.

The analysis of the results of the research carried
out according to formulas (11)-(16) showed that when
finding MR as a dependence of MR=f (Gm, v, S) under
different operating conditions, expression (9) can be
presented as the sum of two regressions — linear and

hyperbolic:
% = MR, (Z—:) + MR, (Z—:) 17)
where
MR, (%) = by + b, (%) - (18)

linear regression;
MR, () = by + b, (22) = bs + b, (ﬁ) -~ (19)
mp

hyperbolic regression

Note that when reduced to a common
denominator, expression (17) can be defined as a
polynomial regression equation.

By setting different values of my and me, it is
possible to study the motor resource consumption under
different loads and engine operating modes. As an

example, the dependence graph is given %

In this case, the range of speed changes was in the
interval [0,2v,,4,; 0,8V,,4,] COrresponds to the machine
speed movement of the on the terrain during military
operation. As m,, the value of the engine hour counter
indicators when the car is moving on a paved concrete
road is taken.

The obtained results qualitatively coincide with
those obtained during stand and natural tests (Fig. 1).
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Fig. 1. Motor resource consumption under different loads and engine operating modes

Based on the results of solving equations (12)-(16)
the expression is obtained

Ziig =1,125 — 0,625 (:—:) +0,3 (:—:)

(20)

Here bi+bs;=1,125;
b, =-0,625; (21)
b4 = 0,3.
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Next, the coefficients of the equation (4) were
obtained as follows:

A* = (1,001;1,125; 1,73333) (22)

4. Constructive possibilities of practical
implementation of the developed technique in view
of the available control and measuring devices
installed on the sample T-64B. The standard

equipment of the T-64 tank is equipped with one 228 -
110 engine hour meter.

As a prototype, it is proposed to consider the
organization of accounting in the T-72M sample.
According to the operation of the machine's electrical
equipment, the operation of the engine hours counter
“under load” is based on an electrical signal from the
neutral selector sensor (Fig. 2 a, b).

/

=

To engine
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DT\

D
e

2\

Lwpr20n53LW7
w
O—
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N N\

N N\
\
From the gear

i
selector neutral R T § 3 3 g
© g o o © 5

Under load

engine hours counter
General

Fig. 2. Electrical diagrams for connecting the neutral sensor
of the gear selector of the T-72 tank and the engine hour counters

Unlike the T-72M sample, the T-64B does not
have a neutral selector sensor. Without additional
installation of such a sensor, the necessary signal can be
obtained from the block of switching of the stage

(Fig. 3), which is identical for both machines. In this
case, the readings of the engine hours counter will be
recorded and further processed when the engine is
running in I-V and VI, VII gears, respectively.
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Design of obtaining information about the
operation of the engine on the model of the T-64 tank is
similar to the T-72.

So, the electrical signal from the T-72 neutral
selector sensor to the engine hour meter “under load”
passes through circuit 0145-0141-078 and “general”
hour meter through circuit 025-25-289 (Fig. 2).

By analogy, in the model of the T-64 tank, data on
the operation of the engine “under load” is proposed to
be obtained from the circuit of the EM-30 123
electromagnet or from the corresponding circuits of the
D-20 sensors (Fig. 3).
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Fig. 3. Electrical diagram
of the T-64 and T-72 tank rocker switch unit

The obtained values of coefficients a;=1.00001;
a;=1.125; a3=1.7333 provide accounting of engine
operation at idling speed, normal operating speed and
when working under load.

To differentiate the operation of the engine at
idling speed, it is proposed to generate a fuel
consumption signal. Such a signal can be, for example,
an electrical signal from a fuel gauge sensor. In this
case, it will be possible the “logical” combination of
values using the rules of Boolean algebra and the
installation of additional microprocessor equipment on
the machine.

According to the authors, this will allow more
accurate accounting of the machine's motor resource,
avoiding “engine tarnishing”, etc.

In the simplified case, taking into account the
possible option a;=1.00001; accounting for m; (general)
and ms (under load) is proposed.

MR(m) = 1.125mgen + 1.7333mund€r load* (23)

Such realization will make it possible to use the
regression equation (18) directly for the car crew [8, 9].

Conclusions

1.1t is possible to make a conclusion about the
nonlinear nature of the dependence of the engine life on
time with different engine operation at different load
modes.

Engine operating modes, which are determined by
load resistance, are characterized by the number of
revolutions of the engine crankshaft and the amount of
power developed by the engine, largely determine its
energy and economic performance of the engine and
engine consumption.

2. the testing ground for the consumption of the
motor resource of the machine, depending on the
readings of the engine hours counter, can be formed on
the basis of the data obtained from the results of the
operation of the machine in different conditions

3. The analysis of the results of the research
carried out that finding dependence of a 5tdf engine
motor resource can be presented as the sum of two
regressions — linear and hyperbolic:

4. The readings of the engine hours counter will be
recorded and further processed when the 5TDF engine
is running in I-V and VI, VII gears, respectively.

Such realization will make it possible to use the
regression equation directly for the car crew..
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Po3podka Meroauku omiHKH BUTPaTH MoTopecypey ABuryHa ST/I® 3a pizHux pe:kuMax podoTH MAIIUHU
O. A. Makoros, B. C. Cipour, C. M. I'y6a, O. O. JlaBpyT, C. M. 3arpe0ensuuii, A. B. Pyanii

Anoranisi. Ilpeqverom BUBYeHHsI B cTaTTi € 00K MoTOpecypey Auryna Tanka ST/I® Ha pi3HUX pexumax poOoTu.
Mertoro craTTi € po3poOka METOIMKH OLIHKM BHUTpaT moropecypcy asuryHa STHA® npu pisHHX pekumax eKCIUTyaTarii
MallMHU. 3aBJaHHSI JOCTIIKEHHsI: Ha OCHOBI aHali3y [aHUX Mpo pexumu podotn asuryHa S5T/D BuzHauuTu Oe3nmiu
napameTpiB, 1O AIOTh MIIPHYHI Ta AHAIITHYHI OLIHKM BHTPAaT MOTOPECYPCY MAIMHH; 3alpOIOHYBAaTH aHAJITHYHI OLHKU
BUTpar moropecypcy apuryHa STJID Bix KiIbKOCTI BiANpanbOBaHUX MOTOIOIMH MPHU PI3HUX PEXKHUMAX EKCIUTyaTalil MalluHH;
3aMpOINOHYBATH MEXaHi3M PO3PaxyHKY YHCIOBHX 3HAYeHb, BUXOIIYM 3 PE3YNbTAaTiB iX CTaTHCTHYHOI OOPOOKH IaHHX
eKCIUTyaTallii MalliHK; POaHai3yBaTi KOHCTPYKTHUBHI MOXITUBOCTI MPaKTHYHOI peai3amii po3po0ieHoi MEeTOMKHY 3 OISy Ha
HasIBHI KOHTPOJIbHO-BUMIPIOBAJIbHI MU, BCTAHOBICHI Ha 3pa3ky T-64B. MeTomosoridHO OCHOBOIO JOCHIDKSHHS CTallH
3araJbHOHAYKOBI Ta CreliaibHi METOAM HayKoBOro mi3HaHHs. OTpHUMaHi HAacTymHi pe3yjbraTu: Busnauena OesmepepBHa
(GyHKIIOHAIPHA 3aJeKHICTh (DAKTHYHOI KiNBKOCTI TOAMH POOOTH [BUI'YHA BiJ 3HAUCHb JIUWIBHHAKA 33 TOJAMHY HA Pi3HUX
LIBUAKOCTSIX, IO JO3BOJHMTH OUIBII PETENbHO BECTH OOJIK BUTpaTH [IBUTYHA, aje mepeadadatume po3poOKy cremiaabHUX
MPUJIA/IIB HA OCHOBI CydYacHOI ejeMeHTHOI 6a3u. BucHoBKkH. MosxHA 3p0OMTH BUCHOBOK MPO HENIHIMHHUN XapakTep 3aJeHOCT1
pecypcy ABUTYHA Bij yacy HpH poOOTi IBUIYHA Ha Pi3HUX peMMax HaBaHTakeHHs. Pexumu podotu [IBC, mo BU3HAYAIOTHCS
OMOPOM HABaHTAXKEHb, XAPAKTEPHU3YIOThCSA YHCIOM OOEpPTIB KONMIHYACTOrO Baly I BEIMYMHOIO MOTY>KHOCTI, IO PO3BHUBAETHCS
JBUT'YHOM, 3HAYHOIO MipOI0 BU3HAYAIOTh SHEPreTHYHI Ta EKOHOMIYHI MOKAa3HUKH IBUT'YHA Ta BUTPATy Horo pecypcy. Ilomiron
3HAYeHb IS JOCHI/DKSHHS BUTPATH MOTOPECYpPCY MAIMHH B 3aJI€KHOCTI BiJl MOKa3aHb JIYMIbHHKA MOTOTOJMH MOXe OyTH
chopMoBaHMI Ha OCHOBI [aHHX, OTPUMAaHHMX 3a pe3ysbTaTaMHd POOOTH MAIIMHK B PI3HUX yMOBaX. AHai3 pe3yJbTariB
MPOBEACHUX JOCIIDKEHB TOKa3aB, 0 3HAXiIHY 3aIeKHICTh MOoTOpecypcy ABuryHa 5TDF MO)KHA IIPECTABUTH y BUIIISIl CYMH
JIBOX perpeciii — miHilHOl Ta rimepOoriuHoi. [loka3aHHS NiYMIBHAKA MOTOTOIHH OYAyTh 3amMCyBaTHCS i 0OpOOISTHCS, KOIH
nuryH STDF mpaigroe Ha I-V i VI, VII nepenayax Bigmosigno. Taka peaniszaiiisi 1acTh MOXKITHUBICTh BUKOPHCTOBYBATH PiBHSIHHS
perpecii 6e3nocepeHbO ISl eKiMaxy TaHKa.

KawuoBi cioBa: Burpara Moropecypcy apuryna STI®; piBHsSHHS perpecii; MeToa HaWMEHIIMX KBaapaTiB; OOIIK
MMOKAa3HHKIB JTIYMIFHAKA MOTOTO/IMH B TAHKY.
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TEMPORAL-ORIENTED MODEL OF CAUSAL RELATIONSHIP
FOR CONSTRUCTING EXPLANATIONS FOR DECISION-MAKING PROCESS

Abstract. The subject of research in the article is the decision-making process in intelligent systems. The goal is to develop
a model of the causal relationship between the states of the decision-making process in an intelligent information system,
taking into account the temporal aspect of this process, in order to build cause-and-effect relationships between the actions
of the process and further use these dependencies to form explanations for the sequence of actions to obtain a decision. The
formation of causal relations between the states of the decision-making process makes it possible to substantiate the sequence
of actions of this process, considering incomplete information regarding external influences on this process. Tasks:
structuring the decision-making process in an intelligent information system as a specialized business process; development
of a three-element model of the causal relationship between the states of the decision-making process, considering the
temporal aspect of this process; substantiation of the possibility of using three-element relationships to build causal
dependencies for decision making in intelligent systems. The approaches used are: the set-theoretical approach used to
describe the elements of the decision-making process in intelligent systems; a logical approach that provides a representation
of the relationship between the states of the decision-making process; probabilistic approach to describe the probabilistic
component of the decision-making process. The following results are obtained. The decision-making process in an intelligent
information system was structured as a specialized business process that, using additional information from the user, turns
the input data into a result that is valuable for this user; a three-element model of the causal relationship between the states
of the decision-making process is proposed, which makes it possible to take into account external influences on the process;
using a probabilistic approach, the possibility of using three-element causal relations to describe the decision-making process
in intelligent systems is substantiated, taking into account uncontrolled external influences. Conclusions. The scientific
novelty of the obtained results is as follows. A three-element model of the causal relationship between the states of the
decision-making process is proposed, based on a model of a temporal rule of the "future" type, containing a state-cause, a
state-effect and an intermediate state that reflects external influences. The model makes it possible to build a base of cause-
and-effect dependencies for the decision-making process in an intelligent information system, considering external influences

and use these dependencies to build explanations for this process.
Keywords: intellectual system; explanation; decision-making process; temporality; causality.

Introduction

The decision-making process in intelligent systems
today, as a rule, is based on the use of complex, "non-
transparent” for the user computational intelligence
algorithms. The use of such algorithms does not always
allow the user to establish causal relationships between
input data, external influences and the decision obtained
by the information system. As a result, the user's
confidence in the received decision may decrease [1].
This makes it difficult to use such a solution in practice.
In order to solve this problem, the user should receive an
explanation of the decision process [2,3]. Such an
explanation is based on the use of a chain of causal
dependencies. The latter establish a cause-and-effect
relationship between the input data and the resulting
decision, considering current external influences [4, 5].

The explanation can be a component of the
decision-making process, and can also be used as a
supplement to this process [6]. In the first case, the
decision-making algorithm should provide for the
formation of cause-and-effect dependencies. The
advantage of this approach is that the explanation can
contain complete information about the decision-making
process.

The disadvantage of the approach is that it
complicates the implementation of the decision-making
process in an intelligent system.

In the second case, the explanation is constructed in
parallel with the decision-making process based on data
on the actions of the process and its state. This approach
makes it possible to supplement the existing intelligent
systems with the possibilities of explaining the obtained
solutions.

For example, supplement recommendations in e-
commerce systems with explanations. However, such an
"external" explanation does not always have full access
to data regarding the state of the decision-making process
and external or internal events that affect the sequence of
actions of the process. Therefore, the problem of forming
causal relations for constructing an explanation is
relevant. The latter represent knowledge about the
decision-making process in conditions of incomplete
information about external and internal influences on this
process.

Existing approaches to the construction of
explanations regarding the sequence of decision-making
in intelligent systems were formed within the framework
of the Explainable Artificial Intelligence program [7].
One approach is to formulate explanations based on
causal relationships. Such dependencies can be obtained
as statistical regularities, formalized to predict the results
of external influences [8], and also generalized to
construct explanations [9, 10].

The decision-making process has a temporal aspect
and therefore statistical regularities can be represented in
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the form of weighted temporal rules [11, 12]. These rules
specify the order in time for pairs of states of the
decision-making process [13, 14]. Dependencies can be
specified for successive states (next-rules), as well as for
states between which there are intermediate states
(future-rules).

These intermediate states reflect changes in the
course of the decision-making process, which arise as a
result of additional external or internal influences. The
weight of temporal rules determines their importance.
The weight of each rule is set taking into account the
probability of execution of alternative implementations
of the decision-making process that use this rule [15].
However, within the framework of the temporal
approach, causal relationships are considered
insufficiently [16].

Existing approaches to the selection of causal
dependencies are based on the use of a probabilistic d-
separation approach both for individual variables and for
structured entities [8].

However, such approaches determine statistical
regularities [17]. It is not assumed that the probability
distribution of the values of the relevant variables can
change over time.

Thus, the combination of probabilistic and temporal
approaches makes it possible to build causal relationships
that can be used to explain the decision-making process
in an intelligent information system. This problem needs
its solution.

The aim of the article is to develop a model of the
causal relationship between the states of the decision-
making process in an intelligent information system,
taking into account the temporal aspect of this process in
order to build cause-and-effect dependencies between the
actions of the process and subsequently use these
dependencies to form explanations about the sequence of
actions with receiving a decision.

The formation of causal relationships between
states of the decision-making process makes it possible
to justify the sequence of actions of this process, taking
into account incomplete information about external
influences on this process.

Table 1 — Elements of the decision-making process

To achieve this goal the following tasks are solved:

— structuring of the decision-making process in the
intellectual information system as a specialized business
process;

— development of a three-element model of the
causal relationship between states of the decision-making
process, taking into account the temporal aspect of this
process;

— justification of the possibility of using three-
element relations to build causal dependencies for the
decision-making process in intelligent systems.

Structuring
the decision-making process

The decision-making process in an intelligent
system as an object of research has a number of
properties that are essential for building causal
relationships that explain the sequence of reaching the
resulting decision. We highlight the following key
properties of this process, which make it possible to
determine probabilistic causal relationships between the
states of the information system:

—the decision-making process of a given
technology transforms input data into an output that is of
value to the user;

—the decision-making process provides a result in
interaction with the user, that is, this process has
executors;

— information about the execution of the process is
recorded in the form of a sequence of events reflecting
the sequence of execution of its actions.

Thus, this process has inputs, outputs, contains an
algorithm for obtaining a result and uses information
resources provided by the user. The decision-making
process, taking into account these characteristics, can be
presented in the form of a graph that displays possible
sequences of actions to achieve the result. Such a graph
contains one or more initial vertices, which reflect the
receipt of input (input) data sets, the final vertex, which
reflects the fact of obtaining the result.

The key elements of this process are presented in
the Table 1.

Element Properties Use in the construction of causal dependencies

Input The data sets that define the resulting solution; for | They set the initial state of the decision-making
example, in the recommender subsystem, records about | process and make it possible to represent this process
the choice of goods and services by users are used as | as a generalized cause-and-effect relationship "input
input data data - resulting decision"

Output The resulting decision; for example, a recommendation | Sets the final state of the decision-making process and
to the user on the selection of goods or services in the e- | makes it possible to build a causal relationship with the
commerce system maximum degree of generalization "input data -

resulting decision"

Sequence | Contains alternative options for obtaining a solution and | Makes it possible to determine causal relationships

of actions | can be represented by a directed acyclic graph; each of | between the actions of the decision-making process,
the alternative options for obtaining a decision is given | which are true for several alternative options for
by a path on the graph of the decision-making process. | performing such a process

Resource | Additional data provided by the user in the process of | Such additional data are not always available when
forming a decision; for example, information about the | determining causal dependencies in the decision-
user's navigation through the pages of the e-commerce | making process, as they are the result of external
site. influence from the user of the intelligent system

61



Advanced Information Systems. 2022. Vol. 6, No. 3

ISSN 2522-9052

In conclusion, the decision-making process has
algorithmic and probabilistic components. The
algorithmic component sets the sequence of decision-
making actions for different options of input data, as well
as data received from the user. The algorithmic
component can be displayed in the form of a directed
acyclic graph.

The probabilistic component reflects external and
internal influences on the decision-making process as a
result of, for example, the actions of the user of the
intelligent system. The probability component specifies a
specific path along the process graph depending on the
user's actions.

An important characteristic of this process is that
it should provide a useful solution for the user, taking
into account both algorithmic and probabilistic
components.

In general, the decision-making process has features
of a business process, which makes it possible to use the
concept of building a process model based on its logs to
determine causal dependencies that determine cause-and-
effect relationships between the actions of this process.
The process model in this case is presented in the form of
a directed acyclic graph.

The log contains records about the sequence of
process events, i.e. about the implemented paths around
the process graph. Each sequence of events reflects the
process of forming a decision under relevant external
influences.

That is, different user actions lead to different
options for implementing such a process.

Accordingly, the process log contains traces of
possible alternative options for its execution. Each trace
consists of a sequence of events. Each of the events is a
reflection of a certain action of the process. That is, it is
appropriate to consider the event as a "snapshot" of the
state of the decision-making process in the intellectual
system. Therefore, the task of building causal
relationships between the actions of the decision-making
process can be transformed into the task of identifying
cause-and-effect relationships between the states of this
process.

It should be noted that the log usually does not
contain a complete description of the process states,
which does not make it possible to build deterministic
dependencies between states. Therefore, when forming
causal dependencies, it is necessary to take into account
the probabilistic aspect.

That is, the choice of one of the log traces is
determined by external or internal influence. External
influences are set by the user. Internal influence is a
probabilistic generalization of incomplete information
regarding the decision-making process.

For example, a process model does not contain all
intermediate states.

Temporal-oriented model
of causal relationship

The process combines several sequences of states

Si = <Si,1'5i,2'---'si,\si\> .

Such sequences may reflect the same causal
relationship yJ between j and n— states of the
decision-making process.

For example, joint dependence yé, for pairs of

states (s;7,53) from the sequence S; and (sy4,53)

from the sequence S, .

The difference between these sequences arises as a
result of the influences 6, and 6, , which arise as a result

of interaction with the user in the process of obtaining a
decision.

Sequences of process S; execution states are

ordered in time. The temporal aspect of each state s; ; is
recorded in the log in the form of time stampst; ; . That
is, the condition is fulfilled for each pair of states

<5i,jv5i,n>:
(V<Si,jvsi,n>)ti,j <tin, )

where 1 j,tj, — the instants of time when the states

Si,j+Si,n occur, respectively.
Thus, on the set of sequences
S={Sj}

there are temporal dependensies rnj that express
ordered by time pairs of states sj;,Sj, on one or

multiple sequences S; .

A set of such rules represents temporal knowledge
about decision-making processes. The use of weighted

rules r) makes it possible to form new sequences of

states and order the obtained sequences according to the
probability of their use.

The temporal approach cannot be used to construct
explanations, since temporal relationships between
process states do not always reflect causal dependencies
between these states.

For example, a user's choice of a certain product in
an e-commerce system over time is not always related to
a change in his preferences or product properties. Such a
choice can be, for example, the result of fulfilling another
person's order.

In this example, the sequence of product selection

is displayed with the help of a temporal dependence r21:

the selection of product 2 after the selection of product 1.
At the same time, the presence of dependence r21 does

not indicate the existence of causal dependence y%,

which reflects a cause-and-effect relationship between
the choice of goods. In this case, there is an unforeseen
external influence (execution of an order from another
user).

Information about this influence is absent in the
description of the decision-making process (in particular,
it is not recorded in the log of this process).
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Therefore, when moving from temporal knowledge
to causal dependencies, it is necessary to take into
account possible external influences and responses to
changes in the sequences of states of the decision-making
process in the intelligent information system.

The problem in this case is the lack of information
about external influences. However, we can take into
concideration the consequenses of such influenses under
conditions of the existanse at least one intermediate state

Si,m between states s; j,Sj ,, so the temporal rule rnj set
the following sequanse of states:

rJ :{<si,j,si,m,si,n>}: @
(VI)tI,J <ti,m <ti,n’

Such a rule rnj is a type of temporal rule of the

"future” type [13]. In the general case, for a temporal rule
of this type, there can be an arbitrary number of
intermediate states between the initial and final states
Si,m .

This work is devoted to the detection of causal
relationships based on temporal rules, so we will consider
only a simple version of the rule connecting three states.
Future - a rule with several intermediate states can be
represented as a combination of several temporal rules
with three elements.

Each of the sequences of three states WiII be

considered as a model of the causal relationship yI J on
the path S; provided that the last state s; ,, depends only
on the two previous ones.

That is, if the probability of its occurrence P (s;p )

is a function of the probabilities of occurrence of
previous states:

yia =
(s =P ) Plaa)).
where P(Si,j)’P(si,m)_

probabilities of occurrence of conditions s; j,sj m onthe

sequence S; .

We substantiate the possibility of constructing a
causal relationship (3) in conditions of incomplete
information regarding external influences on the process
of decision formation in an intelligent system.

The probability of this relationship depends on the

probability of uncontrolled influence P(6;), as well as

on the probability of successive occurrence of states
Si,j+Si,m»Si,n On the sequences $; :

Pvi)=
> (P(ei 136 ) P(sim [3si,j < tim >ti'j)* (4)

RREVA

P(Si,n |E|Si,m :ti,n >ti,m)'

Since the intermediate state s; ;, makes it possible

to represent the future rule as two consecutive next rules
[13].

We know the results of the first rule, so we will
consider the uncontrolled external influence within the
framework of the second rule, during the transition

<si,mlsi,n>:
P(Y:J) P(5|m|3slj m>tlj)

Y (P(6i[36:)P(Sin PBsim tin >tim ). ©

i:vsiﬂyi'”[{]

In expression (5), we take into account the
transition probabilities <Si,mvsi,n> for all possible

influences ;, that is, on all trajectories known from the

log along the directed acyclic graph of the decision-
making process.

Therefore, the probability of dependence P(yii"rj;)
can be calculated as follows:

P(via )=
P(Si,m |35i,j :ti,m > ti,j ) P(Si,n |3$i'm in >t| m) (6)
KR

According to expression (6), the three-element
relationship yi';r{ is a causal relationship, since the

probability of the resulting state s; ,, depends only on the

probability of the occurrence of two previous states
Si,j»Sim and does not depend on the probability of

uncontrolled influences.
Each state sj j,Sjm.Sjn according to approach

which was introduced in [5] is given by the set of the
property values.

Such properties can reflect the objects with which
the decision-making process operates, as well as the
actions of this process.

Therefore, model (3) specifies a causal relationship
between states that are described by heterogeneous
variables. The distribution of variables differs. Also, the
distribution may change over time [18].

Conclusions

The structuring of the decision-making process in
the intelligent information system as a specialized
business process, which, with the use of additional
information from the user, transforms input data into a
result that is valuable for this user.

The sequence of works of this process is
represented by a time-ordered directed acyclic graph,
each vertex of which reflects the state of the decision-
making process after the corresponding action is
performed.

The process graph combines possible variants of its
implementation taking into account external influences
from the user. The given structuring makes it possible to
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identify causal relationships between states of the
decision-making process taking into account external
influences based on existing temporal dependencies for
pairs of states. Such temporal dependencies determine
the ordering of process states in time, but do not always
reflect the cause-and-effect relationships between states
that arise as a result of the implementation of process
actions.

A three-element model of the causal relationship
between states of the decision-making process, based on
the model of a temporal rule of the "future" type, is
proposed.

The model contains a time-ordered sequence of
three states. The first of the states reflects the cause, and
the last - the effect.

The intermediate state makes it possible to take into
account additional external influences, information about
which is missing in the description of the decision-
making process.

The proposed causal relationship model makes it
possible to establish cause-and-effect relationships

between states of the decision-making process on the
basis of temporal relations between these states. Such
relationships can later be combined into causal
dependencies reflecting the connections between the
actions of the decision-making process and used to build
explanations in intelligent information systems.

The possibility of using three-element relationships
to build causal dependencies for the decision-making
process in intelligent systems is substantiated. The
elements of the relation are the sequence of states of the
decision-making process.

It is shown that this relationship makes it possible
to take into account unknown external influences on the
decision-making process.

That is, the probability of reaching the final state
depends on the probability of the first and intermediate
states of this process.

Thus, the proposed approach makes it possible to
establish cause-and-effect relationships between the
actions of the decision-making process in conditions of
incomplete information regarding this process.

Nature, Vol. 538 (7623), pp. 20-23, doi:

2, No. 4, pp. 101-107, doi:
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TemnopaibHO-0pieHTOBaHA MOJIE/Ib Kay3aJbHOI'0 Bi/IHOLIEHHS /151 MOOY/I0BH MOSICHEHb
1010 Npouecy NPUIHATTS pilleHHs

C. ®@. Yanuii, B. O. JlemuHchknii

Anoranisi. [IpeaMeTroM BHBYCHHS B CTAaTTi € MpOLEC NPUIHATTS PIICHHS B IHTENEKTyalbHUX cucTeMax. MeTolo €
Ppo3poOka MoJeni Kay3albHOTrO BiJHOIICHHS MK CTaHAMH MPOLIECY NPUHHATTS PILICHHsS B iHTENEKTyallbHil iH(opMaminiHiit
cUCTeMi 3 ypaxyBaHHSIM TEMIOPAIBHOTO aCIeKTy AAHOTO MPOLECy 3 THM, 1100 Moy IyBaTH MPUYMHHO-HACIIAKOBI 3aJI€)KHOCTI
MIDXK JisIMH TPOLECY Ta B IOJAJBIIOMY BUKOPHCTATH Il 3aJCKHOCTI Uil ()OPMYyBaHHS IMOSCHEHb IIOJO MOCIiIOBHOCTI Hi 3
oTpuMaHHs pimeHHs. PopMyBaHHsS Kay3aJbHHX BiIHOIICHb M CTAaHAMH IPOIECY NPUIHATTS PIlICHHS Ja€ MOXIIUBICTbH
OOIpYHTYBAaTH MOCJIiIOBHICTH JIill JaHOTO HPOLECY 3 ypaxyBaHHIM HEMOBHOI iH(pOpMAIlii 1110/J0 30BHILIHIX BIUIUBIB HAa JaHHM
mpouec. 3aBAaHHS: CTPYKTypHU3allis NpOLECY MNPHUHAHATTSA pillleHb B IHTENEKTyalbHii iHQopMauiiiHiii cucremi sk
crewianizoBaHoro Oi3Hec-Mpolecy; po3poOka TPHOXEIEMEHTHOI MOJeNi Kay3aJbHOrO BiJHOIIEHHS MiX CTaHAMH MPOLECy
NPUHHATTS PILIEHHS 3 ypaxXyBaHHAM TEMIIOPAJIBHOIO acHeKTy AAHOro Ipolecy; oOIPYHTYBaHHS MOMJIMBOCTI BUKOPHUCTaHHS
TPbOXEJIEMEHTHUX BiJJHOLICHD JJIs1 HOOYIOBH Kay3aJIbHUX 3QJISKHOCTEH /Ul POLECY NPUHHATTS PILIEHHS B iHTENEKTYaIbHUX
cucreMax. BUKOPUCTOBYBaHUMH MiIX0JaMM €. TEOPETHKO-MHOXHHHHUN MiJXi/J], SKHH 3aCTOCOBYETHCS Ul OMHUCY CJICMEHTIB
[poLieCy MPUUHATTS PIllIGHHS B IHTENEKTYaJIbHUX CHCTeMaXx; JOTIYHUHN MiAXij, sKuii 3abe3nedye mpeacTaBlieHHs] BiJIHOLICHb
MiX CTaHAMH MPOLECY MPUNAHATTS pillleHHs; HMOBIpHICHUI MiAXiA [ onucy HMOBIPHICHOI CKIIa0BOI POLIECY MPUUHATTS
pimennsi. OTpuMaHi HACTYIHI pe3yJbTAaTH. BHKOHAHO CTPYKTYpH3allil0 HPOLECY NPUIHATTS pillieHb B IHTEICKTyasbHil
iHpoOpMaIliiiHIi CcHcTeMi SIK CIeLiali30BaHOro Oi3HeC-Npouecy, SIKUi, 3 BHKOPHUCTAHHAM [I0JAaTKOBOI iH(popMaIii Bif
KOpHUCTyBa4a, MEPETBOPIOE BXIiAHI JaHi y Pe3yJibTaT, IO CTAHOBJIATH LIHHICTH U1 LBOTO KOPUCTyBaya; 3alpOrNOHOBAHO
TPbOXEJIEMEHTHY MOJENb Kay3aJIbHOTO BiJHOIIEHHS MDK CTaHaMU IPOLECY NPHUHHATTS DILIEHHS, 10 Ja€ MOXJIMBICTH
BpaxyBaTH 30BHIIIIHI BIUIMBY Ha MPOILIEC; 3 BAKOPUCTAHHIM IMOBIPHICHOTO TiIX0y OOTPYHTOBAHO MOXIIUBICTh BUKOPHUCTAHHS
TPbOXEIEMEHTHUX Kay3aJbHUX BiJHOIICHb JUISl ONMUCY MPOLECY NPUHHATTS pILICHHS B IHTEJICKTyalbHHX CHCTEMax 3
ypaxyBaHHSM HEKOHTPOJILOBAaHMX 30BHIIIHIX BIUIMBIB. BucHOBKH. HaykoBa HOBHM3Ha OTpPUMaHHMX pE3yJbTaTiB MOJSATAE B
HACTYITHOMY. 3alpOIOHOBAHO TPbOXEIEMEHTHY MO/IENb Kay3albHOTO BiJHOIICHHS Mi’K CTAaHAMHU TPOLIECY NPUHHATTS PillICHHS,
110 6a3y€ThCs Ha MOJIEITi TEMIIOPAIBHOTO MPaBUITy TUITY «future», MICTUTh CTaH-PUYNHY, CTAH-HACTIIOK Ta MPOMIKHHUH CTaH,
o BigoOpakae 30BHIlIHI BIIMBH. MoOJENb a€ MOXKIHUBICT MOOYIyBaTH 0a3y MPUYMHHO HACIIIKOBHX 3aJIeKHOCTEH IS
MpoLIeCY NPUHHSATTS PIillIeHHs B IHTENEeKTyasbHiil iHpOpMAaIiiiHill CHCTeMI 3 ypaxyBaHHIM 30BHIIIHIX BIUIMBIB Ta BUKOPUCTATH
11 3aJISKHOCTI [UTs TT00YTOBU TOSICHEHb II0/I0 JAHOTO HPOLECy.

Kiaw4yoBi cioBa: iHTeleKTyalbHa CHCTEMA; MOSICHEHHS; MPOIEC MPUIHATTS PIllIeHHS; TeMIOPAlbHICTh; MPHIUHHO-
HACIII IKOBHH 3B'I30K.
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MECHANISMS FOR ENSURING THE SECURITY OF CHANNELS
OF A PROSPECTIVE MANAGEMENT SYSTEM

Abstract. The development of military (state) control systems in modern conditions of hybrid warfare requires the possibility
of rapid expansion of both functionality and scaling of the physical and logical basis of management, increasing the range of
digitization and use of both military and civilian communication channels to manage troops and weapons. Not only the
computing power of the enemy, the means of suppressing and / or blocking the communication channels of the control system,
but also the development of quantum technologies that place new and more stringent requirements on security mechanisms based
on symmetric and asymmetric cryptography algorithms. According to NIST, a full-scale quantum computer breaks both
symmetric and asymmetric cryptosystems in polynomial time, significantly reducing their resilience. The paper proposes
mechanisms of post-quantum cryptography, which allow to ensure the stability of not only communication channels, but also
elements of the structure of the control system. The basis of post-quantum encryption algorithms is the combination of algorithms
(schemes) of crypto-code structures with cryptosystems on unprofitable codes (multi-channel cryptography), as well as the
possibility of combining them with digital steganography methods. This approach provides the ability to hide elements of
management commands, and the use of different channels provides the ability to hide individual elements of cryptograms.

Keywords: crypto-code constructions; algebraic geometric codes4 LDPC-codes; troop control system; quantum period.

Introduction

The control system of troops and weapons is one of
the main elements of the infrastructure of the Armed
Forces, which allows to perform a variety of functions,
from timely delivery of combat signals in the vertical
subordination of combat units, to logistics and technical
functions. The share of cyber threats is growing and this
trend will intensify with the development of information
technologies and their convergence with artificial
intelligence technologies in the next decade. The growth
of such influence on the functioning of both national and
transnational governance structures creates a new
security situation. There is a division of spheres of
influence in cyberspace between the world's centers of
power, and their desire to ensure the realization of their
own geopolitical interests is growing [1]. In the
conditions of hybrid war, stricter requirements are set for
the functionality of a promising system of joint
leadership and military management based on [2]:

— digitalization of activities and introduction of
modern information technologies, including electronic
communications, in the field of defense;

—digital transformation of the activity of the Ministry
of Defense of Ukraine, the General Staff of the Armed
Forces of Ukraine, other bodies of military management of
the Armed Forces of Ukraine and governing bodies of
other components of the Defense Forces;

— construction of the Joint Defense Network, which
will be based on the electronic communication network
and information systems of the Ministry of Defense of
Ukraine and the Armed Forces of Ukraine;

— creation and development of operations networks
based on modern digital means, by which field
communication system of the Armed Forces of Ukraine
will be re-equipped, development of new (improvement

of existing) combat control systems. The formation of a
promising system of joint leadership and military
management requires the use of fundamentally new
approaches to structural elements, security protocols not
only in terms of hybrid warfare, but also possible cyber-
attacks by cybercriminals, their integration with social
engineering, synergies and hybridity.

Analysis of recent research and publications [1-7]
identifies the need to create an automated system of
defense components, which should comply with NATO
standards, doctrines and recommendations at all levels of
control (tactical, operational and strategic) with certain
specifics of basic capabilities [7]. In addition, the NIST
of the United States has conducted research [3, 8-10],
which calls into question the stability of modern
symmetric and asymmetric cryptosystems with the
advent of a full-scale quantum computer. In addition, the
Shore algorithm allows to factorize the number N over
time O (Ig3N), using O (Ig N) bit register, which is
significantly faster than any classical method of
factorization. The advantages of using quantum registers
are significant memory savings (N quantum bits can
contain 2N bits of information), the interaction between
qubits allows for one operation to affect the entire
register (quantum parallelism) [3, 8-11]. Table 1 shows the
results of a comparative analysis of the complexity of
factorization for classical and quantum algorithms, table 2 —
the complexity of the implementation of the Shore method of
discrete logarithm of a group of points EC [3, 8-11]. These
results indicate a significant reduction in computing resources
when using a full-scale computer, which significantly reduces
the efficiency of modern algorithms for symmetric and
asymmetric cryptography to provide security services.

Table 2 shows the results of the analysis of the
complexity of the implementation of the Shore method of
discrete logarithm of a group of EC points [3, 8-11].
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Table 1 — Comparative analysis of the complexity
of factorization for classical
and quantum algorithms

Module | The number | The complexity | The complexity
size N, | of required | of the quantum | of the classical
bit qubits 2n algorithm 4n® algorithm
512 1024 0.54-10° 1.6-10%
3072 6144 12-10%° 5-10%
15360 30720 1.5-10% 9.2-10%

Table 2 — The complexity of the implementation
of the Shore method of discrete
logarithm of a group of EC points

Algorithm for calculating a discrete logarithmic equation

. The The
Thessize of | The _number .Of complexity of| complexity
the order of | required qubits the quantum of the
the base f(m)=7n+ alg;]orithm classical
point, bits +4log2n+10 360n° algorithm
163 1210 1.6:10° 3.4-10%
256 1834 6-10° 3.4-10%
571 4016 6.7-101° 8.8-10%
1024 7218 3.8-101% 1.3-10%

In the conditions of post-quantum cryptography,
NIST experts suggest considering special attacks (SIDE-
CHANEL ATTACKS). The implementation of these
attacks is aimed at finding vulnerabilities in the practical
implementation of the cryptosystem, primarily in the
means of cryptographic protection [3, 8-11].

The possibility of using quantum technology by the
enemy and/or cybercriminals to hack the command and
control system of troops and weapons is questionable to
ensure cryptographic stability of cryptograms, which are
based on modern algorithms of symmetric and
asymmetric cryptography. This requires in the post-
quantum period to significantly increase the length of key
messages [8], as well as to use post-quantum
cryptographic algorithms, among which one of the most
promising are algorithms of crypto-code constructs
McEliece, based on algebraic geometry or LDPC codes
(Low Density Parity Code).

The aim and objectives of the study. The aim of the
work is to study the mechanisms of ensuring the security
of the channels of a promising system of joint leadership
and military management based on post-quantum
algorithms. To achieve the aim of the work it is necessary
to solve the following tasks:

—analysis of construction of McEliece crypto-code
constructions on algebraic geometric codes and/or
unprofitable codes;

— construction of Niederreiter crypto-code
constructions on LDPC and/or unprofitable codes;

—assessment of the stability of the proposed crypto-
code structures.

Analysis of McEliece crypto-code
constructions on algebraic geometric
codes and/or loss-making codes

The main advantage of crypto-code constructions is
the integrated combination of symmetric encryption —

speed of crypto-transformations, and asymmetric
encryption — providing cryptographic stability based on a
theoretically complex problem — decoding random code,
as well as building crypto-code constructions (CCC)
based on interference methods. coding provides the
ability to correct errors, which, in turn, allows you to use
a data transfer approach with direct error correction.
However, a significant drawback is the complexity of
their practical implementation in the GF alphabet (21°-
2%3), as well as significant energy costs. In addition, [12]
proposed a practical algorithm for breaking these
structures using cyclic noise-tolerant codes, the essence
of which is to find the elements of the generating matrix
and remove the effect of masking matrices. The
orthogonality of the matrices — generating and testing —
allows to consider the effectiveness of the attack on the
Niederreiter scheme. Promising direction of elimination
of the revealed regularities in [12] suggests to use
cascade or algebrogeometric codes — codes constructed
on the basis of algebra of the theory of noise-tolerant
coding and geometrical parameters of a curve, in
particular elliptic curves.

The formation of the crypto-code structure of
McEliece is shown in fig. 1. Let G be a generating matrix
of linear (n, k,d) code over GF(q) with polynomial
decoding complexity, X be a nondegenerate k “k-matrix
over GF(g), D be a diagonal matrix with non-zero
diagonal elements, P is an adjustable matrix of size n"n.
The permutable matrix implements the permutation of
the coordinates of the vector in the form of matrix
multiplication, namely, the element pj; of the matrix P is
equal to 1 if and only if the coordinate with the number i
passes by permutation into the coordinate with the
number j. In other cases pj = 0. Thus, the matrix P
contains only one unit in each column and in each row.
The product of the matrices L =P x D specifies the
permutable matrix L with nonzero elements of the field
GF(q). The permutable matrix L (unipotent matrix) when
rearranging the coordinates of the vector preserves the
Heming distance, i.e. d (a,b)=d(a x L, b x L), where
d(x, y) is the Heming distance between the vectors x and
y [11-14].

o]

Secretkey ay, ..., a,

Session key e

Py B

Formation of
key data

Private key G, X, P, D
J
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Public key
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i=ixx?

D
ﬁ/

Protocol

Encryption

Fig. 1. Data exchange protocol
using the McEliece CCC on the EC
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The public key in an asymmetric cryptosystem
based on McEliece CCC is the generating matrix
Gx=XxGxPxD, obtained by multiplying the linear
generation matrix (n, k, d) code on GF(q) on the masking
matrix (X, P, D), personal (private) key are matrices
X, P, D. Closed information (codogram) is a vector of
length n and is calculated as a rule

@

where vector cy=ixGy belongs to (n, k, d) code with a
generating matrix Gy; i — k-bit information vector; vector
e — secret weight error vector £ t (session secret key).
The general scheme of algebraic geometric coding
was first proposed in [12]. Let C — class divisors on X

degree « . Then C sets the display ¢: X — P™ | set of
generator functions y; =¢(x;) specifies the algebraic

*
cx ZiXGX +e,

geometry code of length n< N .

Code characteristics (n,k,d) related by ratio
k+d>n-g+1. If 2g-2<a<n, then the code is
related to the characteristics (n,a—g+21d),d >nh—«.

The code dual to it is also algebraic with
characteristics (n,n-a+g-1d,), d, >a-2g+2.

Set the McEliece CCC based on elliptical codes as
follows [11]. Let GEC— generating matrix for elliptical
(n, k, d) code on GF(q) of view:

GEC _
Fo(R)  Fo(R) Fo(Ph-1)
_| R R(R) R(P) | @
Fea(R) Fa(R) Fea(Poog)
- "Fi (R )"n,k

and dimension k'n, k = a, a=3 xdegF.

Let X — nondegenerate k “k-matrix on GF(q), D —
diagonal matrix with non-zero diagonal elements, P —
permutable matrix size n “n. Define an asymmetric
McEliece CCC with an elliptical code: public key matrix

GEC = X xGEC xPxD, personal (private) key -

matrices X, P, D.
Closed information (codegram) is a vector of length
n and is calculated according to the rule:

c; =ixG§C+e, where the vector belongs to the

elliptical (n, k, d) code with a generating matrix GEC,

i —k- bit information vector, vector e — secret weight error
vector £ t. The formation of the Niederreiter crypto-code
construction is shown in Fig. 2.

Let A — test matrix of linear (n, k, d) code on GF(q)
with polynomial decoding complexity. Let X -
nondegenerate r “r-matrix on GF(q), D — miaronansna
MaTpUIls 3 HCHYJIbOBAMH €IIEMEHTaMH Ha JiaroHani, P —
permutation matrix of size n “n. The public key in the
Niederreiter scheme is the matrix Hy =XxHxP xD, the
personal (private) key is the masking matrices — X, P, D.
Closed information (codegram) Sx is a syndrome-vector
of length r = n — k and is calculated according to the rule:

SX =e><H-I);,

@)

where vector e — vector of length n and weight £t,
carrying confidential information (information message
to be closed).

‘ Secretkey ay, ..., a, ‘

=

‘ Private key H, X, P, D ‘

Formation of 4 E
key data (EC) -
Public key ¥ pt pt
Hy=XxGx PxD e

U

Sx=cx x Hy'

Sx=e x Hy' C =cx xD'xpt

= c=1"xG+e
Protocol T‘T e=e¢ xPxD
Splitting of non-bina
i eguilib?ium vector orr): @
positional and binomial Convert error vector to |
vectors plaintext
A=Ax(q-1)"+A | T N
Decryption

Encryption

Fig. 2. Protocol of data exchange
using Niederreiter CCC on the EC

To transmit non-binary symbols in [11], an algorithm
for forming a non-binary equilibrium code sequence is
proposed, which is schematically shown in Fig. 3.

The method of non-binary equilibrium coding on the
basis of generalized binomial-positional representation
allows to implement an asymmetric cryptosystem with
Niederreiter CCC on the basis of algebraic geometric
codes (AGC), which significantly enhances its statistical
cryptographic stability and provide the necessary data
reliability and efficiency.

In order to reduce the energy consumption of CCC, it
is proposed to use modified elliptical codes - shortened
and/or extended, which reduce the field strength to
GF(25-28), as well as maintain the required level of
stability through the use of additional initialization
vectors. To modify the elliptical code that does not
reduce the minimum code distance, it is proposed to
reduce the number of information symbols.

Let I=(ly, I, ..., L) — information vector (n, k, d) of
block code. Determine the subset h of information
symbols, h/=x, x<1/2k. Place in the information vector |
in the subset h zeros, ie 1i=0, Vi eh. At other positions
of vector | we will place information symbols.

When encoding the information vector, the characters
of the set h are not used (they are zero) and can be
discarded, and the resulting code word will be shorter by
x code characters. To modify (shorten) elliptical codes, it
is proposed to use reducing the set of curve points. Then
shortened elliptical (n, k, d) code on GF(q), built through
the reflection of the view @:X—P*! connected by

characteristics k+d>n, moreover:n= 2\/a+ g+1-x,
k>a-—x, d2n—a, a=3xdegF.
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Start

u

n,w,q,A

where n — total number of symbols in the code (code length);
w — codeword weight with elements from the plurality {0,1...9-7};
g —a Galois field powver;
A —an equilibrium nonbinary sequence, A<M,;
M — non-binary equilibrium code power depends on the number of
code vectors with length n and weight w.

|

Forming number A and its
binary representation

Splitting of non-binary equilibrium
vector on positional and binomial
vectors

v v

Forming non-binary
equilibrium sequence

The calculating of 4p from
positional vector

A, =iWZ:(q -1)"-(a-1)

The calculating of 4 from
binomial vector

n-1 w-1 n—-i-1
AB = _ aBn,,,1 [ J

w-I

End

v v

The calculating of 4

A=A x(q-1)"+ A,

Start

Public key

t

Entering initialization vector,

HEiC:XiXHiECXF}Xq

Finding one of the solutions

calculating truncated error

Sihe —¢ x (HEC )T

r

vector o . L
e=e-1V c =cy XD x P
Entering H; ¢, calculating Calculating vector
codegram ¢ =i xG+e

Cryptogram transmission Sy

Calculating vector e

S:—hezex(HEc)T

End

11 Stage: Cryptogram forming

e = (e’XPxD)+IV

End

PROVIDING CONFIDENTIALITY

Fig. 3. Scheme of formation of code words of non-binary equilibrium code

Shortened elliptical (n, k, d) code on GF(2™), built
through the reflection of the view ¢:X—P*!, determines
the modified CCC (MCCC) on the modified elliptical
codes (MEC) with parameters:

— secret key dimension;

I, = x.{|ogz(2\/a+q+1ﬂ; =(a—x)m;  (4)

— dimension of information vector (in bits):

li=(a—x) xm; (5)
— dimension of the codegram:
IS:(Z q+q+1—x)-m; (6)
— relative encoding rate:
R:(a—x)/(2ﬁ+q+1—x). @

Fig.4 shows the algorithm for forming a
cryptogram/codogram. The decoding algorithm in the
McEliece MCCC with shortened MES is shown in Fig. 5.

The second way to modify the linear block code,
which maintains a minimum code distance and increases

the amount of transmitted data, is to lengthen its length
after the formation of the initialization vector, by
reducing the information symbols. Let | = (ly, I, ..., Ik) —
information vector (n, k, d) block code. Choose a subset
h of information symbols, h/ = x, x <1/2 k and form the
initialization vector. Place in the information vector | in
the subset h zeros, ie li=0, VI € h. At other positions
of vector | we will place information symbols. After that,
we add information symbols in the position of the
initialization vector. To modify (lengthen) the elliptical
codes, we will use decreasing the set of curve points.
Parameters of extended by x; characters from GF(q)
elliptical code constructed through the mapping of the

view ¢:(XChy) »P % n=2q+q+1-x+x will be
connected by such relationships:
N=2\g+q+1-X+x,

k>a—-x+x,d>n—a a=3 xdegF.

Elongated elliptical (n, k, d) code on GF(2™), built
through the reflection of the view ¢:(XChy) — P,
determines the MCCC with parameters:
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— secret key dimension (in bits):

o =0x) | loga (24a+a+1) [ (@)
— dimension of information vector (in bits):
lh=(a—x+x) -m; 9)
— cryptogram dimension (in bits):
IS:(Z q+q+1—x+x1)-m; (10)
— relative baud rate:
R:(a—x+x1)/(2 q+q+1—x+x1). (1)

requiredProbability

+—l

For Niederreiter CCC, an additional initialization
vector is used to define codewords that satisfy the
decoding algorithm. Fig. 6 and 7 show the protocol of
exchange in an asymmetric cryptosystem based on
Niederreiter CCC on extended and shortened MEC. The
algorithm for forming a cryptogram in the modified
Niederreiter CCC at MEC, taking into account the
identified pattern, will be presented in the form of a
sequence of steps [11, 16, 17]:

Step 1. Entering the information to be encoded, one
of the elements of a set of suitable plaintexts. Public key

input HEC .

Stage 1. Setting code parameters

requiredProbability — given
probability of block distortion,
n — total number of characters in

degF =1,
p=1.0
v No
v
—»  degF++ a= degF * degCurve,
=n—-a+g-—1

the code (code length),
k — the number of information
symbols,

d — the minimum Hamming code
combination distance,

— genus of the curve,
degF — the degree of the
generator function,

d=a— (g<<1)+2 ‘

degCurve — the degree of the

!

NOﬁ

curve

p = computeErrorProbability (probability) ‘

p > requiredProbability
degF, k, d

X, P, D, G, IV

v

‘ G;C:XXGECXPXD ‘

v

Entering the information
vector i, entering
the public key GXEC

Formation of the error
vector e

L

Yes
A 4

Stage 2. Formation of private and
public keys of an asymmetric
cryptosystem, introduction of an
information package

X —non-degenerate &>k matrix on GF(q),

P — permutation »n xn matrix on GF(q),

D —diagonal nxn matrix on GF(q),

GF°— generative kxn matrix of an elliptic code
GF(q),a; — a set of coefficients of the curve
polynomial a; ... as,

IV — initialization vector, |
reduction elements

V=|h| =%k —

Stage 3. Formation of session key
and codegram

vector e is formed randomly, with
equal probability and independently

Formation of a code word
cy, =G xi+e

of other closed texts

A code word cy* is received in the

communication channel without

zero elements of the initialization
vector (shortening operation)

Codegram formation
Cx = Cyx — IV
End

Fig. 4. Algorithm for forming a codogram in the McEliece MCCC with shortened MEC
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< Start >

Stage 1. Setting code parameters, entering
¢ personal key and codegram
X, P, D, H¥, IV, ¢} X —non-degenerate kxk matrix on GF(q),
¢ P — permutation n xn matrix on GF(q),

D — diagonal nxn matrix on GF(q),

adding zero characters to the initialization vector HEC_ verification rxx elliptic code matrix on GF(q),

* - -
cC. =C.+C, .. a; —a set of coefficients of the curve polynomial a, ... &,
J j 7 Tk-hj IV — initialization vector, IV=|h| =% k — shortening
v elements
Removal of diagonal and

permutation matrices Stage 2. Codegram decoding
c :CJ*'(D ) '(P )

Vector decoding according to the Berlekamp-
Massey algorithm.
Formation of vector i”

v

Information vector formation

i (X)) =i,
v

< End >

Fig. 5. Decoding algorithm in the McEliece MCCC with shortened MES

A ’ Secret key ay, ..., @, Ve K'p ‘ B
\ N
’ Session key |1V4], [IV4], e ‘
[ B~ ]

’ Private key H, X, P, D ‘

Formation of

key data (EC) Public key Damage CH'p
Hy=X*xGx PxD
[ o ] -
S+ i[IVs]
Sy =cCx x Hx'
Protocol

— T : - * -1 -1
’ Ciphertext damage text CFT' ‘ ¢ =cx xD"xP
- c=i"xG+e
i Splitting of non-binary e=c xPxD
equilibrium vector on Jel

positional and binom‘iNaI vectors
A:ABx(q—l) +A,

Encryption Decryption

[

’ Convert error vector to plaintext | i

Fig. 6. Exchange protocol in an asymmetric cryptosystem based on Niederreiter CCC on extended MEC

A Secretkey ay, ..., a,, IV, K'p B
[ [
| Session key |IV4], [IV3], e |
\ R~ ]

| Private key H, X, P, D |
1

Formation of

key data (EC) . | Damage CH'
Public key K'p 2
Hy=XxGx PxD
: =
[ ome | M n
f i
Ciphertext damage text CFT S =0 % Hy'
Protocol c=cy xDtx Pt
Sx=(e —IV3) x Hx' i xG e
er e+1Vy=¢ xPxD
Splitting of non-binary equilibrium vector
on positional and binomial vectors < J\
A=A x(q-1)" +A, —|  Convert error vector to plaintext i
Encryption Decryption

Fig. 7. Exchange protocol in an asymmetric cryptosystem based on Niederreiter CCC on shortened MEC
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Step 2. Formation of an error vector e, the weight of
which does not exceed £t (corrective ability of the
elliptical code based on the algorithm of non-binary
equilibrium coding).

Step 3. Formation of the initialization vector V1.

Step 4. Formation of a shortened error vector:
ex=e(A)-1Va.

Step 5. Codogram formation:

N T
S r—h, =(en—he)xHZ" .

The algorithm for decoding the codogram in the
modified Niederreiter CCC on MEC will be written as a
sequence of steps [11, 16, 17]:

Step 1. Input of the codogram Sx, which is
decoding. Private key input — matrices X, P, D.

Step 2. Finding one of the possible solutions of the

*

* - T
equation: S | =c x(HEC) :

Step 3. Removal of diagonal and permutable
matrices influence: ¢ :c; .pt.p1,

Step 4. Decoding of the vector E*. Formation of the

vector e,”.

Step 5.
ex=ey XPxD.

Step 6. Formation of the desired vector of error e:
e=e+V,.

Step 7. Transformation of the vector e based on the
use of non-binary equilibrium code into an information
sequence.

To further reduce energy costs while maintaining
the level of sustainability, it is proposed to create a hybrid
McEliece, Niederreiter CCC (HCCC) with MEC based
on the use of unprofitable codes. The theoretical basis for
the construction of unprofitable texts is to remove the
order of the symbols of the source text and, as a
consequence, reduce the redundancy of language
symbols in the unprofitable text. The amount of
information expressing this order will be equal to the
decrease in the entropy of the text compared to the

s

Transformation of the vector e ”

maximum possible value of entropy, the corresponding
lack of order in the text in general, i.e., equally likely to
appear any letter after any previous letter [18, 19].
Cryptographic unprofitable texts are texts obtained in the
following ways [18, 19]: damage to the original text with
subsequent encryption of unprofitable text and/or its
losses, damage to ciphertext, damage to ciphertext of
unprofitable text and/or ciphertext of losses.

Taking to account that the McEliece and Niederreiter
CCC use the same approach to the formation of the private
key (masking matrices are similar), and coding and
decoding algorithms use the classical algorithms of noise-
tolerant coding theory, it is proposed to use the approach
to assessing the stability of HCCC, proposed in [11]. The
overall stability of the proposed approach to the formation
of HCCC consists of the stability of the modified crypto-
code structure of Niederreiter and the stability of the
multichannel  cryptosystem on unprofitable codes.
Universal mechanism of damage Cr, can be described as:

CFT /CHgr = Ey (M,KUEC )

CHD/CHD:EZ(M,KUEC), (12)

M = Ef%(CFT/CHFT,CHD/CHD,KUEC )

CFT/CHgy =CFT / CHEr ,...,CFT / CH: |
KUEC = p(KL,... KD KUEC . KUEC,
CHD/CHp =CHD/CH},...CHD/CHJ

Thus, as a result we have two ciphertexts (loss (CHp)
and unprofitable text (FTC)), each of which does not make
sense either in the alphabet of the original text or in the
alphabet of ciphertext. In fact, the ciphertext of the original
message (M) is presented as a set of two unprofitable
ciphertexts, each of which separately cannot recover the
original text.

The main methods of damage are shown in Fig. 8 and
Fig. 9. They reflect the basic protocols for providing security
services based on the use of lossy codes.

ENCRYPTION METHODS BASED ON LOSSY TEXTS

Damage to the original text /
encryption of the damaged text
(CFT/ CHgr) and loss (CHD/CHp)

Damage to the ciphertext with receipt
of the ciphertext (FTC/ FTcy) and loss
of ciphertext (DCH/Dcy)

Combined method / encryption of
malicious text (CFT) and loss (CHD)/
secondary damage to the text FTC
and/or DCH

Damage with observed texts

Damage with observed texts
[l (CFT/ CHer) and loss (CHD/CHp) | [] (FTC/ FTcy) and loss (DCH/Dcyy)

Damage with observed texts (FTC/
I FTcn) and loss (DCH/Dcy)

Concealment (CFT/ CHgr) ina
text container i

Concealment (FTC/ FTcy) ina
text container

Encryption CHD/CHp (DCH/Dcy)
by a symmetric crypto-algorithm

Encryption (CFT/ CHgr) by a
symmetric crypto-algorithm

Encryption (FTC/ FTcy) by a
symmetric crypto-algorithm

CHer — ciphertext of the lossy text
CHp - loss ciphertext

CFT/ CHgr — ciphertext of the lossy
text DCH/DCH
CHD/CHp - loss ciphertext

FTC/ FTch — lossy ciphertext
— loss of ciphertext

FTcn — lossy ciphertext
Dcy - loss of ciphertext

Fig. 8. The main methods of damage
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TRANSMISSION METHODS BASED ON LOSS TEXTS BASED ON ‘
SYMMETRIC CRYPTOGRAPHY ‘

o

perfect secrecy — H(M) = H(M|CH), H(K) > H(M)
practical secrecy — H(K|CH)>0, H(M|CH)>a.

K key — secured channel,
Lossy texts (CFT/CHgr) and loss (CHD/CHp)
— open channel

>80, CH — cryptogram

T

K. Shannon

perfect secrecy — H(M) = H(M|CHECHp)
practical secrecy — H(M|CHerCHp)>a

2]

I

K key, Lossy texts (CFT/CHgr) — secured
channel, loss (CHD/CHp) — open channel

perfect secrecy — H(M) = H(M|CHp)
practical secrecy — H(M|CHp)>a

3
| |Lossy texts (CFT/CHgr) — secured channel,
K key, loss (CHD/CHp) — open channel

perfect secrecy — H(M) = H(M|K, CHp)
practical secrecy — H(M|K, CHp)>a

)

(»)

L 1K key, loss (CHD/CHp) — secured channel,
lossy texts (CFT/ CHgr) — open channel

perfect secrecy — H(M) = H(M|CHgr)
practical secrecy — H(M|CHgr)>0o

3

[ (o)

Loss (CHD/CHp) — secured channel, K key,
lossy texts (CFT/CHgr) — open channel

perfect secrecy — H(M) = H(M|K, CHgr)
practical secrecy — H(M|K, CHer)>a

N S S e D

Ensuring confidentiality and integrity

K key, input text M — secured channel, lossy
texts (CFT/CHgr) and loss (CHD/CHp) —|
open channel

perfect secrecy — H(K) = H(M|CHgCHp)
practical secrecy — H(K|CH-CHp)>a

7
K key, lossy texts (CFT/CHgr) — secured
channel, input text M, loss (CHD/CHp) —
open channel

perfect secrecy — H(K) = H(K|M, CHp)

practical secrecy — H(K)=H(K|M, CHp)>a
If it is needed to find CHgr

perfect secrecy — H(CHer) = H(Hgr|M, CHp

practical secrecy — H(Ypr|Yp)>a

8

Lossy texts (CFT/CHgr), Input text M —
secured channel, K key, loss (CHD/CHp) —|
open channel

perfect secrecy — H(M) = H(M|K, CHp)
practical secrecy — H(M|K, CHp)>a

If it is needed to find CHer
perfect secrecy — H(CHgr) = H(CHer|K, CHp)
practical secrecy — H(CHgr|K, CHp)>a

LTI

9

K key, loss (CHD/Hp) — secured channel,
lossy texts (CFT/CHgr), Open text M —
open channel

.

perfect secrecy — H(CHp) = H(CHp|M, CHer)
practical secrecy — H(CHp|M, CHer)=a

open channel

Input text M, loss (CHD/CHp) — secured
channel, K key, lossy texts (CFT/CHgr) —

If it is needed to find CH p

perfect secrecy — H(M) = H(M|K, CHg7), practical secrecy — H(M|K, CHgr)>a

perfect secrecy — H(CHp) = H(CHp|K, CHegr)
practical secrecy — H(CHp|K, CFT/CHgr)>a

Ensuring authenticity

CFT - lossy text

CHD - loss

FTC/ FTcn — lossy cyphertext
DCH/Dcy  — cyphertext loss

CHer — ciphertext of the lossy text
CHp - loss ciphertext

FTcy — lossy ciphertext

Dcr — loss of ciphertext

Fig. 9. Basic protocols for providing security services

The main advantage of the proposed methods and
protocols for providing security services based on the use
of lossy codes is the use not, and McEliece and
Niederreiter MCCC on modified shortened or extended
EC to ensure cryptocurrency and / or lossy text.

The unity distance for a random cipher model for
which there is a probability to obtain meaningful text by
randomly and equally probable selection of the key K and

an attempt to decrypt the ciphertext when
oHL
Ns = H(K)Wzl is equal to:
H(K H(K
S R HE) 13
log|I|-H Blog]l]|

where B — redundancy of the source text; H — entropy on
the letter of the meaningful text in the input alphabet I,
[I] >2; 2"t — the approximate value of the number of
meaningful texts.

Thus, a necessary and sufficient condition for the
loss of meaningless text is to reduce the code lengths of
text characters beyond their redundancy. As a result, the
unprofitable text has a length less than the length of the
source text, and does not make sense of the source text
[18, 19].

A quantitative measure of the effectiveness of the
damage is the degree of destruction of the value equal to
the difference between the entropy of the unprofitable
text and the source text at different segments of the length
of the unprofitable text:
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d=H(FTC)-Y " H(M))p;,

Yoapi=Ls=[(Lo-Lerc)/Lerc ] (15)

where M;— part of the source text corresponding to the i-
th segment; pi— its probability; Lo— length A4 equal to the
length of Lerc— lossy text; s — number of segments.

Fig. 10 shows a universal mechanism of damage
(algorithm MV2 (lossy text formation)).

The transformation definition set in the MV2
algorithm is a set {0, 1}" — consider as the power of the
alphabet of a family of source texts, which is associated

/ Inputr, n /

v

Generation of a random order of alphabet
characters from 0 to (2") -1

v

Determining the values of the substitution symbols
according to the substitution table ||M;||> |[f(x)i]| +
IC Xl
By expression f(x)=n —|C(x)|, if |[C(x)|>r

v

Forming flag f(x) and the
remainder C(x) by substitution
of symbols M;

'

Formation of lossy text CFT and loss CHD
concatenation
of obtained flags f(x);
and remainders C(x);

(14)

>

End

with some probability distribution of the letters of this
alphabet, and the symbols of the source text — the value
of a discrete random element [18].

The main methods of damage are shown in Fig. 11—
13. To determine the optimal method, we analyze the
ratio of the number of required additional operations to
implement the approach to the size of the resulting source
data. The dependence of group operations of HCCC
implementation on field strength is given in table 3. Table 4
shows the length of the transmitted data. The ratio of
these values shows the bit rate of the bandwidth for each
additional operation (Table 5).

1< r < n-apositive integer
n — alphabet power

Svmbol Remainder | Remainder | Flag
Y length C(x) f(x)
S1 r 0r onri1
Sz r 01 onr11
Szr+1 r+1 0r+1 On-r-zl
St n-2 12 01
Szn—17 zr_'_1 n— 1 On—l l
S0 of n-1 11 1
82n7 2r_'_1 r Or On—r
Szn r 1" on-r

CFT/ CHer — ciphertext of the lossy text
CHD/CHp, — loss ciphertext

FTC/ FTch — lossy ciphertext

DCH/Dcy — loss of ciphertext

f(x) — flag (loss)

C(x) — remainder (loss code)

Fig. 10. Universal mechanism of damage - algorithm MV2

h 4

Loss CH li)

N
open text . damaged text
M —>{ causing damage CET ) ]
| encryption on the Ciphertext of the
T basis of MCCC lossy text
[
Koo Tk,
Fig. 11. Block diagram of a hybrid cryptosystem based on damage to the original text (approach 1)
KUi N i
open text i i’ Loss CH
M Ciphertext
_} i
l T Causing Lossy text of ciphertext
damage P CFT'
Encryption based on the MCCC F < i
D

Fig. 12. Block diagram of a hybrid cryptosystem based on damage to ciphertext (approach 2)
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[ N i
! > Loss CH
open text Ko v I | D
M 7 > lossy text it » Encryption based
. < CFT on MCCC
lossy text of Causing KU’
ciphertext CFT 2 €  damage 1
Loss C|-|I‘)2 |<— Ciphertext of the lossy text

Fig. 13. Block diagram of a hybrid cryptosystem based on damage to the original text and ciphertext (approach 3)

Table 3 — Dependence of software implementation on field strength (number of thousands of additional operations

before encryption / after / amount)

Approach 25 2 2° 21
1 1002/-/1002 3285/-/3285 6322/-16322 11078/-/8247
2 —/1501/1501 —14289/4289 —/9296/9296 —/15908/15908
3 992/1487/2479 2952/4428/7380 5793/8690/14483 10086/15130/25216
Table 4 — Length of transmitted data in bytes
Approach 25 2 2° 21
1 500902 902403 1642357 2374489
2 375298 667029 1072313 1652979
3 627533 1044069 1868102 2716713
Table 5 — Number of bits per additional operation
Approach 25 2 2° 21
1 2.5E-04 4.55E-04 4.812E-04 4.341E-04
2 4.999E-04 8.038E-04 10.836E-04 12.03E-04
3 4.938E-04 8.836E-04 9.691E-04 11.602E-04

Thus, the use of approach 3 in inflicting damage to
ciphertext from the Niederreiter on MEC is shown in Fig.
7 increases the bandwidth in the field GF (2°). This
method is the optimal approach for building a hybrid
CCC.

The algorithm for forming a cryptogram in
Niederreiter HCCC is shown in Fig. 14, 15:

Step 1. Entering information to be encoded.

Entering a public key H EC :
Step 2. Formation of the error vector e, the weight

of which does not exceed £t - corrects the ability of
MEC based on the algorithm of non-binary equilibrium

coding [11].
Step 3. Formation of a shortened error vector:
ex=e(A) — IV

Step 4. Codogram formation;

- T
S rhe =(en_he)XH)%C

Step 5. Formation of unprofitable text (balance) and
flag (loss):

EKMVZ :S*r*he _)"f (X)i ” + "C(X)i "

The codegram decoding algorithm in Niederreiter
HCCC is shown in Fig. 16, 17:

Step 1. Obtaining meaningful text of the codegram
based on the MV2 algorithm:

SR [ By SE e

Step 2. Input of the Sx codegram to be decoded.
Entering a private key — matrices X, P, D.

(16)

A7)

Step 3. Finding one of the possible solutions to the
equation

=8 (1)

Step 4. Removing the effect of diagonal and
permutation matrices:

*

= .
¢ =cx-D Lpt

(18)

(19)

Step 5. Decoding of the vector E*. The formation

of the vector e, .
Step 6. Transformation of the vector e,

ex=e.’ X P xD. (20)
Step 7. Formation of the desired error vector e:
e=e+1V (21)

Step 8. Transformation of the vector e based on the
use of a non-binary equilibrium code into an information
sequence.

Construction of Niederreiter's crypto-code
constructions on LDPC and/or lossy codes

Low Density Parity Check (LDPC) codes are linear
block codes whose check matrices in each column and
each row have a small number of ones compared to the
number of zeros in them [20-25].

To form the CCC on LDPC codes and/or lossy
codes, we will use the approach of forming the H matrix,
which is proposed in works [20-22].

A regular LDPC code with block length n is formed
on the basis of the check matrix H, which is characterized
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by a constant number of ones in a row W, and a constant
number of ones in the column W..

The verification matrix H has a low density of ones
(the density of ones is considered low if the specific part
of ones is less than 50% of all elements of the verification

matrix).

Based on the given parameters n, Wr, Wc the
corrective properties of the code t, bits are changed. At
the same time, the position of the ones in the verification
matrix H is formed on the basis of random permutations
of the columns of the base submatrix, which contains
only one one in each column.

Stage 1. Setting code parameters

Required
Probability requiredProbability — given

No
A 4

probability of block distortion,

n — total number of characters in
the code (code length),

k — the number of information
symbols,

> required Probabilit

No

degF, k, d

d — the minimum Hamming code

a = degF * degCurve, combination distance,

k=n-a+g-1I g — genus of the curve,
. degF — degree of the generator
function,
Yes Yes @ degCurve — the degree of the
curve.
NO—+
@ d=a—(g<<1)+2‘
Yes v
No_+ es
’ p = compute Error Probability (probability) ‘ Stage 3. Formation of the error
vector

/ X P, D, HC, IV

Z

l

’ H§C=X><HEC><P><D

|

I

/Input n, w(e), q, A/

Formation of the number A
and its binary representation

>

Representation of the number A in
theform, _ Ag(q-1)" + A

[

and its binary representation

Formation of the number A Coding of the A | ¢ 4ing of the 4, number in
le—{ || number in the positional

number system

the binomial number system

7

Formation of the generalized
binomial-positional code of the
number A

Formation of a shortened
error vector
e,=e(A) - IV

Formation of the syndrome
S*,_rh = (en - he) X HxECT

o

Stage 4. Formation of the syndrome

Fig. 14. Codegram formation in Niederreiter HCCC on MEC

76



ISSN 2522-9052

CyuacHi iHdopmaniitai cucremu. 2022. T. 6, Ne 3

At the same time, the
speed of the regular LDPC
code, depending on the
parameters of the check matrix,
is determined by the formula:

n 'Wc /Wr -
n_
~(W, 1)
fi = n = (@)

W W1
W, n
At the same time, LDPC
code H matrices of the same
size and with the same
parameters can generate codes
with different code distance d
and correction ability t. From
this follows the task of finding
the best verification matrix of
the LDPC code with the given
parameters n, W,, W by the
criterion of the maximum
corrective capacity

tmax < (dmax —2)/2.

The verification matrix of
the LDPC code can be
represented as:

Hy/m(Hq) }
H=|————=|, (23
{: /e (Hy) @)

where H; — base submatrix,
71 (Hq) — submatrices obtained

by randomly permuting the
columns of the base submatrix
Hy,i=1,2,...,We—1.

The verification matrix H
can be reduced to the form:

H=[Al ], (24
where A - some fixed
((n—k)xk) — matrix with 0

and 1 (no longer sparse with
ones), and I,_, —a ones matrix

of size ((n—k)x(n-k)).

The code word generation
matrix G has the form:

G=[|k|—AT] (25)

=1

; Stage 5. Causing damages

r=d,n remainder remainder | Flag
I Symbol length c) f(x)
- Sl r or On-r-ll
Generation of a random order of alphabet S, r 011 [
characters from 0 to (2") -1
1 So' r+1 0t 021
Determining the values of the substitution 555_"1'1—3’ n *i énj 011
symbols according to the substitution table : 22l n-
(M= IFC)ill + [ICOill S S n—1 1t 1
fx)=n - |CX)|, if |ICX)|>Tr Sy o' r 0" o
] S ¢ i o

Formation of flag f(x) and
remainder C(x) By
substitution of symbols M;

Formation of lossy text CFT and loss CHD
by concatenation
obtained flags f(x); and remainders C(x);

End

Fig. 15. Codegram formation in Niederreiter HCCC on MEC

oy
Stage 1. Formation of a meaningful
Remainder | Remainder | Flag

Input Symbol length C(x) f(x)
r=d,n M; r 0" o1
l M, r 011 o1
Obtaining Mz'r;l r+l (jr'+'1 0“.‘;'.21
CFT, CHD
i Mp™L " n-2 12 01
. N Mzn'l, 21 n-1 o1 1
Obtaining flags f(x);, using values
(r) and (n) M n-1 11 1
l M2n7 2r+l r or onr
Obtaining the length of the remainders MZ” r 1r (.)'.".r
from the table used for encryption
v
Splitting the loss text into parts (C(x) -
output remainders)
Obtaining symbols A, of the original
text
} f(x) — flag,
. Codegram formation C(x) - remainder
S, MMM

0

Fig. 16. Codegram decoding in Niederreiter HCCC on MEC

Use of these codes ensures compliance with the IEEE

If the matrix H is presented in the form (24), then ~ 802.16 standard. LDPC codes in the IEEE 802.16e standard
the matrix G (25) is easily obtained from the matrix H by  are all represented by independent check matrices. For these
transformations using the Gaussian method [26, 27]. The  verification matrices, there are a total of six basic matrices
code distance d for a regular LDPC code is defined as  that’s why 802.16e LDPC codes have strict structures and
follows: d is equal to the smallest number of columns of  dimensions. Suppose the verification matrix H has size
the H matrix, which in sum give 0; d is equal to the  m x n, where m is the number of parity checks and n —is the
smallest weight of a row (the number of ones inarow) of  number of codeword coordinates. Thus, the code size

the matrix G.

(number of source symbols) k =n—m.
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/ X P, D, HECa IV: Sr-he /

Finding one of the possible solutions to the
equation

' = x ()

Removing the effect of diagonal and permutation
matrices

—
* i pd
c =cy-D”-P

'

Decoding of the vector c.
Vector e, formation

v

TransformAtion of vector €,
e.=e XPXxD

!

Formation of the desired error vector
e.e=e+ IV

Stage 2. Setting code parameters, entering
personal key and codegram

X —non-degenerate kxk matrix on GF(q),

P — permutative n xn matrix on GF(q),

D — diagonal nxn matrix on GF(q),

HF°— verification »xn matrix of EC on GF(q),

l a; —a set of coefficients of the polynomial of the curve a; ... ag,
IV —initialization vector,

IV=1h| =% h, — shortening elements

Stage 3. Calculation of the error vector

Stage 4. Calculation of the information
vector

|
/e o A

Splitting the binary equilibrium vector into positional and
binomial vectors

v

v

Calculation of A;; from the
positional vector

A =300 (a -1

/A

Calculation of Agz from the
binomial vector

i—0 1=0 w—I
v v
v Calculation of 4
End A:AE'(q'l)W+AH

Fig. 17. Codegram decoding in Niederreiter HCCC on MEC

The check matrix is a combination of several z x z
submatrices. Each submatrix or permutation is either a
ones matrix or a zero matrix, so the base matrix simply
needs to be a set of numbers that define the individual
right-cycle shifts for the permutations. The size of the
base matrix m, x np, where m = zmp and n = zn, (S0 we
can determine k = zk,). The input data of the base matrix
are real numbers not less than -1. The verification matrix
is constructed by replacing each entry of the base matrix
with z x z submatrix: every —1 is exchanged with a zero
matrix and every non-negative number with a ones
matrix with a cyclic right shift. Therefore, given the code
dimension k (or block length n) and the basis matrix, the
LDPC code is defined.

Apparently, any LDPC code check matrix in the IEEE
802.16e standard is represented in an approximate lower-
triangular form without any row or column operations, so
fast coding can be incorporated directly. For any matrix H
in 802.16, it always has N = n and g = z. This approach
allows using these channels for the transmission of both
control and combat commands/signals.

Assessment of the stability
of the proposed crypto-code constructions

To estimate time and speed indicators, it is customary
to use a unit of measurement cpb, where cpb (cycles per
byte) — the number of processor cycles required to
process 1 byte of input information.

The complexity of the algorithm can be calculated
using the expression

Per =Utl *CPU _ clock / Rate, (26)

where Utl — processor core utilization (%); Rate —
Algorithm bandwidth (byte/s).

Table 6 shows the results of studies of the dependence
of the length of the input sequence on the MV2 algorithm
on the number of processor cycles.

Table 7 presents the results of studies of the
assessment of time and speed indicators of procedures for
applying and removing damage.

Table 8 shows the results of research on the
dependence of the length of the code sequence of
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Niederreiter HCCC on the number of processor cycles for
performing elementary operations in the software
implementation of CCC.

Analysis of the results of the table 8 showed that the
energy consumption of the practical implementation of
Niederreiter HCCC will decrease by 7%, while the
implementation is possible on the main hardware and
software platforms that have become widespread:

— 8/16-bit microcontrollers and smart cards;

—32-bit microprocessors and microcontrollers
(ARM, IA 32);

— 64-bit general purpose processors (AMDG64,
Intel 64).

Table 9 presents the results of studies of the

assessment of time and speed indicators of procedures for
applying and removing damages.

Table 6 — Results of research on the dependence of the length of the input sequence on the MV2 algorithm

on the number of processor cycles

MV2
The length of the code sequence
10 100 1000

addition 3942 28673 275499
The number of function subtraction 1794 3810 23881
calls that implement division 3274 4804 20104
elementary operations |, i njication 19 109 1009

comparison 8939 60963 578784
Sum 17968 98359 899277

addition 19.53 93.58 2297.36
Duration of execution of subtraction 8.89 12.43 199.14
functions™ in processor | division 16.22 15.68 167.65
clocks multiplication 0.09 0.36 8.41

comparison 44.28 198.96 4826.43
Sum 89 321 7499
Duration of execution** in msec 89 321 7499

Note: * — duration of 1000 operations in processor clocks: character reading — 27 clocks, line comparison — 54 clocks, line concatenation — 297
clocks; ** — for the calculation, a processor with a clock frequency of 2 GHz is taken, taking into account the loading of the operating system at 5%

Table 7 — Research results of evaluation of time and speed indicators of procedures

for applying and removing damage

The length of Bandwidth of the Algorithm
Indicators the code algorithm, Rate Processor core complexity, Indicators
utilisation (%0)
sequence (bytes/sec) Per (cpb)
The number of calls to 10 0,089 112,3596 90 0,801
functions that implement 100 0,321 311,5265 322 1,034
elementary operations 1000 7,499 133,3511 7500 66,166

on the number of processor cycles

Table 8 — Results of research on the dependence of the length of the code sequence

Niederreiter HCCC on MEC Niederreiter CCC on MEC
The length of the code sequence
10 100 1000 10 100 1000
The number of function calls | Reading the symbol 10294397 | 28750457 | 76759874 | 11018042 | 30800328 | 80859933
that implement elementary | String comparison | 3406921 9246748 |25478498 | 3663356 |10199898 | 26364634
operations String concatenation | 1705544 |5045748 (12379422 |1834983 |5125564 |13415329
Sum 15406 862 |43042953 |114617 794 | 16516381 |46125790 |120639 896
Reading the symbol | 295374 810478 2001167 |297487 831609 2183218
Duration of execution of - -
functions* in processor clocks String comparison 178814 531379 1248684 |197821 550 794 1423690
String concatenation | 544 990 1328114 |3586486 |544990 1522293 |3984353
Sum 1006781 |2749548 |7247488 1040298 [2904696 |7591261
Duration of execution®** in msec 0,52 1,37 34 0,55 1,53 4

Note: ** —a processor with a clock frequency of 2 GHz is taken for the calculation, taking into account the load of the operating system 5 %
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Table 9 — Results of studies of the assessment of time and speed indicators of procedures for applying

and removing damage

. Bandwidth of the Processor core .
Indicators T?: Jsggtzg::ct?e \{[\i/r(;\r;,\kgg algo-rithm, Rate utilisation ,Ol\ég)j((i)rltf;r:rc(grrg-
g (bytes/sec) (ticks) ty, Per (cp
The number of function 10 0,089 112,3596 90 0.801
calls that implement 100 0,321 311,5265 322 1.034
elementary operations 1000 7,499 133,3511 7500 66.166

Thus, the analysis of the basic principles of the
construction of Niederreiter MCCC and systems of
multi-channel cryptography on lossy codes allows for the
development of hybrid cryptosystems.

The main difference from the “classical” approach
of forming a hybrid cryptosystem is the use of CCC
with fast algorithms of crypto-transformations (the
speed of transformations can be compared with the
speed of crypto-transformations in BSC). Niederreiter
CCC acts as the main mechanism for ensuring the
stability (security) of information with the subsequent
use of the MV2 algorithm (systems based on lossy
codes).

This approach provides a reduction in energy costs
(the power of the Niederreiter MCCC alphabet) with

Table 10 — Results of statistical security studies

further transmission through one or more channels,
which allows the use of almost every type of cyberspace
channel in a prospective system of joint leadership and
military control.

Statistical tests are used to experimentally assess how
closely crypto-algorithms approximate generators of
"random" sequences [11].

The NIST STS test suite was proposed as part of a
competition for a new US national block cipher standard.
This set was used to investigate the statistical properties
of candidates for a new block cipher.

Today, the testing method proposed by NIST is the
most common among developers of cryptographic means
of information protection [11].

The results of the research are given in table 10.

rptioptons | ety | T hon o | Mmber ottt i <99
tests, (%) passed tests
CCCon MEC 149 (78,83) 189 0
CCC on shortened MEC 151 (79,89) 189 0
CCC on lengthened MEC 152 (80,42) 189 0
HCCC on shortened MEC 153 (80,95) 189 0
HCCC on lengthened MEC 155 (82) 189 0

The results in the table 10, show that despite the
reduction of the field strength to GF(2°) for MCCC and
GF(2%) for HCCC, the statistical characteristics of such
crypto-code constructions turned out to be, at least, no
worse than the traditional Niederreiter CCC on GF(2%).
All cryptosystems passed 100% of tests, and the best

result was shown by HCCC on shortened MEC: 155 out
of 189 tests passed at the level of 0.99, which is 82% of
the total number of tests. At the same time, Niederreiter
traditional CCC on GF(2'%) showed 149 tests at the level
of 0.99. The results of the speed of transformations are
shown in Fig. 18.

20000
15000
10000
5000
0 - - I e e
3 4 ) 6 7 8 9
— MCCC HCCC GF(qQ)

Fig. 18. Dependencies of the complexity of cryptogram formation,
when using (n, k, d) code on GF(q)
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If the masked code is given by the check matrix H
in the general case in a non-systematic form, then to form
the code word it is necessary to calculate the check
symbols and place them in the appropriate place in the
code word.

The complexity of decoding is determined by the
complexity of the algebraic algorithm for decoding the
algebraic block code.

For BCH codes, RS codes and their generalizations,
alternative codes and their subclasses, error localization
is reduced to solving a system of linear equations.

The complexity of decoding is:

Spw=n>"2+2xn?)+t°/2, (27)
SpuHocey=n xm XL+n2+(2 xp3)+152, (28)

The dependence of addition and multiplication
operations on the finite field in various cryptosystems is
presented in the table 11. The results in the table 10
confirm a reduction of = 7 times the number of addition
and multiplication operations over the finite field in the
proposed HCCC on lossy codes over GF(2% in
comparison with MCCC on MEC over the field GF(2°).

The obtained result confirms the competitiveness of
HCCC in post-quantum cryptography.

Table 11 — Dependence of addition and multiplication operations on the final field in different cryptosystems

GF(q)
Cryptosystem
3 4 5 7 8 9
MCCC on MEC 821 7627 64948 531613 4278546 34201122 272768399
HCCC on MEC 828 7657 65103 532243 4280451 34206222 272789350
. roviding information.
Conclusions P g

1. In the conditions of a hybrid war, the use of
means of information suppression/blocking significantly
reduces the possibility of using control system means and
communication channels based on outdated hardware
communication tools and a cipher body. The use of
civilian channels of cyberspace (a set of Internet,
computer and mobile technology channels) requires the
use of cryptographic systems. However, in the conditions
of the rapid growth of computing capabilities of quantum
computers (the emergence of full-scale quantum
computers), ensuring the stability of classical symmetric
and asymmetric cryptosystems (including asymmetric
cryptosystems based on elliptic curves) is called into
question. Which in turn requires the use of post-quantum
cryptography algorithms. Among the contenders are the
crypto-code constructions of McEliece and Niederreiter,
which provide stability requirements and integrated
(additionally) ensure the reliability and efficiency of

2. The presented algorithms of crypto-code
constructions provide the necessary level of stability,
efficiency and reliability when using  various
communication channels, which allows their use in a
prospective system of joint leadership and military
management in the conditions of conducting hybrid warfare.

3. The combination of crypto-code constructions
with damage mechanisms (lossy codes) provides an
additional increase (maintenance) of the stability level
and the practical implementation of HCCC on various
algebraic geometric codes and/or LDPC codes. This
approach provides a ~ 7-fold reduction in the number of
addition and multiplication operations over the final field
in the proposed HCCC on lossy codes over GF(2%) in
comparison with MCCC on MEC over the field GF(25)
and the possibility of timely change of constructions
and/or code constructions, which will allow to ensure the
use of cyberspace channels in the prospective system of
joint management and military control.
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Mexani3mu 3a0e3neyeHHs 0e3MeKH KaHAIIB NepCIeKTUBHOI CHCTeMHU YIPABJIiHHSA
b. I1. Tomamescekuii, C. I1. €Bcees, C. C. Ioraciii, C. B. MineBchkuii

AHoTanis. Po3BuTOK chcTeM BIICHKOBOTO ([EP)KaBHOI'O) YIPABIiHHA B CYYaCHHX yMOBaX riOpuaHOI BiiHM BUMarae
MOXITHBOCTI CTPIMKOTO PO3IIUPIOBAHHS SIK (DYHKI[IOHATIBHOCTI, Tak i MaciiraOyBaHHs (i3n4HOI Ta JIOT1YHOI OCHOBH YIIPABIIiHHS,
HapOLIyBaHHs CreKTpa HU(pOBizalii Ta BUKOPUCTAHHS SIK BIHCHKOBHX, TaK i IMBUIPHUX KaHANIB 3B 53Ky INOAO YIPAaBIiHHSI
Bilicbkamu Ta 30poeto. Ilpu 1boMy HEOOXiZHO BpPaxOBYBATH HE TUIbKH OOYHCIIIOBAJIbHI MOMJIMBOCTI MPOTHBHHKA, 3acC00U
MPUAYLIeHHS Ta/a00 OJIOKYBaHHS KaHAJIB 3B 513Ky CUCTEMH YIPABIIHHS, 8 TAKOXK PO3BUTOK KBAHTOBUX TEXHOJIOTIH, SIKi BUCYBAIOTh
HOBI OLJBII JKOPCTKI BUMOTH JI0 MEXaHi3MiB 3a0e3meueHHs] Oe3MeKH Ha OCHOBI alrOPUTMIB CHUMETPHYHOI Ta HECHMETPUYHOL
kpunrorpadil. 3a paxynkamu crenianmictiB HICT CHIA noBHoMacmraOHHIT KBaHTOBHI KOMI'IOTEp 3a0e3medye 3mam, siK
CUMETPHYHUX, TaK # HECUMETPUYHUX KPHIITOCHCTEM 3a MOJIHOMIaJbHHI 4ac, [IO CYTTEBO 3MEHIIy€e iX CTiliKicTh. B poborti
MPOTIOHYIOTHCSI MEXaHi3MHU TIOCTKBAHTOBOI Kpunrorpadii, ki J03BOJISIOTH 3a0€3MeYUTH CTIHKICTh He TUThKHM KaHAaTiB 3B’sI3KY, Ta
i €IeMEHTIB CTPYKTYPH CUCTEMH yripaBiiHHs. OCHOBOIO IIOCTKBAHTOBHX aJrOPUTMIB IN(PYBAHHS TOEIHAHHS aJTOPUTMIB (CXeM)
KPHITO-KOIOBUX KOHCTPYKIIiH 3 KPUNITOCHCTEMAaMH Ha 30UTKOBHX Kojax (6araTokaHanbHOI Kpunrorpadii),a Takox MOXKIHUBICTh
iX moeqHaHHS 3 MeTomamu UUQpOBiit creranorpadii. Takuit miaxig 3a0e3medye MOXIUBICTH MPUXOBYBAHHS EIEMEHTIB
YIPaBIiHCHKAX KOMaHI, a BHUKOPHCTAHHS PI3HUX KaHaNiB 3a0e3leuye MOMIIMBICTh MPHUXOBYBAHHS OKPEMHX EIIEMEHTIB
KPHUIITOTPaM.

Kiaw4yoBi ciaoBa: KpUNTO-KOAOBI KOHCTPYKILi; amredporeomerpuyni koau; LDPC-koau; cuctema ympaBiiHHSI
BiliCbKaMU; KBaHTOBHIA TIEPiOI.
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YHHI “Kapazincekuii 6ankiscbkuit inctutyr” XHY imeni B. H. Kapasina, Xapkis, Ykpaina
2 XapkiBChKHil HAIIOHATIBHUIA YHIBEPCHTET PalioeeKTPOHiKU, XapKiB, Y KpaiHa
3 XapkiBchkuil HalioHaIbHMI yHiBepcuTeT [ToBiTpsinux Cui imeni Isana Koxexy6a, Xapkis, Ykpaina

OBYUCJEHHS 3HAYEHb ®YHKIINA KOMILIEKCHOI 3MIHHqi
3 IHTEPBAJIbBHUM APTYMEHTOM, BUSHAYEHWM B I'ITEPBOJITYHIN ®OPMI

AnoTranisi. HaBeneHo BimomocTi Ipo iHTepBabHI YHCIa, PE/ICTaBlIeHi B KilacnaHoMy Burisiai, cuctemi [IEHTP — PA-
JAIYC Ta B rinepOoniyHOMY BUTJISI. 3alIpONIOHOBAHO TIPaBHIIa MEPEXOY Bifl OJHi€T i3 ()OPM ITOJTaHHS IHTEPBATBHIX YHCEI
no iHmmx. HaBegeHo BioMOCTI Ipo KOMIUTEKCHI IHTepBaJIbHI YHCIa, iHiCHA 1 ysBHA YaCTHHA SKHMX MpPEJICTaBIICHI B Tirep-
6oniyHOMy Buriiai. OnmcaHo TpaBuila BUKOHAHHS OCHOBHUX apU()METHYHHX Il 3 IIMMH YHCIIaMH Ta 00YHCIICHHS iHTep-
BaJIbHUX 3HAYCHb ITOKa3HUKOBOI, JTorapumiuHoi QYyHKIT, MpIMHUX Ta 00epHEHHX TPUTOHOMETPHYHNX (QYHKIIH, IPIMUX Ta
obepHeHNX rinepOomiyHuX QyHKIiA. s GpyHKIiH KOMITIEKCHOTO 3MiHHOTO HaBEICHO BiJIOMOCTI MO iXHIO AIHCHY Ta ysi-
BHY yacTuHy. Ilepernik ¢yHKIiH BiamoBifae GyHKIISIM KOMITIEKCHOTO 3MiHHOTO, 110 BX0osTh 110 cuctemMu EXCEL. Orpu-
MaHO CIIiBBiJHOIIICHHS JUIl BU3HAUCHHS AiHCHOT Ta YSBHOT YacTHHY (YHKIIIH CeKaHCY, KOCEKAaHCY, TAHT€HCY Ta KOTAHTeHCY
JUIsL KPYTOBUX TPUTOHOMETPUYHUX Ta TinepOosiuyHuX QYHKIIH, ki OyJM BiACYTHI y HaiiOiibIl NOMMpPEHill JOBiAKOBIH Jii-

TepaTypi. HaBexeHo nmpukiaay, Mo UTFOCTPYIOTh 3aCTOCYBAHHS 3alIPONOHOBAHOI METOUKH.

Karw4doBi cnoBa: iHrepBanbHi 00uuCIeHHS; QyHKIIT KOMIUIEKCHOI 3MiHHOI, KOMIUIEKCHI iHTEpBaJIbHI YUCIIA.

Beryn

Ha nmanuii yac mist o0unciieHb, B IKMX BXIigHI gaHi
00TsDKEHO HEBHM3HAUYEHICTIO, 110 BUHHUKAE B MpOIeCi ix
OTPUMAaHHS, 3aTIHONPUIHATE PO3PI3HATH HEBU3HAYE-
Hocrti Tuny A i Tuny B. BigmosinHo g0 po6oru [1] pos-
PI3HSIOTh HEBU3HAUECHICTh THITY A, SIKY OLIHIOIOTH CTa-
TUCTHYHUMHM METOJaMH, Ta HeBU3HAYCHICTh TUIY B, sika
Ma€ O3HAKH, L0 MPUTAMaHHI Iyl HEeCTOXaCTUYHOI He-
BU3HAYEHOCTi. Y I[bOMY BHNAAKy BHKOPHUCTOBYIOTbH
MeTOAM iHTepBanbHOrO aHanizy [2, 3]. [Ipuknaau ioro
3aCTOCYBAHHS JUIs PO3B’S3aHHS PI3HOMAHITHUX 33734
Ta BIJIOMOCTI IO MPOrpamu, sIKi MpU3HAYeHI IS IHOTO,
omucanHo y po6otax [4-8]. OcobmuBo ciif 3a3HAYNTH
3aCTOCYBAHHS IHTEPBAJIBHUX METOJIB Uil PO3B’SI3aHHSI
JesKuX 3ajad enekrpotexHiku [9, 10]. V 383Ky 3 mum
B poOori [11] BUKIaneHO NOCBIJ 3aCTOCYBaHHS 1HTEp-
BAJIHUX YUCEJN 11 BUKOHAHHS OCHOBHHX apudmeTHy-
HUX [l 13 KOMIUIEKCHUMH 4YUCJIaMd. ABTOpaMm JaHOTo
MIOBIIOMJICHHS HE BJAJIOCS 3HANUTH B AOCTYMHIN iM JiTe-
paTypi ommc crioco0iB 3aCTOCYBaHHS iHTEPBAJIBHUX 00-
YHCJICHb [UIS BU3HAUCHHS YMCEIbHUX 3HaueHb (YHKII
KOMIUIEKCHOTO 3MIiHHOTO.

Auani3 aiteparypu. Bimmosiguo 1o [2, 3, 12, 13]
B JaHil poOoti milicHe iHTepBambHe 4ucio [A] Oyme
BHU3HAYCHO Y BUTJISIII TApH TIHCHUX YHCEN:

[Al=(a,,a,) O<ay<a,. Q)

Bynemo roBoputH, mo ymoBa (1) Bu3Hadae iHTEp-
BalIbHE YMCJIO B KiacwuHii ¢popmi. OCHOBHI apudpmMeTn-
9Hi mii 3 iIHTEpPBaJbHUMH YHCIAMH B I[bOMY BHIAJKY
BUKOHYIOTB 32 IIPaBUJIAMU:

[A]+[B]=(an,a2)+(by,by) =

=[(ag+by).(a +b7)]; @

[A]-[B]=(a1,32)—(by,by) =
=[(a-bp).(ap-by)]; )
[A]-[B]=(min), max(U)) ,

U = (aby, &by, a5y, 350 ); ®
[A]/[B]=(a1.32)-(Yb2 . Yly), Oefbrby]. (5)

B po6Gori [3] 3ampornoHoBaHO IMpeACTaBICHHS iH-
TepeanbHoro uncna (A) y cncremi LIEHTP-PAJIIYC

SIK yIOPSAKOBAHOT MapH JIHCHUX YHCEII:

(A)=(a,r,), (6)
ne a:—alzaz , Ty :—aZ;al : @)

Y nopanemomy Gyaemo npuiimary, mwo |ry| <|a| .

[Hmi Bumanku B poOOTI HE PO3MIIHYTO, TOMY IO BOHU
He BignoBimamu (QismyHOMY 3MICTY 3amad, sKi
pO3B’s3yBaNMl aBTOPH AHOTO MOBigoMiIeHHS. OCHOBHI
apuMeTHuHi Aii 3 IHTEpPBaJIPHUMH YHCIIAMH B CHCTEMi
HEHTP-PAAIYC BHUKOHYIOTH 3a TIpaBHJIAMH, HaBEHIe-
HUMH B [9]:

A+B=(a+h,ry+1); (8)
A-B=(a-b,ry+1,). 9)

Y pobori [14] mpuiiHATa YMOBa, III0 MEXi iHTEp-
BaJIiB, SIKi BU3HAYAIOTh JaHI YMCIIa, YTBOPEHI 00UYMCITIO-
BaJbHUMH TTOMHJIKAMH, MOXHOKaMH BHMIpIOBaHb a0o0
HEMOBHUM 3HAHHSM OONACTI 3MiHH JAedKoi (i3udHOI
BeTMIMHA. TOMY TOBUHHI BUKOHYBATHCS HEPIBHOCTI:

azr,=0,b>nr>0. (10)

© [y6uunpkuii B. 10., Koowunin A. M., Koownin O. A., Kymsepyk IO. I, lesskos O. 1., 2022 83



Advanced Information Systems. 2022. Vol. 6, No. 3

ISSN 2522-9052

VY mpoTHIC)KHOMY BHUTIAIKY OyJIeMO BBa)kaTH, IO
3ajaya, B Me)KaX HAIIMX YSBICHb MPO O0'€KT MOCITi-
JUKEHHS, (PI3MYHOTO 3MICTYy HE MAE.

B po6ori [3] 3ampornionoBano (hopMyaH ISl BUKO-
HauHs B cuctemi [IEHTP-PAJIIVC onepariii mineHHS
Ta MHOYXCHHS B TAKOMY BHTJISIII:

(a,ry)(b,1,) =(ab+rym,an +bry); (11)
<a, l'a> ab+ryr, ar, +bry
= , . (12)
<b: rb> b2 - rbz b2 — rb2

B po0ori [3] 3amponoHOBaHO MiAHECCHHS B ITLTHI
JIOJaTHUH CTEMiHb IHTEpBANBHOTO yKcia [A]= (a1 , a2) ,

sIKe BH3HAYEHO B KIACH4HIM (OpMi, BUKOHYBAaTH 3a
TIPABUIIOM:

[a{‘,ag] AKIIO & > 0;
[O,max{a{‘,agﬂ, AKITIO
Oelay,ay|,n=2k,k=12,..;
[a{‘,ag] AKIIO (13)
Oc[ay,a|,n=2k+1,k=0,1,..;

[a&‘,a{'] AKIO < 0,n = 2K,k =1,2,..;

B po6Gotax [14, 15] 3anpornoHoBaHO TinepOosivHy
(hopMy mogaHHs iHTEpBaIBHOTO YKcia. Y IbOMY Bapia-
HTi IHTEpPBAJIFHE YHCIIO X 3aIHCYIOTh Y BUTJISII:

X = p(chg +6-shg) . a7

V cnieBinHomenHi (17) npuitaaTo, mo 6 — crerni-
aNnbHUH CHMBOJ. 3a 3aMOBYEHHSIM BBaXKalOTh, IO
¢ =1. Benuuuny p B po6orax [14, 15] Ha3BaHo ri-

MEPMOJIyJIeM, BEIHYHHY ¢ — apryMEHTOM TinepOoJiy-

HOTO IHTEPBATBHOTO 4YHcla (TImepOONIYHOTO YHCIIA,
3TiIHO 3 TEPMIHOJIOTI€0, siKa MpHiiHATa B podoTi [14]).
BemuuHu p 1 ¢ BU3HAYAIOTH 3a CITIBBIJHOIICHHSIMHU:

1, a+r, 1
=Jqa, , p==In—2==
pP=~udy, ¢ 2"y, 2

I3 cniBBigHOmeHHs (18) BUXOAMTH, 1O TillepMO-
JyJib — 11 CepeIHbO TeOMETPUYHA BENUYNHA MEXK iHTe-
pBaiy. BiamosigHo 10 pobotu [5] B Tabn. 1 HaBeaeHO
3BSI3KM MK Pi3HUMH (OpMaMy TOJaHHS IHTEPBAIBHIX
qHCell, siKi Oy/ie po3TIITHYTO B JJaHiil poOoTi.

OcHOBHI apu(MeTHuH] Iii I mapu rinepoosiy-
HEX gncen X = p(Chg+0-shg) ta y =J(chy +86-shy)

a
nZ2
&

(18)

BiamoBiHO /10 [14,15], BUKOHYIOTH 32 MTpaBHJIAMHU:
X+Yy=(p-chg+05-chy)+8(p-shg+3-shy). (19)

X—y= (p-chg—5-chy)+0(p-shg—35-shy).(20)

I:a{l,ag:|1 S[KIH03.2<0,n=2k+1. Xy=p5(Ch(¢+(//)+95h(¢+l//)) (21)
-1 = . -1 =
Jlnst Tiei sk omepartii, SIKy BUKOHYIOTh B CHCTEMi X = (plchg +6-shg)) (22)
LHEHTP-PAJIIYC, B poGoTti [9] HaBeaeHO CHiBBimHO- = (Ch(—¢) +0- 5h(‘¢))/ P
LICHHS: X p
—==(ch(g—-w)+0-(sh(g—v)). 23
An :<a’ra>n =<G,R>, (14) y 5( (¢ ‘//) ( (¢ W)) ( )
3a yMoBH, o ne Z. Toai: X" = (p(chg+0-shg))" = 24)
. 4
n =N .
G- Z Cr%k raZkan_Zk; =p (ch(n¢)+0 sh(n¢)).
k=0 (15) Takox B po0oTi [14] po3risiHyTO BUIAAKHU, B STKHX
. Zn: C2k+1r2k+1|a|n_(2k+l) OJlHA 3 BeJIMYMH cTana. Todi OTpUMaeMo:
= n ‘a : ctx=(cx p-ch(g))£6-sh(g). (25)
Hnga n=2 orpumaemo: Jnsi MHOKEHHS cTajiol BEJIMYMHY ¢ Ha Tinepooiiy-
HE YHCIIO X OTPUMAEMO:
2
(A =(a? +12,2:[al 1, ). (16) ox = ¢ p(chg + 6 - she). (26)
Tabnuys 1 — 3B's13kM MizK pi3HHME (popMaMH OJAHHS iHTePBAJbLHUX YHCE
Dopmu TOAaHHS IHTEPBATBHUX YHCEIT
®opmu moaHHA Cucrema HEHTP-PAZIIVC, Tinep6osiuna
IHTEPBAIILHUX YUCEI Kracuuna, [A] =(ay,a;) (A) =(a,r,) x=f(p,¢) ’
1 la = ’
A] =(p[chd —sho] ;
Knacuuna, [A] =(ay,ap) [A] =(a,a) [Al=(a-r,a+r,) [A] =(p[chd—sho] ;
p[chd +shd])

Cucrema LIEHTP-PAJIIVC,

(A)=(ar)

<A>:<a1+a2 a2—a1>
2 2

(A)=(ara)

1 a
p=yJaay; p==In=2
2

Tinep6omniuHa,

x=f(p,9)

[A]= (Jalazch(d)),«/alaz sh(¢)) ;

cj>:£|n2
2 a

(A)=1/a® —rZ - (chp+6-sh¢) ;

¢:llnﬂ
2 a-n,

X = p(chd + 6 - she)
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Junst onepanii gijeHHs y BKa3aHii poOoTi HaBene-
HO JIBa BapiaHTH oreparlii. Y nepioMy BapiaHTi:

X_P(chg+0-shg). 27)
c ¢

VY npyromy BapiaHTi:
€ _L(chg—0-shg). (28)
X p

Bu3HaunMo, BHUKOPHCTOBYIOUH  CITiBBiJJHOILICHHS
(24) ta (19) 4acTKOBY CyMy psiiy BUAY:
k k .
j J
T= Zajxj = Z[ajp(ch¢+0~sh¢)] =
.7 (29)
Z I (ch(jg)+6-sh(jg)).

y po60TaX [11-13] Ta [16-18] omucaHo 3actocy-
BaHHSI IHTEPBAJIbHUX YHCEJ NPH JiSX 3 KOMIUIEKCHUMH
yucaamu. BigmoBigHo 10 1uX poOiT KOMILIEKCHE iHTep-
BaJIbHE YHCJIO BU3HAYMMO TaKHUM YHHOM:

F}=[X]+i[Y]:(xl,x2)+i(y1,y2) i =+-1.(30)

To6TO, TeOMETPUYHUM 00pa3oM KOMILIEKCHOTO
1HTepBaJIbHOTO uKcna Oyae NPAMOKYTHHK, BU3HAUCHUI
HA KOMIUICKCHIN IUIONMHI, T€OMETPUYHUM 00pa3om
JIIICHOTO IHTEPBANBHOTO YKcia Oy/ie BiPi30K YHCIOBOT
oci. BigmoBimHo no [19] mns 3py4yHOCTI HOAANBLIMX
0o0YHCIIeHh MPEACTABUMO KOMIUIEKCHE IHTEpBajbHE

L[]
YHCIIO Y BUIIAI BIOPSAIKOBAHOT IapH {Z} = <[ X].[Y ]>

1 pO3TIIIHEMO OCHOBHI apyU(METHYHI J1ii 3@ TPaBUJIAMH:

{z} J{} (X + XLV DY) @Y
{} {} =((XL-[XLi YL -Iv)): @2

22

(33)
<[X]1[X]2 [YLIYL X LIY ] +[X], [Y]>
e
XX YLD, [XLIYE - (XY,
XE+[X  [XE+[XE

Jis BU3HAYSHHS MOJYJS AiHCHOTO iHTEPBaJIbHOTO
gucna Bunsny (1) B poborax [2, 12, 13] HaBemeHo
CITIBBIIHOIIIEHHS:

[A] = max{|a1|,|a2| }

Jist MOy sl KOMITJIEKCHOTO IHTEpPBAIBEHOTO YHCIIa
Burisiny (29) B po6otax [16, 18] € criBBimHOLICHHS:

(35)

X +[v]* =

H _

= \/|max(x1, X2)|2 +|max(y, y2)|2.

BuxonanHs apudMeTHYHUX I 3 IHTEpBaJIbHUMHA
KOMITJIEKCHIMH YHCJIaMH, SIKi TIPEICTaBIEHO B Tinepoo-
TiuHif popmi, po3rsiHyTo B poboTi [11]. Posrmsaemo
napy KOMIUIEKCHUX IHTEpPBaJIbHUX YUCEN, B SIKUX JIHCHY
1 YSBHY YaCTHHU IPEACTABIECHO B TinepOoiyHii hopmi
BiJIMIOBITHO 0 cIiBBinHOMECHHS (17):

(36)

Z. =X +iy; =
i l e (37)
={p(chg+6-shg)} +i{s(chy +6-shy)};

2 =Xo +1y, =

i L 2 (38)

={y(chw+6-shw)}+i{A(chy +6-shn)}.
Bukopucroytoun (19)...(23) i (30)...(33), orpu-

MaEMO HACTYIIHI CIIBBIHOIIEHHS JUIsi OCHOBHHX apu-
METUYHUX [ 3 KOMIUIEKCHUMH IHTEPBaIbHHUMHU YHC-
JlaMH, TIPeJICTaBIeHUMH B rinepOonivynii ¢popmi. Cymy
JIBOX IHTEPBaJbHUX KOMIUIEKCHUX 4YUCE] y I[bOMY BH-
Ma/IKy MOXKHA MPEJICTABUTH Y BUIIISIII:

Tl:|:z:| +|:Z:| =R1+iE1, (39)

1 2

e Ry = (pchg + ychw) +0( pshg + Ashw) ;  (40)
E; = (6chy + Achn) +6( pshy + Ashy) . (41)

PizHuII0 1BOX IHTEpBAIBHUX KOMIUIEKCHUX YHCEI
y BOMY BHITJKy MOYKHA TIPEJICTABUTH Y BUTIISIII:

T2:|:£:| _|:£i| =R2 +iE2, (42)

1 2

ne R, = (pchg — Achw) + 0 pshg — Ashw);  (43)
E, = (6chy — Achn) +6( pshy — Ashyy) . (44)

JoOyToK IBOX IHTEPBAIBHUX KOMIUICKCHUX YHCEN
y IbOMY BHITaJKy MOJKHA IIPEACTABUTH y BUTII:

T3 =|:£:| ><|:£:| :R3+|E3, (45)
1 2
Rs = py[ch(¢+ )+ Osh(p+ w) |-
ne (46)
—AS[ch(y +1) +0sh(y +1)];
Es = pA[ch(¢+n)+0Osh(p+1n) ]+ @

+y8[ch(w+w) +Osh(w+y)].

PesynbTaT mineHHS ABOX iHTEPBANBHHX KOMILICK-
CHHMX YHCENl Y IbOMY BHUIIaJIKy MOXXHA MPEJCTABUTH Yy

BUTIISIIL:
T4 :|:Z:| /|:Z:| =R4+iE4,
1 2

(48)
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[py(ch(¢+a))+¢9-sh(¢+a)ﬂ+
+[ 82 (ch(y +n)+6-sh(y +7)]

nie Ry = ;o (49
|72 (ch(20)+0-sh(20)) | +
+[ 2% (eh(2n)+6-sh(2n)) |
[ 78 (ch(w+y)+6-sh(w+y))]-
.- ~[ pA(ch(g+n)+0-sh(g+n)] 50

[7/2 (Ch (20)+6- Sh(Zw)J +
+[ 2% (eh(2n)+0-sh(2n)

[TigHeceHHs] KOMIUIEKCHOTO iHTEPBaJBHOTO YHCIIa
{2} , SIKe TIPEJCTaBJIeHO B TrinepOomiunii Gopmi y BH-

IJI/1 CHIBBIIHOIIEHHS

{i} = {p(chg+0-shg)} +i{5(chy +0-shy)} (51)

y IUIMH JAOJaTHHHA CTEmiHb N,
CIIBBIIHOILIEHHSM:

y n_ 5k konk| ch((n—k)g) +
{Z } _kgoc” e [+9~sh«n—k)¢)}

xS* [ch(ky) +6-sh(ky)].

BUKOHYEMO 3TITHO 3

Bennuuny i BusHauMMO 3a CriBBiAHOMEHHAM:

1,  sakwo k=4mod(0);

ik _ i, saxwo k=4mod(); 52)
-1, saxwo k=4mod(2);
—i, saxwo k=4mod(3).

JIi1st BU3HAYEHHS apryMEHTY KOMILIEKCHOT'O iHTep-
BaJIBHOI'O 4HCIIA, SKE TMPEJCTABIEHO B TinepOoJiuHii
(dbopmi, CITii BAKOHATH HACTYITHI IEPETBOPEHHS:

_o(chy +8-shy) o

p(chg+6-shg)  p (53)
x[ch(y — ) +6-sh(y - ¢].
[Ipuiimemo, mo
Slp=y i y-¢=r. (54)
Toni cmiBBigHOMmIeHH (53) pHUIiME BUTIIS:
d = y(chr +60-shr). (55)
OTxe:
arctg(d), AKUO R >0,
m+arctg(d), saxwyo R<O0,E>0,
arg{i} =q-z+arctg(d), sxwo R<0,E<0, (56)
72, akuwo R=0,E>0,
-2, akuyo R=0,E<QO.

B ymoBy (56) BxonaTs iHTEpBaNbHI Yncna i BiHO-

CHHU MDX HUMH: <, >, >. 3acTOCyBaHHS IIMX BiJHOCHH
JUIsl TIOPIBHSIHHS IHTEPBAJIBHUX BEJIMYMH PO3IIITHYTO B
poborax [4, 20, 21]

O6uncnensst GyHKuii [U ] = arctg [X] JUIsL THTEp-

BaJIGHOTO YHMCIIa, 33aHOT0 B rinepOomiuniii hopmi, ciriz
BHUKOHYBATH 3T1JTHO 3 CITiBBiHOMCHHM (57):

arctg(d) =
i SV eh(@k+D)-(w-g)+ || 6D
& +0-sh(2k+2)- (v =9) ||
UncenpHi 3Ha4eHHS KOE(]ILIEHTIB HaBEJEHO B PO-
60Ti [11]. BuzHaueHHs1 MOAyIIsl IHTEPBAIBHOTO KOMILIE-
KCHOT'O YKCJIa, IPEACTAaBICHOr0 B TinepOoniuHiil dopmi,

CJIiT BUKOHYBATH 3TIMHO 3 CHIBBIJHOIICHHSIM, HaBelIe-
HUM B pobori [11].

{Z} = -r; x

. . (58)
x| ch %In 20 1 0-sh —In =h

-1, Z—rZ

OCKUIbKU pe3ysbTaT PO3paxyHKy, KU HaBeJIEHO
B (58), otpumano B cuctemi LIEHTP-PAJIIYC, to mis
nepexony Ao rinepOoniyHol Gopmu iHTEPBAIBHOTO YH-
clla BUKOPHCTAEMO CITIBBIIHONICHHS, SKI HaBeACHI B
Tabu. 1. OO4MCIICHHS KOPEHs IIJIOYUCENBHOTO CTYIEHS
N 171 KOMIIJIEKCHOTO 1HTEPBAJILHOTO YHCIIA, 3aJaHOTO B
rinepOoiyHiid (Hopmi, CITifi BUKOHYBAaTH 3TiJHO 3 CITiB-
BIJHOILIICHHAM:

(59)

Hﬂn o IRk
Y@ \/_

Ae [ (1 h+r, ] (1 h+r, D (60)
x| ch| =In —
2 —rh 2 —rh

[T]= [cos arctg (orl]) +257 isin arctg(?}) + 257:}

B cmiBBimHomenuax (59), (60) Bemwunam h Ta
I, — LEHTp Ta pajiyc, BU3HAYECHUH IS BiAMIOBIHOTO

. (61)

IHTEpBaTBHOTO TIEepOOTIYHOTO YMCIIa 3riaHO 3 Tabm. 1.

3 3po0bieHoro aHami3y JiTepaTypH MPUXOIUMO IO
BHCHOBKY, IO OIepamii MHOKEHHS, AUICHHS Ta IiaHe-
CEHHS B IUIOYMCEINIBHIM CTEIMHh HAWOUIBII IOIIEHO
BHUKOHYBATH 3 KOMIUICKCHHUMH IHTEpBaJIbHHMH YHCIIa-
MU, SIKI BU3HA4YEHO B TinepOomiuHiii ¢opmi. Onepaiiiro
0o0YHCIIeHHS KOpPEeHS CTYIEeHS N 3 IHTEepPBaJbHOTO KOM-
TUICKCHOTO YHCJa, TPEICTABICHOTO B TimepOoiuHiit
(dhopMi, HaWOITBII MOIITHPHO BUKOHYBATH 3 CYMiCHHM
BukopuctanHsMm cuctemu LIEHTP-PA/IIYC Ta B rinep-
OomiuHOi (hopMi TOJAHHS IHTEPBATBFHOTO YMCIA.

IMocranoBka 3amaui. [Ipomo3mmii 10 MeTOTUKH
oOYHCIICHHST 3HA4YeHb HAWOIBII TOMIMPEHUX eJeMEH-
TapHUX (QYHKIIH KOMIUIEKCHOI 3MIHHOI 3 iHTEpBaIbHUM
apryMEHTOM.
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Otpumani pesyabratu. Po3risiHemo dyHKIiT0

fH:u([x],[v]+iv([x],[v])

(62)

IHTEPBAIBHOTO KOMIUIEKCHOTO 3MiHHOTO {Z} , BUII SIKO-

ro BusHayeHo criBBigHomeHHAM (30). To6To moTpibHO
JUTst KOXKHOT 00panoi (QyHKuii BuIy (62) OTpUMATH CITiB-
BiJTHOIIICHHS BHIY:

f(z.22) =

63
=U[(%, %2); (Y1, Y2) |+ IV (X1, %2); (Y1, Y2) |- ©3)

[Tpn BuOOPI GYHKIIH, POTMIISTHYTHX y JaHOMY I10-
BiJJOMJICHHI, BUKOPHCTAHO TIEPeJiK (PYyHKIIH KOMIUIEKC-
HOT0 3MiHHOTO, siKi mpuiiHATI y cuctemi EXCEL [20]. ¥V
TOMY BHIIQJIKy, KOJIM y CHiBBifHOIIEHHI (63) BUKOpHC-
TaHi BUPOJPKEHI IHTEpBaJIbHI YKCiIa, BOHO Ha0y/e Tako-
TO BUIIISY:

f(2) = u(x,y) + iv(x,y) . (64)

Po3B's3aHHS IBOTO 3aBIaHHA TS QYHKILH, HaBe-
neHux y T1abn. 2 Bix Ne 110 Ne 14 posristHyTO, Harpu-
kian, [19, 21, 22] i HaBegeHo B Tabm. 2. J{ng ¢yHKIiH
Bim Nel5 no Ne21 tiei Tabmuini pinieHHS OTpUMaHO aB-
TOpaMH JTaHOTO TOBiJIOMJICHHSI.

Just bynkuii sec(z) cmiBBiaHOMIeHHS (64) Oyne TakuM:

sec(z) = L. ! - 1 - 1 -
Cos Z cos(x+iy) cos(x)cos(iy)-sin(x)sin(iy) cos(x)ch(y)-isin(x)sh(y) )
_ cos(x)ch(y) sin(x)sh(y) _ 2cos(x)ch(y) i 2sin(x)sh(y)
cos? (x)ch? (y)+sin? (x)sh?(y)  cos?(x)ch? (y)+sin?(x)sh?(y) cos(2x)+ch(2y) cos(2x)+ch(2y)’
0052(x)chz(y)+sin2(x)sh2(y):HLs(zx)chz(y)+l_Ls(2X)sh2(y):
OCKIJTBKH ) (66)

= %(ch2 (y)+sh2 (Y))+%(ch2 (y)- sh? (y)) = %(cos(Zx)+ch(2y))_

VY noaanpmioMy B HOAIOHUX CHIBBIHOLIEHHAX OyZeMO BUKOPUCTOBYBATH (HYOPMYIU 3HUKCHHS CTYNEHS U1

cos? (x) Ta sin? (x), six B (66). Jinst yrxuii cosec(z) crisBinHOwWweHHs (64) Oy TakuM:

cosec(z)= ! L 1 = 1 -
sinz  sin(x+iy) sin(x)cos(iy)+cos(x)sin(iy) sin(x)ch(y)+icos(x)sh(y) -
_ sin(x)ch(y) ~ cos(x)sh(y) _ 2sin(x)ch(y) B 2cos(x)sh(y) |
sin® (x)ch? (y)+cos? (x)sh? (y)  sin?(x)ch? (y)+cos?(x)sh?(y) ch(2y)—cos(2x) ch(2y)-cos(2x)
Jns pynxuii cosech(z) cniBBiHomeHHs (64) Oy/1e TAKUM:
cosech(z)= 1 - - L — = 1. - =
h sh(x+|y) sh(x)ch(iy)+ch(x)sh(iy) sh(x)cos(y)+ich(x)sin(y) )
_ sh(x)cos(y) ~ ch(x)sin(y) _ 2sh(x)cos(y) r 2ch(x)sin(y) .
sh? (x)cos? (y)+ch? (x)sin®(y)  sh?(x)cos? (y)+ch?(x)sin?(y) ch(2x)-cos(2y) —ch(2x)-cos(2y)
Jnst Gyskuii th(z) cnieigHowenns (64) Gyne Takum:
th(z)=sh(z)/ch(z)=sh(x+iy)/ch(x+iy)=
:sh(x)ch(iy)+ch(x) h(|y) sh(x )cos(y)+ich(x)sin(y)= sh(2x) . (69)
ch(x)ch(iy)+sh(x)s (|y) ch(x)cos(y)+ish(x)sin(y) 2(Ch2(X)COSZ(y)+sh2(x)sinz(y))
i sin(2y) 3 sh(2x) ~ sin(2y) .
2(ch2(x)0052(y)+sh2(x)sin2(y)) ch(2x)+cos(2y) ch(2x)+cos(2y)
Jlnst pymxmii cth ( Z) criBBigHOMIEHHS (64) Oye TakuM:
cth(z)=ch(z)/sh(z)=ch(x+iy)/sh(x+iy)=
:ch(x)ch(iy)+sh(x)sh(iy)=ch(x)cos(y)+ish(x)sin(y): sh(2x) _0)
sh(x)ch(iy)+ch(x)sh(iy) sh(x)cos(y)+ich(x)sin(y) 2(Sh2(x)0052(y)+ch2(x)5in2(y))
sin(2y) 2sh(x) sin(2y)

2(sh2 (x)cos? (y)+ch? (x)sin? (y)) ) ch(2x)~cos(2y) -

ch(2x)—cos(2y)
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Just dynxuii ctg (z) cniBBiaHOWIEHHS (64) Oye TakuM:
ctg(z)=cos(z)/sin(z)=cos(x+iy)/sin(x+iy)=

_ cos(x)cos(iy)—sin(x)sin(iy)

cos(x)ch(y)-isin(x)sh(y)

sin(2x) (71)

~ sin(x)cos(iy)+cos(x)sin(iy) sin(x)ch(y)+icos(x)sh(y) 2(5in2(x)chz(y)+cosz(x)sh2(y))_

sh(2y)

sin(2x) sh(2y)

JiiicHa Ta ysBHa yacTUHU (YHKIIH KOMILIEKCHOTO
3MIHHOTO Z = X +1iYy , BKitoueHux no cuctemu EXCEL,

IoKa3aHi B Ta0J1. 2.

| 2(sin2 (x)ch2 (y)+cos2 (x)sh2 (y)) )

Tabnuya 2 — Jlificna Ta ysiBHA YacTHHH QYHKi

f(z) =u(x,y)+iv(X,y) KoMniIeKcHOro 3MiHHOTO

Z=X+Iy, Bkaouennx 1o cucremu EXCEL

ch(2x)-cos(2y)  ch(2x)-cos(2y)’

1) Ywucna a,b - miiicHi.

Ilpu BupimeHHi 1€l 3amavi JUIsS IHTEPBAJIBHUX
KOMIUICKCHMX YHCEJ CIiJi 3MiHHI X1y, 3a3HaucHi B
Tabn. 2, BBAXAaTH IHTEPBAJHHUMHU YHCIIAMH, MPEJICTaB-
JICHUMH B TinepOomiuHii (popmi i MatOTh BUTIIS:

X =p(chg+8-shg) , y=o(chy +8-shy). (72)

Ne | Bun f(z) u(x,y) v(X,Y) [ani, 3a npaBuiamu, BUKIIaJeHUMH B [2, 3], BUKOHa-
. X y TH IHTEpBaJbHE pO3MMPEHHS OGyHKmiA U(X,y) Ta
22 x2 — y2 2xy v(X,Y) . dusg 1poro B Ta0i. 3 OmMcaHi criocoOu BUKOHAH-
1 X y HSl OCHOBHHX apU()METHYHHX IPOLECIB 3 IHTEPBATLHUMHU
3 7 X2 +y2 K2+ y2 YHCIIAMH, TIPEACTABICHUMH B TirepOotiuHii (opmi.
1 x% - y2 2y Tabnuys 3 — Cnoco6u BUKOHAHHSI OCHOBHHUX
4 - Y 2 2\2 apu¢MeTHYHNX npoueciB 3 iATepBaJILHIMHA
z (X ty ) (X +y ) YHCIAMH, NPEJCTaBICHHMH B rinepooJtivyniii ¢gopmi
&1 1 X—a 2xy B CniBBigHOIIEHHS,
e — I . .
z-(a+ib) | (x- a)2 +(y- b)2 (x— a)2 +(y- b)2 onepanii | 1o peanizye lIaP];Y ornepanio
o )0}
[2 2 [[2 .2
6 Jz i\/x+ X“+y i\/—x+ X“+y X+y (19) | (p-chd+3-chy)+6(p-shd+35-shy)
2 2 X=y (20) | (p-chd—38-chy)+6(p-shdp—3&-shy)
e’ e*cosy e*siny X-y (21) pS(ch(¢ +y) +0-sh(¢+y))
i i 1 1
8 sinz sin xchy cos xshy 1 22) = (ch(=4) + 6 - sh(~4)).
9 C0sz cos xchy —sin xshy X P
i X
10 shz shxcosy chxs_my X 23) B(ch(¢—w)+6~(sh(¢—\u))
11 chz chxcosy shxsiny y )
1 oz sin 2x sh2x x" (24) p" (ch(ng) +6- sh(ng))
cos2x +ch2y cos2x +ch2y CtX (25) (c£p-ch(¢)) £0-sh(o)
13 h sh2x sin2y cX (26) cp(chd + 0 - she).
z ch2x +cos2y ch2x +cos2y X P
I . (27) < (chd + 6 - sho)
14 Inz Eln(x2+y2) arctgz+2kn . .
—_ = e = (ch—6-shg).
sec(z) 2cos(x)ch(y) 2sin(x)sh(y) X p
15 cos(2x) +ch(2y) cos(2x) +ch(2y)
2¢h(x)cos(y) 2sh(x)sin(y) PosrasiHeMO 3acTocyBaHHS 3allpOIIOHOBAHOI METO-
16 | sech(z) ch(2x) + cos(2y) e (2x) + cos(2y) JUKA 3 TPUKIaNy (QYHKIIi KOMIUIEKCHOTO 3MIHHOTO
2sin(x)ch(y) 2c0s(x)sh(y) f(z)=2° B iHTEpBAIBHOMY BHTJISII 3 apTYMEHTOM Z ,
17| cosec(z) ch(2y)—cos(2x) |  ch(2y) —cos(2x) IPENCTABICHAM Y TiIepOOoiYHOMy BUTIAM. st EOT0
- BUKOHAEMO IHTEpBAJbHE PO3IIMPEHHS Li€l QyHKHIi BHU-
18 | coseh(z) 2sh(x)cos(y) __2eh(sin(y) KopucrtoBytoun criBBigHomeHHs (17), (30), (37), cmis-
ch(2x) - cos(2y) ch(2x) - cos(2y) BiJHOIIEHHs, HaBeieHi B Tabm 2, (Ne2) Ta Tabm. 3
19 9(2) sh(2x) B sin(2y) (Ne Ne20, 21) ta cmiBBigHOmEeHHs (72) mpeacTaBUMO
ch(2x) + cos(2y) ch(2x) +cos(2y) dynxuiro f(z) =22 y Burnaai:
sh(2x) sin(2y)
th - . .
20| cth(z) ch(2x) —cos(2y) ch(2x) —cos(2y) f(z)=u(x,y)+iv(x,y) = (XZ - y2 ) +2ixy. (73)
21 sin(2x) sh(2x) . ..
ctg(z) - INomaemo gilicHy 4acTuHy cmiBBigHOIIEHHS (73) y
ch(2x) —cos(2y) ch(2x) —cos(2y) BUIISLIL:
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u(x,y) = [pzch(2¢) —52ch(2¢/)] +

+9|:p25h(2¢) —525h(2y/]

[pencraBuMO YSBHY YacTHHY CIiBBiIHOIICHHS
(73) y Burnsizi:

(74)

v(x,y)=2pS[ch(g+w)+6-sh(p+y)]. (75)
[Ipuitmemo, 1mo:
pieh(2g) - 5%ch(2y) = 76)

p2sh(2¢) — 5%sh(2y
BukopucroByroun (76) HanmuIeMo CUCTEMY PiBHSHB!

-chp = a

y-chn . 77)
y-shp = b

Po3B’s3ytoun cucremy (77) BIJHOCHO ¥ 1 77 BU3HAYUM
kopeHi cucremu (77), BeIMUUHE § 1 7] .

AHAJIOTIYHO MepeTBOPUMO BifHOMICHHS (75):

2p6 -ch(gp+w)
2p5-ch(¢+y)

BukopucroBytoun (78), 3amuiieMo cucteMy piB-
HSHb:

c

. (78)

{,u'ch(a)) = C (79)

u-sh(w) = d’

Bupimytoun cuctemy (79) momo x i @ BuU3Ha-

9uMO i KOpiHHS: BeqWuuHH £ Ta & . Toxi CmiBBiAHO-
uienHs (73) HaOyne BUTISIIY:

f(z) =7[ch(7) +0-sh(n)]+

+i[(A(ch(®) +6-sh(a))]. (80)

Cnisignomtensst (80) mo3Bonse otpumati (yHK-
i} IHTEPBAIBHOI KOMIUIEKCHOT 3MIHHOI, €KBIBaJICHTHY
BHUXIJTHOT, Ta IPUAATHOL ISl OJAIBINOI POOOTH 3 KOM-
IUIEKCHUMU (DYHKIISIMH Ta YHCIIaMU, PEICTaBICHUMH B
rinepOoJiuHii hopMi.

st oTpuMaHHs 3HaYeHb KPYTOBHX Ta TirmepOosti-
YHHUX (YHKIH, 3a3HAYEHUX Y Ta0ll. 3, MOXKHA BUKOPHC-
TOBYBAaTH KaJbKYJATOp, onmucanuil y [4], 3 ypaxyBaH-
HsM criBBigHOIIEHB (73), a00 po3knamaHHs HUX QyHK-
il y CTEeTIeHeBl psau.

Po3srisiHeMO 4acTKOBY CyMy psily BHIY:

s =3[ AP (chlkg) +0-shike)) | (8D)

k=1

Ta IMTO3HAYUMO BCJINYNHU .
k k
p=> Apkch(kg), a=> B p sh(kg) (82)
1 1

Ta OTPUMAEMO BEINYMHY YaCTKOBOI CyMHU LIBOTO PIIY Y
BUTJISII IHTEPBAJIBHOTO YKCIa, BU3HAUYEHOTO B Tinepoo-
JiuHii hopmi:

w = u(chy +80-shy), (83)
A€ BCJIMYUHU L Ta y KOpeHi CUCTEMMU.
= u-ch(y);
{p #-ch(y) (84)
q=u-sh(d).

PO3B’s13aHOT BITHOCHO 4 Ta ¥ .

JetanbHuid po3risi UX MEPETBOPEHB IS PyHK-
i1, 3a3HaYeHuX B TaOMI. 2, BUXOAUTH 32 PaMKH JITaHOTO
MOBIJIOMJICHHSI Ta Ma€ CTaTW MPEIMETOM ITOAAIBIINX
JIOCII PKEHbD.

BucHoBku

1. HaBeneHO BiZOMOCTI MpO IHTEPBaJbHI YKCIa,
Mpe/CTaBleHi B KIaCHYHOMY BUTIsi, cuctemi LIEHTP
- PAAIYC i B rinepOosniuHOMY BHIJIsiAI. 3alponoHOBa-
HO TIpaBuJia Mepexo/y BiJ OJHiel 3 (opM MoJaHHs iHTe-
pBaNBHUX YHCeN A0 iHmMX. HaBeneHO BimoMOCTI mpo
KOMILJICKCHI IHTepBaJIbHI YMCIIa, JiliCHA 1 ysIBHA YacTHHA
SIKUX MIPEJCTABJICHI B TinepOoIiuHOMY BHIIISIL.

2. OmicaHo TmpaBujla BUKOHAHHS OCHOBHHX apu-
METHYHHX I(i{ 3 MMM YHCIIaMH Ta OOUYMCIICHHS iHTepBa-
JIbHUX 3HAYCeHb MMOKA3HUKOBOI, JIOrapr(MiuHOI, TPSIMHX
Ta OOCpHEHUX TPUTOHOMETPHYHHX, HPSMHUX Ta oOepHe-
HUX TinepOoTiyHnX QyHKIIH.

3. Inst hyHKIi# KOMIIEKCHOTO 3MIHHOTO HaBejle-
HO BIJIOMOCTI Ipo TXHIO AiHCHY Ta ysiBHY 4acTuHy. [le-
penik QyHKUIHA BianoBigae (YHKIISM KOMILUIEKCHOTO
3MIHHOTO, 110 BXOIATE 10 cucteMd EXCEL.

4. OtpyMaHi CHiBBITHOIICHHS JUIS BH3HAYEHHS
JiiicHOl Ta ysBHOI YyacTHHHU (YHKI[IIl CeKaHCy, KOCEKaH-
CY, TAHT€HCY Ta KOTaHTeHCY Ul KPYTOBHX TPHTOHOMe-
TPUYHHUX Ta TinepOomiuHuX QYHKIIN, sKi OyJIU BiACYTHI
y HaHOUIBII TOMIMPEHIH JOBIAKOBIH JTiTepaTypi.

5. HaBeneHo mpukiaau, mo LIFOCTPYIOTH 3aCTOCY-
BaHH$ 3aIIPONIOHOBAHOT METOIUKH.
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Calculation of the value of the functions of the complex variable with by an interval argument,
we will design in the hyperbolic form

Valeriy Dubnitskiy, Anatolii Kobylin, Oleg Kobylin, Yuriy Kushneruk, lurii Sheviakov

Abstract. Information about the interval numbers presented in the classical form, the CENTER-RADIUS system and in
the hyperbolic form is given. Rules for the transition from one of the forms of representation of interval numbers to others are
proposed. Information is given on complex interval numbers, the real and imaginary parts of which are presented in hyperbolic
form. The rules for performing basic arithmetic operations with these numbers and the calculation of interval values of power,
exponential, logarithmic functions, direct and inverse trigonometric functions, direct and inverse hyperbolic functions are de-
scribed. For functions of a complex variable, information about their real and imaginary parts is given. The list of functions cor-
responds to the functions of a complex variable included in the EXCEL system. Relationships are obtained for determining the
real and imaginary parts of the secant, cosecant, tangent and cotangent functions for circular trigonometric and hyperbolic func-
tions, which were absent in the most common reference literature. It is shown that the operations of multiplication, division and
raising to an integer power are most appropriate to perform with complex interval numbers, which are defined in hyperbolic
form. The operation of calculating the root of degree n from an interval complex number presented in hyperbolic form is most
expediently performed using the CENTER-RADIUS system in combination with the hyperbolic form of representing the interval
number. Relationships are obtained that make it possible to obtain a function of an interval complex variable equivalent to the
original one and suitable for further work with complex functions and numbers presented in hyperbolic form and in the CEN-
TER-RADIUS system. Examples illustrating the application of the proposed technique are given.

Keywords: interval calculations; functions of a complex variable; complex interval numbers.
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EXPERIMENTAL UNIT FOR DETERMINING BODY WEIGHT OF ASTRONAUTS
AND LIGHT-WEIGHT OBJECTS IN ZERO-GRAVITY CONDITIONS

Abstract. The transition of an astronaut into zero gravity leads to a certain restructuring of the body, including the
redistribution of fluid flows in it. The process of dehydration of the body is stimulated, the astronaut loses weight.
Knowledge of the regularities of changes in an astronaut's body weight, keeping it within normal limits thanks to a rational
load distribution, rest, physical exercises, and a well-thought-out diet are extremely necessary in order to provide the
astronaut with the most favorable conditions for adaptation in zero gravity, as well as to better prepare him for his return to
Earth. Returning materials for scientific research and experiments, as well as equipment, from the space station to Earth
also requires high-precision determination of the low weight of objects. The object of the research is an experimental unit
that allows measuring the weight (parameters) of the astronaut’s body and the small weight of objects (equipment, devices,
etc.) that oscillate. The subject of research is the frequency of natural oscillations of the dynamic system. The purpose of
scientific work is the development of an experimental unit for determining the weight of the astronaut’s body and the low
weight of objects in zero gravity. Conclusions. An experimental setup for determining the body weight of astronauts and
the low weight of objects (control objects — CO) in zero gravity is proposed. For high-precision determination of the weight
of the CO in zero gravity, the natural frequency (NF) was chosen as a diagnostic parameter. In the experimental
installation, the weight of the OC is determined by changing the NF of the dynamic system "control object — moving
anchor" depending on the attached weight of the CO. The essence of the work of the experimental unit is revealed, and its
general appearance and structural scheme are presented.

Keywords: zero gravity; astronaut’s body weight; low weight of objects; object control; experimental setup; natural
frequency; dynamic system.

malfunctioning equipment, all require highly accurate
weight determination.

Consequently, determining the weight of the
astronaut's body and the small weight of objects

Introduction

It is known that the weight of an object (body)
arises as a result of the Earth's gravity, but may differ in

magnitude from the force of gravity. In particular, the
ratio between the gravity force acting on an object and
the weight of the object changes as soon as the support
(ground) begins to move up or down. In this case, the
weight of the object will not be equal to the force of
gravity.

Consequently, the state of a body (astronaut or
object) in which it has no weight is called zero gravity
(zero-gravity). This state occurs when the body and the
support on which it is located are free-falling. In a free
fall of a body with a support, there is no interaction
between them, the body does not press against the
resistance and no deformation occurs, and therefore
there is no reaction force of the support and the weight
of the body.

The state of zero gravity occurs in astronauts and
objects on board of a spaceship with the engines turned
off, as a result of which they float freely in the cabin
(Fig. 1). At the same time, the bone density of
astronauts in the state of zero gravity decreases by more
than 1 % per month. For comparison, the loss of bone
weight in old age is from 1 % to 1,5 % per year.

Astronauts in zero gravity do not exert much
effort, which causes muscles to lose strength quickly
over time. Stamina and volume, respectively, change the
weight of astronauts.

In addition, the return from orbit to Earth of
research and experimental materials, as well as

(equipment, devices, etc.) in zero gravity is an urgent
scientific and practical task.

Thus, it is necessary to develop an experimental
setup for high-precision determination of the astronaut's
body weight and small weight of objects (equipment,
devices, etc.) in zero gravity.

Fig. 1. Astronaut and objects in a state
of zero gravity on the ISS

Research results

The choice of this parameter for other parameters
is due to the fact that it is easier to analyze the
parameters that characterize the elastic oscillatory
motion of the dynamic system — dynamic parameters.

The greatest information about the state of the
dynamic system is carried by the following parameters,
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included in the wvector
characteristics:

- frequency of natural (auto-resonant) oscillations
(w);

- logarithmic decrement of oscillation (9);

- absorption coefficient (y);

- kinematic characteristics of oscillatory motion
(displacement, velocity, acceleration);

- a number of parameters of nonlinear vibrations;

- resonance amplitudes.

The selected control parameters in total contain
complete information about the specifications of the
dynamic system. However, the practical implementation
of all these parameters to determine the specifications of
the dynamic system is associated with a number of
important difficulties.

First of all, it is the complexity associated with the
control and the equipment used, its large weight and
dimensions. Application of this equipment requires
significant labor costs and time to perform a given
volume of tests, conditions of its placement on board of
the orbital station, where the amount of living space is
limited. The degree of influence of parameters of the
control object (CO), associated with the dynamic system
on the specifications of the output signals will be
different. In this regard their definition will be
complicated. And this, in turn, will affect the
information value of the output signals.

Therefore, in practice it is necessary to use the
parameter, which is able to carry the most information
about the oscillating system. Auto-resonant oscillations
can be used as such parameter.

Agitated in an appropriate way (non-contact
method) undamped harmonic oscillations of the
dynamic system with natural frequency (NF) can be
perceived by oscillation sensors and converted into an
output signal acceptable for the perception of control
equipment (peripheral device).

In case of harmonic auto-resonance agitation of
oscillations the stability of vibrating system can be
assured by magnetodynamic compensation  of
application of dissipative forces, and linearity of elastic
characteristics of oscillating system — by selection of
appropriate level of agitation.

Consequently, only the NF can be used as a
diagnostic parameter, because in comparison with other
characteristics it has the following advantages:

- high stability;

- ease of measurement;

- high accuracy of its measurement (with an error
margin not exceeding + 0,01 %).

NF, as a defined control parameter, meets the
requirements of operability to the highest degree. On the
modes of self-oscillation such characteristics as NF can
be obtained more easily.

Judging by changes in the NF spectrum, we can
immediately answer the question, for example, in regard
to changes in the weight characteristics of the dynamic
system “control object — moving anchor". The spectrum
of NF can be increased by changing the stiffness of the
elastic elements that make up the dynamic system
"object of control-moving anchor".

of analyzed dynamic

The essence of the NF control method used to
determine the body weight of the astronaut and low
weight in zero-gravity [13] is based on the change of
parameters of natural vibrations of dynamic system
(natural frequency and amplitude) from the weight of
CO attached to it.

In each given case, the behavior of the dynamic
system of the experimental setup during free harmonic
oscillations characterizes its dynamic individuality. It
consists in the inherent distribution of weight and
stiffness characteristics.

The attached to the "movable anchor" CO having
the corresponding weight and increasing the rigidity
parameters of the dynamic system by compression of
the elastic elements (springs), entails the change in the
properties of vibrations of the dynamic system.

Provided that the initial value of NF for the
dynamic system of the experimental setup without the
attached weight of the CO at certain values of
compression of the elastic elements of this system is
known, then by measuring the NF during the control of
the object weight and comparing them with the
calibration graphs obtained earlier with the reference
ones, we can determine the OC weight.

The experimental setup for determination of an
astronaut's body weight and small weight of objects in
zero-gravity conditions is intended both for weight
determination in normal (terrestrial) conditions and in
zero-gravity conditions (including space orbital stations
or special-purpose aircraft in orbital flight).

Determination of weight is carried out by changing
the NF of the dynamic system "control object-moving
anchor" depending on the attached weight of the OC
(study).

The received information about the NF is output to
the electronic frequency counter (EFC) for subsequent
data entry into the computer. The dynamic
characteristics of the system in the computer are
translated into the dimensions of the weight with
subsequent output of the information to the peripheral
device (for example, to the control and recording
equipment).

The general appearance of the experimental
installation is shown in Fig. 2,3, and its structural
diagram is shown in Fig. 4.

Constructive implementation of an
experimental unit for determining the weight of the
astronaut’s body and the low weight of objects in
zero gravity. The experimental unit (Fig. 4) consists of
the following main parts:

- housing with auxiliary structural elements;

- magnetodynamic oscillation agitation system
made in the form of electromagnets (EM);

-a movable ferromagnetic anchor with a fixed
permanent magnet (N/S);

- induction sensors;

- base (for mounting the control object);

- elastic elements (EE).

Composition of the experimental unit.
Structurally, the experimental setup also includes an
EFC (for recording the NF of the dynamic system), a
computer and a low-frequency amplifier (LFA).
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Fig. 2. General view of the experimental unit
(with the back cover removed)

The case with auxiliary structural elements (on
which EMs are attached), elastic elements (springs), a
movable ferromagnetic anchor with a permanent magnet
attached to it, an induction sensor located in the magnetic
field zone of the permanent magnet, form a device for
determining the weight of the attached CO. The auxiliary
design elements of the experimental setup, which are
designed to move the EM relative to the ferromagnetic

Fig. 3. General view of the experimental unit
(with the side cover of the case removed)

linings of the "moving anchor", change the gap between
them by compressing the springs, which ensures an
increase in the stiffness of the dynamic system.

EFC (and computer) constitute a system of control
and recording equipment and information (Fig. 4).

Structural and composition scheme of the
experimental unit. The structural and composition
scheme of the experimental unit is shown in Fig. 5.

EXPERIMENTAL INSTALLATION

i system of control and recording
equipment and information

4

|
housing ;
magnetodynamic ; electronic-counting :
oscillation excitation : frequency meter ,
system ; '
: i
: electronic ;
: computing machine '
base movable permanent ! puting i
(for mounting ferromagnetic magnet e !
the object of  |— anchor — (N/S)
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lastic el induction auxiliary structural
elasticielements sensors elements
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Fig. 4. Structural diagram of the experimental unit
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Fig. 5. Structural and composition scheme (variant)
of the experimental unit

Design of the experimental unit. The
experimental unit consists of (Fig. 5): the body (1) and
the movable covers (2) with the fixing nodes (3) of the
covers passing through slots in the body (1). Each cover
(2) has a flap (4) to ensure the possibility of moving the
cover (2) inside the body (1) without distorting it. Ring
stiffeners (5) on cover (2) form limiters for springs (6)
and a place for installing a fluoroplastic gasket (7). To
the inner part of the cover (2) (in the plane passing
along the longitudinal axis of the cover (2) through its
geometric center "GC"), two EM (8) (which are
combined into a block) are attached by means of screw
fasteners, which are located inside the case (1)
axisymmetric with respect to one another, relative to the
longitudinal axis ("LA") of cover (2) and its geometric
center ("GC") (Fig. 6).

In the geometric center "GC" of the cover (2), a
hole is made (Fig. 6), through which the rod (9) passes,
which has a thread cut in the central part for fastening a
non-magnetic plate (10) to the rod (9) using self-locking
nuts. On both surfaces of the plate (10), ferromagnetic
pads (11) and limiters (12) for springs (6) are rigidly
fixed (limiters (12) are ring-type).

The limiters (12) simultaneously serve to exclude
the skewing of the plane of the non-magnetic plate (10)
relative to the longitudinal axis ("LA1") of the rod (9)
(withholding an angle of 90°). Bronze bushings (13) are
mounted on the ends of the rod (9) with tension (which,
when in contact with fluoroplastic gaskets (7), provide a
minimum coefficient of friction between them).

A permanent magnet (14) is attached to the lower
end of the rod (9), and a base ("plate 15") is attached to
the upper end, which is intended for mounting the

control object. A cup (16) is attached to the outer side of
the lower cover (2), inside which an electromagnetic
induction displacement sensor (17) (hereinafter referred
to as the sensor) is placed, the output of which is
connected to a low-frequency amplifier (13) (LFA)
(absent in Fig. 5, see block scheme in Fig. 7).

anmain
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Fig. 7. Block scheme of the experimental unit

Purpose of the components of the experimental
unit and their role in ensuring its operation. The rod
(9) is designed to ensure the movement of the plate (10)
between the EM blocks (8).

The rod (9) (with the plate (10) rigidly fixed on it)
with springs (6) (of the same stiffness) located between

95



Advanced Information Systems. 2022. \ol. 6, No. 3

ISSN 2522-9052

the immovably fixed covers (2), axially symmetrical to
each other and relative to the longitudinal axis "LA1" of
the rod (9), create a dynamic system — the above-
mentioned "moving anchor” (Fig. 4).

The electromagnetic induction sensor (17) of
movement is designed to create an electromotive force
(EMF) with subsequent transmission of a useful signal
to the input of the LFA.

The sensor unit (17) is located in the field of a
permanent magnet (14) (N/S), which has the ability to
move together with the rod (9) in the vertical direction
along the longitudinal axis of the housing (1).

The sensor unit (17) is a feedback sensor, the
output signal of which is proportional to the speed of
movement of the "moving anchor". Some non-linearity
between the voltage removed from the sensors (17) and
the force developed by the EM (8) occurs due to the fact
that the force of the EM (8) is proportional to the gap
between the "moving anchor" and the stationary parts of
the magnetodynamic system. This helps to stabilize the
amplitude of oscillations. Thanks to this, during the
long-term operation of the MDOA system, an unlimited
increase in the amplitude of oscillations is not observed.

With an increase in NF (with a change in the
tension of the spring (6) — "EE"), the inductive
resistance of the coil of the electromagnetic induction
sensor (17) increases. This leads to a decrease in the
useful signal that is taken from said sensor (17). To
eliminate this phenomenon, the sensor (17) is moved
towards the permanent magnet (14) (N/S) by reducing
the gap between them.

Approaching the sensor (17) to the permanent
magnet (14) (N/S) leads to an increase in the amplitude
of the signal taken from the sensor (17) and,
accordingly, to an increase in the power generated by
the LFA.

The system of magnetodynamic agitation of
oscillations (MDOA) is designed to disrupt the cyclic
oscillations of a dynamic system with its own (self-
resonant) frequency.

A feature of the MDOA system is that it does not
have direct contact with the moving ferromagnetic
armature and the ferromagnetic pads (11) fixed to it, and
thus the influence of the excitation system on the NF of
the dynamic system (DS) is excluded.

The MDOA system works as follows (Fig. 5). The
electromagnetic induction sensor (17), fixed in the cup
(16) on the lower cover (2), is in the field of the
permanent magnet (14) (N/S). When the oscillations of
the "moving anchor" are forced into agitation, an
electromotive force (EMF) is induced in the induction
sensor (17), due to which the bridge becomes
unbalanced, and current begins to flow in the input
circuits of the differential amplifiers of the LFA.
Moreover, the law of its change corresponds to the law
of oscillations of the "moving anchor". Next, the signal
is fed to the input of the LFA, in which it is amplified.
At the output of the LFA, the signal changes relative to
the signal at the LFA input by 180°.

The LFA is designed to convert the signal coming
from the induction sensor (17) into an electric current
intended for interrogating EM coils (8). The LFA

operating mode is selected in such a way that it
responds only to an additional half-wave of the signal
from the electromagnetic sensor (17). In this way, the
moving ferromagnetic anchor (dynamic system as a
whole) is loaded with the frequency of its own (self-
resonant) oscillations.

The EM (8) block is designed to create an
electromagnetic field and transmit its forces to the
ferromagnetic pads (11). The EM (8) block, which is
fixed on the cover (2), with the help of auxiliary
structural elements, namely, the fixing nodes (3), has
the ability to move (together with the covers (2)) along
the guides of the housing (1) to change the gap between
the ferromagnetic pads (11), rigidly fixed on the upper
and lower surfaces of the non-magnetic plate (10) of the
"moving anchor ", and the indicated electromagnets (8).

The design of the experimental setup provides for
the adjustment of the frequency of oscillations and,
accordingly, the amplitude of oscillations by changing
the gaps between the EM (8) blocks and the
ferromagnetic pads (11) of the "moving anchor ".

The dynamic system (DS) is designed to receive
the excitation force from the EM (8) blocks and create
undamped mechanical oscillations of the "moving
anchor" with the CO fixed on it, and in-phase electrical
oscillations in the "ID-NF-EM" system, the frequency
of which is exactly equal to the NF of the system "the
object of control - moving anchor”. The peculiarity of
the DS is that it does not have direct contact with
sources of agitation power — EM (8), the influence of
the excitation system on the DS is excluded (lack of
influence on the NF).

The principle of operation of the DC is based on
the fact that during mechanical oscillations of the
movable  ferromagnetic armature, which  rests
symmetrically on elastic elements (the role of which is
performed by metal springs 6), the change in the weight
of the dynamic system due to the connection of the CO
will lead to a proportional change in the NF of the DC.

The use of springs 6, as an elastic element, will
allow to change the dynamic response of the DC in the
process of compression of the springs 6. Based on this,
the formed self-oscillating system will change the NF
not only due to the attached weight of the CO by an
amount that is proportional to this weight, but also
directly proportional to the stiffness of the elastic
element (EE) 6 and its static deformation.

Structurally, the DS consists of a "moving anchor"
on which ferromagnetic pads (11) in the form of plates
are fixed, and EE (6), the role of which is performed by
metal springs located symmetrically relative to the non-
magnetic plate (10) and having the same characteristics.
The characteristics of EE (6) are given in coordinates
(ur/m). One end of the springs (6) rests against the non-
magnetic plate (10) of the "moving anchor", and the
other end - against the cover (2), with the help of which
(by moving it along the longitudinal axis "LA1" of the
body (1)) it is possible to change the amount of their
static deformation. At the upper end of the rod (9) of the
"moving anchor" is fixed the base — the "plate" (15), to
which the CO is attached, and at the lower end of the
rod (9) - the permanent magnet (14) (N/S).
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On the upper and lower ends of the rod (9) of the
"moving anchor™ with tension, bronze bushings (13) are
planted, which have frictional contact with the
fluoroplastic gasket (7), which is placed in the ring (5).
It is the combination of such a pair of elements that rub
against each other, namely, "bronze — fluoroplastic"
gives a minimum coefficient of friction, which gives a
minimum error when measuring the NF of DS.

The main link of the DS is elastic elements - metal
springs (6), which have constant stiffness.

During DC oscillations, the permanent magnet
(14) (N/S), fixed at the lower end of the rod (9) of the
"moving anchor", will cyclically approach the sensor
(17) (fixed in the body of the cup (16)), in the windings
of which a signal will be induced in the form of EMF
induction. This signal in the form of EMF induction is
amplified in the LFA and is fed to the EM block (8),
which, acting on the ferromagnetic pad (11) of the
"moving anchor" with an agitating force P(t), promotes
the movement of the latter in the direction of action of
the agitating force P(t) (Fig. 7).

While moving, the "moving anchor" compresses
the spring (6). Having reached the equilibrium position,
when the agitating force P(t) will be equal to the elastic
force of the spring (6), the structure ("moving anchor"
with the CO placed on the "plate” (15)) will begin to
return to the original equilibrium position under the
action exerted by the elastic forces of the spring (6). The
EMF in the sensor coil (17) changes its sign to the
opposite and, after amplification in the LFA, is directed
to another EM (8) block. The agitating force P(t), which
will originate from this other EM (8) block, will move
the "moving anchor" with the CO fixed on the "plate"
(15), in the other direction — opposite to the first half-
period of oscillations. Non-damping mechanical
oscillations of the structure arise with the NF
corresponding to the weight of the original DS with the
attached CO. The specified oscillations will correspond
to the initial value of the NF of the dynamic system
(with the attached CO) at an unchanged amount of
spring tension (6).

By varying the tension force of springs (6), we
obtain the dependence of the NF on the weight of the
attached CO (coordinate (w/m)). However, such
coordinates will be valid only for COs that have an
integrity of structure — are rigid loads.

The presence of any cavities (filled with liquid
filler, viscous or loose substance) or moving elements in
the CO will lead to a large error in determining the
actual NF.

For the removal of this defect it is necessary to boil
thoroughly inflexibility descriptions of (6), that on
family of curves C: in coordinates («+/m) to get the law
of change C depending on force of tightening of spring
6, id est from the increase of inflexibility of the
oscillating system (DS).

By changing the tightening force of the spring (6)
with the help of auxiliary structural elements (fixing

nodes (3)) by reducing the distance between the upper
and lower covers (2), we change the damping properties
of EE (6)). Since the DS is a frequency-selective
oscillating circuit, it will enter the mode of its own (self-
resonant) oscillations again, but with a frequency
greater than the previous one, with the same attached
CO weight.

By varying the tightening force of the springs (6),
it is possible, for the same CO weight (known, used as
reference) to obtain a family of curves C; in coordinates
w/m, where m — reference weight; C; — stiffness EE.

In the process of frequency control measurements,
according to the data w=m, it is possible to determine
the weight of the CO.

If, as a result of the measurements, no dispersion
of the NF value is found, this indicates that the CO has
no elements capable of damping oscillations (i.e. there
are no cavities with a liquid filler, viscous or loose
substance, internal cantilever-fixed nodes (which can
oscillate relative to places of attachment) or elements
that can move when the position of the CO relative to
the static one changes).

Thus, the experimental setup ensures the inclusion
of the CO (its weight) in the self-oscillating system. In
this system, a movable ferromagnetic anchor (with the
CO attached), resting on elastic elements, plays the role
of a resonant high-Q circuit. At the same time, there is
no need for elements that require manual adjustment,
and the accuracy of measuring such a dynamic
characteristic as NF is significantly increased.

The NF parameters are recorded by the 43-32
(CHZ-32) type EFC, the information from which is fed
(when used on board of a space station) to a computer
for conversion into weight dimensions and display of
control results on peripheral devices.

Conclusions

Thus, an experimental unit was created and
proposed for determining the body weight of astronauts
and the low weight of objects in zero gravity.

NF was chosen as a diagnostic parameter for high-
precision determination of the weight of CO in zero
gravity.

The weight of the CO is determined by changing
the NF of the dynamic system "object of control -
moving anchor" depending on the attached weight of the
Co.

The general view of the experimental unit and its
structural diagram are presented.

The structural and compositional diagram and the
block diagram of the experimental unit are presented.

The peculiarities of the operation of the MDOA
and DS system are explained.

The experimental unit allows you to determine the
weight of the CO and its condition (heterogeneity,
presence of liquid filler, oscillating parts, etc.). The
installation can be used both on orbital space stations
and on Earth.
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ExcnepuMeHTa/bHA YCTAHOBKA /151 BU3HAYEHHS BArd TiJIa KOCMOHABTA Ta MaJI0i BArM 00’ €KTiB B YMOBAaX HeBArOMOCTi
O. B. Konowmiiites, B. O. Komapos, O. M. Imitpies, B. B. ITycroBapos, P. M. Omiiinuk

AnoTtanis. Ilepexiq KOCMOHAaBTa y HEBAaroMiCTh MPU3BOAMTH 0 MEBHOI MepeOynOBH OpraHi3My, y TOMY YHCII [0
MepepO3MOLTy Y HhOMY HOTOKIB pimuHU. CTUMYITIOETHCS IPOLEC 00E3BOJHEHHS OpraHi3My, KOCMOHABT BTpayae y Ba3i. 3HAHHI
3aKOHOMIPHOCTE 3MiH BarW Tila KOCMOHABTa, 30epe)keHHs ii B HOPMaJbHUX MeEKaxX 3aBISKH PalliOHATEHOMY, PO3MOJITY
HABaHTAXXCHHs, BIANMOYMHKY, (i3MYHMX BIpaB, MPOAYMAHOMY PEXKHUMY XapuyBaHHS YKpail HeoOXimHO, 1100 3abe3medntu
KOCMOHABTY HAOLIbII CIPHUATIIMBI YMOBH JUTS a[anTallii y HeBaroMOCTi, a TaKOX Kpallle MiroTyBaTy HOro 10 MOBEPHEHHS Ha
3emtto. [ToBepHEHHS 3 KOCMIYHOI CTaHIlT Ha 3eMIII0 MaTepiaiB HAyKOBHX JOCHI/PKEHb I eKCIIEPUMEHTIB, a TAKOXK 00JIaIHAHHS
TaKoX NoTpedye BUCOKOTOYHOTO BU3HAYCHHS Majiol Baru 00'ekTiB. O0'€KTOM JOCITIKeHHsI € eKCIIePUMEHTAIbHA YCTAHOBKA, 110
JIO3BOJISIE BUMIPIOBATH Bary (I1apamMeTpy) Tijla KOCMOHABTa i Majty Bary 00'ekTiB (00/1aAHAHHS, IPUCTPOIB TOILIO), IO KOIUBAIOTHCS.
IIpeaMeToM AOCTIZKEHHSI € YacToTa BJACHUX KOJMBaHb JMHAMIYHOI cucTeMH. MeTol0 HaykKoBOi Po6OTH € po3poOKa
EKCIIEPHMEHTAJILHOT YCTAaHOBKH JUIsl BU3HAUYCHHS Bard Tijla KOCMOHABTa Ta Mol Bark 00’ €KTiB B yMOBax HeBaroMocti. BHCHOBKH.
3anponoHOBAHO EKCIIEPHUMEHTAIIbHY YCTAHOBKY JUIsl BU3HAYCHHs BAarW Tilia KOCMOHABTIB (4CTPOHABTIB) Ta Masiol Bard 00'€KTiB
(o0'extiB kouTpomio (OK)) B ymoBax HeBaromocTi. J{isi BucokoTouHOro BusHaueHns Barm OK B yMOBax HEBaroMocTi y SIKOCTi
JIiarHOCTHYHOro mapameTpa oOpaHa wactoTa BracHux koiuBadb (UBK). B ekcriepumenranpHiii ycranosii BusHaueHHs Barm OK
3miticHioeThest 32 3MiHOKO UBK anHamiuHO! cuCTeMH «00'€KT KOHTPOIIO — PYyXOMHI sIKip» 3aiekHo Bix mpuemHaHol Baru OK.
Po3kpuTO CyTHICTH pOOOTH EKCIIEPUMEHTANIBHOT YCTAHOBKH Ta MPE/ICTABIICHO 11 3aralbHUil BUITIA[ i CTPYKTYpHA CXeMa.

Kiaw4yoBi cioBa: HeBaromicTh; Bara Tija KOCMOHABTa, Majia Bara 00'€KTiB; 00'€KT KOHTpOIIO, eKCIIepUMEHTalbHA
YCTaHOBKA; YaCTOTa BJIACHUX KOJIUBaHb; JMHAMIYHA CHCTEMA.
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STATIC ALLOCATION METHOD IN A CLOUD ENVIRONMENT
WITH A SERVICE MODEL IAAS

Annotation. Thearticle discusses a method that allows the allocation of the required computing resources for the initial
launch of a virtual host. The method is focused on the functioning of a virtual host in a cloud environment focused on the
service model "Infrastructure as a Service". The subject of research is the methods of static resource allocation in cloud
environments. The object of study is the process of functioning of a virtual host in a cloud environment that provides all
information technology resources for it. The purpose of the study is to develop a method for the static allocation of resources
in the cloud environment, focused on the features of the service model "Infrastructure as a Service". Results: An approach
has been developed for carrying out the decomposition of a cloud computing environment with the IAAS service model.
The analysis of existing methods of static allocation of resources has been carried out. The application of the method of
analysis of hierarchies for this problem is substantiated. A step-by-step algorithm for finding the most acceptable alternative
from the set proposed has been developed. An example of the application of the developed method for initializing a virtual
host in a cloud environment with the IAAS service model is given. Conclusion. The proposed method makes it possible to
rationally use the computing resources of the cloud environment, which uses the "Infrastructure as a Service" service model.
Direction for further research. The development of this direction is the development of a method for dynamic redistribution
of resources in a cloud environment with the IAAS service model.

Keywords: cold technologies; cold resources; hierarchical analysis method; static distribution of resources.

Introduction

Cloud computing is getting more popular this year.
Khmarni calculation - the value of the data of the
calculation of the resource through the Internet. With any
obov'yazkovi such characteristics [1]:

self-service for demand, self-sustaining and
changing the calculation of consumption, such as the
server hour, accessibility and data collection, data
collection, which are taken care of, without interfering
with the representative of the postal worker;

universal access to the network, services available
to helpers as soon as data is transferred independently
from the terminal building, which is victorious;

pooling resources, post-employee pooling service
resources for a large number of supporters in a single
pool for dynamic redistribution of capacities between
supporters for the minds of a fast change to drink fatigue;
with this support, control over the main parameters of the
service (for example, obligatory data, security of access);
the actual distribution of resources, which are expected
to be slow, the post-employee (in some situations, the
slow can still be changed with certain physical
parameters, for example, to show the data processing
center due to the geographic proximity);

elasticity, services can be expanded without
additional costs;

consumption accounting, the service provider
automatically calculates consumed resources at a certain
level of abstraction (for example, the amount of data
stored, bandwidth, number of users, number of
transactions); on the basis of these data, he evaluates the
volume of services provided to consumers.

Meeting these requirements significantly affects the
allocation of resources in the cloud infrastructure. In the
scientific literature, there are a lot of methods for
distributing resources in informational and numerical
structures.

In the article [2] the author proposes the random
swap clustering algorithm. However, wines are
essentially efficient in case of congestion for gloomy
infrastructures. When carrying out the optimal
distribution of throughput rates for self-healing (eng.
self-healing) segment of computer storage in [3], the
specifics of cold storage systems are not considered.

The methods proposed by [4] are focused only on
mobile components. In [5], the larger world is insured by
the features of roaming objects, and not by the
characteristics of cloud computing.

In the article [6] one can see the methods and
distribution of resources, which put clocks on another
plan, showing an emphasis on non-penetrating meals.

The articles [7, 8] are directed only to the specifics
of Big Data.

Article [9] is focused only on systems that process
video images. And in [10], the emphasis is only on
specific applications.

However, look at the approaches and methods of
allocation of resources are not taken into account the
particularities of gloomy calculation. It can lead to an
inefficient botched infrastructure, especially the 1AAS
service model.

To this end, this article provides a description of the
method of static allocation of resources in the cloud
environment, focused on the features of the service
model "Infrastructure as a Service".

1. Decomposition of the cloud
computing environment

Developing a method for allocating resources in a
cloud computing environment focused on the service
"Infrastructure as a Service" (laaS) is a multi-stage task.
It consists of two main tasks: initial allocation of
resources; dynamic reallocation of resources.

In this article, we will consider the approach to
solving the first task.

© Petrovska I., Kuchuk H., 2022
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Given the heterogeneity of the cloud environment, it
is proposed to solve this task in 2 stages:

stage 1: decomposition of the cloud computing
environment into zones, based on the defining features of
the resources provided in each zone;

stage 2: initial static provisioning for all hosts
running in the cloud environment.

At the first stage, the cloud computing environment
is decomposed into zones, based on the defining features
of the resources provided in each zone. Each of the zones
includes servers and storage resources with similar
characteristics.

Consider the mathematical model of the process of
decomposition of the cloud environment S into n zones
using the laaS service model:

s=Jsi. (n]si:@, (1)

where S;j is the i-th zone, which includes resources with
similar characteristics, i.e.

where ny,, njy —are the number of servers and the number
of data storages in the i-th zone of the cloud environment
with the laaS service model, respectively; hy;, j =1,n;, ,
dis, £ =1,hjy —are serversand data storages located in the

i-th zone of the cloud environment with the laaS service
model, respectively.

Each server and each data warehouse will be
characterized by the numerical characteristic-

specification that is the most significant |hij|, |di¢| for this

task, respectively. Then, to implement the process of
decomposition of the cloud environment in accordance
with expression (1), we can introduce two numerical
decreasing, non-uniform in the general case, ordinal
scales (Fig. 1):

Kh =(Kh0,...,Khi,...,Khn),
KhO > Kh]_Z...Z Khi 2.2 Khn;

®)

Kd =(Kd0’---!Kdi"--’Kdn)’

- (4)
Kao = Kgp ... > Kgi >...> Ky,

The constructed scales (3) and (4) allow us to write
down the necessary and sufficient conditions for the
formation of n non-overlapping zones during the
decomposition of a cloud environment with an laaS
service model. To do this, consider a randomly selected

server h with a numerical characteristic-specification |h|
and a data warehouse d with a numerical characteristic-
specification |d| . Then:

(hesi oy <|n<h)&(h=h,=hes,); (5

(dESi <:>di71§|d|<di)&(|d|:dn:>d€Sn)-(6)

Kn

Kno Kn1 Khi Kn(n-1) Knn

Ka

KdO Kd1 Kd,'

b
Fig. 1. Type of scales for servers (a) and data storages (b)

Kain-1) Kan

Expressions (5) and (6) determine the conditions for
performing decomposition (1) and are based on scales (3)
and (4). In turn, these scales are formed by the
administrator of the cloud computing environment, based
on his expert knowledge about the features of the
equipment and its compatibility. Also, the history of
operation of this cloud environment with the laasS service
model can be taken into account.

For example, consider the process of decomposing a
cloud computing environment into 3 zones. The
characteristic-specification for servers determines the
number of CPUs, and for disk storages - the type of disk
array class (DA, determines potential uses). Let the cloud
environment under study be based on the following
computing facilities:

— 2 dual processor servers;

— 2 four-processor servers;

— 3 eight-processor servers;

— 1 sixteen-processor server;

— 2 twenty-four processor servers;

—2 DA HP XP12000 (Hi-End class);

— 1 DA Hitachi USP-V (Hi-End class);

—2 DA IBM DS-4700 (Mid-Range class);

— 3 DA SDS DS-207 (Entry-level class).

Based on a preliminary analysis of user requests, it
is planned to build zones of high (High load zone, HZ),
medium (Medium load zone, MZ) and low (Low load
zone, LZ) load. Based on this, at startup, the virtual host
will be placed in the zone whose resources it will most
likely need, based on the initial characteristics (humber of
CPUs, amount of RAM, amount of storage). For
decomposition, two scales are formed: numerical scale Kp
= (24, 8, 4, 2); quality scale Ky = (Hi-End; Mid-Range,
Entry-level, 0).

The result of the decomposition is clearly shown in
Fig. 2.

2. Choosing a method
for initial allocation of computing resources

When choosing a static resource allocation method,
you should be guided by the characteristic features of the
laaS service model. The analysis of existing resource
allocation methods for multicriteria decision-making
problems, carried out in [11], showed the possibility of
using the mathematical apparatus of the hierarchy
analysis method [12].

The main application of the method is decision
support through the hierarchical composition of the
problem and the rating of alternative solutions. Let us
describe the capabilities of this method [12].
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Fig. 2. An example of decomposin

* The method allows to analyze the problem; at the
same time, the decision-making problem is presented in
the following form of hierarchically ordered
components:

— the main goal (main criterion) of rating possible
solutions,

— several groups (levels) of the same type of
factors, one way or another affecting the rating,

— groups of possible solutions,

- systems of links indicating the mutual influence
of factors and decisions.

» The method allows you to collect data on the
problem. In accordance with the results of hierarchical
decomposition, the decision-making situation model

g a cloud environment into 3 zones

has a cluster structure. The set of possible solutions and
all factors influencing decision priorities are divided
into relatively small groups - clusters. The procedure of
paired comparisons developed in the hierarchy analysis
method makes it possible to determine the priorities of
the objects included in each cluster. For this, the
eigenvector method is used. So, the complex problem
of data collection is broken down into a number of
simpler ones that can be solved for clusters.

The method allows us to evaluate data
inconsistency and minimize it. For this purpose,
matching procedures have been developed in the
hierarchy analysis method. In particular, it is possible to
identify the most conflicting data, which allows you to
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identify the least clear areas of the problem and
organize more careful selective thinking about the
problem.

» The method allows to carry out the synthesis of
the problem of decision making. After the analysis of
the problem has been carried out and data has been
collected for all clusters, the final rating is calculated
using a special algorithm - a set of priorities for
alternative solutions.

The properties of this rating allow for decision
support. For example, the decision with the highest
priority is made. In addition, the method allows you to
build ratings for groups of factors, which allows you to
evaluate the importance of each factor.

* The method allows you to organize a discussion
of the problem, contributes to the achievement of
consensus. The opinions that arise when discussing a
decision problem can themselves be considered as
possible solutions in a given situation. Therefore, the
method of analyzing hierarchies can be applied to
determine the importance of taking into account the
opinion of each participant in the discussion.

» The method allows assessing the importance of
taking into account each decision and the importance of
taking into account each factor that affects the priorities
of decisions. In accordance with the formulation of the
decision-making problem, the priority value is directly
related to the optimality of the solution. Therefore,
decisions with low priorities are rejected as irrelevant.
As noted above, the method allows to evaluate the
priorities of the factors.

Therefore, if at the exclusion of a certain factor the
priorities of solutions change insignificantly, such a
factor can be considered insignificant for the problem
under consideration.

 The method allows assessing the stability of the
decision being made. The decision being made can be
considered justified only if the inaccuracy of the data or
the inaccuracy of the structure of the model of the
decision-making situation do not significantly affect the
rating of alternative decisions.

The advantages of this method in solving the
problem of initial allocation of resources in cloud
computing environments in comparison with other
methods of multicriteria analysis should include [12]:

Lack of general rules for the formation of the
structure of the decision-making model, which allows
to take into account the "human factor" in the
preparation of decision-making. Thus, it is possible to
bring the work of the resource allocation subsystem
closer to the actions of a system administrator, who is
able to take into account the implicit relationships
between various parameters of the functioning of a
cloud computing environment.

* Simplicity of the rating calculation procedure,
which makes it possible to make the decision selection
process as transparent as possible when setting up the
resource allocation subsystem.

* The method provides an opportunity to take into
account the opinion of not one, but several experts,
which makes it possible to obtain a more objective
assessment of the significance of indicators.

* The method provides rich opportunities for
identifying and minimizing contradictions in the source
data, which allows you to effectively operate with a
large number of indicators in the decision-making
process.

* The method not only provides a way to identify
the most preferred solution, but also quantifies the
degree of preference through ratings, reflecting the
natural course of human thinking and giving a more
general approach than the method of logical chains.
This allows us to use the results more fully when we use
them later (for example, if starting a virtual host on a
server that is the best alternative fails).

However, the hierarchy analysis method also has a
number of disadvantages, which are listed below.

* Within the Hierarchy Analysis Method, there is
no means to validate the data. This is an important
drawback, which partly limits the possibilities of
applying the method.

However, when choosing the optimal Hardware
for hosting a virtual host in a cloud environment, in
principle, there can be no objective data due to their
poor formalizability and implicit dependencies. At the
same time, the procedure of paired comparisons for data
collection has practically no worthy alternatives. If the
data collection was carried out with the help of
experienced experts, and there are no significant
inconsistencies in the data, then the quality of such data
is considered satisfactory.

* The method only provides a way to rate the
alternatives, but has no internal means for interpreting
the ratings, ie. It is believed that the person making the
decision, knowing the rating of possible solutions, must,
depending on the situation, draw a conclusion himself.
However, the data obtained is sufficient to make a
decision within the resource allocation subsystem in a
cloud environment with an laaS service model.

Thus, the above shortcomings of the hierarchy
method in the initial allocation of resources for the
problem under consideration are not essential.

Thus, the expediency of using the hierarchy
analysis method for solving the problem of initial
resource allocation in a cloud environment with the 1aaS
service model is substantiated.

3. Methods of resource allocation
in cloud infrastructures

The initial or base allocation of resources for each
running virtual host in a cloud environment with an laaS
service model is performed using a hierarchy analysis
method.

As is known, the Saaty hierarchy analysis method is
successfully used in various fields of science and
technology to solve similar problems [11], however, due
to the peculiarities of the problem being solved, it requires
a number of steps that take into account the specifics of
cloud computing environments with the laaS service
model [53] (Fig. 3).

At the first step, the computing cloud environment is
decomposed into zones in accordance with the approach
described above. Hardware characteristics in each of the
zones are close to each other.
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Fig. 3. Scheme of application of the method
of Saaty hierarchies’ analysis

At the second step, taking into account the
restrictions set for the virtual host (on the number of
processors, memory size, storage resources, etc.), the
most preferable zone is selected for it. The use of zones
allows you to take into account the limitations of the
launched instance in terms of characteristics in order to
choose its location already where there will be enough
resources for the operation of applications running on the
virtual host. In the selected zone, the set of all possible
alternatives for the Hardware that ensures the functioning
of the required virtual host is defined:

A={A,....,Ay}, card A=m. (7

The third step evaluates the quality indicators that
describe the functioning of each Hardware component
included in the selected zone. At this step, for each host
from the zone defined in the previous step, the values of
quality indicators [11] are evaluated, which describe the
functioning of the Hardware.

The complex quality indicator is determined by the
set of considered quality indicators. This set consists of
three subsets, which are groups of key quality indicators
for a cloud environment with an laaS service model:

MP ={P,R,S,C},

where 2—isa subset of particular performance indicators;
R — is a subset of particular reliability indicators; S—is a
subset of particular load indicators; C — is a subset of cost
indicators.

Accordingly, the subset data consists of the
following partial quality indicators:

P={pp.... P} (8)
R={Pns1:- Pz} 9)
S ={Pna+1:+ Pra} (10)
C={Pngs1s--Pn}- (11)

where n — is the total number of partial indicators,
among which nl — is the number of performance
indicators, (n2 - nl) — is the number of reliability
indicators, (n3 - n2) — is the number of load indicators, (n
- n3) —is the number of cost indicators

At the same time, the set of particular quality
indicators that affect the complex quality indicator can be
summarized in 2 groups: deterministic (associated with
equipment configuration) and stochastic (associated with
load and operating time). Some of these indicators, such
as the physical condition of the equipment and the level
of competence of the maintenance personnel, cannnot be
quantified, and therefore are fuzzy and can be represented
as linguistic variables [12].

At the fourth step, to select the most preferred
Hardware for hosting a virtual host, an analysis of
alternatives is performed based on the obtained values of
quality indicators [11]. Each indicator has its own
predetermined weight, determined by an expert for each
zone based on the generalized needs of customers and
available equipment. As a result, the Hardware
composition is selected to host the virtual host, providing
the maximum probability of optimal resource allocation
Ppmax,

Table 1 — Scale of relations (degrees of significance of the parameters of the functioning

of the cloud computing environment)

one action over another (weak significance)

z* Definition Explanation
1 Equal importance Two parameters contribute equally to the achievement of the goal
3 Some predominance of the significance of There are considerations in favor of preferring one of the

parameters, but these considerations are not convincing enough

There are reliable data or logical judgments to show preference for

5 Substantial or strong significance one of the options
7 Obvious or very strong significance Strong evidence in favor of one parameter over another
9 Absolute significance The evidence for favoring one parameter over the other is

overwhelmingly compelling.

Intermediate values between two
neighboring judgments

2,4,6,8

A situation where a compromise solution is needed

* Z - degree of significance
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Consider step by step the algorithm for performing
the analysis of alternatives based on the obtained values
of quality indicators.

Step 4.1. A qualitative scale is preliminarily
determined for pairwise comparison with subsequent
conversion to scores in accordance with Table 1. Pairwise
comparisons are carried out in terms of the dominance of
one element over another.

If the parameter i is assigned one of the non-zero
numbers defined above when compared with the
parameter j, then the opposite value is assigned to the
parameter j when compared with the parameter i.

Step 4.2. We form a square matrix of pairwise
comparisons of all indicators with the size n x n:

Meic =(&j¢),  Gif=1n.

Step 4.3. For each indicator, we form a square

(12)

matrix of pairwise comparisons of all possible
alternatives, i.e. get an array of matrices
M =(nie ), i=Lm; je=Im.  (13)
Step 4.4. We normalize matrices (12), (13)
according to the following scheme:
n —
Méﬂ?”“){%u Zag} Le=Ln; (14)
=1
(norm) i
Mgi™™ = mige [ Do miee |,
pi ij /C_1 ig ' (15)

i=1n; j,=1m.

Step 4.5. From the normalized matrix (14) we form
a weight column-vector of criteria of size (1 x n), finding
the average value for each row of this matrix:

(weight) _ (v \_| S| = /%
Vcrlt (VJ) {;[‘2][ ;ﬂ&g[]/]}* (16)

j=1n.
Step 4.6. From normalized matrices (15), we form a
matrix of weights of alternatives for each criterion

(consisting of weight columns obtained in a similar way)
with the size (m x n):

weight) _ (= \_| S| . /N,
ME =) [fzﬂ{n”f czﬂn'a/ mD an

i=Ln; j=1m.
Step 4.7. Multiplying the resulting matrix (17) by
column (16) according to the rule of matrix
multiplication, we obtain a normalized (by construction)

vector of weights of alternatives of size (1 x m) in terms
of achieving the goal:

ight ight
WA -M gwelg ) 'Vc(r\ﬁelg ) _ (Wj )'

j=1m;

(18)

Wj =1.

M5

1

]

Step 4.8. Then the most acceptable solution from the
point of view of the hierarchy analysis method is the
alternative corresponding to the maximum element of the
vector (18), i.e.

Apr:[Ai|Wi:m?X(Wj)y len_mj (19)

4. Initial boot
of the virtual host

Let's consider the launch of a virtual host in a cloud
environment with an laaS service model using a specific
example.

As an example, consider the cloud computing
environment discussed above, the decomposition result of
which (step 1) is shown in Fig. 2. The main parameters of
the functioning of the computing environment
(expressions (8) - (11)) are described by such values:

P ={Ncpu  NNuct Vepu Vet | (20)
R ={AT i1, Condpy, Servpers, VM |5 (21)
S ={Vram Zcpu + Znet- EM Ny | ; (22)

C= {Crent} . (23)

where Ngpy is the number of CPU;
Npnuel — number of cores in each CPU;
Vepu — clock frequency of the CPU;
Vet — network speed;
AT4,i1 —mean time between failures;

Condy,,, — the degree of the physical state of the

Hardware;
Servpers - the level of competence of personnel for

equipment maintenance;

VM - average speed of access to external
memory;

EM —the amount of available external memory;

Vram — free area of RAM;

ZCPU - CPU Ioad,

Zpet — Network load,

Ny, — number of running instances of virtual

hosts;
Crent — relative cost of monthly rent

To perform step 2, we determine the minimum
hardware requirements to ensure the functioning of the
virtual host:

NCPU >12 X NNUC| 212,
Vepy > 2 GHZ; Ve >1000 Mbps :
ATfail >1000 hour ; (24)
Condy,, 20.95;

Servipers =1.
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As can be seen from the conditions (24), for this
virtual host, it is necessary to select a high performance
zone (High load zone, HZ, Fig. 2).

Table 2 — Server specifications

To perform the third step, let's determine the current
values of indicators for Hardware from the HZ zone
(Table 2, 3).

Performance Reliability Loading
Hardware
Ncpu | Nnwel | Veru Viet ATgait | Condpy | SeMVpers| VRam | Zcpu | Znet | Nun
Server 1 16 12 2 GHz 10° Mbps 10*h 0,96 1 50 % 60 % 30% 5
Server 2 24 16 4 GHz | 5-10° Mbps 10*h 0,96 1 70 % 20% 30 % 2
Server 3 24 20 8 GHz | 810°Mbps | 10°h 0,99 1 60 % 40 % 50 % 3
Table 3 — Disk array specifications Tabnuya 5 — Vector of weights of alternatives
JMcKoBbIii MaccHB VM EM Ne 1 2 3 4 5
XP12000 - 2 11 Gbls 60 % weight
- 0,
USP-V 25 Gb/s 90 % N 6 7 8 9
Conditions (24) are satisfied by any Hardware wzlgeht 0.17 0.08 0.14 0.05

options, so at the output of step 3, 9 alternative options
will be formed (Table 4).

The unit of relative rental cost is the cost of the
cheapest alternative.

Now it is possible to proceed to the analysis of
alternatives (step 4). The qualitative scale for pairwise
comparison with subsequent conversion into points is
determined in accordance with Table. 1.

Matrices of pairwise comparisons are formed for all
indicators and all possible alternatives.

After all the transformations in accordance with (14)
- (18), we obtain the vector of weights of alternatives
(Table 5).

Table 4 — List of alternatives

Ne Hardware Crent
1. Server 1, XP12000 - 1 1

2. Server 1, XP12000 - 2 1.1
3. Server 1, USP-V 15
4. Server 2, XP12000 - 1 1.2
5. Server 2, XP12000 - 2 1.3
6. Server 2, USP-V 1.6
7. Server 3, XP12000 - 1 1.7
8. Server 3, XP12000 - 2 1.8
9. Server 3, USP-V 2.4

Analysis of the results (Table 5) shows that the most
acceptable at the moment for the initial loading of a virtual
host with requirements (23) is alternative 5: Server 2,
XP12000 - 2, the rent is 30% more than the minimum
possible for these requirements.

Analysis of the results (Table 5) shows that the most
acceptable at the moment for the initial loading of a virtual
host with requirements (23) is alternative 5: Server 2,
XP12000 - 2, the rent is 30% more than the minimum
possible for these requirements.

Conclusions

The article proposes a method that allows allocating
the required computing resources for the initial launch of
a virtual host. The method is focused on the functioning
of a virtual host in a cloud environment focused on the
service model "Infrastructure as a Service".

An approach has been developed for carrying out the
decomposition of a cloud computing environment with
the IAAS service model.

The analysis of existing methods of static allocation
of resources has been carried out. The application of the
method of analysis of hierarchies for this problem is
substantiated. A step-by-step algorithm for finding the
most acceptable alternative from the set proposed has
been developed.

An example of the application of the developed
method for initializing a virtual host in a cloud
environment with the IAAS service model is given.

The proposed method makes it possible to rationally
use the computing resources of the cloud environment,
which uses the “Infrastructure as a Service" service
model. Direction for further research. The development of
this direction is the development of a method for dynamic
redistribution of resources in a cloud environment with
the IAAS service model.
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Mertoa cTATHYHOI 0 BUAIIEHHSI pecypciB Y XMapHOMY cepeaoBHUILi
3 MoeJUII0 00¢cIyroByBaHHs 1AAS

L. IO. IlerpoBcbka, I'. A. Kyuyk

AHoTamisi. Y CTarTi po3rsIHYTO METOJ, IO J03BOJISIE BUIUIUTH HEOOXiHI 00YKCITIOBANIbHI PECYPCH TI0YaTKOBOT'O 3aIyCKy
BIpTyaJIbHOTO XOCTa. MeTo/] OpieHTOBaHMi Ha ()YHKIIOHYBaHHs BIPTyalbHOTO XOCTa y CEPEIOBHILI XMap, OPIEHTOBAHOI HA MOJIENb
obcmyroByBanHst «lH(bpacTpykTypa sik cepicy. [IpeaMer AOCTIDKEHHS — METOQM CTATHYHOTO PO3IOALILY PECYpCiB y XMapHHX
cepenoBuiax. O0'€eKT HOCTIKeHHST — mpouec (PyHKIIOHYBAaHHS BipTYaJbHOTO XOCTa y CEPEIOBHILI, L0 3abe3meuye HoMy Bci
iH(popMaliiiHO-TeXHONOTIYHI pecypcd. MeTa [OCHi[DKEHHS — pPO3pOOUTH METOJ CTATUYHOrO BHIUICHHS PECypCiB XMapHOrO
Cepe/oBHUIla, OPIEHTOBaHWI Ha OCOOMMBOCTI mopeni obcimyroByBanHs «lHppacTpykTypa sik cepsicy. OTpuMaHi pe3ylbTaTH.
Po3pobiieHo miaxif o0 AeKOMITO3HIT XMapHOTO 0OUHCITIOBAIBHOTO CepeIoBHINa 3 MoAeIUT0 oOcayroByBanus IAAS. TIpoBeneno
aHaIi3 ICHYIOUYMX METO[IB CTaTHMYHOrO BUUICHHs pecypciB. OOIPYHTOBAHO 3aCTOCYBaHHs U LbOTO 3aBJAHHS METOLY aHaIi3y
iepapxiii. Po3po6iieHo MOKPOKOBHiA aNrOpUTM MOIIYKY HaiOLIbII IPUIHITHOT abTepHATUBY 3 Oe3midi 3ampornoHoBanux. HaBeneHno
MPUKIIA] 3aCTOCYBaHHs pO3POOIEHOr0 METOMy iHimjamizamii BipTyaJbHOrO XOCTa B XMAapHOMY CEPEIOBHINI 3 MOJICILIIO
obcmyroByBanust [AAS. BrcHOBOK. 3amponoHOBaHHI METOJ| TO3BOJSIE PAIiOHATIBHO BUKOPHCTOBYBATH OOYHCIIOBANIbHI PECypcH
XMapHOTO CEpelIoBHIIA, SKE BHUKOPUCTOBYE Mozelnb oOciyroByBaHHS «IHpacTpykTypa sk cepsic». HampsMok momanbumimx
JIOCTIi/KeHb. PO3BUTOK 1OrO HAMpsiIMy — PO3pOOKa METOAY MHHAMIYHOTO MEPEepO3MOJily PecypCiB y XMapHOMY CEpEIOBHII 3
Mozemo obcmyropyBaHHs |AAS.

Kiaw4yoBi ciioBa: XMapHi TeXHOJOTIi, XMapHi pecypcH, METO aHaIi3y iepapxiif, CTaTUYHHIA PO3MOALT PECYPCiB.
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