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FOHanbHbIX NPeobpasoBaHuil MHHopmaLny.

anroput™ lIpoKpycTa, CHMMETPUU MaTPUL.

BBepieHue: Ljes104MCIEHHas MOCTaHOBKA 3a4a4u MONUCKa 3KCTPEMasIbHbIX 10 JETEPMUHAHTY MaTpuL Afamapa ocTaB/iseT B He-
ornpejeneHHOCTH BOMPOC O TOM, 3aBePLIaIOTCA JIN UTepauuu, KOTOpbIMU 00bIYHO ULLETCA IKCTPEMYM, LET0YUCIIEHHBIMU MaTpULamm.
YenewwHocTs pa3pewnmMocTy runote3sl Agamapa o CyLecTBOBaHNN BCEX Takux MaTpuy nepebopHbIMU MeTogammu ManoadgekTusHa
B CpaBHEHNN C MeTofaMn HEKOMOUHATOPHOI maTeMaTnku. Ljenb: nokasatb paspeiimmocTb 3agaymn noucka MaTpul cemesictsa Aja-
Mapa yepe3 cpe3bl OPTOrOHaIbLHOIO rMNepPO6bEKTa Ha CMEXHbIX MOPAAKaX, 0TBEYAKLYUX M0CEA0BATENbHOCTH HAaTypPaslbHbIX YACEN L.
Pe3synbTaTbl: BbISBJIEHO, 4TO, OCKOJIbKY MAaTpULbl ceMelicTBa Afamapa orpeAesieHbl NHBapnaHTaMy BJIOXEHHbIX B UX CTPYKTYpy Ma-
TPUL| MEHbLLETO MOPAAKA, MMNEPOGBLEKT ABIAETCA YHUBEPCATIbHONM OCHOBOW [/ UX COBMECTHOIO HaxoxjeHusi. OTKpbiThe ¢eHoMeHa
OpPTOroHasIbHOro rMNepo6beKTa MO3BOJINII0 YMEHbLINTL Pa3Mep Lara o ropsAKaM nopoXxaaeMbiX Ha ero OCHoBe 0PTOroOHasIbHbIX Ma-
Tpuy c 4t (gna maTpuy Agamapa) o ¢. [pakTuyecKasl 3HaYUMOCTb: OPTOrOHasIbHbIe MATPULIbI KaK PE3Y/IbTaTbl CPE30B OPTOrOHaIbHOM0
runepo6beKTa CyLeCTBEHHO PacLUMpAOT ceMeNCcTBO MaTpuy Afamapa, UMeroLmx 60/bLLIOE NPaKTUYeCKoe 3HayeHne 4151 3afa4 opTo-
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BBenenune

Teopus opToroHaJIbHBIX MATPHUIl AgamMapa Kak
MaTeMaTHYeCKUX OOBEKTOB IIPHUHEC]A OIIyTHMbIe
MpakTAYeCKHe Pe3yIbTaThl IOCJE YCIENIHbBIX MUC-
CUHl HECKOJbKUX KOCMHUYECKUX aBTOMATUYECKUX
craunuit K Mapcy u k npenenam CosHe4HOI cucTe-
MBI TIPU KOJHUPOBAHHUU II€pefaBaeMbIX Ha SeMII0
usobpaskenuii [1, 2]. Beugy momMex B KOCMHYECKOM
KaHaJlle CBI3W UMEHHO HUCII0JIb30BaHUE OPTOTOHAb-
meIx Marpun Aramapa H) [1, 2] mopazaka n ¢ gBymsa
3HAUYEHUAMHU DIeMeHTOB 1 U -1, 179 KOTOPBIX BBI-
IOJIHAETCI H;an =nl, roe I, — eguHMuYHaa Ma-
TPHUIA, TT03BOJIHUIO OJYUYUTh EPBbIe U300paKeHUT
#3 JaJeKoro KocMoca.

Jlst coBepIleHCTBOBAHUS METOHOB IIpeobpaso-
BaHUA WH(POPMAIINH, IOMEX0YCTOHIHUBOTO KOTHPO-
BaHMs TAHHBIX, 3AIUINEHHON epefayyd BU3yallb-
HBIX U ayJHOJAHHBIX 0 6ECIPOBOMHBIM KaHAaaM
cBsizu U ap. [3-7] ceromusa TpebyeTcs IIHPOKOE
IpeJIoKeHre OPTOTOHANbHBIX (KBA3MOPTOTOHAJb-
HBIX) MATPHUI] PA3TUYHBIX OPAIKOB U CTPYKTYP.

PasBuTHe TeopuM OpPTOTOHAJBHBIX MATPHUI[ U
COBEpPIIIEHCTBOBAHWE €€ B YacTH YCTAHOBJIEHU:

(pyHIaMeHTaIbHBIX CBA3€H MOPIIKOB MATPHIL H UX
CTPYKTYP MOKHO PACCMATPHUBATD B CBSI3HM C OPTOTO-
HaJabHBIM rurnepobberToMm [8]. Ilpuumusl, Mo KoTo-
PbIM THIIEPOOBEKT CTAHOBUTCS OCHOBOM AJIA IIPO-
BeJleHHS HAYYHBIX U IPAKTHYECKUX UCCACIOBAHMII,
COCTOSAT B CIIEAYIOIIEM: OTKpbITHEe (peHOMEeHa OpTO-
TOHAJILHOTO TUIEPOOBEKTA ITO3BOJIIET YMEHBIIUTD
pasmep Iara Imo MopsAAKaM MOPOKAaeMBbIX Ha ero
OCHOBE OPTOrOHANLHBIX MATPHUIL C OrPAHUYEHHBIM
KOJIMYECTBOM 3HAYEHUH 3IeMeHTOB ¢ 4t (mad Mma-
Tpui Agamapa) io ¢, 06eCIeduB CBI3b UX MOPATKOB
€O BCeMH YHCJIaMHU { HATyPaJbHOrO paaa.

B pa6ore [8] mokasaHo, 4TO I€I0YHCIEHHbIE Ma-
TpUILI AmamMapa saBJISIOTCSI BCETO JIUIIEL CPe3oM 60-
Jlee KpPyIIHOTO MAaTeMaTH4eCcKOro 00beKTa, KOTOPBIH
mposBasgerT cebsa Kaxk wpparuoHajbHas MATPHUIIA.
Mo:xHO oTcaeauTh OJOYHYIO CTPYKTYpPY, CHMMe-
TPHUH, Y30PhI U3 3HAKOB JJEMEHTOB Ha IIOPTpPeTax
IIOPOKIAEMBIX MATPHIL II0 Mepe POPMUPOBAHUS €€
CJIOEB TI0 BO3PACTaHHUIO IOPATKOB.

OrmeruMm, 4TO MATpPUILI AJamapa B Kjiaccuye-
CKOM H3JIOKEHUH HUKOTIA He YBA3HIBAINUCH paHee
C TaKOW IIHUPOKOM HX TPAKTOBKOM, KaK YaCTHBIHN
Cpes3 OPTOTOHAJIBHOTO THUIIEPOOHEKTA.

2 V4 WH®OPMALIMOHHO-YMPABJIAIOWWUE CUCTEMbI
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Ilenp HacToOsAIIEH CTATHH — IIOKA3aTh, UTO IIPO-
eKI[UAMH THUIEepoOBheKTa SBISIOTCA KBA3HOPTOTO-
HaAJILHBIE MATPHUIIBI C OTPAHUYEHHBIM YHCJIOM 3HAYe-
HUH 3JIeMeHTOB, o6obIarnue MaTpurbl Agamapa
¥ CYIECTBYIOIHE Ha CMEKHBIX [OPATKAX.

HepcneKTI/IBBI H3y4Y€HHUA OPTOIrOHAJIBHOI'O
THIEpPOOBEKTA

[ st moncKa opTOrOHANBHBIX HPPAIHOHATBHBIX
MAaTPWUIL IPUMEHUMbBI He IepebopHbIe, a COBEpPIIeH-
HO MHBIE METOABLI MCCAemoBaHuA [9], BKIOUas aj-
TOPUTMBI TIOUCKA YCJIOBHBIX S3KCTPEMYMOB U TOUYEK
THIIA «CEJJI0», TEOPEMBI O HEIIOJBHKHOM TOYKE OTO-
Oopaskenus u ap. OHU Ke MO3BOJAT HAXOAUTDH U
CIOXHBIE MATPHUIbl Aramapa, KAKUMH SBISIOTCS
marpuilel Agamapa tuna Byma [10, 11] — cro:xHes-
[IUH TECTOBBIN 00BEKT, UCCIeIyEeMbIH OCHOBATEIEM
Teopuu cropaguieckux rpyui 3. uko [12].

Hamnpumep, kombuHaTopHbBIN ajaroputMm (mepe-
6opHoro) momcka marpuilbl Agamapa tuna Bymia
mopsaaka 100 [13] compoBo:xgaeTca MPUMEPOM C J0-
CaIgHOH OIIeYaTKOM B KOJOBOM II0CIEL0BATEIbHOCTH
1 u -1, BcleAcTBHE YEero MaTpHIla TepsAeT OPTOTo-
HAJIbHOCTH. HalTu, roe MMEHHO JomylileHa oIle-
JarTka, 03Ha4yaeT MPOrPpaMMHPOBAHKE aJrOpUTMa
BHOBB TI0 TIOBEPXHOCTHOMY €r0 OIHCAHWIO, IIPHYEM
nepebOpHbIE IPOLEAYPHI HA TAKUX MOPAAKAX Tpe-
O6yI0T HeJenb, a TO U MecdlleB paboThl BHICOKOIPO-
M3BOAUTEIHHOTO KOMITBIOTEPA.

Hcnonp3oBaHHAA ONTHMH3AIMOHHAA IIPOLEAY-
pa [9, 14] na ocHoBe anroputma Ilpokpycra [8], yBe-
JMYUBAs JeTEPMHUHAHT 9TOH Ae(PeKTHON MaTPHUIILI,
HCIpaBHUJjA ee 10 BepHoro perrenusa (puc. 1). 3mech

B Puc. 1. Iloprper ucumpaBiIeHHOH MaTpHIBl Axamapa
tuna Byma

B Fig. 1. Portrait of a corrected Hadamard matrix of the
Bush type

eIUHUYHbBIE 3JIEMEHTHI IIPEICTABICHbI Oe/IbLIM IIBe-
TOM, 9JIEMEHTBI CO 3HAUEHUAMHU -1 — KpPaCHBIM.
Takas BO3MOKHOCTb, BLITEKAOIIAT U3 S9KCTPEMAb-
HBIX CBOMCTB MaTpull Ajxamapa, IPHHIUIHAILHO
HOBA W [03BOJIET M30eXKaTh MIUTEIbHBIX U MAJO-
YCHEIIHbIX 1epebopoB.

ITO OTHOCUTCA KaK K MaTpHUIlaM Axamapa mopsi-
KOB 4f, TAK U K MaTPHUIIAM HUX CEMEHCTBA HA YeTHBIX
4¢ - 2 u meyeTHbIxX 4f — 1 u 4¢ + 1 nopsaakax. Taxum
CI10c060M OHM ¥ OBbLIIM 00HAPYKEHBI, T03BOJHUB cqop-
MyYJHPOBATh WX OOIIHOCTH HeeH IapallielbHbIX
CPE30B OIHOTO eIMHOr0 OPTOrOHAJILHOTO UIEPO0H-
exkra. Bosee Toro, 6iaromapsi 0COGEHHOCTAM BBISB-
JIEHHOTO THIEPOOBEKTA IOABUIACH BOBMOKHOCTD He
TOJIBKO UCIIPABJIATH MedpeKTHbIE MaTPUIILI AamMapa,
CTOJIb TOIYJSAPHbIE B HAYYHBIX W IPHUKJIAJHBIX HC-
CJIeMOBaHUAX, HO U [TOJYYATh HOBBIE OPTOrOHAIbHEIE
MaTPHIILI IPOMEKYTOUHBIX IOPAAKOB [8].

ITouaTHO, 4TO paHee He WM3BECTHBLIN (PeHOMEH
TpebyeT TINATeJIbHOTO0 MCCIEIOBAHUA, Obelarole-
ro, B YaCTHOCTH, CTPOTOe HAYYHOE [0Ka3aTeIbCTBO
rumnoTe3bl AjaMapa O CyIIeCTBOBAHHM MATPHIl HA
nopagkax 4¢.

B camom geme, uenoumciaeHHAS MareMaTHKa
B OTOM CJIy4ae, KAK W TEOPHS PEIIeHUH IeI0YHNCIIeH-
HBIX ypaBHeHu# [Imodanra, ymupaerca B Heorpa-
HUYEHHYIO CJI0KHOCTh Y30POB HA MOPTPETaX MATPHIL
Anpamapa. Ilogobuas mpobsema crosia mepe MaTe-
MAaTHUKOH IIPH HEBO3MOKHOCTH OITMCATH AHATOHAJb
PaBHOGEAPEHHOr0 IIPAMOYTOJBHOTO TPEYTOJbHUKA
OTHOIIIEHHEM [[BYX IeJIbIX BeauuyuH. [lorpeboBanack
urepanua ['epoHa, ¥ MMEHHO €e WCIIOIb3yeT ajro-
purMm IIpokpycra, KOTOPBIM OCYILIECTBISETCA ITIOUCK
MpPPAaIMOHATBHBIX MATPHUIL KaK CPEe30B THIIepPO6beKTa.

HeJIb H 3aJaY1 HCCJIEJOBAHHUA
OPTOTrOHAJIBHOI'O I‘I/Il'Iep06'I)eRTa

OcHoBHAsI 11eJIb PA3BUTHUS U COBEPIIEHCTBOBA-
HUS TEOPHM OPTOTOHAJBHBIX M SKCTPEMAIbHBIX
MaTPHI[ CeTOAHS COCTOUT B yCTAHOBIeHUHU PyHa-
MEHTAaJbHBIX CBA3EH MX CYIeCTBOBAHMUS, IIOPATKOB
¥ CTPYKTYPHBIX HHBAPUAHTOB C IIOMOIILIO OPTOTO-
HAJBHOTO TUIEPOOBEKTa. ITO OTKPHIBAET BO3MOJK-
HOCTh (POPMUPOBAHUSA OUOIHOTEKH YHUKAIbHBIX
OPTOTOHAJBHBIX M SKCTPEMATbHBIX MATPHIL JIT
COBEpPIIIeHCTBOBAHUS CyIecTByomux [4, 5] u pas-
paboTKM HOBBIX METOMIOB IIpeobpasoBaHUs IHQPPO-
BOM WH(OPMAIIUH C UCITOIb30BAHUEM HOBBIX OPUTH-
HaJIbHBIX MATPHUI], CXOAHBIX C aaMapoBbIMu [15].

Copep:kanre HAyYHBIX U HAYYHO-TEXHUUIECKUX
3a7a4, HOJIEKAIINX PEIIeHnI0 IPHU U3yYEeHUU -
nepob6beKTa, ciaenyer GOPMUPOBATH KAaK U3yUeHUE
€ro IPOEKIH Ha COOTBETCTBYOLINE Oa3HCHI.

Bo-nepBrix, cCTOUT 3aa4ua UCCIEIOBAHUS IIPHUME-
HEHUS OPTOTOHAJIBHOTO IHIIEPO6BEKTa KAK OCHOBBI
IIOMCKa OYEHb PA3HBIX IPYIII OPTOTOHAJBHBIX Ma-
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TPUI U MOCIAENOBATEIBHOCTEH IOPIAKOB, HA KOTO-
PBIX OHU CYIECTBYIOT.

Bo-BTOophIX, CTOMT 3a7a9a U3yYEHHUST TAKTHKHU WC-
TI0JIb30BAHUS TUIEPOOBEKTA U IPYroi abCTPaKTHOM
MaTeMaTUKM Il IIOMCKA OPTOrOHAJIBLHBIX MATPHII
C CHMMETPHUIMH, a TaK:Ke BBIXOJA 3a Mpelesbl UX
MIPUMEHUMOCTH — Ha COCTABHbBIE MOPSIIKH MATPHI] U
IUTMHBI TIOPOKIAOIINX X ITOCIeoBaTeTbHOCTek [16].

EnuncrBo quCcKpeTHOH U KOHTHHYaJIbHOH Mare-
MaTHKW KaK HEeJb3f JIydllle JeMOHCTPUPYIOT KPHT-
CKHWe MAaTPHUIbl, B YACTHOCTH, HPpPaIHOHAJIbHbIE
marpuisl Mepcenna M, rakue, uto MM, = o((®)I,,
rae o(n) — QYHKIHI, OIIpeaeIaoilasi 9TH MATPUI[bI
C BEIeCTBeHHBIMH 3jieMeHTaMu 1 u —b B HUX WU
obpasyromux ux 6;10Kax. B coBpemenHoi aurepary-
pe IPUHATO HAa3hIBATh 3THU U MOAOOHBIE UM MATPH-
bl KPUTCKUMHU (TOPHBIMH), MIOAYEPKUBAA HEIeJ0-
YHUCIEHHOCTH 3HAYEHUH UX 31eMeHTOB [3].

B ornmuwme ot marpuir Agamapa oHM 3aJaHBI yC-
JIOBHEM JIOKAJBHOTO OINTHMyMa MeTePMHHAHTA HA
MHOKEeCTBe MAaTpHIl mopsaaka n = 4¢ -1 ¢ snemen-
TaMH, He IPEBBIIIAIAMHA II0 MOIYJII eIHNHUILY.
JIoKanbHBIM MaKCHMyM O3HAYaeT, YTO IIPH MAJOH
BapHanuy d1eMeHTOB Marpuiel M, merepmMmHAHT
O6yzeT TOABKO yMeHbIIaThca. Ha TpeTbem mopsamke
SKCTPEMYM K TOMY ke IJI00aJIeH, HO yiKe Ha mopsake 7
€CTb pelleHus JIydline 0 AeTepMHHAHTY (abco-
JIIOTHBIE 9KCTPEMYMBbI), HO OHH CTOST OCOOHSIKOM.
OT mpounx TaKWX ONTHUMYMOB MaTpuilbl MepcenHa
oTauYaeT (PYHKIUS 3HAYEHHA UX DIEMEHTOB
b = t/(t + sqrt(®), BXomAmaa B uX onpeaeieHne: ec-
¥ 3HAYEHWe WHOe, TO 3TO He marpuuna MepceHHA.
OrHocuTenbHO Cnabblii ONTHMYM TapaHTUPYET
STHUM OPTOTOHAJIBLHBIM MATPHUIIAM CYII[€CTBOBAHUE
Ha Bcex mopanrax n = 4t — 1.

T'unepo6beKT B BUe OUITUKINYIECKON MATPUIIBI
diinepa nopaaka 14 E,,, marpun M, ; u H,; moxazan
TI0CJIEeIOBATEeIbHBIMHY CPe3aMU HOPAAKOB . = 4f — 2,
n=4t-1,n = 4t vapuc. 2 gnat = 4.

Bunuknudeckue Marpuilbl Jiepa Ha ITOPSI-
Kax n = 4¢ - 2 ornuyaer (QYHKIUSA 3HAYEHHUA DIIe-
MeHTOB b = t/(t + sqrt(2t)) AByX MUKIHYECKHUX OJIO-

KOB. ¥aBouB, HanpuMep, MaTpuiy M; mo dopmymre
CunbBecTpa 6e3 M3MeHEHUA 3HAYECHUS b, OIyUUM
MaTpuiy Jinepa yetHoro nopanka Eg, a nobasus
OMHaApHYIO KaiiMy, Kak Ha pHC. 2 U3 3IeMeHTOB 1
¥ —b, BHOBb MOJIy4yuM MaTpuily MepceHHa clienyio-
mero nopagka M. Eme oxna kaiima us 1 gna -M;
noposxmaeT maTpurly Agamapa c saementamu 1 u—1.

ATOT aJTOPUTM MOMKHO IIPOJOJKHUTH, HONYUYHB,
Hanpumep, crapToyio marpuny E,, u namee M;; u
H,;, npencrasiesHble Ha puc. 2.

O6paruM BHHUMAaHHE, YTO IMMOSIBHUJICA BBLIOOP HC-
[0JIL30BATH CPe3 TUIIePOHbEeKTa KaK:

— OMIIUKINYECKYI0 MATPHUILy, IMOJIydas Majbld
YpOBeHb 1yOIupoBaHus 6I0KOB;

— Marpuily, c¢OPMHPOBAHHYI0 U3 MATPHUIILI
Mepcenna M.

Paziuune y30poB MaTpPHIL MOKHO HCIIONH30BATD
nmpu oOMeHe KOZWPOBAHHOH (MacKMPOBAaHHOM) WH-
hopmariueit ¢ KI040M, COOTBETCTBYOIIUM YPOBHIO
BJIOYKEHHOCTH CTPYKTYPhI MATPHUIILI.

Mosxnuo mu marpuny H,; HapacTuTh kKaiimoi 10
mopagka 177

Mosno, 1 5TO OymeT ele OAHHM Cpe30M THIIep-
00'beKTa, HO TIOPAAKOM BbIie. OCOOEHHOCTD Cpe3a BhIIIe
COCTOHT B TOM, YTO OH PEATHU3yeM TOIHKO IJIA PETYIAp-
HBIX MaTpHUIl AamMmapa ¢ paBHbIME CyMMAaMH 3JIEMEHTOB
CTPOK ¥ CTOJIOIIOB — POJCTBEHHUKOB MATUYECKHUX KBAa-
nparoB. ['aBHAs TMOCIEMOBATEIBLHOCTh MOPSAKOB IIPH
aToMm pasHa unciaam Pepma 3, 5, 17, ... Taxue maTpuirb
nonyuuiau Hassanue marpul; Pepma [8].

YKasaHHble Cpes3bl MOMKHO HKCITOJNb30BATH M IS
matpur] besnesnua gerHbix mopsankoB 2f. Takum 06-
pasoM, MOPSIKHA COBOKYIIHOCTH OPTOTOHAJIBHBIX Hp-
PAIMOHANBHBIX MATPHI[ IOKPBIBAIOT HATYPAIbHBIE
gucaa. [Ipuuem cTpyKTypa 9STHX MATPHUIl OTBEYaeT Xa-
paxrepy u ocobenHocTaM yncei. Tax, cyiiecTByer Ma-
TpuIla 3010Toro ceueHus: [13] co 3HaUeHHEM dIeMeHTa
b=0,618..., u 9TO eNUHCTBEHHAs MaTpPUIlA IIOPAL-
ka 10, He BXOZIAIIEro B YHCJIOBbIE TIOCIEN0BATEIbHO-
cTH, Kak y matpur; Agamapa, Mepcenna unu @epma.

HccnenoBanue runepobbekTa MOKA3bIBAET, UYTO
TIOCTIeIOBATEIFHOCTH HATYpPaJbHBIX YHCEI OTBe-

B Puec. 2. IToprpets! cpesos rumepodberTa mopsaaxos 14, 15 u 16
B Fig. 2. Portraits of slices of orders 14, 15 and 16 of the hyperobject
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YaeT CTPOEHHEe OPTOTOHAJIBHBIX 0a3HMCOB COOTBET-
CTBYIOIIHUX HOPAAKOB. IIpocThIM YncIaM OTBEUAIOT
IPOCThIE OPTOTOHAJbHBIE MaTPHUIBI C TPHU3HAKA-
MU ABHOM CHUMMETPHH, 4 COCTABHBIM — MaTPHUIIBI
CIOKHBIX cTPYKTYP [16]. EcTh u ocobbie MaTpuIlb
Ha IOPSAAKAX, PABHBIX 3HAMEHUTHIM B HCTOPUHU Ma-
rematuku yuciaaMm. Hampumep, oTkpsiThiii ['ayccom
MPaBUJBHBIA CEMHAIIIATHYTOJBHUK — OTO He
eIUHCTBEHHBIH OGBHEKT, COIMPOBOMKIAIONIUIN UHCIIO
®epma 17. Hatinena B3auMHO OJHO3HAYHO OTBeE-
Japliias eMy oproroHanbHas marpuna Pepma —
06BEKT COBEPINIEHHO WHOW IPUPOIbI, HE TeOMEeTPH-
4YeCKUU, a MaJON3BEeCTHBIN B HAyYHOU JUTepaType
MaTpPHUYHBIH 00BHeKT [8].

CaoiicTBa runepoodHLEeKTa

Ilockonbky rumepo6bEKT HpeAcTaBiIeH He Of-
HUM, a cepuedl MOPAIKOB, CPEIN KOTOPHIX BBIIEINI-
eTcsd HedeTHBIN MesX/1y ITapoi YeTHBIX IIOPAAKOB, TO
OYEBHIHO, YTO €r0 CBOMCTBA OTPAKAIOT TO, K KAKUM
MHOXKECTBaAM YHCEJI OTHOCUTCI 9TOT HEUYEeTHHIH IIO-
panoxn = 4¢ — 1.

Tak, HampuMmep, KOCOCHMMETpHYeCKas C TOU-
HOCTBIO [0 [uaroHa/d IHURJIXYEeCKas MaTrpuia
Mepcenna mopanka 7 (puc. 3) oTpaskaeT CTpPYK-
TYpBl BCEX TAKHX MATPHI[ IPOCTOTO MOPAAKA, He-
3aBUCHMO OT BeJauumHBLI uwciaa. OOHapy:keHue
M. Xosmom [3] muknuyeckoit marpuitbl MepcerHa mo-
panka 15 (cm. puc. 3), Kasaaoch Obl, HAPYIIAET CTPO-
TOCTB cllemoBaHusA gncioBoi cucrteme. Ha camom nee,
BTOpAaA MaTPHUIA U BCE TAKKUE MATPUIIBI, ITOPSITO0K KOTO-
PBIX PaBEH IIPOU3BEACHHUIO ABYX COCETHUX HEYETHBIX
3HaUeHU# n = 3 x 5, cepbe3HO 0TINYIAETCA OT MATPHUIL
IIepBOro TUiia TeM, YTO OHU HEe KOCOCHMMETPHUYIHBI.

Taxkum o6pasoM, caydaliHOCTEH B THIIAX CHMMe-
TpUH cpe3oB runepodberTa HeT. MaTpuua He MOKeT

2

B Puyuc. 3. IlopTpets! cpe3oB mopaakos 7 u 15 B comocTas-
JIeHuHU

B Fig. 3. Portraits of slices of orders 7 and 15 in compar-
ison

npro6pecTy WX HOTEPATh 0e3 MPUYUHBI OIpee-
JIEHHBIH TUHO cuMMeTpun. Peub He uaer 006 HKBUBa-
JIEHTHBIX CTPYKTYpPaXx, H0Jy4aeMbIX IIepecTaHOBKA-
MH CTPOK ¥ CTOJIOIIOB MM HHBEPCHUEH 3HAKOB CTPOK
u cronbuos. Ha sTom moskeT 6BITH IIOCTPOEH IyTh
I CIEeNYIOUIETO HOKA3aTeIbCTBA CYyIIeCTBOBAHUA
BCeX CHMMETPHYHBIX MATPHUIl Ajamapa.

Iemno B ToM, 4TO 4mCIIOBAS CUCTEMA, KOTOPOL cJie-
IYIOT CBOMCTBA CPE30B THIIEPOOHEKTa, OTHOCUTEIb-
HO 6enHa B I7TaBHOM CBOeM KadecTBe. Bee uncia ge-
JIATCS HA IPOCThIE U cOCTaBHBIe. Kakoro-mu6o Tpe-
THEro BUA YHUCEJ, OTAUIAIONIErocsd OT 3TUX [BYX,
He CYIIeCTByeT. ITUM MOKHO BOCIIOJb30BAThHCS.

Taxk, HapuMep, elre 10 TOro, Kak Ha4ajaach UCTO-
pus ucciemoBaHus MaTpull AgamMapa, ©X OCHOBHBIE
TUIIBI CHMMETPUH He ObIIH u3BecTHHI. ClienuatnucT
o Teopuu uncen ¥. Ckapmu ere B korie XIX cro-
JIeTHsI OMyOJUKOBAJ CTAThIO, B KOTOPOM IMOKA3Aall,
4YTO, IOMUMO MaTpuIll AramMapa nopsagkosn = q + 1,
rime g — IPOCTOe YHCIIO, BCETIA MOKET ObITH IIOCTPO-
eHa marpuiia mopagka g(g + 1) [1].

ITockonbky Amamap cymesa HAUTH BCEro JBe HO-
BBbIE MaTPUIILI TOPAAKOB 12 1 20, 0TIMYAIOMINXCA OT
nocaegorarenpuoctu Cunbeecrpa, Crkapnu Halen
HOBYI0 OPTOTOHAJIbHYI0 MATPHILY 3aMeTHO 0O0JIbIle-
ro nmopagka 56 (7 x 8). Kpome Toro, ero merox mo-
3BOJISET HAXOAUTh 0ECKOHEUHOE YWCJIO TAKUX Ma-
TPHIL, 06PA3YIOIINX OTIANIHOE OTAEIFHBIMHA CBOUMU
npencraBurensamu cemerctBo. Ilosguee Ilamum [1,
3, 4] pacuimpun 067aCTh CyIIECTBOBAHMA MATPWIL
mopAaKoB g(g + 1) Ha ciydau, Korma @ — CTeleHb
mpocroro uucia. Pacmupennsrit anropurm Crapnu,
BIIPOYEM, HACTOJIBKO MaJI0O U3BECTEH, YTO €r0 IIepe-
OTKPBIBAIOT 32aHOBO B HACTOSIIEE BpeMs.

Takum 06pa3oM, CKJIAAbIBAETCS BIeYaTICHUE,
910 OpAAKHY g(g + 1) OIHO3HAYHO CBI3aHbI C CUCTE-
MOH IPOCTHIX yuceln. IIpuuem sTo ybexmenue, mom-
HOXEHHOEe Ha aBTOPUTET ajare6pamncToB, 3aHUMAaB-
MIUXCS JaHHOW IPO0JIeMOM, pacIpoCTPaHEHO Ha-
CTOJILKO IIMPOKO, YTO II0IIAJI0 B CIIPABOYHUKH [3, 4].
JTo BreYaTIeHHe OIIMO0YHO, OHO JIETKO paspylia-
eTcs KOHTPIPUMEPAMH GJI0YHBIX MATPHUI] MOPAAKA
q(@ + 1), 111 KOTOPBIX IPOCTOTA YHCIA q HE UTPaAeT
TOM POJIH, KOTOPYIO IIPUAABATIH € OCHOBOIIOJIOKHHU-
Ku Teopuu 6mounbIx MaTpur; Ckapou u [1amu.

OxasbiBaeTrcs, ¥ B 9TOM COCTOMT CMBLICJI HAIlle-
ro HOBOTO IIPEJIOKEHHUsI, ceKpeT 6ojiee GBICTPOro
u 60Jiee YHHUBEPCAJIbHOTO AJATOPUTMA 3aKII0YAETCsA
B II€PECTAHOBKE COMHOMKHUTEJEH ¢ MOAU(DUKAIIHEH
He Kaimebl (kak y Crapmu [1]), a quaronasu:

J  heM .. b, M
M| M T B M
hyM hoM .. Jd

rae J — marpuia us equHuI (puc. 4).
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B Puc. 4. Iloprpers: marpur; Anamapa mopsakos 8 u 56

B Fig. 4. Portraits of Hadamard matrices of orders 8
and 56

B Puc. 5. Iloprpersr marpur Mepcenna nopsigka 39 (a) u
Anamapa nopsazka 40 (6)

B Fig. 5. Portraits of the Mersenne matrix of order
39 (a) and Hadamard matrix of order 40 (6)

3ameTHM, 4TO OCHOBA (core) MaTpuIlbl Agamapa
nopsifika 8 coBIIamaeT, ¢ TOYHOCTHIO JI0 3HAKA, C KO-
cocuMMeTpHuYHOH MaTpuiieii MepcerHHa, IpuBeIeH-
HOH Ha puc. 3. AToT aaroput™m PyHIAMEHTAIHHO
oTMueH oT npemanaraemoro Ckapmu TeM, 4TO B HEM
HET IHMKJINYECKUX CIBUTOB BCTABJIAEMBIX OJIOKOB,
€CTh TOJIBKO CJIeIOBAHUE 3HAKAM.

KococummerpuaHocTs MaTpui; Axamapa

B uucmoBoii cucreme, Kak MbI paHee 0TMeEYaJIH,
HUYEro CIy4alHOTro He ObIBaeT, MO3TOMY BCe Ma-
Tpunkl Agamapa nopsaakos (g + 1) pasmararorcs
Ha KOCOCHMMMETPHYHBIE (C TOYHOCTHIO JI0 [HATOHA-
JIY) COMHOKHUTEIH TPOCTHIX UJIU COCTABHBIX MOPA/I-
KOB q. MHOKeCTBO MOPAIKOB ¢ HAKPHIBAET BCE Ma-
tpurnbl Mepcenna n = 4¢ — 1, u, careqoBaTeabHO, TO
JKe caMoe OTHOCHTCA M K Marpuilam Amamapa Io-
PAOKOB n = 4¢.

IlpuBeneHHbI KOHTPIPUMEDP He eIUHCTBEH-
HBIH, OJJHAKO JaKe ero AOCTATOYHO AJIA paspylie-
HUS TesWca O HEeOOXOMMMOCTH IIPOCTOTHI 3HAUe-
Hus q. KococuMMeTprYHbBIN COMHOKUTEND COCTAB-
Horo nopanaka q = 3 x 13 = 39 He TOJIBKO CyLIECTBY-
€T, HO ¥ HEeCJI0KHO HAUTH MaTPHUIIBI IBYX BUIOB Y30-
pa Ha HopTpeTax, IpUBeAeHHBIX HA PUC. 5, a U 6.

C ommoit croporsl, marpuna Mepcerna Mg co-
cTouT U3 MaTpuiel ditnepa Egg ¢ kaiimoit. Ilnevamu
E;; aBngerca xococuMmMerpuuHaa marpuna Mg, a
19 — mpocroe uucimo. C Apyroil CTOPOHBI, MOKHO
OnEpaThCA Ha KOCOCUMMeTpu4Hyo MaTpuily Hy, u3
omoxoB A, B, C u D koucrpyknuu Cebeppu [3], ya-
BoUTH ee anropurmom Cuiabsectpa [1, 3] 1o mopsaz-
kKa 40 ¥ BBIZJEIUTH U3 Hee OTCeYeHHeM KalMbl Heo6-
XOAUMYIO I HOCTPOeHuA MaTpuily Msq.

Ilocneguuit myTh He HYKAAETCA B IPEAIIONO-
JKEHHMAX O IIPOCTOTe OJIOKOB, YTO YCJIOKHAET BHI
noprpera Marpuilbl MepceHHa, HO He OTMeEHSET
darra ee cymecrBoBaHud. Takwe KococuMMe-
TPUYHBIE COMHOMKHUTEIH MO3BOJIIOT B paMKax Ha-

[IIeT0 KOHTPIIPUMEpPA IOCTPOMUTH HE OIHY, a [IBe
MaTpuilbl Ajamapa OTMEYEHHOW KOHCTPYKIIHH,
He paspemnmoii MmeromoM Crapmu [ias HOPsgKaA
glg + 1) = 39 x40 = 1560.

Taxum o6pasoM, Hallle [OKA3aTeIbCTBO AOIOTHU-
TEJIBHO K JI0Ka3aTelbCTBY, IPUBEJEHHOMY B pabore
[6], omupaeTca Ha QpyHAAMEHTAIBLHBIN (PAKT: BUIBI
IIOPTPETOB OPTOTOHAJIBHBLIX MATPHIL AmamMapa KecT-
KO CBSI3aHBI C YHUCIIOBOM cucremoii. Kococummerpus
MHOx&uTeNeH g(q + 1), Kak BUAHO, HE 3aBUCHUT OT TO-
ro, IIPOCTOE YKCJIIO ¢ UM cocTaBHOe. Taxkmm o0pasom,
KOCOCHMMETPHUYHbIe MATPHUIIBI AamMapa ompeieneH-
HO CYIIECTBYIOT KaK YJIEHbI TAKUX PA3IIOKEeHUH.

Her ocHoBaHMiI mosarars, 4To JAejJeHHE HA CHM-
MeTpPHUYHbIE M KOCOCHMMETPHUUYHBIE KOHCTPYKIIHHU
MaTpPHIl BbIZEJIIeT BTOPOU BU KAKUM-THO0 0COOBIM
cdaxTom ee cymecrBoBaHuA. Pasymeercs, cyiue-
CTBYIOT CHMMETpPHUYHBIE MATPHUILI Amamapa Bcex
BBIZIEIEHHBIX AamMapoM MOPAAKOB 4f, B 4acTHO-
crH, 6;109HOM KoHCTpyKInu [Ipomyc [3, 6]. IT0 KOH-
crpykuud us 610x08 A, B = C u D, anprepHarus-
Hasg KOCOCHMMeTpuYHOU. PaBeHCTBO ABYyX 6JI0KOB
B u C o3BO/IsI€T IOCTPOUTH CHMMETPUYHbBIE MATPH-
1[I, TIOJIYYHUBIIHE B HAYYHOH JIUTEPAType Ha3BaHUe
marpurt] Bamoununa — Cebeppu.

CyuiectBoBanue 060MX BUIOB GJIOYHBIX MATPHUIL
TECHO CBA3aHO C ()yHJAMEHTaJbHOU TEeopeMou
Ilaycca o pasmomxumocTu 11060T0 I[E€JI0TO YKCIa HA
cyMMy He 0ojiee Tpex TPEYTONbHBIX YUCEI. TH TPU
YHCia KOCBEHHO OIPEEeIdoT KOIUYECTBO DJIeMeH-
TOB CO 3HAYeHKeM —1 B CTPOKAX TpeX IUKIHIECKUX
omoxos A, B (C), D [3, 6]. ¥ KococuMMeTpHUUHBIX
KOHCTPYKITHH HaYaIbHBIH OJIOK, B CHILY KOCOCHMMe-
TPHUH, COCTOUT W3 PABHOI'O KOJHYECTBA 3JIEMEHTOB
co 3HaYeHUIMH 1 1 -1, 32 UCKIIOYEHUEM THATOHAb-
HOTO 31emMeHTa. To ecTsb 6I0K0B, HHBAPUAHTHI KOTO-
pBIX ompenenser Teopema 'aycca, Toxke Tpu: B, C u
D.

B komeunom mrore 3ajaya 0 HAXOKIAEHWH Tpe-
YTOJbHBIX YHCe (2 3HAYUT, ¥ MATPUI] Agamapa) cBo-
IUTCH K KJIACCUYECKOH 3a1a4e 00 OIpeieIe Iy 4uCIa
Touek ['aycca Ha moBepxuocTH cepbl miIu cepousa
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s koHerpyknuu IIpomyce [6]. OcHoBHO# pesymbTar
T'aycca coctout B TOM, 4TO Bce MHTEpPECHBIE A Ha-
mIe¥ 3a;a4u NOPSAAKU paspemnmMbl. Mmenno sra re-
opeMa COBMECTHO C MACCHBAMHU COCTABJISAET (IIOMHUMO
dakTa uxX CyIeCTBOBAHUA) OCHOBY CHMMETPUYHBIX
WM KOCOCHMMETPHYHBIX MarTpuil AjamMapa, IpHCO-
eIuHAA K HUM IIPOYre CpPe3bl THIepoObeKTa.

Bce 5T0 B COBOKYIHOCTH OTBEYAET IIOJIOKUATEIb-
HO Ha IIEHTPaJbHBIA [JIT TEOPHUU OPTOrOHAIBHBIX
MaTPHUIl ¢ MAJBIM YHUCIOM 3JIEMEHTOB BOIIPOC O pas-
PEIINMOCTH OIOPHBIX MOPSIIKOB, KPATHBIX YETHIPEM.
OTpunars 5TOT (PakT — 3HAYUT UATH Bpaspes C yT-
BEPIKAEHUIMH O CTPOEHUHU YHCIOBOM CHUCTEMBI U CO-
IepskaHuy TeopeMsl I'aycca, IOCKOIbKY MaTPUITBI I
Hee — He 6oJiee YeM WIIIIOCTPATHBHBIA MaTepuall.

3axaouenue

deHoMeH OpPTOrOHAJIBHOTO THIEPOOBEKTA OBLI
obuapy:xeH B 2022 r. ITO AOCTATOUHO MO3HO, €CIU
CYUTATh, YTO IIOMCK MaTPUIl AgamMapa — KJaccudie-
cKas 06JaCThb IPUJIOKEHUA METOI0B KOMOMHATOPH-
KU, TJie OTCYTCTBYeT IOHATHE KCTPeMyMa.

HccemenoBanue OpTOrOHANBHOTO THIIEPOGBEKTA
KaKk HppalMoOHaJIbHOM MaTpHUIIbI HaIpaBJeHO Ha
[IOWCK IIyTeH MOJy4YeHUs Yepe3 ero MPOeKIUH IKC-
TpeMalbHbIX W OPTOrOHAJbHBIX MATPHUIl CEeMeH-
crBa Amamapa. Pesynbsrars ucciieioBaHusA 3aKIIIO-
YaoTcd B OTBETAX HA BOIPOCHI 06 OCOOEHHOCTIX

B3aMMOCBS3U dYepe3 THIEePOOBEKT pPasHbIX TPYIIII
MaTpPHIL: [eJ0YUCIeHHBIX, PAIlHOHAIbHBIX U Hppa-
IMOHAJIbHBIX, 00/IaJa0IUX OPTOrOHAJIBHOCTHIO U
(nu) pasIUYHBIMU 9KCTPEMATIbHBIMU CBOHCTBAMH.

Wnes cpesoB runepo6bexTa CHIbHA TEM, UTO 3a-
TparuBaeT OCHOBBI KOHTHHYAJbHOU U AUCKPETHOM
MaTtemaruk. llemouncieHHbIE MATPHUIIBI C UX CIIe-
OUQPUIHBIM TIOMCKOM KOMOMHATOPHBIMH AJITOPUT-
MaMU IIOCTaBJIEHbI BO B3aUMHO OTHO3HAYHOE COOT-
BETCTBHE HPPAIMOHAILHBIM MATPULIAM, IJIA IIOUC-
Ka KOTOPHIX eCTh OIITHMHU3AIIHOHHBIe MeToAbI. Ecau
uppanuoHaIbHASI MaTPUIIA MOKET ObITh HalneHa,
TO HaHIeTCd U IeJOYNCIeHHA.

®dopMmupoBaHHe pazHOOOpa3Ud IKCTPEMATBHBIX
¥ OPTOrOHAJBHBIX MaTPHUI] cemericTBa Agamapa mo
TopAgKaM M CTPYKTYyPaM ABISETCS CTUMYJIOM AN
IIepecMoTpa CyIIeCTBYIOUUX U PaspaboTKH HOBBIX
METO/IOB OPTOrOHAJIBHBIX IIPe00pa3oBaHUIMA.

duHaHCHPOBAHHE

PaGora BhImONHeHA mnpu (PUHAHCOBOH IOA-
nepsxke MunHHCTEpCTBA HAYKM W BBICIIETO 0o0pa-
soBaHusa Poccutickoii Pemepanuu, CorjalleHue
Ne FSRF-2023-0003 «®yHmaMeHTalbHbIE OCHOBBI
IIOCTPOEHHUS MOMEX03aIHUINEHHbIX CHCTEM KOCMH-
YECKOM M CIIyTHUKOBOM CBSI3M, OTHOCHTEIbHOM Ha-
BHUTAI[MM, TEXHUUYECKOTO 3PEHUSI U a3POKOCMHUYe-
CKOT0 MOHUTOPHHTA».

JImreparypa

1. Shalom E. La conjecture de Hadamard (I) — images
des mathématiques. CNRS, 2012. images.math.cnrs.
fr/La-conjecture-de-Hadamard-I.html (zara o6paiue-
aus: 17.12.2023).

2. Jleiitou P. IloBepxuocts Mapca: mep. JI. B. Camco-
HEHKO. Ycnexu gusuneckux nayk, 1971, v. 103, Bbim. 4,
c. 755-768.

3. Jennifer S., Yamada M. Hadamard Mairices:
Constructions using Number Theory and Linear
Algebra. Wiley, 2020. 384 p.

4. Horadam K. J. Hadamard Matrices and their
Applications. Princeton University Press, 2007. 263 p.

5. Wang R. Introduction to Orthogonal Transforms with
Applications in Data Processing and Analysis.
Cambridge University Press, 2010. 504 p.

6. Bocrpukos A. A., Banornus 10. H. Marpuns: Ana-
mapa — MepceHHa Kak 6a3uc OpTOTOHAIBHBIX IIPe06-
pa3oBaHU# IPU MACKUPOBAHUY BUIEOU300paKEHUH.
Hzeecmusn evicwux ywebnwvix 3asedenuti. IIpubopo-
cmpoerue, 2014, 1. 57, Ne 1, ¢. 15-19.

7. T'puropses E. K. Ananus KoppeIsuOHHBIX Xapak-
TEPUCTHUE HOBBIX KOJOBBIX IIOCIEI0BATEILHOCTEMH, OC-
HOBAHHBIX HA MIEPCUMMETPHUYHBIX KBA3HOPTOTOHAJIE-
HBIX IUPKYIAHTAX. Tpydsr yueOHbix 3a8e0eruUil ces-

3u, 2022, 1. 8, Ne 2, c. 83-90. doi:10.31854/1813-
324X-2022-8-2-83-90

8. Baxonun H. A., Ce6eppu [I., Ceprees M. B. 3azna-
YW paspelinMble ¥ HepaspemuMble. AJITOPUTM
IIpokpycTa monyyeHua MATPHI] ceMeiicTBa Aramapa.
Hngpopmayuornno-ynpasaswowue cucmemwt, 2023, N
1, c. 2-16. doi:10.31799/1684-8853-2023-1-2-16

9. Bamxoununn H. A., Ceprees M. B., Cysgans B. C. Juna-
MHYECKHE TeHePaTOPhI KBA3HOPTOTOHAIBHBIX MATPHI]
cemerictBa Axamapa. Tpyder CIIHHPAH, 2017, Ne 5
(54), c. 224-243. d0i:10.15622/sp.54.10

10. Wallis W. D. On a problem of K. A. Bush concerning
Hadamard matrices. Bulletin of the Australian
Mathematical Society, 1972, no. 6, pp. 321-326.

11.Ito N., Longyear J. Hadamard matrices of Bush-
type. Mathematical Journal of Okayama University,
1985, no. 27, pp. 127-133.

12.Janko Z., Kharaghani H., Tonchev V. D. Bush-type
Hadamard matrices and symmetric designs. Journal
of Combinatorial Designs, 2001, no. 9, pp. 72-78.

13.Golemac A., Vucicic T. New (100; 45; 20) symmetric
designs and Bush-type Hadamard matrices of order
100. Discrete Mathematics, 2002, vol. 245, iss. 1-3,
pp. 263-272. doi:10.1016/S0012-365X(01)00309-0

14. Baxonus I0. H. IIporpammusrit kommieke MMatrix-2
v HaWneHHble uM M-maTpuibl. Becmuuk kKomnsiomep-

N21,2024 N\

MHOOPMALIMOHHO-YMPABJISIIOLLIME CUCTEMbI  \ 7



7/ TEOPETWYECKAS W MPUKINALHASA MATEMATUKA /

HBLX U UHGOPMAYUOHHBLX mexnoaozul, 2013, Ne 10, 16. Ceprees A. M. IIpocTbie ynciia v cCHMMETPUH KBa3HOP-
c. 58-63. ToroHaIbHBIX MaTpun, Mepcenna. Mamemamuuweckue
15.Bamonnn H. A., Ceprees M. B. Marpuna 3om0Toro Memodvl U M0OOeAU 8 BbLCOKOMEXHOAOZUNHOM NPOU3-
ceuenns Gy, Hudopmayuorno-ynpasnswowue Ccu- egodcmee: me3. doka. I Mewcdynap. ¢popyma, CaHkT-
cmemut, 2013, Ne 6, ¢. 2-5. TIerepOypr, 10-11 nos6ps 2021 r. CII6., 2021, c. 14-15.
UDC 519.614
doi:10.31799/1684-8853-2024-1-2-8
EDN: DSXAAV

Matrices of the Hadamard family as slices of an orthogonal hyperobject at adjacent orders

N. A. Balonin?, Dr. Sc., Tech., Professor, orcid.org/0000-0001-7338-4920, korbendfs@mail.ru

A. M. Sergeev?, PhD, Associate Professor, orcid.org/0000-0002-4788-9869

M. B. Sergeev?, Dr. Sc., Tech., Professor, orcid.org/0000-0002-3845-9277

aSaint Petersburg State University of Aerospace Instrumentation, 67, B. Morskaia St., 190000, Saint-Petersburg,
Russian Federation

Introduction: The integer formulation of the problem of finding Hadamard matrices that are extreme in terms of the determinant
leaves in uncertainty the question of whether the iterations that usually search for the extremum end with integer matrices. From the
point of view of the success the solvability of Hadamard’s hypothesis about the existence of all such matrices, enumeration methods for
finding them are not very effective in comparison with the methods of non-combinatorial mathematics. Purpose: To show the solvability
of the problem of searching for the matrices of the Hadamard family through the slices of an orthogonal hyperobject on adjacent orders
corresponding to a sequence of natural numbers ¢. Results: We have ascertained that since the matrices of the Hadamard family are
defined by the invariants of lower-order matrices embedded in their structure, the hyperobject turns out to be a universal basis for their
joint location. The discovery of the phenomenon of an orthogonal hyperobject has made it possible to reduce the step size in the orders of
orthogonal matrices generated on its basis from 4¢ (for Hadamard matrices) to ¢. Practical relevance: Orthogonal matrices as the results
of slices of an orthogonal hyperobject significantly expand the family of Hadamard matrices, which are of great practical importance for
problems of orthogonal transformations of information.
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OnpeaeneHne onTUMaNbHOro Habopa MeTpuK
nogo6usa rpadgoe B 3agavyax pacno3HaBaHMA TOMOJNOruM
TeXHOreHHbIX KOCMUYECKUX 06 beKTOoB

H. B. Ipy3geB?, kaHA. BoeH. HayK, AoLeHT, orcid.org/0009-0000-6125-1362, NikGruzdew@rambler.ru
@. J1. lllyBaeB?, KaHg. TeXH. HayK, HayaslbHUK labopaTtopuu, orcid.org /0000-0001-7502-9455
3BoeHHO-KocMuyeckas akagemus um. A. @. Moxxavickoro, yn. XXgaHoBckas, 13, CaHkT-lleTep6ypr, 197198, P®

BBegeHue: B ycnoBusix TEXHOr€HHOIO 3aCOPEHMNS OKOI03EMHOIO KOCMMYECKOro NPOCTPaHCTBA akTyaslbHOM OCTaeTcs 3ajada aHa-
JM3a pe3ysnbTaToB HaGIOAEHUI 33 TEXHOTEHHBIMU KOCMUYECKUMM 06BEKTAMMU B LIEIAX BbISIBJIEHUS OAHOTUIMHBIX 110 TOMONOMMM Py
06beKTOB. []/19 ee peLeHns NPeanaraeTcs UC0Ib30BaTb HCTPYMEHTapui Teopum rpaghos 1 TeopumM pacrno3HaBaHus 415 OLieHUBaHMS
TOMOJOri TEXHOTEHHbIX KOCMUYECKUX 06BEKTOB PA3IUYHOIO TUNa. Ljenb: BbINoNHUTL CPaBHUTENbHBIA aHann3 METPUK NoJo6usl rpa-
(oB, 3aKoYaKOLYMIACA B MOMCKE ONTUMATbHON METPUKM B PAMKaX MoKa3aTeses KayecTBa pacrno3HaBaHnsi TEXHOreHHbIX KOCMUYECKUX
06bEeKTOB. Pe3ynbTatbi: NpoBeAeHHbIE NCCIeZ0BAHNS OKa3au, YTo CYLYECTBYET TPU OCHOBHbIX [MOAX0AA K PAcYETy METPUK MOZ06US
rpaos. Kaxabii n3 nogxofoB 0CHOBaH Ha BbIYUCIEHUM BEKTOPA NapaMeTpoB, XapakTepusyroumx rpag ¢ pasnnyHbix CTOPOH. Paspa-
60TaHbl METPUKH, MO3BOJIAIOLME PA3INYATD TPYMIbI TEXHOTEHHBIX KOCMUYECKUX 06BEKTOB, MPEACTABIIEHHDbIX B BUAE rpagoB. Bbiduc-
JIUTENbHBIN SKCNEPUMEHT MoKa3as, YTo ONTUMAsbHBINA M0 KDUTEPUIO KayecTBa KnacTepu3saLmy cocTaB npU3HaKoBoro NpoCcTpaHCTBa
OT/IYaeTCs AN1A PA3NNYHBIX TUIMOB rPagoBbIX MOZeNe. ITO CBONCTBO MIPAET BaXKHYHO POJb NPYU PELUEHNN 33884 PacriO3HaBaHUSA To-
[10710rMM TEXHOTEHHbIX KOCMUYECKMX 06bEKTOB Ha HOBOM KayeCTBEHHOM YpPoBHe. [PUMEHSS NPeasIoxKeHHbIe METOAbI CPaBHUTENbHOMO
aHanu3a MeTpuK rojo6us rpaghos, BOZMOXHO BbIGPATb HaUyyLLyt0 METPUKY B8 pACo3HaBaHWs TOMONOMN TEXHOTEHHbIX KOCMUYe-
CKUX 06beKTOB. lpaKTnyecKas 3HaYUuMOCTb: MCMOb30BaHNE NPeAIaraeMbiX METOROB aHa/IM3a METPUK MOJO6US rpagos no3BoamnT
OLEHUTb U3MEHEHNS B TPYNNax OAHOTUIMHBIX TEXHOTEHHbIX KOCMUYECKUX 06bEKTOB. [IpeAsoxXeHHbIe METOAbI MOTyT UCMOb30BaTbCA
[py pelueHnn 3agay KOHTPOJIA U KaTaaoruaaymm TeXHOreHHbIX KOCMUYECKUX 06 bEKTOB.

Kniouesbie cnoBa — TeXHOreHHbIE KOCMUYECKUE 06BEKTBI, rpag), METPUKM N10406Ms rpaghos, TOMOJI0rns, Mepa CXOACTBa, KnacTepu-
3ayms.

Masa muruposarua: I'pysnes H. B., Illysaes ®. JI. Oupenenenue onruMaabHOro Habopa MeTpuK moxobus rpadoB B 3amadax pac-
[M03HABAHUSA TOIOJOTHH TEXHOIEHHBIX KOCMHYECKUX 00BeKkToB. Hugpopmayuonno-ynpasasiowue cucmemuvt, 2024, No 1, c. 9-19.
doi:10.31799/1684-8853-2024-1-9-19, EDN: OWCDGM

For citation: Gruzdev N. V., Shuvaev F. L. Determination of the optimal set of graph similarity metrics in problems of recognition
of topologies of technogenic space objects. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2024, no. 1,

pp. 9-19 (In Russian). doi:10.31799/1684-8853-2024-1-9-19, EDN: OWCDGM

BBenenmne

B Hacrosmee BpeMA aKTUBHO yBEIHYUBAETCH
4YHCII0 00JIacTel, Iie HaXOAUT IMPAKTHYECKOe IIPH-
MeHeHHe Teopusa rpadoB AJsI UCCIETOBAHUI CIOK-
HBIX O0BEKTOB WM IPynil OOGBEKTOB, CBA3AHHBIX
B OIIpPEIeJIEHHY 0 CTPYKTYPY.

Teopus rpadoB HHTEpECHA TEM, YTO IO3BOJIAET
HaIVISIIHO 0TOOpaskaTh M KMCCIeI0BATh Pa3IMYHbIE
OpUPORHbIE, TEXHOTEHHbIE U COI[HAaIbHbIE IIPOIEC-
col. OHa MO3BOJISIET IPEACTABUTE CIOKHBIE 00BEK-
ThI MCCIEIOBAHUA (CETH CBSI3U, CETH JIEKTPOCHAO-
JKEHWsI, KOCMUYECKHEe OOBEKTHhI, aTOMbl MOJIEKYII,
conuanbHble ceTu) B Buae rpada (G) — COBOKym-
Hoctu BepiruH (V, T. e. IpocThIX 00HEKTOB) U pebep
(E, cBazeit mexay auMu). Tuibl B3auMocBa3ei, 00-
pasyrouux rpad, Hecayuainsl. OHH OTPaKAIOT Je-
JKAIIHe B OCHOBE CJIOKHBIX CETEBBIX 00BEKTOB IIPO-
Ilecchl, KOTOPbIE MOYKHO HCCJIEN0BATH C IIOMOIIBIO
pas3nIu4HBIX pasnenoB Teopuu rpadoB. OcHOBHBIE
HaIlpaBJIEHUI aHAJIN3A CeTeH BKIYAOT:

— BH3yaJu3aIuio U (popMaIn3aIuio ceTel ¢ uc-
II0JIb30BAHUEM allllapara Teopuu rpados;

— OIleHWBaHUe CTPYKTYPhI CETH B IJIOM, a TaK-
JKe OlleHMBaHUeE [TapaMeTPOB CTPYKTYPHBIX dJIeMeH-
TOB — OTIEJbHBIX IIOCETEHN U y3II0B, CBA3EH MEMKILY
HUMU,

— COo3laHMEe MaTeMaTHW4YeCKMX M CTaTHCTHYe-
CKHUX MojfeJllell ceTeBbIX CTPYKTYp W ceTeBOH AuHAa-
MUKH.

TexHoreHHbIE KOCMUYECKHE 00BEKTHI (OTHesse-
MbI€ YaCTH PaKeT KOCMUYECKOr0 HAa3HA4YeHUsd, pas-
TOHHBIE 6JI0KH, KOCMHUYECKHe alapaThl) IpeicTaB-
nsoTca B Buge rpada. B pabore [1] npemosxeno pe-
mraroiree IIpPaBuJIo g Bbibopa Hanboee OIacHOro
(C TOYKH 3peHus BEPOSITHOTO CTOJTKHOBEHHS) TEXHO-
FeHHOr0 00bEeKTa M3 MHOKECTBA HAOIIJaeMbIX IO
pesynbTaraM H3MEPeHWH WX YaCTHBIX IIPU3HAKOB.
B IIeJAaX BBIABJICHHUA HSMeHeHHﬁ, IIPOUCXOAAIINUX
B rpylme Ha0I0JaeMbIX ONACHBIX TEXHOTEHHBIX
KOCMUYECKUX 00'bEKTOB, BOBHHUKAET 3a7a4a aHAIH-
34 CETEBOH CTPYKTYPHI HAGIIIAEeMON TPYIIIbI 00h-
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eKTOB. VI3MeHeHU:A B CeTEBOM CTPYKTypPe TEXHOTEH-
HBIX KOCMHUYECKUX 00BHEKTOB, MIPOSIBISIONIHECS JIH-
00 B pesyJbTaTe BU3yaJIU3aIlUH, TUOO B pe3yibrare
CTPYKTYPHOTO aHAAN3a, 3a4acTyI0 He BUIHBI YeJ0-
BEKY, HO JIETKO BBISBJIAIOTCS MAIIMHHBIM 3PEHUEM,
¥ WHTEpPIpeTanusa MOJYyUYeHHBIX Pe3ylbTaToB JaeT
MOHMMAHNE OCHOBHBIX 3aKOHOMEPHOCTEH, HMero-
KX MECTO B HAOMI0IaeMOH CHCTeMe, U IPUUYHH UX
BO3HUKHOBEHUA [2—-4].

Asropamu [5] BeIiesIgeTCS ABA TUITMYHBIX BAPH-
aHTa TpaHcopMaluu AuHAMHYECKHX rpados [6,
7]. Ilo mepBoMy BapuaHTY CO BpeMeHEM H3MeHSeT-
¢ YHCJIO BEPIINHH, YTO COOTBETCTBYET M3MEHEHUIO
CTPYKTYPBI HCCIIETYEMOH CeTH, YTO XapaKTepPHO IJis
PasBHUBAIOIIUXCS, SBOJIOIMOHUPYIONUX HIH e-
rpagupyoomux cerei. I[lo Bropomy BapuauTy 4duC-
JIO BEPIIKH rpada HeM3MeHHO, OHAKO U3MEeHSIeTC s
XapakTep CBA3eH MEXKAY HUMH, UTO XapaKTepHO
IUIST YCTOSIBIIMXCSI CHICTEM, JIJISI CHCTE€M C OTpaHU-
YEeHHBIM YHUCJIOM 3jieMeHTOB. Hanbonpiuii mHTEpEC
B IIPUKJIATHOM CMbIC/IE HMEET BTOPOH BapHUaHT, OT-
BEYAIOIUH TAKUM HAIIPABIEHUSIM, KAK MCCIIeI0Ba-
HUEe BapHUATUBHOCTH COIIMANLHBIX CBA3eH B oOrpa-
HUYEHHOM KOJIJIEKTHBE, HCCJIeJOBAHUE IIPOIIECCOB
CaMOOPTaHMU3aIlUM POOOTOTEXHUYECKUX CHCTEM
C OTpaHUYEHHBIM YHUCIOM 06BEKTOB, HCCIe0BaAHNE
KOCMHUYECKHMX 00BbeKTOB u ap. IIpu Takom BapuaHTe
aHAINU3UpyeTCcs CTAlMOHApHad cucreMa (cTamuo-
HapHas B CMbIC/Ie (PUKCHPOBAHHOIO YKCJIA BEPIIUH
rpada), B KOTOpPOi B paBHBbIE MHTEPBAJbI BpeMeHHU
pebpa Mexay BepIIMHAMU MEHSIOTCS, TeM CAMbIM
M3MeHss TOIOJIOTHIO rpada.

HccnemoBanve Takux rpadoBBIX CTPYKTYpP CO-
CTOHUT B BBLIABIICHUH yCIOBHUM 00pPA30BAHUA WJIU HC-
Ye3HOBEHHUA pebep M pacro3sHaABAHWH TeHIEHITUHN
TpaHcdopMaIuu CBI3el Mex Iy BepinnHaMu. B aTom
¥ 3aKJII0YaeTcs aKTyallbHOCTh 3a[auM pPacIio3Ha-
BaHUA rpadoB II0 UX TOIMOJOTHUYECKOH CTPYKType.
Baxueiinum sTamnoM 3amadyu pacro3sHABAHUS SB-
JseTcs ompefeeHre ONTUMAJIBLHOTO MIPU3HAKOBOTO
MIPOCTPAHCTBA; IPUMEHUTENILHO K JAHHOMY HCCJIe-
MOBAHUIO IIPU3HAKOBBIM IIPOCTPAHCTBOM ABJISIIOTCS
MEeTPHKH TOIOJOTHYECKOH 6r30cTH rpados.

C y4eToM OrpaHMYEHHOCTH YHNCJIA BEPIIUH 3a/1a-
Ya yIOPsAA0YHBAHUA IPAPOB 110 KX TOIIOJIOTHIECKOMN
CTPYKType sABJsfeTcsa KOHeuyHopasmepHou. OmHako
C POCTOM dYWCJIA BEPIIMH YHUCJIO TOMOJOTHYECKUX
CTPYKTYP pacrer Karacrpoduyecku [8], aro Tpedy-
eT VIl UX MIEePEUNCIIEHHUA OTPOMHBIX BEIUUCIUTEb-
HBIX MoiHocTe# [9]. B HacTosmee Bpemsa u3BecTeH
[EeJIBIHA P IOAXO0B K PEIIeHUI0 3aa9H yIIOPsI0-
YUBaHUA rpadoB 0 UX TOMOJOTHIECKOH CTPYKTYPe
HA OCHOBE COKpAIlleHHs PA3MEPHOCTH MTapaMeTpH-
YeCKOTO OIUCAHUA IPaoBOM CTPYKTYPHI C UCIIOIE-
30BaHUEM Pa3IUIHbIX MeTpuk [10-25].

Hanuuwme pasiaudHBIX METONOB U METPHK IJId
OIEHHUBAHMSA TOIOJOTHYECKOH Omu3ocTu rpadoB
MOPOKIAeT 3amady WX CPABHUTEIBHOTO AaHAJIM3a

C I1eJIbIO Bbl6paTI: OIITUMAaJIbHOE CoYeTaHue I10 Kpu-
TEPHUI0 «Ka4YeCTBO KJjacCTepu3allun» B KOHKPETHBIX
YCIIOBUAX. Perenwnio sTou 3aga4dy IIOCBAIIEHO JaH-
HO€e UCCJIegOBaHUe.

OcHoBHBIE 3TANbI
CPaBHHUTEJIHLHOIO AaHAJIH3A

B ocHOBe cpaBHUTEIBHOrO aHANM3a METPUK TO-
TIOJIOTUYECKOH 6;1M30CTH TPadoOB JIeKAT CIeAYIOIHe
6a30Bble ITOIOKEHUS:

1) samaya kKjacrepusanuu rpadoB pasIHIHON
MIPUPOABI MOKET OBITH pelleHa TOJIbKO B YCIOBHAX
Pas3IuYUMOCTH IPadOBBIX CTPYKTYP;

2) 11A TOPOKAEHWUs PAa3JIUYHBIX II0 IIPHUPOJE
BOSHUKHOBEHHS TIPApOBLIX CTPYKTYP BO3MOKHO
HCIOJB30BATh MOMIENIN CAYIAWHBIX TPA]OB PA3IHY-
HBIX KaaccoB [11-13, 25-27];

3) B MCCIEI0BAHUYU KCIIOIL3YIOTCA METPUKU TO-
TIOJIOTUYECKOH OJIM30CTH, OCHOBAHHBIE HA pacdere
TPHUATHOTO BEKTOpa, HHTErPajbHBIX XapaKTepH-
cTHKax rpad)oB ¥ TOIMOJOTHYECKUX HHIEKcax. Bce
METPHKH IIUPOKO OCBEIEeHbl B HAYYHOH JUTEPaTy-
pe u ony0JIuKOBaHBI B paboTax IIOCIeIHEr0 BpeMe-
Hu [14-25];

4) 19 MEeTpPUEK, B COCTAB KOTOPBLIX BXOAAT He-
OpTOTOHAJbHbIE KOMIIOHEHTHI, HEOOXOUMO IIpOBe-
CTH IIPEeIBAPUTENbHLIN aHAIN3 WH(POPMATHBHOCTH
KOMIIOHEHT AJId COKpPAIlleHHA MPU3HAKOBOTO IIPO-
CTPAHCTBA;

5) 4TOOBI OIIEHUTD PEe3yAbTAThI aHATIH3A HHAOP-
MaTHBHOCTH KOMIIOHEHT, He0OX0UMO CPABHUTH UX
C peaJbHBIMY [IOKA3aTeNIsIMHU, a JJIA 3TOro Tpebyer-
cA mepebpaTh BCe BO3MOMKHBIE KOMOMHAIIUU IIPH-
3HAKOB U PACCYUTATH KAYECTBO KIACTEPUBAIUH AJIS
HUX.

CrpykTypHas cxemMa IIPOBOIMMOrO0 B paMKax
WCCIENOBAHUA CPABHUTEIBHOIO aHAJNW3a METPHK
momobusa rpacdoB m3obpaxkena Ha puc. 1. Kammsrii
W3 YeThIPEeX OCHOBHBIX JTAIOB IOAPA3JeasdeTcsd Ha
BCIIOMOTaTeJIbHbIE TIOAITAIIEI.

JTan MoaeTHPOBAHUAA

Jran MOAeIUPOBAHUA IpeJHa3HAYeH i (op-
MHUPOBAaHHUA MATPHUI[ CMEKHOCTH CAyYaWHBIX Ipa-
¢dos. B macrosiiee Bpemsa B Hayke Hauboee aKTHB-
HO IIPUMEHIEMbIMHU CYUTAIOTCS MOJEIIH CIIy4aiHOTO
rpada dpaema — Penbu (IP), mogenr Yorrca —
Crporaria (¥C) u momens Bbapabamu — Anbbepra
(BA) [11-13, 25, 26]. Mogenr YC aBasgercs Mogu-
¢uramueit momenu IP, mosTomy B majbHe#IeMm
IIPU MIPOBEIEHUN SKCIIEPUMEHTA OrPAHHYUMCSI MO-
nenamu BA u OP. Anroputm moctpoeHus Monenei
noapo6HO onmcaH B pabore [25].

Buwibop u o6ocrosarue napamempos modeell.

IIpu popmMupoBaHUY MCXOMHBIX JAHHBIX IJIA KC-
CJIeIOBAHUA PA3JIUYHBIX METPUEK CXOKECTH Ipados
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Metpura No 1
(TpuasHBIi BEKTOD)

Mertpura No 2

(uHTErpasbHbIE XapPaAKTEPUCTUKY IPadOB)

dran pacyera METPHUK |
Merpuxa Ne 3 momo6us rpadgoB |
(TOmo/IOrHYeCKHe XapAKTEePUCTUKH) |

______________________________ e
I3 Oram GopMHPOBAHAL |
| IlonHOE MpU3HAKOBOE CoxpallleHHO€e IIPU3HAKOBOE IPHU3HAKOBOTO |
: mpocTpaHcTBo(mepebop) npocrpancTBo (Ha 6aze MI'K) ITPOCTPAHCTBA )
S _I __________________________________ 1, ____________________ |
e

I4 i " Omernka nesvIETaTon | JTam KIacTepusanun |
| | arpuna k-cpemnx EeHKa Pe3yIbTaToB | |
: pacCTOAHUM _ _ knacrepusanmm | |

B Puc. 1. CrpykTypHasa cxemMa UCCIIeI0BaHU
B Fig. 1. Block diagram of the study

yI00HO HCIIOJIB30BATH MOJEIH CIyYaWHBIX rpados,
IIOPOKJAIOLINe HellepeceKalorecs KiIaccol rpados
oA pacrosHasauus. s sToro HeobxommMo pac-
CYHTaTh BEPOATHOCTb H3oMopdusma rpacos P,
[IOPOKJAEMBIX PA3IUYHBIMU MATEMATHIECKUMH MO-
menaMu. JIOTHYHO IPeNoNI0KUTD, YTO BEPOATHOCTD
HoABJIEeHUA M30MOP(MHEBIX Apyr ApyTry rpados P,
[IOPOKJAEMBIX MOIEIAMH PA3SHBIX KJIACCOB, YMEHbB-
IIAEeTCS IPU YBEIHUeHUN YHUCIa BEPIINH.

B pamrax sToro mpeamnosnosxeHus chOpMUPOBA-
uel 1o 10 000 peanusaruii ciaydaiHbIX rpados qiisa
KaI0M M3 paccMaTpuBaeMbIx mojesned (taba. 1) u
MIPOBENEHO IIOIAapHOe CpaBHEHHEe rpadoB HA H30-
Mopdu3M BHYTPH KaXKIOro Kjaacca U MeXIy KJjac-
caMmu.

Ilpy oTOM oOIleHKA BEPOATHOCTH TOSBJE-
HUA H30MOP(MHBIX rpad)oB PACCIUTHIBAETCI KakK

n
_ U3

P = , TOe n,, — 4YHCIO Iap H30MOP(MHBIX
No6m

rpadoB; 1., obmee uwmcmo map rpados. s

500 rpados nomyunm n,g, = 124 750. Ilomyyennbie
pesyabTaThl CBHAETEIbCTBYIOT, YTO oA Tpados

B Taé6auya 1. ITapaverpsr Mozenei rpagos
B Table 1. Parameters of graph models

Homep | Tun Yucmo | Yuemo | Homonuutensb-
MoOZenH | MOfenu | BepuinH | pebep | Hble mapaMeTphl

1 BA 60 | 76:117 | P23 = (01:0.9)
1 c marom 0,1

2 5] 60 76:117 —

dran

py=0,1

3 BA 60 76:117 | ps = (0,1:0,9)

5 p4 = (0,1:0,9)
py=0,1

4 BA 60 59:102 | p5 = (0,1:0,9)

py = (0,1:0,9)

c uncyIoM BepInuH 12 u 6onee BenuunHa P, ~ 0 mpu
3HAYEHHUHN JOBEPUTEIHHOH BEPOATHOCTH HA YPOB-
me 0,95. Ha sTom ocHoBaHuM BhIOEpEeM UYHCJIO Bep-
IIUH [/ (DOPMHUPOBAHUA CAyYaHHBIX rpadoB He
venee 12, Hanpumep 60. UTobbl pesymbraThl KC-
TIepuMeHTa OBLIH afeKBATHBIMH, ITapaMeTpP «IHUCIIO
pebep» Mopmened mogo6paH B paBHBIE WHTEPBAJBL.
Ly 5TOro m3MepeHbI IpaHUYHbIE 3HAYEHUA YHUCIa
pebep nmaa momeneit BA.

BoerunciauTenbHbIA 9KCIIEPUMEHT ObLI pasiesieH
Ha ABa sramna: 1-¥ sTan — IpoBeJeHue KIacTepusa-
wuw s mozpesnes BA u OP; 2-i1 sTarm — npoBenenue
KJIacTepu3aIiuu Ajia AByx mozesei BA. Taxum o6pa-
30M, Ha KaXKJOM dTaIle HKCIEPHMeHTa IIPOBOAMIIACE
KJIacTepusaIus 14 AByX kaaccoB. Ha kamxmom sta-
e popmuporasochk mo 10 000 rpadoB KakI0ro0 KiIac-
ca, IpX 3TOM Ha sTane 1 mapaMeTpsl MofenH 1 «pq,
Dg, P3» 3aaBaIMCh CIy4YaiHO ¢ pABHOMEPHBLIM pac-
upepnenenueM B uHTepBate ot 0,1 10 0,9 c marom 0,1,
a mapamMeTrp MoAenu 2 «4uciao pebep» 3amaBacs
caydarso B uHTepBase ot 100 mo 200.

Ha sTame 2 napamerp mMogenu 3 «py = 0,1» 6611
tbukcupoBaH, mapaMeTphl «Pg» U «Py» 3a]aBaIUCh
CIy4alHO ¢ PABHOMEPHBIM paclpenejeHHueM B HH-
tepeajue ot 0,1 go 0,9 ¢ marom 0,1. Ilapamerp mo-
menu 4 «py = 0,9» OBLI (DUKCHPOBAH, «Pg» U «Py» 3a-
JaBaJINCh AHAJIOTHYIHO MOIEIH 3.

Mogenu SP nomgo6HBI cOIUANTBLHBIM CTPYKTYPaM
¢ HU3KOU IjeHTpajmaanuel, OTCYTCTBHEM Y3JIOB
C BBICOKOH IIeHTPAJbHOCTHIO, a Momenu DA, Ha-
npoTuB, POPMUPYIOT rpadbl ¢ HU3KOH LEHTPAJIH-
3aluedl U CTPOroM HepapXHUYecKON CTPYKTYPOH,
TEeM CAMBIM OHH TMOIOOHBI COIMANBLHBIM CTPYKTY-
paM c BBICOKO# opranusanueii. Uzyuenue Bo3Mox-
HOCTHU paclio3HaBaHUA ceTel ¢ HU3KOU U BHICOKOU
IeHTpaju3anuel ocylecTBasdeTca Ha drame 1, a
pacrosHaBaHUe ceTell ¢ BBICOKOU IeHTpaJIHu3allu-
eif, HO pasHbIMH (DOPMaMU ee MOPOKAEHUsI, — Ha
arare 2.
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Jram pacuera METPHK IOT00uA rpados

Ha gamHOoM sTame pacCYuUTHIBAIOTCI METPHUKH
MMOof00MS, IPOABIAIONINE PA3IUYNe WUJIH OJU30CTh
TOIIOJIOTHYECKOH CTPYKTY PhI rpadoB. MeTpuku pas-
[eJIeHbI Ha TPU IPYIIIILL.

Mempura Ne 1. Tpuadnulii aexkmop.

B ocuoBe merpuru Ne 1 jmexuT yTBep:KIeHwe,
YTO MUHHUMAJBHO PA3JIHYMMON CTPYKTYpPOM rpada
ABJAETCA AUANA: [Be BEPUINHBI, MEKIY KOTOPHIMU
6o ecTh, MO0 HET pebpa M3yuyaeMoro THUMA, T. €.
HaJIU4YKWe WU OTCYTCTBHE CB3H MEKIY BEpIIHHA-
Mu. Ananus my6aukanuil B 00JaCTH TEOPHUH Ipa-
¢oB 3a mociemHWE HMATH JIET MOKA3aJ, 4YTO HaubO-
Jlee TPeANOYTUTENILHON MHUHUMAJIbHOU eIUHUIEeH
B COIMAJBHOM rpynne ABageTca Tpuajga [14-17].
Tpuaga — sTo rpad, COCTOSANINNE U3 TPEX BEPIINH.
Kom6unanuu pebep Me:xay BeplIMHAMHU B TpHAIE
oIpenendaioTcd 16 BO3MOKXHBIMH BapHaHTaAMHU IIO-
CTPOEHHU, KOJITHIECTBO KIACCOB TAKUX KOMOMHAIIHIH
Ha3bIBAETCS TPUAHBIM BEKTOPOM.

PaccuuraB TpuagHubie BEKTOPHI A4 rpados, uc-
CJIeI0BATENb IOIYyYaeT METPHUKY WJIU IIPOCTPAHCTBO
MPU3HAKOB, Ha OCHOBE KOTOPOTO PaCCYUTHIBAETCS

paccrosiuue Mexay rpadgaMu U ompenenaseTcs cTe-
neHsb ux nogobusa. Takum obpaszoM, TpHATHBIA BEK-
TOpP MOeT OBbITh WCIIOJb30BAH KAK METPHWKA pac-
crogHusa me:xay rpadamu. Ha puc. 2 [14] nmokasanbl
TPHUAIBI ¥ COOTBETCTBYIOIHAE 0003HAUYCHHUS.

Hdna pasauyeHus KOMOMHAUME yHOTPE6IAIOT
CHMBOJIBI JIATHUHCKOTO aidasura, Hanpumep: «D» —
BHU3 (ACHMMETPHUYHAS CBI3b WJIU CBS3U HaIIpaBiie-
bl BHU3); «U» — BBepx (acHMMeTpHUYHAT CBI3b WA
CBA3U HAIpaBleHEI BBepX); «C» — Tpuaza MUKINY-
Ha; <I»> — Tpuaga TpasuTuBHa [14-17].

Mempurxa Ne 2. Humezpanvubie xapakmepu-
cmuku zpagos.

B Teopuu rpador mMmeroTcs pasindyHBbIE Xapak-
TEPUCTHUKH, OIMUCHIBAIOIIKE T€ W WHbIE CBONCTBA
rpadoB, cpear HHUX OCHOBHBIE: CpeJHee PacCTosd-
uue nytu (CPc), mmorHocts rpacda (IIT), accopra-
tusHOCTh (AC), nenrpanusanu:a mo cremenn (1[C),
nenTpanusanusa mo omusoctu (IIB), menrpamnusa-
nus no nocpeguuuectBy (I[II), menTpanusamusa
mo cooctBennomy Bekropy (CBII), menrpanusamus
Kasaiin6epra (KII), menTpanusaius mo aBTOPUTET-
moctu (AIl) [10, 22-25]. PaccuuraB s KaKmoro

O
o O

1-003 2—012

>
-
? .

5 —0210 6 —021C
9 —030T 10 —030C
13 —-120U0 14 —120C

B Puc. 2. KomOuunaruu tpuan [14]
B Fig. 2. Combinations of triads [14]

.,
.
>

3 —102 4 — 021D

7—111D 8 — 111U

-
o

11— 201 12 -120D

o
-

15—-210 16 — 300
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rpada HabOp 3HAYEHUH TAaKUX IApaMeTpPOB, BO3-
MOKHO IIEPEHTH K MaTpPUIle PACCTOSHUU MEXIY
HUMH, T. €. IPEJCTABUTH rpad B MIPU3HAKOBOM IIPO-
CTpPAHCTBE, ONMCAHHOM 00pa3aMu — HHTErpaIbHbI-
MU XapaKTepUCTHKAMHU IPagoB.

Mempura Ne 3. Tonosozuueckue urdercot.

Tonmonoruyeckuil UHAEKC — HEKOTOPOE OOBIYHO
YHUCIIOBOE 3HAYEHHWE MW YIOPSAOYEHHBIH HAb0p
3HAYEHUU, XapaKTepPU3YIOIIUX CTPYKTYpy rpada.
IlTuporoe mpuMeHEeHWE TOMOJIOTHYECKHE WHIEKCHI
[IOJyIUIN B XPOMOMETPUH AN HUCCIEJOBAHUS XU-
MHYECKUX CBOMCTB BemiecTB. lad wmcciaenoBaHUA
ObLTH BHIOPAHBI TPH Haunbojiee U3BECTHBIX TOIOJIO-
rudeckux nupekxca: Bunepa (Bu), cymm crpox (CC1),
sdpdexTuBHOM caoxuocTH (IC) [19-21].

Honyvennble sHAYEHA IAPAMETPOB y;; IOMeIa-
I0TCS B MATPUILy AAHHBIX, I[€ [ — HOMEP METPHUKU;
J — uomep rpada. Takum obpasom, TUEHKH MATPHU-
b1 3aM0AHAIOT N MeTPHK 1715 2 TPadoB:

n
N .

Yiva] = |
Jran popMHUPOBAHNA MPU3ZHAKOBOTO
IIPOCTPaHCTBA

B nmamem wuccrnemoBaHmMu paccMarpuBaeTcs IBa
BapHaHTa (pOPMUPOBAHUSA IPUSHAKOBOTO IIPOCTPAH-
cTBa: 1) IoIHOE IPU3HAKOBOE IPOCTPAHCTBO, IIPHU KO-
TOPOM IepebuparoTCs Bce KOMOMHAIUY IIPU3HAKOB U
IUUTS KasKIOHM OlIeHUBAETCA Ka4eCTBO KJIAaCTepU3alliH;
2) coKpaleHHOe IPHU3HAKOBOE IIPOCTPAHCTBO, IIPHU-
YeM COKpalleHre IPOCTPAHCTBA OCYIIECTBIAETCA 3a
cueT BHIABIEHWS Hanboiee MHPOPMATUBHBIX IIPHU-
3HAKOB HA OCHOBE KOMIIOHEHTHOI'O aHAJIN3A.

Komnonenmuuiii anaaus.

KommomenTHBIN aHanmus B paMEax MeTona
rnasubix KommnonenT (MI'K; Principal Component
Analysis — PCA) upencrasiser co60ii COBOKYIIHOCTE
CTaTHCTUYECKHUX IIPHEMOB 00pabOTKH JaHHBIX, KOTO-
pbIe II03BOJAIT CKOHIIEHTPUPOBATH COAEPIKALLYIOCS
B MCXOJHOM MacCCHBe JaHHBIX HH(MOPMAIHIO 38 CYET
rnepexojia K MEHBIIEMY YHCIy Haubosnee mHGOpMA-
THBHBIX (pakTopoB — raaBHbIX KommoHeHT (I'K) [23].

J s Kaskmoro us uccireqyeMbix rpad)oB OCyIIecT-
BJIIETCS pacyeT BKJIa[a Pa3TUIHBIX XapaKTePHUCTHUE
rpados B npocrpancrse ['K. [l pacuera ynensHo-
r'o BKJIaZa KasKJOM WHTEerpaIbHON XapaKTepUCTUKH
HCIIOJIb3yeTcs cieayioliiee Bripaskenue [23]:

fl(yj)f2(yj)
I ’

z A fe(yr)
k=1

Con : =

j [J =1(D)n],

rme f1(y;) u fy(y) — sHaveHme BKIaja j-ro IpH3HA-
Ka B 1"K11 uI'K2.

Taxum o6pasom, sHauenue yaeasbHOro Braaga Con
(ot amrm. «contribution») sBiseTcs IIpou3BeIeHHEM

Brnaga B 'K1 u I'K2 j-ro mpusuaka rpada, HopMupo-
BAHHOTO HA CyMMY BKJA/I0B OCTAIbHBIX Mep B 'Kl u
I'K2. Ha ocHOBe ymenbHOro BEJIA/1a BO3MOKHO BBIOH-
pars HauboIee HHpOPMATHBHbBIE IIPU3HAKH, TI03BOJI-
IOIITHE COKPAIIATh IIPU3HAKOBOE IIPOCTPAHCTBO H IIPO-
BOIHTH KJIACTEPU3ALMIO C HAUBLICIIIMM Ka4eCTBOM.

JTan KJIacTepusamuan

IIporeaypa ximacTepusanuu B HCCIAEAOBAHUU
HCIIOJIb3YETCS IJIsi OLIEHUBAHUS Pa3IesIsaomiel CIo-
cOOHOCTH CPaBHHUBAEMBIX METPHK IT0m00Ms rpadoB.
YuuThIBas, UTO I1eJIb UCCIIEIOBAHUS COCTOUT B CPAB-
HEHHHN Pa3IuYHBbIX METPHK momobms rpados, misd
pellleHus 3a1a9u KJIacTepusaIiuu rpados, mopo:xia-
€MBIX Pa3JIUYHLIMH UCCIIELYEMBIMU MOIEIISIMH, MOK-
HO WCIIOJIb30BATh AJTOPUTM KJIACTEPU3AIHMU C H3-
BECTHBIM YHCJIOM KJIACCOB 110 MeTOxy k-cpeauux [28].

Merton k-cpemHux, OMUH M3 CAMBIX PacIpoCTpa-
HEHHBIX METOJOB KJIaCTepPH3allWH, ObLI ITPeIIOKeH
B 1950-x romax maremarurom ['yro Illreitmraysom.
CyTh MeToma 3aK/II0YaeTcsi B MHUHUMH3AIUUA S —
CyMMAapHOTO KBAAPATUYHOTO OTKJIOHEHUA KOOPIHHAT
3JIEMEHTOB KJIACTEPOB OT I[EHTPOB 3THUX KIACTEPOB —
Ha OCHOBE UTEPATHUBHOM IIPOIEAyPhI IIepecyeTa Koop-
IUHAT [IEHTPOB KJIACTEPOB U COCTaBa KIacTepos [28].

Jran OIeHKH Pe3yIbTaTOB KIACTEPU3AIUHI

Hdnsa omeHKHM pe3yabTaTOB KJIACTEePU3AI[UU
6bL1 BbIOpaH Koapdunment Poynrca — Mbaimosa
(K®M) [25, 29] — mepa cxoncTBa MEKAYy OBYyMS
pesynbpraraMu KjacTepusanuu (B HACTOSIIEM WC-
CIeIOBAHUY MEK/IY UCTHHHBIMY 3HAYeHUAMH KJIac-
coB Al u 3HAYEHUSIMH KJIACCOB A2, IOIyYEeHHBIMU
B pesyiabrare Kiaacrepusaiuu). Kosddurmenrt us-
MeHsdercd B mpenenax [0; 1]. Yem ero sHaueHue BHI-
111e, TEM BBIIIIE KAYeCTBO KjiaacTepusanuu [23].

PesyabTaThl 3KCIIEPUMEHTAIBHBIX
HCCJeI0OBaHuN

Ananmus merogom 'K merpur momobus rpacor
IOKa3all, 9T0 B MeTpuKe Ne 2 KOJIMHEeApHLIMH SB-
asrores xapakrepuctuku All u KII, mostomy wuc-
XOJHO€ KOJIMYECTBO IMPU3HAKOB COKPAIIEHO 3a CYeT
yoamerusa KII. Ilpu Berauciaenun metpuru Ne 1 6b1-
JIO yCTAHOBJIEHO, YTO TPUALBI C IecToH 1o 16 B pac-
CMaTpPHUBAEMBIX MOMENSAX TrpadoB OTCYTCTBYIOT,
moaToMy B MeTpuKe Ne 1 KoTu4ecTBO MPU3HAKOB CO-
Kpameno ¢ 16 xo uaru. Takum o6pasom, Mmarpuna
HabIOIeHu IprodpeTaeT BUL, Y[16, 20000]- Hrorosoe
YMCJIO TPU3HAKOB: MeTpuka Ne 1 — 5, merpura
Ne 2 — 8, merpuka Ne 3 — 3, uroro 16.

KauecTBo Kiacrepusamuu B X0Je SKCIEPUMEH-
Ta pacCYUTHIBAIOCH I KoMOuHAanui us 1:16 mpu-
3HAKOB C I€JIbI0 BBIABUTH KOMOWHAIIHIO, I103BO-
JISONIYI0O Pa3leIUTh CMECHU MOJeJeHd HAWUIYUIIUM
obpasom. Ilpu sToM HamaydIiei cuymTaeTrcsa MIPH-
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3HAK WM KOMOWHAIIMA HPHU3HAKOB, 001amaromias
cambiM BbICOKMM 3HayeHueM K®PM. Borumcnenwus
ocymecTBasanuck Ha cepsepe HPProliantDL380, na
6ase aByx mporeccopoB INTEL Xeon silver 4214.
MogenupoBaHue OCyIIeCTBIANOCH CpeICTBAMU
a3pika R, pacmapannenuBanue paboThl IPOIECCO-
poB obecrneunBaiocs 6ubanoreroit doParallel [30].

1-i1 aTan (puc. 3, a, 6). KoppenanuonHasa okpy:x-
HOCTh IIPEJICTABJIseT COO0H BapHaHT BHU3yaJIHU3a-
IIUH pe3yIbTaToB KOMIIOHEHTHOTO aHaausa. Paguyc
KOPPEeIAIMOHHON OKPY:KHOCTH PaBE€H eTUHUIE U
WHTepIpeTHpPyeT CyMMapHBIH BKIaJ] IIePBOX U BTO-
poii KoMIIOHeHT. Biukaiiiime K paguycy BEKTOPBI
MIPU3HAKOB COOTBETCTBYIOT HAMOOJBINIEMY BKJIALY
B IIEPBYI0 U BTOPYIO KOMIIOHEHTHI. UeMm 6im:xe pac-
IIOJIOMKEHBI JPYT K ApPYTYy Npu3HaKu (0603HAYEHBI
KBaJpaToM KPacHOM IIyHKTHPHOMN JIMHWEN Ha KOop-
PeNAIMOHHOM OKPYKHOCTH), TEM OOJIBIIIE ¥ HUX CO-
BMectHbIN BEaan B 'K1 u I'K2.

Kpacuas nyHkTupHasd, IpoBeeHHA Yepes IpHU-
3HAKHW, — 9TO cpeaHuil ynenbubld BKIam B 'Kl u
T'K2. PaccuureiBaeTca Kak AeleHHe BCEro BKIama
(100 %) Ha KoMuecTBO HPU3HAKOB. B cooTBeTCTBHHI
¢ merogukoi npumenenus MI'K npusuaxosoe mpo-
CTPAHCTBO COKpAIlaeTcsa 3a CYeT yAaJIeHUI KOJIJIH-
HeapHBIX MMPU3HAKOB, yaajienus npusHakoe ¢ Con
HUJKEe CpeaHero 3HayeHus (BbIJe/IeHbl HA MpPU3HA-
Kax pucC. 3, @ YepPHOH IITPHUXIIYHKTUPHON JTHHUEH)
¥ TepKoJganuu (T. e. yJajJeHus U3 TPyIIbl OTHO-

TUITHBIX IIPU3HAKOB TeX, Y KOTOPBIX HUKE 3HAYCHUE
Con), CXOIHBIX 110 CTETIEHH BKJIaa IPHU3HAKOB.

Ha pwuc. 3, 6 npencrasieHO COKpAIleHHOE B CO-
OTBETCTBUHM C DTOM METOAMKOU N0 ceMU IIpu3Ha-
KOB HpOCTPaHCTBO. KoppeisiuoHHas OKPYKHOCTD
puc. 3, 6 moKaskIBaeT, YTo cymMmMapHbIi BKaan B ['K1
u I'K2 BwIpoc 10 95 % (41,7 + 53,3) o cpaBHEHHUIO
¢ 81 % (54,3 + 26,7) Ha KOPPEAIIHUOHHON OKPYKHO-
CTH puc. 3, @. ITO MO3UTHUBHOE HAOIIONEHUE TTOIED-
KHMBaeT IPaBUJIBHOCTh BIOPAHHBIX IIIATOB II0 COKpPa-
IIIEHUI0 IPU3HAKOB.

PesynwraTel cpaBHeHHs KadyecTBa KjacTepusa-
UM C HCIIOJIb30BAHUEM MPHU3HAKOBOIO IIPOCTPAH-
CTBa, BHIOPAHHOTO Ha OCHOBE KOMIIOHEHTHOTO aHa-
nu3a u MeTojia mepebopa, mpeacTaBieHbl B Ta0. 2.
Oo6o03HaueHHe CTOJIOIOB TAOMUIBI: 1 — KOJIMYECTBO
MMPU3HAKOB; 2 — THII MPU3HAKOBOTO IIPOCTPAHCTBA;
3 — KOIM4ecTBO KOMOWHAITMH IMPU3HAKOB; 4 — KO-
Iu4YecTBO KomOmHanui ¢ Hauayumnum KOM; 5 —
nanwryumnit KOM; 6 — wmawmxymgmuit KOM; 7 —
cpeguuit KOM; 8 — ayumas mo MI'K kombunamus;
9 — K®M nayumreit mo MI'K kombunaumu.

AHanu3 pesyIbTaToB, IPEeICTABIEHHBIX B Ta0I. 2,
c/iesias BO3MOKHBIM BBIABUTH XapaKTEPHYIO 0COGeH-
HOCTb, 3aKII0YAMOIIYIOCA B TOM, YTO Ha srame 1 mpu
yuciie npusHakoB N = {2:7} npu moaHoMm mepebope
K®M = 1. llna N = 2 sro kombunanwu [[C-9C u I1I1-
IC, mpu N =7 sro xombunarus I[II-AC-IIC-CBII-
[B-IIII-3C. IIpu N = 3,4, 5, 6 npusHaKH HE BHIXOAAT

a) ! '

S .
= 2
5 o
x
2
= I'K1 (54,3 %) ©
N
6)
®
g
—_ o
S
Lt
i
=
N
==
= TK1 (53,3 %)

L — e T |
‘LVYQ& bOQoQO& @é\&@q\&\}\"b?g
IIpusnaku
IIpusnaku

B Puc. 3. Pesynbrare: npumenenns MI'K ua sramne 1 10 (@) u mociie (6) cCOkparneHus MPpU3HAKOBOTO IIPOCTPAHCTBA: C1e6Q —
KOPPEJISAIUOHHA OKPY/KHOCTD; CNpasa — PAHKMPOBAHHBIE [0 3HAYEHUIO YIEIHHOTO BKJIAA TPUSHAKU

B Fig. 3. The results of the use of PCA at stage 1 before (a) and after (6) the reduction of the feature space: left — corre-
lation circle; on right — features ranked by the value of the specific contribution
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B Tab6auya 2. PegynbraTsl BEMUCIUTEIBHOTO SKCIIEPUMEHTA Ha dTamne 1
B Table 2. Results of the computational experiment at stage 1

1 2 3 4 5 6 7 8 9
Coxkparentoe 7 1 0,95 0,50 0,73

1 1 0,56
Tlonnoe 16 1 0,95 0,50 0,77
CokpalesnHoe 21 2 0,95 0,49 0,70

2 1-IIT 0,58
ITonmaoOE 120 2 1 0,49 0,78
Coxkpaientoe 35 1 0,95 0,49 0,63

3 1-I1T-2 0,56
ITonnoE 560 9 1 0,49 0,77
Coxpaienaoe 35 4 0,93 0,49 0,58

4 1-IIT-2-5 0,56
TTonanoe 1820 15 1 0,49 0,76
CokpaleHHoe 21 1 0,93 0,49 0,54

5 1-I1T-2-5-9C 0,61
ITonHoE 4368 14 1 0,49 0,75
Coxpaienuoe 7 1 0,55 0,49 0,51

6 1-IIT-2-5-9C-4 0,55
Ilonnoe 8008 6 1 0,49 0,75
Coxpariensoe 1 1 0,49 0,49 0,49

7 1-TIT"-2-5-9C-4-CPc 0,49
Tlonnoe 11 440 1 1 0,49 0,75

u3 rpauwui mHOKecTBa [IT-AC-I[C-CBII-LIB-IIII-9C.
Bunuapl rpaHuYHbBIE Ipefenbl 10 PACIO3HABAHUIO
rpados, Buipaskenuble B KOM: ummnuit — 0,49; Bepx-
Huit — 1. Y3 cTonbros 8 u 9 BUAHO, YTO KOMOHMHAIIUH,
ompenenennbie 10 MI'K, He ABIAOTCA ONITHMANBHBI-

mu 110 Kpurepuio KOM. OcobeHHOCThIO ABISIETCS TaK-
JKE U TO, 4YTO YBeJINYeHNe PA3MEPHOCTH IPU3HAKOBOTO
IIPOCTPAHCTBA He MPUBOIUT K MOBLIIeHni0 KOM.
2-it aram (puc. 4, a, 6). Ha koppenanuonHoK
OKpYysKHOCTH puC. 4, ¢ BUAHO, YTO TEHIECHIIUU IIO

a)

9

cocococeeea

\§\ 9]

S
=
S
S
N .
=] T'K1 (58,2 %) e L
= 0 éoo« \&Q\x«%v\}b@bao\oc?odz?\ Q{OY‘
IIpusuaku
6 cceccccccccc e e e e e e e e e oo
S
g
&)
S
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=
&
& TK1 (84,0 %)
IIpusuaku

B Puc. 4. Pesynprars! npumenenns MI'K ua srarme 2 mo (a) u mocite (6) cokpaliieHus MPpU3HAKOBOIO IIPOCTPAHCTBA: C.1e80 —
KOPPEJIAIHOHHAS OKPYKHOCTD; CNPa6a — PAHKUPOBAHHBIE [10 3HAUEHUIO YAEIHHOTO BKIANA IPU3HAKHA

B Fig. 4. The results of the use of PCA at stage 2 before (a) and after (6) the reduction of the feature space: left — corre-
lation circle; on right — features ranked by the value of the specific contribution
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B Tab6auya 3. Pe3ynbraTsl BEIMUACIUTEILHOTO DKCIEPUMEHTA Ha dTarne 2

B Table 3. Results of the computational experiment at stage 2

7

1 2 4 5 6 7 8 9
CoxkpalieHHoe 7 1 0,90 0,57 0,77

1 1 0,88
Tlonnoe 16 1 0,90 0,50 0,68
CoxkpartesHoe 21 1 0,89 0,57 0,79

2 1-IIT 0,88
Tlonuoe 120 1 0,90 0,49 0,72
Coxpaiensoe 35 4 0,89 0,70 0,82

3 1-III"-2 0,88
Tlonnoe 560 12 0,89 0,49 0,75
CoxkparteHHoe 35 5 0,89 0,70 0,84

4 1-IIT-2-CCr 0,88
Tlonnoe 1820 66 0,89 0,49 0,77
CoxkpaienHoe 21 4 0,89 0,71 0,86

5 1-IIT-2-CCr-3C 0,88
Tlonuoe 4368 221 0,89 0,49 0,79
CoxkpariienHoe 7 1 0,89 0,81 0,87

6 1-IIT"-2-CCt-3C-5 0,88
Tlonnoe 8008 494 0,89 0,49 0,80
CokpalesnHoe 1 1 0,88 0,88 0,88

7 1-IIT-2-CCt-3C-5-11C 0,88
Tlonuoe 11 440 789 0,89 0,51 0,80

TPYNIHUPOBAHUIO IPU3HAKOB CXOKH C PHC. 3, Q
muib oryactu. Tak, cxomxu mo-mpesxkaemy Bu u CCr,
Tpuanabl 6 ¥ 2. YOeabHBIH BKJIA HUMKE CPEIHEro
rakxe umetor mpusnaku 1[B, CBL, I1II u AC.

IIpusHakoBOe IPOCTPAHCTBO Ha 3Tame 2 COKpa-
I[EHO aHAJOTHUYHO 3Tamy 1 70 ceMHu IMPHU3HAKOB (CM.
puc. 4, 6). Ha xoppenaiuoHH0i OKpyKHOCTH pHC. 4, 6
BugHO, yro cymmapubii Briag B 'K1 u I'K2 Beipoc
10 98,3 % (84,0 + 14,3), o cpaBuenwuto ¢ 78 % (20,0 +
+ 58,2) Ha KOPPEIAITMOHHON OKPYKHOCTH PHC. 4, a.

PesynbraThl BBIYHUCIAMTENIBLHOTO SKCIEPHUMEHTA
[T Tara 2 IpuBeeHbl B Ta0I. 3.

Munumaneueiiit KOM ma srame 2 cocraBiser
0,49, kak m Ha 3tanme 1, makcumanwHbIr — 0,90.
Kombuuanuu mpusHakoB, 0oTOOpaHHBIE HA OCHOBE
MTI'K, umeror crabunbpHoe sHauenne KPM = 0,88.
B pesynbprare mepe6opa yCTAHOBIEHO, YTO Ha
arame 2 HAWIYYIIUM IPU3HAKOM SBJISETCH IIPH-
suak [1I" u kombunanusa [1T-I1B ¢ KOM = 0,90.

3axaouenue

B xome mpoBemeHHOrO CPaBHUTEIBHOIO AHAIU3A
[IOJIy YeHbI yOe U TeIbHbIE Pe3yIBTATHI, [T03BOJIIOIIHe
BBIOMPATH HAMILYYIILYI0 METPUKY VI PACIIO3HABAHUS
TOIIOJIOTMM TEXHOTEHHBIX KOCMUYECKHX OOBEKTOB.
Omnpenesnenbl TPeOOBAHUS K YUCIY BEPIIWH CIydai-
HBIX rpadoB, dopmupyemMbix o MomensaMm OP u BA,
obecriedynBaoIiie OIU3KYI0 K HYJEBOH BEPOSTHOCTH
n30Mopu3Ma IMOPOKIAEMBIX rpad)oB, UTO HEOOXOIH-
MO 11151 00€eCIIeueH s YCIOBUS HellePeCeYeH s KIacCcoB
rpacdos muaa pacrnosuaBauus. Merogom 'K BeisiBiena
KOJUIMHEAPHOCTh TAKMX HHTErPAIBbHBIX XapaKTepH-

cruk rpacdos, kak K1 u ALl, mpuMmeHuTeILHO K HCCIE-
IyeMBIM MOJENISIM CILy4aiHbIX rpadoB.

BeruncauTenbHBIN SKCIIEPUMEHT ITOKA3aj, 4To
ONITHMAIbHBIN II0 KPUTEPHIO KAYeCcTBa KJIacTepusa-
UM COCTAB MPHU3HAKOBOTO IIPOCTPAHCTBA Pa3HBIN
I Pas3IudHBIX THUIOB rpadoBbix Mopesnei. Ha
arane 1 mccilefoBaIKCh MOJENM Pa3IUYHOM IIPHU-
PoABI — C HU3KOM U BBICOKOH IIeHTpajau3aliyuen, Ho
¢ paBHBIM KosuuecTBoM pebep. [IpoBenenHsIii sKC-
IIePUMEHT ITOKA3aJl, 4YTO MPU3HAK «IIJIOTHOCTh» Ipa-
da, ABAAIOIUICA WHTETPATBHBIM OT KOJHYECTBA
pebep, B TaKKUX yCJIOBUAX 006Ja7aeT HUSKUMHU pas-
IeIAIIMINME CBOMCTBAMHU. A IOKasaTeau IeHTpa-
Ju3alluu «IeHTPaJbHOCTD II0 CTEIIeHU U II0 6JII/I30'
CTH», HAIIPOTHUB, — BBICOKHMH. HpI/I 9TOM HaAHUJIy4-
mumu npusHakamu geiasioreas AC-1[C-CBII-11b-
[II-9C-IIT, mpuyeM ONTHMAIBLHBIMY II0 Pa3Mepy U
Ka4ecTBY KJIAaCTEepH3aI[MU ABIAIOTCI KOMOMHAIIHU
OC-9C u LII-2C.

IIpu npoBeneHnn SKCIIEpUMEHTA Ha 3Tame 2 cpas-
HeHHue MPU3HAKOB, IOJYyYeHHBIX OT Tpad)OBbIX MOJe-
JIe! CcO CXOMKel IIPUPOAOH IeHTPpalInu3aui, BEITBUIIO
"Hamryuinue npusHaku [1I" u 1B, npuuem ncmonnao-
BaHue oxHoro npusHaka III" faeT Takoe e KauecTBO
knacrepusaruu o KOM, kak u coBmecrro ¢ 1IB. Ilpu
pacmo3sHaBaHuu Mozenett BA nmpusHakoBoe mpocTpaH-
CTBO MOKET OBITH COKPAIIIEHO /10 OHOTO IIPH3HAKA.

Takum obpasom, paspaboTaHHble METOIbI aHA-
JIM3a METPHUE MOoxo0usa rpadoB MMO3BOIAT HA HOBOM
Ka4yeCTBEHHOM YPOBHE peliaTh 3aJa4H BBIABICHUS
W3MEHeHUM, MMPOUCXOAAIINX B rpymnmne Habaomgae-
MBIX OIIACHBIX TEXHOT€HHBIX KOCMHNYECKUX 06'I)eI€-
TOB, IPEACTABIIAIONINX OIMMACHOCTH I (DY HKITHOHH-
PYIOIIUX OPOUTAIBHBIX CPEICTB.
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Introduction: The task of analyzing the results of observations of man-made space objects in order to identify groups of objects of
the same topological type remains vital in the conditions of technogenic pollution of interplanetary environment. To solve this problem,
it is proposed to use the tools of graph theory and recognition theory to evaluate the topologies of man-made space objects of various
types. Purpose: To perform a comparative analysis of graph similarity metrics, which consists in finding the optimal metric within the
framework of quality indicators for recognizing man-made space objects. Results: The conducted research has shown that there are three
main approaches to the calculation of graph similarity metrics. Each of the approaches has its base on calculating the vector of parameters
characterizing the graph from different sides. Developed metrics make it possible to distinguish between groups of man-made space objects
represented in the form of graphs. A computational experiment has shown that the optimal composition of the feature space according to
the clustering quality criterion is different for different types of graph models. This property plays an important role in solving problems
of recognizing the topology of man-made space objects at a new qualitative level. Using the proposed methods of comparative analysis
of graph similarity metrics, it is possible to choose the best metric for recognizing the topology of man-made space objects. Practical
relevance: The use of the proposed methods for analyzing graph similarity metrics will allow us to assess changes in groups of similar
man-made space objects. The proposed methods can be used in solving problems of control and cataloging of man-made space objects.
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BBegeHue: nporHosupoBaHue rpymnn BpeMeHHbIX PSAOB SIBJIAETCS CIIOXHOM MPUKIaAHOM MPpo6ieMoy, Korga He06X04UMO yunTbIBaTh
KaK BHYTpUCEPUIHbIE, TaK U MeXCepuiiHble B3aUMOCBSA3M, ONepaTUBHO pearnpoBaTh Ha U3MEHEHUs] B 3aKOHaX (OPMUPOBAHUS PSLIOB.
Llenb: coBeplLueHCTBOBaHNe CUCTEM MPOrHO3MPOBAaHUS TPy BPEMEHHbIX PSAOB, MO3BOJISIIOLLEE MOBbICUTH TOYHOCTb MOJTyYaeMbIX npo-
rHo30B. Pe3ynbTaTbl: pa3paboTaHa yCOBEPLIEHCTBOBAHHAs CUCTEMA HENPOCETEBOrO MPOrHO3UPOBAaHUS TPy BPEMEHHbIX PSAOB C He-
rpepbiBHbIM 06YYEHUEM, B COCTaB KOTOPOU BKJTHOYEH 6710K KOPPEKTUPOBKY, MO3BOJIAIOLLMI aBTOMATUYECKY MOA6UPaTDb rureprnapamMeTphbl
MPOrHO3UPOBaHUS 1 MPOU3BOAUTL Hanbosiee KOPPEKTHbIN aCCOLMATUBHDIN BbI30B MHPOPMaLMK U3 NaMsATH HEVPOHHOI ceTu. [Tpeanoxe-
Hbl HOBbIE [IPaBu/1a peann3aLum CUCTEMbI B IPOrPaMMHOM UCIOJTHEHNH C YITy4LLIEHHbIM aCCOLMaTUBHBIM BbI30BOM MHpOPMaLnN U3 Hel-
poceTeBoy NaMSATH, YTO MOBLICUIIO YCTONYUBOCTb (yHKLIMOHUPOBAHUS CaMUX HEVPOHHbIX ceTel. PaspaboTaH v NporpaMMHoO peann3oBaH
anropuT™ paboTbl 6710Ka KOPPEKTUPOBKH, 06eCrIeYnBaroLLMi Mof60op KodP@ULMeHTa 0C1abeHNs], PETPOCIEKTUBHOM I11y6UHbI KOMITOHEH-
TOB rpynnoBoro BPEMEHHOIo PsAa, a TakXKe Mopora Bo36YX1eHUs HepOHOB. McciejoBaHa 3aBUCMMOCTb TOYHOCTY MPOrHO3MPOBaHUS OT
pasmepa HeiipoceTeBbIX KaHanoB. Ha npumepe MporHo3upoBaHUsi PbIHOYHbIX OKa3aTesel MpojeMOHCTPUPOBAaHO NPeUMyLLeCTBO pas-
paboTaHHOM CUCTEMbI 10 CPABHEHUIO C M3BECTHBIMU aHanoramu. [pakTuyecKas 3HaYMMOCTb: yCOBEPLIEHCTBOBAHHAS NPOrpaMMHast cu-
cTeMa r103BoJISieT 10J1y4Yatb 60J1ee TOYHbIE MPOrHO3bl BPEMEHHBIX PAAO0B [J/15 peLLeHs 3aAay NPUKaZHOV HanpaBeHHOCTH. Tak, cpeaHas
a6CoM0THas OLUMGKA CHUXAETCA Ha 2—35 %, cpeHAs abCOMIOTHAS NPOLIEHTHas olumnbKa Ha 4—37 % v cpeiHeKBaapaTndecKas oLmnbKa Ha
3-29 %. O6cyxmpaeHune: B fanbHEALEM AJ1S1 MOBbILLEHNS 3PHEKTUBHOCTU CUCTEMbI HEO6X0AMMA Pa3paboTKa npaBui aBTOMaTUYECKOro
BbI6Opa APYruX runepnapameTpoB, a TaKKe ONTUMU3ALMS anropuTMa ux nofeopa AJ1si CHUKEHUS BbIYUCSTUTESbHBIX 3aTpar.

KnioueBbie crnoBa — nporHo3upoBaHue rpyni BPeMEeHHbIX PAAOB, IPOrHO3UPOBaHUE MHOFOMEPHBIX BDEMEHHbIX PSf0B, PEKYPPEHT-
Hasi HelipOHHas ceTb, aBTOMaTMYeCKuii MoA60p runeprnapaMeTpoB, ynpaBieHue accoynaTuBHbIM BbI30BOM.

Juaa nurupoBanusa: Munocepgos [[. Y. YcoBepiencTBoBaHHAS cHCTEMa HEHPOCETEBOrO IPOrHO3UPOBAHUS TPYIIII BPEMEHHBIX PAIOB
¢ HempepsIBHBIM obyuenuem. Hugopmayuornno-ynpasasowue cucmemst, 2024, No 1, c. 20-30. doi:10.31799/1684-8853-2024-1-20-30,
EDN: FRWKWP
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Bsenenune

IIporHosupoBaHme TpPyHOIl BpPEMEHHBIX pd-
OB ABJIAETCA CJIOKHOH IPUKIATHON IPOoO6JIeMOi.
3a4yacTy OHO IPHUMEHSETCS IPU aHAJIM3e TPY/IHO-
dopmManmn3yeMbIX IPOIECCOB, 3aKOHBI IPOABIEHU
KOTOPBIX HE MOTYT OBITH B JAOCTATOYHOH IIOJIHOTE
OIHMCAHBI OTHUM IMapamMeTpoMm. BocTpeboBamo Takoe
[IPOTHO3UPOBAHNE NIPH aHAJIW3e IMOTOAHBIX SBJe-
Hui [1-3], pUHAHCOBBIX ¥ SKOHOMHUYECKHUX IIOKA3a-
Teiei [4, 5], TOPOKHO-TPAHCIIOPTHBIX COOBITHH [6],
rpaduka u sHepronorpednenus [7]. Ono npumenu-
MO TaKKe B CeJIbCKOM xo3aticTse [8-10].

B Hacrosiiee BpeMsa K IPOTHO3UPOBAHUIO IPYIII
BPEMEHHBIX PSJI0B MUMEETCH JBA OCHOBHBIX IIOIXO-
[1a, Ha3bIBAEMbIX JIOKAIBbHBIM U I100anbHbIM. CyTh
JIOKAJILHOTO IIOJX0J]a 3aK/I0YaeTcd B TOM, YTO BBO-
OUTCA TPEeNNooKeHre 0 HAJUYHKU CBOETr0 3aKOHA
dopmupoBanus aiaa kKammoro paga. OmHako Takoi
MOAXO0 3a4acTyio Hed(ddeKTHBeH H3-3a dpe3Mep-

HoH noarouku moxenu [11]. Ha cauxenne Tounoctu
MIPOTHO3UPOBAHUS B DTOM ciyuae paboTaeT u OT-
CyTCTBHE yYeTa B3aUMOCBI3€H MeKIAY OTIeIbHBIMU
pamamu. Taxoe mporHosupoBanue Hed(PEKTHBHO
B YCJIOBHUSIX BIMAHHSA PAMOB APYT HA Ipyra, HAIIPH-
Mep IpH IPOTHO3UPOBAHUH IOPOKHOTO TpaduKa HA
cetu nopor [12]. Tem He MeHee 13-3a CBOEH TPOCTOTHI
0o0'beuHEHNE ITPOCTHIX TPOTHO3HBIX MOIEJIEH CTATIO0
HamnboJee pacupoCTPaHEHHBIM MIOIX0I0M K aBTOMa-
THYECKOMY ITPOTHO3UPOBAHUI0 BPEMEHHBIX PAIOB.
Unea r1mo6anpHOTO TOAXOAA  3aKJII0YAETCA
B IIPEAIIONIOKEHUH, UTO BCe BPEMEeHHbIe PAIbI B HA-
6ope IMOIyYEeHbI B pe3yIbTaTe OAHOTO U TOTO e IIPO-
mecca. I'mo6anpHbIe METOABI 00BEIHUHIIOT JaHHbIE
BCEX PSAOB BMECTE M COOTBETCTBYIOT €IHUHOM OIHO-
MepHOH (yHEKIMu mporHosupoBanus [11]. OgHako
9TO CIOKHAA 3a7a4a, ITOCKOJIbKY HeOOXOIUMO yUu-
THIBATh KaK BHYTPHCEPHUIHBIE BpeMeHHbIE KOppe-
JISAIUY, TAK ¥ MEKCEPUNHBIE KOPPEeIAIUU OJHOBpe-
MeHHO. B mociegHee BpeMs MOABUIOCH MHOKECTBO
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pabort, mbITapIuXCcsa 3a)UKECHPOBATh 00€e KoppeJs-
MU, HO O0JBIINHCTBO, ECIU He BCEe U3 HUX, (PHUKCH-
PYIOT TOJIBKO BPpEeMEHHBIE KOPPEJSIIUA BO BPEMEH-
HOHM obsacTu ¥ MpuUbOEranT K 3apaHee OIpeesieH-
HBIM IIPHOPUTETAM B KAa4ECTBE OTHOIIEHUH MEXKAY
pamamu [13].

IIpu 06pa6oTKe MHOrOMEPHOIO BPEMEHHOro psi-
Ia KaK eJUHOr0 IIPOIiecca UCIIOIb3YIOT Pa3InYHbIe
noaxoasl. TpaguIMoHHbIE METO/IbI, TAKHE KaK MHO-
roMepHas JuHelHaa perpeccus [1], aBToperpeccus,
rayccos mportiecc [14], oka3pIBaOTCA HE B COCTOAHUU
YIIOBUTH CJIOKHBIE HEJIUHEHHbIE 3aBUCHMOCTH MEJK-
Iy BPEMEHHBIMH IIaTaM{ M MEKAY HECKOJbKHUMHU
BpeMeHHBIME paxamiu [15, 16]. B cBoro ouepens, Bo3-
MOKHOCTEH KJIACCHYECKUX APXUTEKTYP HEHPOHHBIX
ceTelf, TAKUX KaK Joirasg KPaTKOCPOYHASI MaMATH
(Long Short-Term Memory — LSTM), okassiBaer-
cAd HEJOCTATOYHO MAJIA MOAETHUPOBAHUSA IOJITOBpE-
MEHHBIX 3aBHCHMOCTEH B YCIOBHIX MHOTOMEPHOTO
BPEMEHHOI0 PsAfa. OTO BBHIHYIKIAET HCIO0JIb30BaTh
rak HasbiBaemble raybokue LSTM (Deep LSTM),
YCIIOXKHAA apXUTEKTYPYy U ee o0ydeHne u npuberas
K rubpugabiM MetonaMm. OcraioTcd orpaHUYeHHBI-
MH W BO3MOKHOCTH HeWpoceTeill IO MOgeInpOoBa-
HUI0 KOPPEJIHPOBAHHBIX (PYHKIIMH, UMEIOIIUX Me-
CTO B MHOTOMEPHBIX BpeMeHHBIX pagax [17]. Kpome
TOrO, MIPOU3BOAUTENLHOCTE Mogened LSTM moxer
CHJIBHO 3aBHCETH OT BhIOOPA BETUYHUHBI IIPEABICTO-
puu nporuosa [18]. Cormacuo [19] rpadossie Hell-
POHHBIE CETH MPOJEMOHCTPHUPOBANH HOCTATOYHO
BBICOKHE BO3MOKHOCTH I[I0 M3BJIEUYEHHUI0 CKPBITHIX
[IPOCTPAHCTBEHHBIX 3aBHCHUMOCTEH MEKIYy Iapa-
MU TepeMeHHBIX. MeKay TeM Takue ceTH TpebyroT
YeTKO OIIPe/ieIeHHbBIX IPAa(OBBIX CTPYKTYP I pac-
MpPOoCTpaHeHUd HH(POPMAIIUU, UTO O3HAYAET, UTO
OHM He MOTryT ObITh NMPHUMEHEHBI HAMPIMYIO IJId
MHOTOMEPHBIX BPEMEHHBIX PAIOB, Tlie 3aBUCHMOCTH
3apaHee HEM3BECTHHI.

B pa6ore [2] cBeprouHas HeHpOHHAS CETH CO-
yeTaeTcd C JEKOMIIO3UIIMEH BPEMEHHOTO pAaa Ha
HECKOJIBKO PSAJ0B, yOAJEHUEM BBICOKOYACTOTHOMH
COCTABIIAIONIEH U U3BJIEUeHNEM OCHOBHBIX XapaKTe-
PUCTHK U IEPHOTUYIECKUX 3aKOHOB BPEMEHHBIX Pi-
moB. B pabore [20] mpexnaraercs moaxo qJis CTPY K-
TYPHO-TIapaMeTPUYeCKOi HACTPOHKHN KOTHUTHBHBIX
Mojesiel, OCHOBAHHBIX Ha HEYETKUX IIpPaBUIAX.
B Heit mokasaHo, YTO ABIAIOTCA aKTyaJlbHBIMH BO-
OpOChI BHIOOpPA ONTUMANBHOM PETPOCIEKTHBHOMH
[VIyOMHBI JJIST HCCIIEAYEeMbIX BDEMEHHBIX PAIOB.

Kpome Toro, 60JbITHHCTBO CYIIECTBYIOIUX MO-
Jesiedl BpeMeHHBIX PAI0B TPEOYIOT IMOIHBIX JaHHBIX
BpPEMEHHBIX PSIM0B B KadyeCcTBe BXOMHBIX NAHHBIX,
B TO BpeMd KakK B peajbHBIX Habopax AaHHBIX Bpe-
MEHHBIX PAJOB IpobIeMa ¢ HeIOCTAIOIINMH JaHHbI-
MU ITOYTH Hens0e:KHa M3-3a Pa3indHbIX (haKTOPOB.
Hna Takux pAAOB HEJABHO OBIIO MPENJIOKEHO He-
CKOJIbKO MTPUMeYaTeNIbHBIX MOIX0JI0B, OCHOBAHHBIX
Ha MaTPUYHO-TEH30pHOU (parropusdanuu. OHU 10-

Kazanau 60sbIre BOBMOKHOCTH IIPOrHO3HPOBAHHUS,
OIHAKO 9TH MOJENH, KAK IPaBWUJIO, TPeOyoT Tiia-
TeJILHON HACTPOUKHM IIapaMeTpoB PeryaspH3alluH,
YTO B CBOIO OYepenb BeleT K OOJIbIINM BBIYMCIIH-
TEJIBLHBIM 3aTpaTaM, U CTOMMOCTH yBEIHYHUBAETCS
9KCIIOHEHITUAJIbHO C YBeJIMYEeHHueM KOoJu4decTBa Iia-
pametrpos [12].

IIpumensaiorca Takke rHOpUIHBIE APXUTEKTYPBI
[mampumep, 21, 22]. OgHako mporeaypa HACTPOHKH
9THUX MOJeNIeH [MOJKHA BBIMONHATHCA IS KaMKIOH
KOHKPETHOM 3a1a4n/Habopa JaHHBIX, ¥ YHHBEPCAIb-
HBIX pelleHu B HaCTOAIIUN MOMEHT He CYII[eCTBYeT.

Kpowme Toro, 3axoubI (popMUPOBaHUA MHOTOMEP-
HBIX BPEMEHHBIX PAAOB U HUX MeﬂccepI/II‘/JIHbIe CBdA-
34 MOTYT CTPEMUTEIHLHO MEHSTHCS, YTO IIPUBOIUT
K OBICTPOMY ycTapeBaHUi0 ch)OPMHUPOBAHHBIX IIPO-
FHO3HBIX MOfeNieil. B TaKuX ycIOBHSAX aKTyajbHBI
MeTO[bl HEIIPEePBIBHOIO O0yYeHHUs, CIIOCOOHBIE ObI-
CTPO agalITHPOBATHCA U YYUTHIBATH HOBBIEC 3AKOHO-
MepHOCTH Ipu (POPMHUPOBAHUH IIPOTHO30B.

IIocraHoBKa 3a7a4H COBEPIIEHCTBOBAHUS
HM3BECTHOH CHCTEeMbI HEHPOCETEeBOTo
IPOTHO3NUPOBAHUS I'PYIII BPpEMEHHbBIX
PAIOB ¢ HEIPEPHIBHBIM 00yI€HHEM

B nocnexmue rogsl pa3BUBAIOTCA CUCTEMBI IIPO-
FHO3HWPOBAHUSA C HEIIPEPHIBHBIM 00y YE€HHEM, B OCHO-
BY KOTOPBIX ITOJIOKEHBI PEKYPPEHTHBIE HEHPOHHBIE
cetu (PHC; Recurrent Neural Network — RNN)
¢ yupasisieMbIMHu 3jiemeHTamu [23, 24]. Takasa mei-
POHHAfA CeTb COCTOUT U3 ABYX CIJIOEB, CBA3AHHBIX
VIPaBIEMbIMUA CHHAIICAMH, U 0JIOKA YIIPABICHUS
HelpouHOU ceTbi0. HMHQopMAIMOHHBIE CHUTHAJbI
rnepenarnTcs IIOCPEACTBOM €IUHUYHBIX UMILYJIbCOB
BO30YKIeHHBIX HEHPOHOB; BO30y:KIeHHE HEWpoHAa
¥ H3JIyYeHHEe HUMIIYJIbCA IPOUCXOAUT IIPHU IIPEBHI-
IIEHUHW Nopora BO30y:KAalollero IOTEeHIHAkIa Ha
BXOJle HEHpOHA. YIIpaBifeMble CHHAICHI CABUTAIOT
CUTHAJIBI IPY UX Iepeaade OT CJIOS K CJIOH, 338 CYeT
Yero peasusyercs MPOJABHKEHHWE MaHHBIX BAOIb
croes PHC, or Bxoxa & Beixony. Ciou pas3bursr Ha
JIOTHYEeCKHe T0JId OAUHAKOBOTO pasMepa, a BeIudH-
Ha CIBHUTa paBHA pazMepy JOTUYeCKOro II0JIsd II0 COo-
oTBeTCcTByMOMIEH ocu. TakuMm 00pas3oM, CETh OIIEepH-
pyeT 6J0KaMH TaHHBIX, 3aKOAUPOBAHHBIMU B BH/E
COCTOSITHUYM HEHPOHOB JIOTUYECKOTO IT0JIA. TH OJI0KH
JaHHBIX HOCAT HAa3BaHHE COBOKYIIHOCTEH eIHHUY-
ubix 06pasos (CEO; Sets of Single Patterns — SSP).
B saBucumoctu ot mpaBuia casuroB CEO mpu ux
mepengade OT CJIOA K CJIOI0, JaHHBIE MOT'YT IPOJBU-
rarbesi or Bxoga K Beixoxy PHC mo pasmmusbiM
mapiipytam [23, 24]. Ha puc. 1 npuBemen mpumep
moruyeckoir crpykrypsr PHC ¢ pasmepom cioes
2 x 3 TOTUYECKUX IIOJA.

B cucremax mporHo3upoBaHUS C HEIPEPHIBHBIM
obyuennem umeercs ase maentuunsie PHC (PHC1
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1001
1100
0111 Bxogusre CEO

Brixoausie CEO

B Puc. 1. IIpumep crpyrrypsr PHC. UepHoii cromrHom
crpenkoi mokasan mapupyrt npoxsmxkenus CEO Bponn
CJI0EB, YEpPHOM IyHKTHPHOH — IIPOABMIKEHUA OT CJIOA
K CJI010, 6eJIOH CTPEIKOM MOKa3aHbl TOUKH BXO/a M BBIX0JA

B Fig. 1. Example of a structure of RNN. The black solid
arrow shows the SSPs route along the layers, the black
dotted arrow shows the progress from layer to layer, the
white arrow shows the input and output

u PHC2) u 610K ympaBieHUs IpPOTrHO3HPOBAHHEM.
PHC1 HenpepbIBHO HAXOAUTCS B PEKUME 00y IEHU.
Ilpu sTOM uepes Hee MPOXOIUT MOTOK JAHHBIX, 3a-
KOJIHMPOBAHHBIX B BHje mnocienoBarenabHocreir CEO.
B mporiecce Takoro mpoxokIeHUA HA YIPABIIEMbIX
CHHATICAX IOCPEJCTBOM H3MEHEHHsI UX BECOBBIX KO-
3 (PHUIIHEHTOB OCYIIECTBIAETCS YCTAHOBJIEHHUE aCCo-
IIUATUBHBIX CBS3€H MeXIy dIeMeHTaMu 00pabaThi-
Baemoro noroka. Korga BosHuKaeT He06X0TUMOCTD,
1o KoMaHfe ¢ O6JIOKa yIpaBlIeHUI TPOTHO3UPOBAHU-
em cocrosune PHC1 konupyercs 8 PHC2, u na PHC2
OCYIIEeCTBIISIETCSA MPOTHO3UpPoBauue [24—26].

IIpomecc mTpPOTHO3MPOBAHUS B HCIOJIb3YEMbBIX
HEAPOHHBIX CETAX OCYILECTBISIETCS 3a CUET yIIpas-
JIEHUST acCOIMATUBHBIM BHI30BOM MH(OpPMAIUU U3
HelipoceTeBoii mamaTu. Bec cuHamca, IOMHUMO Be-
coBOro Kos(duimeHTa, BKJIHOYaeT B CBOM cOCTaB
yHEKIMIO ocnabaeHus PacXoAANUXCI eIUHUYHbBIX
06pasos [25]

By = 1AL + ary(®), M)

KOTOpas 3aBHCHUT OT Koa(pduiimenTa ociabieHus o
M PACCTOAHHUA MEKIY CBA3BIBAEMBIMH CHHAIICOM

HeHpoOHAMH rij(t). Bapbupys sHaueHus o, MOMKHO CY-
I[ECTBEHHO M3MEHATh HAMPABJIEHHOCTh U CHUJIY ac-
COIIMaTHUBHOTO B3aI/IMO,I[eI‘/JICTBI/IH HUMIIYJIBbCOB B CE€TH
[25].

HenpepsiBaOCTh 00y4YeHUA U TIPOrHO3UPOBAHUA
T03BOJIAET CHUCTEME OBICTPO AAAITHPOBATHCA IIOA
HU3MEHEHHUs B 3aKOHaX IIPOABJIEHUS Ha6mo/:[aeMbe
COOBITHI. OTH CBOMCTBA HEIaI0T CUCTEMBI IIPOrHO-
3UPOBAHUSA C HEIIPEPHIBHBIM O0yUYeHUEeM IOTEeHITH-
AJIbHO IIPDUMEHHUMBIMH [JI IIPDOTHO3SUPOBAHUA I'PYIIIL
BpeMeHHBIX PAI0B. B To iKe BpeMd ocTalTCsa Hempo-
paboTaHHBIMHU BOIIPOCHI, CBA3aHHLIE C YIPABICHU-
eM THUIlepIapaMeTpaMH U YCTOHYHBOCTHIO (DYHK-
ITHOHUPOBAHUS PEKYPPEHTHBIX HEHPOHHBIX CeTei
C yIpaBiasgeMbIMH djieMeHTamMu. Heo0X0oamMoCThb
moxbopa THIlepIapaMeTpPoOB HPUBOAUT K TOMY, 4TO
IIPY OTCYTCTBUM HAOMIONEHUS U YIACTHS OIeparopa
TOYHOCTH IIPOTHO30B CHU:KaeTcd. HeKoppeKTHOCTD
3HAYEeHUH TUIeprnapaMeTpoB, TAKUX KaK IOPOT BO3-
Oy:xIeHuS W KO3(P(MHUIIMEHT OocaabIeHus, MOKeT
npuBoauTh K neperpyske PHC B npomecce mporso-
supoBaHus i1u60, HA060POT, K YPE3MEPHOMY 3aTy-
XaHUIO ¥ HEOCTATKy BO30Y:KAAI0IIEero MOTeHITHATIA
HEeWPOHOB [JId aCCOIMATUBHOIO BHI30BA HOBOM WH-
dopmanmu. Kpome Toro, B runepnapamerpax acco-
IIMaTUBHOTO BBI30BA MOJIKHBI OBITH OTpPaMKeHbI 3a-
KOHOMEPHOCTH HabJI01aeMoro HeipoceTho IO0TOKA
MaHHBIX, YTO HE BHINOJHAETCI B ClIydae 3aJaHud UX
BPY4YHYIO.

B unTepecax ycTpaHeHHI 3THX HEJJOCTATKOB He-
06X0IMO YCOBEPIIIEHCTBOBATH U3BECTHYIO CHCTEMY
HEWpPOoCeTeBoro MPOrHO3UPOBAHUS TPYIIl BpPeMeH-
HBIX PAOB C HEIIPEPHIBHBIM 00yYeHHEM.

yCOBepHIEHCTBOBaHHaﬂ cucrema

ITosicuum mpepsiaraeMbie yCOBEPIIEHCTBOBAHUSA
Ha mpumepe puc. 2. Ha Bxome mmeroTca rpynmbl
BpeMeHHBIX panoB {X;, Xy, ..., Xy}, KoTophIle mo-
cTynaioT B 60K mpenobpaborku. B ornuune ot us-
BECTHBIX pelleHu, Ha 6JI0K mpero6paboTKy, TOMH-
MO KOJMPOBAHMSA BXOAHOTO mmoToka B popmar CEQO,
BO3JaraeTcsd 3a/a4ya IepeJUuCKPeTH3aI[UH BXOAHbBIX
PAIOB ¥ MPHUBEIEHHWA HUX OT COOCTBEHHBIX HHTEP-
BaJOB Al;, Af,, ..., Afy; K eqUHOMY HHTepBany Af,.
MerTox nmepeauCcKpeTH3aIuy U BeIUYNHA WHTEPBA-
na Af, BEIOMpAIOTCA HMCXOAA M3 ocobeHHOCTeH Bpe-
MEHHBIX PSI0B, KOTOPhIe HE0OX0MuMO 00paboTaTh, a
TaKke anmnapaTHBIX BO3MOKHOCTEH HCIIOIb3yeMOU
BBIYHCIHWTENbHOH MamuHbl. B 0/0ke mpenobpa-
6oTKH rpynna BpeMeHHBIX panoB {X;, X,, ..., Xy}
mpeobpasyercs B HA60p MmepeIuCcKPeTH3UPOBAHHBIX
pagos {X,,, X, ..., Xy}, cocraBngomuii MHOTO-
MepHBIN paj X,, KOTOPBIH 3aTeM KOZUPyeTcs B II0-
creposarenbHocTh CEO SSP, u mogaerca B PHCL.
B cBoro ouepens Ha ciaoax PHC npexycmarpusaercs
Hanuure N HelpoceTeBbIX KaHAJOB, [0 YHUCIY 00-
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B Puc. 2. YcoBepllleHCTBOBAHHASA CUCTEMA IPOTHO3UPOBAHUA IPYIIII BDEMEHHBIX PAOB C HEIIPEPHIBHBIM 00y4eHHEeM U KOp-

PEKTHUPOBKOM rHIIEpPIIapaMeTpPOB

B Fig. 2. Improved system for grouped time series forecasting with continuous learning and hyperparameter correction

pabaTpiBaeMbIX BpeMeHHBIX pAmoB. Ilox Heitpoce-
TEBBIM KaHAJIOM IIOHUMAETCS YaCTh HEHPOHOB U CH-
unamcoB PHC, Beimensemast nias o6paboTKH OZHOTO
BpeMeHHOro psga. IlpuMep KaHAIBLHOH CTPYKTYPbI
cioeB PHC nna nByx pAoB u 3MeeBUIHOTO MapIIl-
pyTa npencrasieH Ha puc. 3 [24].

B mponecce mpoxoxmenus moroka CEO uepes
PHC1 na ee cumamncax ¢opmupyercs IIpoCTpaH-

CTBEHHO-BpeMeHHada Moxenb. DBiok ymnpaBieHus
ananusupyet cocroguus cioes PHC u onpenenser
pexuM nporuosupoBanus [26]. Oguako ais aBTo-
MaTHYeCKOro moxbopa rumeprnapaMeTpoB accoljua-
THBHOTO BBI30BA WH(OPMAIMU W3 HEHPOCETEBOH
naMaTH O6JI0K yIpaBJIeHHUS TaKKe HaIeJIAeTCA HO-
BBIM 0JIOKOM, NpefHA3HAYEHHBIM AJIS UX KOPPEK-
THPOBKH. {71 3TOT0 HCHOIAb3yeTca HHPOPMAIIUI O
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B Puc. 3. Ilpumep ramambHOU cTpyKTyphI cioes PHC
pasmMepoM 3 x 5 JIOTHYEeCKHX Iosed (IIOKa3aHbl ITyHKTHD-
HOU JMHHUEH) IJIS IBYyX HeHpPOCeTEeBhIX KAHAJIOB (II0KA3aHbI
CEPBIMU CTPEJIKaMHU) U 3MEEeBHUIHOTO MapiipyTa. ToHKuMH
CTpeJIKaMHU YCJIOBHO IIOKAa3aH IIPOIeCcC YCTAaHOBIEHHS acco-
IIUATUBHBIX CBA3EH MEKAY deMeHTaMu HeHPOHHOU ceTn

B Fig. 3. Example of a channel structure of RNN layers
with a size of 3 x 5 logical fields (shown by a dotted line)
for two neural network channels (shown by gray arrows)
and a serpentine route. Thin arrows conditionally show
the process of establishing associative connections be-
tween elements of a neural network

cocrosuusax ciroes PHC1 (ua puc. 2 nmokazana To-
cTOM cepoii crpenkoi). Paccmorpum pabory 6s10Ka
KOPPEKTHPOBKH 6oJiee oapO6HO.

Birox KOpPEeKTHPOBKU OTBEYaeT 3a OIpeaesIeHIe
rmopora Bo30y:KIeHUS HEeHPOHOB B u Kos(dduimeH-
TOB OC/IabJIeHUA PACXOMAIUXCA eAUHUIHBIX 00pa-
308 o [25]. Kpome Toro, Ha sTOT 610K BO3jIaraercs
3ajzayda I Kamao0ro us pagos X;,, Xy, ..., Xp, ompe-
IeIuTh TIyOuHy npensicTopun Ay, hy, ..., hy, BIH-
Arolei Ha (POpMUPOBAHUE IPOTHO3HBIX 3HAYEHHUH.
I'my6una npembICTOpWUHM, HCIOAB3yEeMOH B IIPOT-
HO3aX JJIA KaMKIOT0 Paja, Peryaupyercs IIAHOH
¢parmMeHTa COOTBETCTBYIOIIETO €My HEHPOCETEBOr0
KaHaJja, IPHA 3TOM

h,<H,n=12,..,N, @)

rne H — nnuna HeiipoceTeBwix KaHaios B PHC.

CyTb paboThl 6;10Ka KOPPEKTHPOBKH 3aKJII0YAET-
cA B moxbope 3HAYEHWH IUIlepriapaMeTpoB, IO3BO-
JSONAX IIPOU3BECTH Hanbojiee KOPPEKTHBIH acco-
IHUATHUBHBIN BBI30B nH(poOpMaruu u3 namatu PHC.
IIponenypa acconmMaTHBHOrO BHI30BA IIPOTHO3HOTO
snagenusa SSP, B PHC c npocTpaHcTBEHHO-BpEMEH-
HOHM MOJIEJIBIO (;V 3a CcYeT BO30YIKIAIOIIEro IOTeHIIH-
ana umeromuxcs Ha noaax CEO SSPs onuceisaeTcsa
BBIPAKEHUEM

SSPf= RNN(W, SSPs, B, h,,, a), 3)
rone RNN — oneparop 06paboTKH B HEHPOCETH.

KoppekTupoBka 0CHOBBIBAETCS HA OIEHKE COCTOS-
uuii cmoes PHC1 Bo Bpems mMpoxoikaeHUsT JAHHBIX

yepe3 Hee U 00ydueHUd. B morugeckoM mose, KOIuA
roroporo B PHC2 mpegnasnayena njs mory4eHus
IIPOTHO3HBIX 3HAUEHUH, C OIIpeeIeHHOU IePpUOIHY-
HOCTBIO OIIEHHBAIOTCA BEIWYMHBI BO30Y:KAAIOUINX
MIOTEHI[MAJIOB Ha BX0O/aX HEHPOHOB IIPHU PA3IUIHBIX
3HAUEHHUAX THIlepnapaMeTpoB. BribpanHble 3HaAUE-
HHUA THUIEPIapaMeTpoB U3 06JI0KA KOPPEKTUPOBKU
3aTeM mepefalnTcs B OJIOKHM yIpaBIeHUS HEHUPOH-
HBIMH CETAMH, UTO Ha puc. 2 0603HAUYEHO Y3KUMU
cepbIMU cTpenkamu. Jlajsee 3TH 3HAYEHUS KUCIIOIb-
3YIOTCA [IJI KOPPEKTHOTO aCCOIIMATHBHOTO BHI30BA
TIPOTHO3HBIX 3HAUYEHUH.

Ilo pesynwsraty obpaborku B PHC2 mHa BhIXOZE
UMEIOTCA CIPOTHOBMPOBAHHBIE IIOCIENOBATENb-
HOCTH COBOKYITHOCTeH eIMHHYHBIX oOpaszo SSP
KOTOpbIe IIepenarTci B OJOK IIOCTOOpaboTKH 2.
JauHbIfi 60K BBINOJHSET Olepanuu, odparHbe
0JI0Ky mpemoOpaboTKu: cHavyajia AeKOIHpPYyeT, a Mo-
TOM BOCCTAHABJIWBAET HCXOJHBIE YACTOTHI, B pe-
3yJbTATe Yero Ha BBIXOJE CHUCTEeMBI MMEIOT MECTO
CIIPOTHOBMPOBAHHBIE TPYINbI BPEMEHHBIX PANOB
(X3 X5, ..., X4

IIporpamvuas peaxusanus

HeiipocereBasa cucrema IPOTHO3WPOBAHUSA ObI-
Jla peaJn30BaHa MporpaMMHo Ha s3bike Qt (C++).
IIporpammHas peanusaiius 3aUMCTBYET HEKOTOPHIE
KOMIIOHEHTHI IMIPOTPAMMHOTO O6ecHedYeHus SMY-
asauum napsl PHC ¢ ynpasiseMbIMu sjeMeHTAMH,
HCII0JIb30BAHHOTO B [24], B yacTHOCTH, OJIOK BHU3ya-
JIM3AIMU CJI0eB HEeHWPOHHBIX ceTei. OMHAKO BHYT-
peHHAd JOTHKA HOBOM IIPOrpaMMBbl CYIIE€CTBEHHO
oTnuyaercsa. B HOBOH peanusalvuu HpPOBEIEH pe-
axropunr, mo6aBieHbl (QPYHKIUHA KOTUPOBAHUSI
¥ JIeKOJWPOBAHUSA IJId MHOTOMEPHOTO BPEMEHHOTO
pina, peann3oBaHa KaHAJIbHAA CTPYKTypa CJIOEB
C BO3MOKHOCTBIO HACTPOUKH COOCTBEHHOH perpo-
CIIEKTHUBHOH TIIyOMHBI [IJIS KAMKIOr0 KaHaIa.

OCHOBHBIM OT/IMYHMEM HOBOM IIPOTPAaMMHOH pea-
IU3AIUU  ABJAAeTCId (PYHKIHA aBTOMATHYECKOTO
mox6opa rureprnapaMeTpoB MIPOrHO3HPOBAHUA B CO-
OTBETCTBHUH C IPEJIaraeMbIM YCOBEPIIIEHCTBOBAHH-
eM usBecTHOro Merona. CormacHo eMy Ipu HHHUITHA-
JU3AIAU CHUCTEMbI 3ajaeTcd HaA00p KOMOWMHAITHMA
3HayeHHH runepnapamerpos {h,, o}. JImanason
BO3MOKHBIX 3HAUEHUU PETPOCIHEKTUBHOM ITyOUHBI
onpenensercsa ycaosueM (2). Koaddunuent o co-
rimacHo [25] He moxkeT 6bITH Goibiie 0, B TO :Ke Bpe-
M II0 Mepe ero yBeJIWdeHHusA BKIAM 00ydaeMbIX CH-
HAIICOB B ACCOIMATHUBHBIN BHI30B MH(pOPMAIIMU W3
HeHWpoCceTeBOM MaMAaTH CTAHOBUTCS IIPEeHEeOpe KMo
MaJIbIM.

Ha srame ob6yuenwnsi, KAk ¥ B U3BECTHOM METO-
ne, PHC1 orBoguTcs 1o IIpOXO:KIeHHE II0CIeI0-
parenpuocTu CEO u o6yuenwme cunamcos. OgHako
IIPH DTOM C YCTAHOBJIEHHOW HEPHOMAUIHOCTHIO IIPO-
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HWCXOJUT 3allOMMHAHUE HHAEKCOB BO30YKIECHHBIX
HEHPOHOB B JIOTMYECKOM II0Jie, KOIHUSI KOTOPOTO
B PHC2 oTBoguTCA 1O BBI3OB HPOTHO3HBIX 3HA-
yeHuit (a71a ynobcrBa o6ozHauMM aT0 moie F), u
B JIOTHYECKHUX ITOJIX, Komuu KoTopeix B PHC2 0Oy-
IyT CcO37aBaTh BO30OYKAAIOMINM TMOTEHIHANT IJid
sroro BwIsoBa (Fp). Korma mHeoOxommmo ocyie-
CTBHUTH IPOLEAYpPY Hoadopa, AJd KaKIoW KoMOu-
HAIlMW TUIIEpIIapaMeTpoB M3 MMerolerocs Habopa
II0 3allOMHEHHBIM KHJeKcaM HeHpPOHOB momxei Fp
OCYIIECTBIAAETCS pacdeT BO30Yy:KIAIOIIET0 IIOTEH-
nuaja He#poHOB B moie F|,. B coorseTcTBHY C BEI-
OpaHHOM cXeMO¥ KOAWPOBAHUS JaHHBIX OIpened-
eTCs YMCJI0 HEHPOHOB B moJie Fy, Ha BX0oJe KOTOPbIX
uMeeTci HaWOOJbIINN BO30OYKIAOIINNA IIOTEH-
nuajng, ¥ BeIOMpaeTcd TaKoe 3HaYeHHWe mopora B,
[P KOTOPOM 5TH U TOJBKO 3TH HEHPOHBI ObLIH ObI
B030y:xeHbl. [lomyuenHasa TakuM o0pas3oM OIeHKa
cpaBHHUBaETCA ¢ PAKTHYECKUM COCTOSTHHEM HeHpo-
HoB F,, 3amoMHeHHBIM BO BpeMs o0ydenus. CTeneHb
CXOJICTBA OIpejesseTcs IOKasarejieM «Iepecede-
Husd Hajg o0belWHEeHWeM». B KOHeUHOM cueTe, Ipu
nporuosuposanuu B PHC2 Bribupaercs Ta koMbu-
HAIUs TUIePIapaMeTpoB, KOTOPAsd COOTBETCTBYET
Haub0JbIIEeMy 3HAYEHHIO HTOTO ITOKa3aTel.

JKCIIepHMEHTHI H 00CY:KICHHE

B mensx mpoBepkH padboOTOCHOCOOHOCTH yCO-
BEPIIIEHCTBOBAHHON CHCTEMbI IIPOBOIUJICT PSJI
SKCIIEpMMEHTOB. B KavecTBe HMCXOTHBIX IAHHBIX
I IPOTHO3UPOBAaHUS OBLT BBIGPAH AATACET PHI-
HOUHBIX mOKasaTeneil Yahoo Finance [27]. On co-
IEp:KUT TaHHbIe, CHUMaeMble eXemlHeBHO (KpoMme
BBIXOJHBIX) W BEJIIOUalomue mnorasarenn: Open,
Close, AdjClose — meHBI HA MOMEHT OTKPBITHUS U
3aKpPBLITUA TOPIOB, CMe:KHad IeHa 3akpbiTust; High,
Low — mambonpllas v HAaMMeHbIIAA IIeHA 34 JeHb;
Volume — gHeBHOI 06'bEM TOPTOB.

B oskcmepuMeHTax IIPOTHO3UPOBANHUCHL BCE
[ecThb IoKas3aresed, uMerIuxcs B 7aracere Yahoo
Finance. Takum o6pasom, crpykrypa PHC conep-
sKajla IIecTh HeWpoceTeBbIX KaHamoB. Ha xomu-
poBaHUe 3HAYEHUWU KaKJOTO KaHajla B IIEPBOU ce-
pHUH SKCIIEPHMEHTOB OTBOAMIJIOCH o 10 HEHpPOHOB.
Taxum o6pasom, soruueckue mons PHC comep:xanu
60 meiiponos. Ciron HEHPOHHBIX CETEH COMEPIKATIU
NE€BATH JOTUYECKHUX MOJIEH, MAPIIPYT MPOIBUKEHHUA
JAHHBIX OT BXOMIa K BBIXOAY ObLI BHIOPAH B BHUIE
pacxopaieiica cnupanu. Harnamaele MOACHEHHUA
crpykrypbl PHC, mcmonb3oBaHHON B SKCIEpHUMEH-
Tax, IPUBeeHbl HAa PHUC. 4, @ U 6.

KogupoBanue 3HaueHHWI KaKIOTO IOKA3aTesd
OCYILECTBIAIOCH ciaeayomumM obpasom. Junanaszon
3HAUEHUH MOKAa3aTesld TOPTOB HA UCTOPHUH HAaGJIIO-
IeHus pasOuBaJICi HA MHTEPBAJbl, IPUYEM KOJIH-
YeCTBO WHTEPBAJIOB PABHO KOJIHMYECTBY HEHPOHOB
B KaHaje. UuTepBay, B KOTOPBIA IIOMAmaeT TeKy-
1[ee 3HAYEHUE [IOKA3aTeJ I TOProB, CTABUJICS B COOT-
BeTCTBHE BO30Y:KIeHHBIH HelpoH. lekogupoBanme
3HAUYEHUH HA BBIXOJE€ IIPOMCXOIUIO B 06PATHOM IT0-
panke.

Jly1st orleHMBaHUS IPEUMYIIECTBA 10 CPABHEHHUTO
¢ IPYyTHMH IOAXOmaMHu Oblja BbIOpaHa HEHpPOHHAS
cerb LSTM. 9ra cers Xopolio 3apeKoMeHa0Basa
cebsi mpu 00paboTKe BPEMEHHBIX IIOCIEIOBATEb-
HOCTEH M II0 CEroJHS OCTAaeTCAd OJHOM M3 CaMBIX
3 peKTUBHBIX U UCIOJIb3YEMbBIX, B TOM UYHCJIe IPU
IIPOTHO3HUPOBAHUHU (PHHAHCOBO-9KOHOMUUYECKHUX TI0-
kazarenet [28-30].

B kaxmoii cepuu mpoBeneHO IO CeMb SKCIIEPH-
MeHTOB. ['yObuHa mporuosa cocrasinsana 50 muHei,
a TOPHUB0HT — IATH AHEeH. TOYHOCTH MPOrHO3UPO-
BaHU ONPEAEIAINUCH II0 ITOKA3aTeIaM cpefHei ao-
comoruon omubrn (Mean Absolute Error — MAE),
cpeaHelr abCoIOTHOM IMpoIleHTHOH omubku (Mean
Absolute Percentage Error — MAPE), cpenuexBan-
paruueckoii omnb6ru (Root Mean Squared Error —
RMSE) [24]. ¥cpenuerHble 10 IIPUBEIEHHBIM dKCITE-

6)

{ COOOOOO@O0) €— Kaman 1 — Open

{ OOCOOO@OO0) 4— Kanan 2 — High

{ OOCOOOO@C0) 4— Kanan 3 — Low

F OO0000O@O0) *«— Kanan 4 — Close

F OO0000O@C0) *— Kanan 5 — AdjClose
F O@OOOOOO) «— Kanan 6 — Volume

B Puc. 4. Crpyrrypa PHC, ncnons3oBaHHOH B 9KCIIEPHMEHTaxX: @ — 0o0IIMii BUl; 6 — HasHaueHWe U KOAUPOBaHHe ITOKA3a-
TejIel TOProB B HelpoceTeBhIX KaHatax. CepbIMU KpPYy:KKaMH II0Ka3aHbI BO30Y:KIeHHbIE HEHPOHBI, 6EIBIMI — HEHPOHBI B CO-
CTOSHHUY OXHUTaHUA, YePHOH CTPEIKOH yKazaH MapIIpyT IPOJBIKEHNA JaHHbIX

B Fig. 4. The structure of the RNN used in the experiments: a — general form; 6 — assignment and coding of finance
indicators in neural network channels. Gray circles show excited neurons, white ones show neurons in a waiting state, the

black arrow indicates the route of data
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PHMEHTaM pesyIbTaThl JJId IIPeAIaraeMoro MeToma
(mpu pasmepe HeiipoceTeBoro kanama 10 HeHPOHOB)
u puis Heripounoit cetu LSTM npusenens: B taba. 1.
Ilonyuenuble pesynbTaThbl CBHAETEILCTBYIOT, 4TO
YCOBEPIIIEHCTBOBAHHAS CHCTEMA YBEPEHHO ITPEBOCXO-
aut LSTM no ycpenuenubiM mokasarenaM. Tak, cau-
swenne ycpenuennoro MAE mo miectu mokasaressm
TOproB cocTaBuiio oT 2 10 35 %, MAPE — ot 4 no 37 %,
RMSE — or 3 10 29 %. Haumensinuii mpupoct a¢pex-
THBHOCTH mocTurHyT 110 mokasarensam Close, AdjClose,
HaubosbIHi — 110 mokasareaaMm Open, Low.
Oco06eHHOCTHIO IPUMEHEHHSA CUCTEMbI IBISETCS
pasOueHre AuanasoHA 3HAYEHUH HA WHTEPBAJIBI U
KOJMPOBaHHEe WHTEPBAJIOB. JTO IIPUBOIUT K 3arpy0-
JIGHHUIO Pes3yJbTaTOB IIPOIOPIIHOHAIBHO pasMepy
nHTepBasa. CIUIIKOM Majioe YUCIIO HEHPOHOB B Ka-
HaJle MPUBOJIUT K YBEJIUUYECHUIO OIIUOKU KOITHUpPOBa-
HHA, B TO K€ BpeMs YBeJIWUYEeHHe YUCJIa HEeHPOHOB
[IPHU IIOCTOSTHHOM IIyOMHE HCTOPHWH BeIeT K paspe-
JKMBAHUIO IIPOCTPAHCTBEHHO-BPEMEHHOH MOIeIn
BHYTPHY HEMPOHHOMU CETH, YTO TAKKE HETATUBHO OT-
pakaeTrcs Ha TOYHOCTH IPOTHO3MpPOoBaHus. B mensax
HCCIIe0OBaHNA 3aBUCHMOCTH BeIMIUHBI HepoceTe-

NH®OPMALIMUOHHO-YTPABJIAIOLWLUE CUCTEMDI

7

BBIX KAHAJIOB ¥ TOYHOCTH IIPOrHO3WPOBAHUA ObLIA
IIpoBe[leHa elle OIHAa CepHs JKCIepuMeHTOoB. Ha
TeX JKe MCXOAHBIX AAHHBIX, YTO U B IIEPBOH CEPUU
SKCIIEPMMEHTOB, IIPOBEIEHO IIPOrHO3UPOBAHHE HAa
HEWPOHHBIX CETAX ¢ pasMepaMu KaHamuoB b, 10, 15 u
20 metiponos. Pesynbrars! mpeacraBiessr B Tadir. 2.
CorsiacHO MOJIy4YeHHBIM Pe3yabTaTaM IMOATBepHk-
IaeTcs 3aBHCHMOCTH TOYHOCTH IIPOTHO30B OT KOP-
PeKTHOro BbIOOpa pasMepa HEHpPOCeTeBOro KaHa-
n1a. B To ke BpeMsa uMeeTcs IOKAIbHBIH MUHUMYM
OlIMOKHM, KOTOPBIH MOKET OBITH OIpeeeH Ha JTa-
Iie IOATOTOBKY K IIPOTHO3UPOBAHUIO, U MOKET OBITH
BHIOPAHO Ilesiecoo0pasHoe 3HAYEeHHWe pasMepa Hewu-
poceTeBoro kaHanaa. B maHHOM mpuMepe OHO paBHS-
erca 10. Ha puc. 5, a—8 npuBe1eHbI BeITUYUHEI OLIIH-
0OK [JIsT BCeX IIECTH MPOrHO3UPYEMBIX 3HAYCHHH,
HOpMHUpOBaHHbIe Nad HaraagHoctu ot 0 mo 1. Kaxk
BHUJIHO M3 PHUCYHKOB, OIIMOKY CHIKAIOTCSA IO Mepe
VBEJIUYEHH pasMepa KaHAaJOB M yBEeJIUYEHHS TOU-
HOCTY KOJWPOBAHUA U IMPUXOAAT K MUHUMYMY IIPH
pasmepe kaHajna, paBHoM 10, a 3aTeM HAYMHAIOT
BO3pacTaTh, YTO BHI3BAHO YBEIUYEHUEM pa3peKeH-
HOCTH IIPOCTPAHCTBEHHO-BPEMEHHOM MOJEIIH.

B Taé6auya 1. 3uavenus oumboK qia npegmaraeMoi cucreMsl u LSTM

B Table 1. Error values for proposed method and LSTM

Ommbia Open High Low Close AdjClose Volume, x108
RNN LSTM RNN LSTM RNN LSTM RNN LSTM RNN LSTM RNN LSTM
MAE 42,28 | 57,38 | 44,17 | 52,02 | 45,42 | 60,77 | 57,08 | 58,54 | 57,08 | 59,90 2,73 3,35
MAPE 1,73 2,38 1,78 2,18 1,91 2,58 2,36 2,47 2,36 2,53 10,50 | 14,34
RMSE | 49,06 | 60,69 | 48,98 | 57,17 | 53,09 | 68,64 | 63,91 | 66,96 | 63,91 | 67,15 3,93 4,05
B Ta6auya 2. YcpenHeHHbIE 3HAUYEHUA OIINOOK
B Table 2. Averaged error values
Pazmep xanana Open High Low Close AdjClose Volume, x108
MAE
5 129,66 124,08 142,47 136,29 136,29 6,18
10 42,28 4417 45,42 57,08 57,08 2,73
15 113,80 116,66 117,79 118,30 118,30 6,46
20 117,55 134,59 125,91 139,94 139,94 5,82
MAPE
5 5,18 4,96 5,74 5,44 5,44 26,79
10 1,73 1,78 1,91 2,36 2,36 10,5
15 4,67 4,75 4,89 4,87 4,87 25,46
20 4,85 5,48 5,24 5,77 5,77 21,64
RMSE
5 133,20 127,32 146,25 140,86 140,86 7,01
10 49,06 48,98 53,09 63,91 63,91 3,93
15 117,64 119,92 120,97 121,71 121,71 7,05
20 115,09 137,33 129,62 146,06 146,06 6,29
26 7 VHOOPMALIMOHHO-YMPABJSIOLLME CUCTEMbI 7 N21,2024



\ NH®OPMALIMUOHHO-YTPABJIAIOLWLUE CUCTEMDI N\

a) 11t
0,8+
0,6
0,4+
0,2+

6) 1|
0,8+
0,6 -
0,4+
0,21}

8 1 L

0,8+

5 10 15 20

B Puyc. 5. Junamura omubox MAE (a), MAPE (6),
RMSE (8) B 3aBHCHMOCTH OT BEJIUYMHBI HEHPOCETEBOTO Ka-
Hama

B Fig. 5. Dynamics of MAE (a), MAPE (6), RMSE (8)
errors depending on the size of the neural network
channel

3akaroueHue

B crarpe mpemsoxeHa ycOBepIIEHCTBOBAHHAS
cucTeMa HeHpoCeTeBOro IPOTHO3MPOBAHUA TPYILI
BPEMEHHBIX DPANOB C HEIPEPHIBHBIM 00y4YeHUEeM.
Ha npumepe nporuHo3upoBaHus rpyIIibl MOKa3are-
neut Topros garacera Yahoo Finance nokasano, uto
npepyiaraeMas CUCTEMa II03BOJIAET CHUKATH OIIN0-
ku MAE ot 2 o 35 %, MAPE ot 4 10 37 %, RMSE ot
3 10 29 % mo cpaBHEHUIO C U3BECTHBLIMHU PEIIeHUI-
mu Ha ocHoBe LSTM. Bricokas TOYHOCTD TPOTHO30B
obycrnaBauBaeTcs MOBBIIIEHWEM THOKOCTH YIIPaB-
JIEHWsI ACCOIMATHBHBIM BBI3OBOM HH(OPMAIUU
u3 HeidpocereBoil nmamaTtu. B To xe Bpema meron
YyBCTBHUTEJIEH K IPABUILHOCTH BHIOOpPA pasMepoB
HelpoceTeBbIX KaHaoB. IIoKa3aHo, YTO CIUIIKOM
60JIBIII0E MJIH CIHUIIIKOM MaJIoe KOJIHIECTBO KOLUPY-
OIUX HeHPOHOB B HEHPOCETEBOM KaHaJje CIIOCO0HO
MIPUBOAUTH K CHUIKEHUIO TOYHOCTH.

B manpHedmmnx wCCiIeNOBAHUAX ILIAHUPYETCS
COCPEeIOTOYUTRLCA Ha paspaboTke MeXaHW3MOB aB-
TOMATHYECKOTO OIpefeieHus TPeOyeMOH BeIndu-
HBbI KaHaja MPIMO B IIpolecce paboThl CHCTEMBI.
IpyruMm HampaBieHHEM COBEPIIEHCTBOBAHUS CH-
CTEeMBbI IIPOTHO3HUPOBAHUS CTAHET OINTHMHU3AI[HS
mpoltecca mopbopa THIEPIapaMeTpPOB, MIOCKOIBKY
nepe6op BO3MOKHBIX UX KOMOWHAIIMH CTAHOBUTCS
BBIYHC/IUTEIHLHO 3aTPATHBIM IIPU YBEJIUYEHUH YUC-
J1a BpeMEeHHBIX PAKOB B IIPOTHO3UPYEMO IpyIIIIe.
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Introduction: Forecasting of grouped time series is a complex applied problem when it is necessary to take into account both intra-
series and inter-series relationships, and promptly respond to changes in the laws of series formation. Purpose: To improve forecasting
systems for grouped time series, allowing to increase the accuracy of the received forecasts. Results: We develop an improved system of
neural network forecasting of grouped time series with continuous learning, which includes the correction unit that allows to automatically
select hyperparameters of forecasting and make the most correct associative call of information from the neural network memory. We
propose new rules for the implementation of the system in software execution with improved associative recall of information from neural
network memory, which increases the stability of the functioning of neural networks themselves. We develop and programmatically
implement the algorithm of the correction unit operation, which provides the selection of the attenuation coefficient, the retrospective
depth of the components of the grouped time series, as well as the threshold of neuronal excitation. The dependence of prediction accuracy
on the size of neural network channels is investigated. The example of forecasting market indicators demonstrates the advantage of the
developed system in comparison with known analogues. Practical relevance: The improved software system makes it possible to obtain
more accurate time series forecasts for solving applied problems. Thus, the average absolute error is reduced by 2-35%, the average
absolute percentage error by 4-37% and the standard error by 3-29%. Discussion: In the future, to increase the efficiency of the system,
it is necessary to develop rules for the automatic selection of other hyperparameters, as well as to optimize the algorithm for their selection
to reduce computational costs.
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Introduction: One approach to solving navigation and control problems for outdoor mobile robots is to use real-time classification
of the underlying surface type over which the robot is traveling. Knowledge of the underlying surface type allows one to use previously
known surface characteristics to improve localization accuracy and control algorithms. Purpose: To research applicability of the energy
cost of motion for solving the problem of classifying surfaces with different physical properties for a robot with complex kinematics.
Results: The analysis of multi-component motion types has shown that the best distinguishing between surfaces is achieved by using the
motor current values. A fuzzy classifier is synthesized on data that was grouped according to the criterion of the most impactful motor in
a selected direction of motion. We then compare the classifier with machine learning methods. Machine learning algorithms outperform
the fuzzy logic in terms of average accuracy, but fall behind in terms of generalization. We propose a fuzzy logic — machine learning
hybrid in order to preserve the generalization of the fuzzy classifier and improve the accuracy of surface detection by considering more
patterns using machine learning methods. The proposed method for analyzing and classifying data allows us to distinguish with high
accuracy between surfaces differing in power consumption levels, including those that are formed due to different surface properties.
Practical relevance: Results of the research can be employed in developing either a standalone surface classifier or a component of a
complex classifier with varying input data types.

Keywords — underlying surface classification, hybrid methods, machine learning, fuzzy logic, decision trees, gradient boosting,
mobile robotics, motor consumption current analysis.
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Introduction

One approach to solving navigation and control
problems for outdoor mobile robots is to use re-
al-time classification of the underlying surface type
over which the robot is traveling. They traverse dif-
ferent surfaces such as soil, sand, stones, snow, ice,
concrete, asphalt and others.

Knowledge of the underlying surface type allows
previously known surface characteristics to be used
to improve localization accuracy and control algo-
rithms. In this case, controlling the mobile robot
using internal parameters and coordinates meas-
ured by the robot’s sensitive elements is particular-
ly valuable. This approach provides greater auton-
omy and is sometimes the only technically feasible
option. To obtain additional information about the
underlying surface, it is proposed to determine its
type using the robot’s internal measured variables.
In this case, the classifier will consider previously
known surface characteristics, including their im-
pact on the robot. This will provide additional in-
formation for solving problems related to local nav-
igation, design adaptation, and control algorithms,
resulting in a qualitatively different outcome.

In our opinion, there are four main approaches
to solving the surface classification task, which vary
according to the information given to the classifier
and the way the surface affects the robot’s move-
ment.

The first approach is to use visual information
about the surface. This way we can obtain indirect
information about the surface parameters. For ex-
ample, roughness, color, and uniformity. Cameras
are used as sensors. In this case, the images of the
surface can be taken in front of the robot [1] or un-
der its wheels [2]. The main advantages of this cat-
egory are the independence from the design of the
mobile robot and the ability to determine the type
of surface before moving on it. The disadvantages
are dependence on sensor operating conditions (the
influence of lighting, dust, precipitation, vibrations)
and the inability to directly determine the charac-
teristics of the surface, which are important param-
eters for solving other problems. Therefore, in most
studies, this method is fused with methods based
on other data. For example, visual data is combined
with inertial sensor readings as in [3, 4] or with
acoustic signals corresponding to the surfaces un-
der investigation [2, 5]. In [3] the classification ac-
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curacy using the visual method ranged from 73.6 to
96.4% depending on the method applied.

The second approach is to identify the surface to-
pography during locomotion. In this case, we obtain
surface characteristics directly through the robot’s
interaction with it. The topography can be derived
through the vibration of the mobile robot’s struc-
ture components. For this purpose, acoustic sensors
(microphones) [6] and inertial systems mounted on
the robot’s actuators (Inertial Measurement Unit —
IMU) [7-9] can be used. To develop a classifier, ini-
tial tests are necessary to collect data on the surfac-
es where the robot will operate. Hence, classification
is based on comparing with known test data. In [10]
there are results of surface classification by differ-
ent types of input data, including the surface topol-
ogy obtained by IMU. It shows that this approach
achieves high accuracy (>80%) for rough surfaces
and low accuracy (about 33-63%) for smooth and
soft surfaces. A tapered spring attached to a mobile
robot can act as a sensor for vibration detection [11].
Ideologically, this principle can be implemented for
the robot’s suspension. Displacement of magnets
fixed on the spring is determined by hall sensors to
measure the spring vibration. At the same time, the
acquired vibration data is used for subsequent Al-
based classification with an accuracy ranging from
80 to 89% on the trained data and from 77 to 89% on
new data [11]. Another direct topography identifica-
tion method is based on the use of surface-reflected
sound signals of different frequencies emitted from
the robot [12]. Here, the average classification accu-
racy on three types of surfaces — grass, sand, and
concrete — was 97.33%.

In general, this approach is widely used. It pro-
vides valuable information about surface relief and
allows to classify it with high accuracy. The topog-
raphy is an important characteristic of the surface
that is often used to evaluate its impact on the mo-
bile robot. Nevertheless, this can only be achieved
by relying on the previously derived dependencies
between the relief and the robot’s motion. One of the
drawbacks of using this approach is the reduced ac-
curacy when dealing with smooth and soft surfaces.

The third approach is to use information about
the propulsor’s contact force with the surface. In
this case, the reaction forces at the contact points
are measured. Therefore, surface characteristics di-
rectly obtained through robot-ground contact. It is
widely studied by terramechanics. In this case, F/T
sensors are primarily used. They can be installed
on the propulsion system either separately or as a
combination of several dozens of sensors. In general,
this approach is widespread for walking robots. In
[13, 14] an average accuracy of 91-93% is obtained
depending on the used approach to data preparation
and analysis. Applying this method for a walking ro-
bot [15] using a special motion resulted in classify-

ing surfaces with an average accuracy ranging from
62.00 to 97.50% depending on the number of con-
sidered surface features and on the chosen machine
learning model. In [16] arrays of F/T sensors on a
flex circuit are placed on the C-shaped legs of the
robot. A classifier performs better on soft surfac-
es (grass, gravel, sand) with accuracies of 92-97%
than on hard surfaces (concrete, tile) with accura-
cies around 70%.

The advantage of this approach lies in the di-
rect focus on the robot’s contact with the surface.
Consequently, it is possible to determine its char-
acteristics. For example, for wheeled robots [17-19]
this approach allows for the determination of under-
lying surface parameters such as surface cohesion
and internal friction angle. However, additional in-
formation must be used to evaluate the direct effect
on the robot. The disadvantages are the difficulties
in determining the surface and the design limita-
tion of installing such sensors.

The fourth approach — we propose to use infor-
mation about the energy cost of motion. This infor-
mation characterizes the impact of the surface on
the robot, rather than the surface itself. The power
consumption can be evaluated using basic sensors
integrated into the platform, such as the draw cur-
rent and voltage sensors of the actuators. Therefore,
in essence, we use internal measurable states of the
system. Current sensors of motors are primarily
used. In this case for DC motors, this information
can be applied to calculate the torque applied to
each wheel [20]. Often this information is combined
with information from other sensors, such as encod-
ers [21]. In [10], the values of motor voltages and
currents are used to classify 5 types of outdoor sur-
faces using a neural network: gravel, grass, sand,
pavement, and dirt. The average accuracy on motor
currents in the time domain was 56.9%. The clas-
sifier on motor currents performed best on smooth
surfaces with accuracies in the range of 76-83%.
Motor current was shown to be the best parameter
for sand identifying among all other methods.

However, most often, the energy-based approach
is used not for surface classification tasks, but for
obtaining the parameters affecting the motion like
rolling resistance, wheel slippage [16, 18, 22]. The
advantage of this method is the ability to evaluate
the surface impact on the robot directly. This is im-
portant to designing effective control systems. The
disadvantages are: the difficulty in identifying the
surface topography, dependence on robot kinemat-
ics and control actions such as speed and type of
motion.

An analysis of the advantages and disadvantages
of the above approaches shows that none of them can
solve the surface classification problem with high
accuracy for a wide class of robots and a large num-
ber of underlying surfaces. This conclusion is sup-
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ported by results presented in a study [10], where an
analysis of various sensor data groups showed the
prevalence of different methods for different surface
types. Consequently, the relevance of the study is
confirmed by the lack of a general methodology. At
the moment, there are only specific solutions to this
problem with predetermined conditions. In terms of
control algorithms, the proposed approach, that is
based on direct evaluation of the surface’s effect on
the robot, will solve the problem of surface classifi-
cation while also allowing to directly control the ro-
bot depending on the required character of motion.

However, classifiers based on the fourth ap-
proach, that use information about power con-
sumption have not been thoroughly researched.
Therefore, this paper focuses on investigating the
applicability of these insights to the classification
task. The problem is complicated by a complex kin-
ematic structure of the robot and varying motion
velocities. The classifier based on this approach
can be used in the future in a universal classifier,
which will combine different approaches to solving
the problem of surface recognition. Of particular in-
terest is the study of such a classifier on surfaces
with a wide range of physical parameters, including
those that are weakly correlated with power con-
sumption.

Experimental setup

The schematic design of the experimental setup
is shown in Fig. 1. The Festo Robotino 1.6 mobile
robot is used for the experiments (Fig. 1, a).

This robot has a wheelbase on omni-wheels,
which allows it to move in any direction without ro-

tating the entire structure. Such wheelbase makes
the classification task more challenging due to the
mutual influence of the wheels during movement.
There may be situations where the frictional force
of the wheel does not align with the vector of linear
motion of the wheel. This effect can be compared
to lateral slippage on a slippery or inclined surface,
as seen in outdoor robotics. The use of a robot with
an omnidirectional platform is a more general and
complex case for solving the classification task.

The robot is controlled through velocities in the
local coordinate system. It is equipped with three
DC motors. Each motor has a current sensor and a
shaft-mounted encoder. The mobile platform moves
on a test site with interchangeable types of underly-
ing surface: type 1 — soft smooth (gray); type 2 —
hard rough (green); type 3 — hard smooth (table)
(Fig. 1, b). Each surface has a different effect on the
robot’s motion. Note that type 1 and type 2 surface
have close values of power consumption parameter,
but it is formed due to different surface properties
(gray — softness, green — topography). Similar sur-
faces were also researched in [21, 23, 24].

Consequently, the following control parameters
are varied in the experiments:

— underlying surface type (3 surface types);

— the amplitude of the robot’s velocity (from 0.1
to 0.3 m/s);

— direction of robot‘s speed (26 directions, in-
cluding rotational component).

During the experiment, the following sensor sys-
tem data are read from the robot at a sampling rate
of 0.1 s: wheel angular velocity {»;} and consump-
tion current for each motor {I;, I,, I5}. It is not possi-
ble to get a direct measurement of a motor’s voltage
on the Festo Robotino 1.6. Therefore, we will solely

a) Omnidirectional Computer vision

robot

= Global positioning

Robotino v1.6

Experimental site

2

b) Surfaces
Type 1 Type 2 Type 3
Gray Green Table
Soft Hard Hard
smooth rough smooth

B Fig. 1. Experimental setup: ¢ — appearance, coordinate system and motor arrangement of the Festo Robotino 1.6; 56 —

surface types
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rely on information from current sensors to solve
the classification task based on power consumption.
Additionally, the following parameters are calculat-
ed using the values of the current draw [21, 23]:

— currents along the mobile platform movement
axes {I, Iy, I(p}:

—zcos(oc—e) —zsin(oc—e) zcos(oc+6)
I 3 3 3 I
e 2 2 !
I, |=|-=sin(a-0) -=cos(a) =sin(a-0)| Iy |;
Y 3 3 3 I
o 1 1 I
3 3 3
— forces along the axes {F,, F’ y} and robot torque
M:
—cos(%j sin(0) cos(%)
Fx Ml
1 . (m . (m
F, == —sm[—j cos(0) sm(—] M, |;
¥ r 6 6 M
Mq L L L 3

— total current consumption of the motors
IPOT = |1 |+ [Iy| + |15
— total current along the platform movement
axes
axes .
1 = |1, | +|1, |+ |1, ;
— torques on the motors {M;, M,, M}

M-Y v-mrico
Q)

where ¢ is the rotation angle of the robot’s wheels
(@ = 30°); a is the rotation angle of the robot; r is the
radius of the wheels (# = 40 mm); L is the distance
from the center of the robot to the wheels; U is the
motor voltage; I is the motor current; R is the motor
winding resistance; C, is the electrical coefficient of
the motor.

Research methodology

At the beginning, data from a single experiment
was analyzed. This analysis showed that in stat-
ic operating mode, the momentary values fluctuate
strongly. An example of motor current consumption
values is shown in Fig. 2, a. Fluctuations arise due
to measurement noise and weak homogeneity in the
underlying surface of the same type. The analysis of
the density of values indicates that the data distribu-
tion adheres to the bell curve (Fig. 2, b). This implies
the necessity to analyze not momentary readings,
but the distributions of values for different types of
surfaces within one experiment. For easier analysis,
the distributions will be presented in the form of box
plots. For each experiment, boxes are plotted using
the motor current values and all derived values de-
scribed in the previous section for all types of surface.

In the box plots, we analyze the positions of medi-
an values, boundary intervals, their spread, and inter-
sections with other boxes. The upper boundary of the
interval corresponds to the value below which 75% of
all data falls, known as the 75th percentile, while the
lower boundary corresponds to the 25th percentile.
Qualitative analysis of box plots showed that, for each
type of motion, a specific parameter (such as motor
currents, forces along axes, etc.) was most effective in
distinguishing the surface. In particular, for motion
along the X-axis in the local coordinates of the robot,
the best possibilities for surface identification are giv-
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Q
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vso |

1.25 \/\ n A A
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o T

0.75

Current of motor No. 1
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0.25
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Time, s

S
=

2.5

2.0

1.5
1.0 /
0.5

0.0

Probability density function

04 06 08 10 12 14 16 1.8
Current of motor No. 1

B Fig. 2. Value current of motor No. 1 when driving on a gray surface along the X-axis at a commanded velocity of 0.2 m/s:
a — values against time; b — histogram and probability density function
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en by currents of motor No. 1 and 3, current along the
X-axis, and force along the X-axis (Fig. 3).

The next step is to quantitatively verify the con-
clusions derived from the qualitative analysis. For
each experiment we evaluate the intersections of
value intervals for all types of surfaces. First, we
select the reference interval and label it as X. Next,
we label as y the interval for the surface, which in-
tersects a portion of X.

We identify possible interval locations in order
to calculate quantitative representations of inter-
section.

A. The upper and lower bounds of one interval
are above or below the corresponding bound of the
other interval:

B. One of the intervals lies entirely within the
boundaries of the other interval. The values are tak-
en with a negative sign to distinguish them from
the intersections of the first case:

2157955 100y
X75 = X5

if y75 < X735, yo5 > Xo53
ynX=

C. A value of 0% means that there is no inter-
section for this pair of surfaces, i. e. we can clearly
distinguish them.

For the experiment, from which the data was
previously used for box plots earlier (see Fig. 3), the
derived numerical representations of the intersec-

Xor — . . .
75 ~ Y25 :100%, if Y75 > X75, Vo5 > Xos: tions are §h0Wn in TabI.e 1. . .
X = Xqs — Xo5 Quantitative analysis of the range intersections
yna= o5 — Xog for different parameters confirms the qualitative
ﬁlOO%, if y75 < Xy5, ¥95 < Xo5. analysis and shows that the intersection values re-
7525 main stable as the amplitude of the robot‘s velocity
Motor No. 1 Motor No. 3
2.00 2.00
1.75 1.75
1.50 1.50 I
; 1.25 D f;:: 1.25 e 3] e
$ 1.00 $ 1.00 I
5 =
O 0.75 © 0.75
0.50 0.50
0.25 0.25
0.00 0.00
Gray Green Table Gray Green Table
Surface type Surface type
X-axis X-axis
2.00 25
1.75
< 1.25 —IGE06—
< :{ 15 —_
$ 1.00 — g
5 3
S 075 = 10 9768
0.50
0.25 5 1
Gray Green Table Gray Green Table
Surface type Surface type

B Fig. 3. Box plots for currents of motor No. 1 and 3, current along the X-axis and force along the X-axis at a commanded

velocity of 0.1 m/s
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B Table 1. Intersection values for movement along the X-axis for currents of motor No. 1 and 3, current along the X-axis and

force along the X-axis

Current , %,
Force along the X-axis, %
© of motor No. 1 of motor No. 3 along the X-axis
ks
=
2 > g By > g > = g > > g >
8, g s ] g 3 ) g 3 ) g 3 8
g ® & o ® & 0 ® & % @ & o
< g b 2 g b < g & < g & <
2 e z 2 e = 2 e = 2 e =
&) = = &} = = &} = = &} = &=
100 0 0 0 0 0 0 0 0 0
200 14 0 30 0 0 0 0 0 0 0 0
300 74 0 0 62 0 0 34 0 0 40 0 0

rises. The exception is the pair of two high power
consuming green-gray surfaces, where an increase
in amplitude results in an increase in the intersec-
tion value. Similar conclusions are obtained for oth-
er simple motion types, i. e., for motion along the
Y-axis or for rotation.

The following conclusions were also drawn dur-
ing the analysis.

1. For experiments where the velocity is multi-
component, i.e. a combination of linear motions with
the possible addition of rotational motion, the use
of motor currents leads to better results in distin-
guishing between surfaces compared to the use of
currents and forces along the axes. As a result, the
motor current was chosen as the key parameter for
the subsequent analysis.

2. It is worth selecting a motor with a greater
impact in a particular type of motion in order to ob-
tain better surface identification results by motor
current consumption values. The experiments show
that the motor impact depends on the direction of
motion. It is derived from the kinematics of the ro-
bot.

3. In the ideal scenario, it would be advanta-
geous to describe patterns for classifying surface
types across all motion types investigated. However,
with an increase in the number of directions and
amplitudes of motion, the number of identified pat-
terns will become excessively large. Also, the need
to constantly explore new motion types makes the
classifier inflexible. For these reasons, we group the
motion types based on the principle of greater motor
impact in the motion.

The main disadvantage of grouping experiments
by motion type is the increased heterogeneity of
the data compared to individual motions. This ob-
viously leads to a loss of accuracy in surface classi-
fication. A major concern with this approach is the

selection of an appropriate discretization step to
form direction-based motion groups. It is clear that

reducing the step will lead to higher classification
accuracy, but will force the developers to synthesize
more rules to identify surfaces. The study favored
maximum data aggregation by direction of motion.
In each group, current values of one motor prevail
over the others. Consequently, 13 motion groups are
derived (including the rotational component). In our
opinion, this number of groups represents the min-
imum requirement for adequate surface classifica-
tion.

An example is provided in Table 2, that displays
the median and standard deviation values of a cur-
rent consumption calculated for the motor No. 3
by motion groups. The lines in bold are those for
which the current sensor readings of the third mo-
tor show good separability. Derived data confirms
the assumption that a particular motor prevails
for identifying surfaces depending on the motion
direction.

Figure 4 shows motor current box plots across
all surfaces for each type of motion. The number of
the motor that provides the most accurate distin-
guishing between surfaces for a given motion type
is indicated above each plot. Thus, the figure shows
the best dependencies for classifying surfaces in our
case. It is observed that poor surface separability in
particular motions is caused by the prevailing im-
pact of the motor No. 2.

Considering all the analyses, we estimated a low-
er bound for the accuracy of surface classification
based on the obtained patterns. For this purpose,
the following formula was applied:

n.
dirs 1 i i i
z g Bgray + Bgreen +PBravle )
Ndirs -1

accuracy =

where n ., — is the number of motion groups; , —
accuracy of surface x, i. e. the part of the range of
surface x that does not intersect with the ranges of
the other surfaces.
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B Table 2. Median and standard deviation values of consumption current of motor No. 3 by motion groups
Current of motor No. 3
Direction in the local coordinates Motion group Gray Green Table
Mdn c Mdn c Mdn c
X+, X- X 1,103 0,039 1,000 0,032 0,308 0,018
Y+, Y- Y 0,564 0,022 0,615 0,017 0,256 0,013
X+ Y+, X-Y- XY (D) 1,205 0,053 1,000 0,047 0,333 0,034
X+ Y-, X-Y+ XY (ID 0,513 0,098 0,436 0,068 0,205 0,017
R+ R- R 0,385 0,016 0,410 0,017 0,205 0,012
X+ R+, X-R- XR (D) 1,256 0,036 0,923 0,024 0,333 0,014
X+ R-, X-R+ XR (ID) 0,923 0,163 0,795 0,155 0,231 0,024
Y+ R+, Y-R- YR () 0,692 0,019 0,615 0,020 0,256 0,012
Y+ R, Y- R+ YR (I 0,026 0,004 0,077 0,006 0,000 0,007
X+ Y+ R+, X-Y-R- XYR (D 1,269 0,038 1,051 0,031 0,359 0,023
X-Y+ R+, X+ Y-R- XYR (I) 0,128 0,009 0,051 0,009 0,026 0,007
X-Y+ R—-, X+ Y- R+ XYR (III) 0,487 0,018 0,462 0,017 0,205 0,016
X-Y- R+, X+ Y+ R- XYR (IV) 1,077 0,038 0,949 0,025 0,308 0,013
Motor No.
3 2 2 3 1 3 1 3 2 3 1 1 3
14 —
1.2 i H
1.0 [ H
< L
..E“ 0.8
O 0.6

0.2
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XY XR
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B Fig. 4. Box plots of motor current on three surfaces depending on the direction of motion (color indicates surface types,
gray and green accordingly surfaces title, brown for table)
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In this case, the minimum classification accura-

cy is estimated to be 79.2%.

Fuzzy classifier
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In this paper, fuzzy logic was used to solve the
surface classification problem. Our decision was
made based on the qualitative and quantitative

AN 37



7/ NH®OPMALIMUOHHO-YTPABJIAIOLWLUE CUCTEMDI /

analysis of the intersection of motor current in-
tervals across the surfaces, without considering
the median value’s position. We have chosen to use
fuzzy logic because it offers several advantages in
this case:

— easily handles data represented as sets;

— flexible rule generation for different motion
types;

— based on the degree of membership of a par-
ticular value to a set which will help make use of
median values later when forming sets;

— suitable for working with tasks that are not
well formalized, for example, as in [25].

It is also convenient that the key objectives of im-
plementing fuzzy logic have already been solved in
the data analysis section. These objectives include
creating input variable sets and formulating the al-
gorithm rules.

In this paper, the Takagi — Sugeno fuzzy algo-
rithm was chosen because it eliminates the need for
deriving membership functions at the classifier’s out-
put. This choice is based on the specific classification
task we addressed. The input of the classifier is the
consumption current values of each robot‘s motor I,
I, I, the values of commanded X-axis speed, Y-axis
speed, and commanded rotation speed ®. Numerical

velocity values do not play a role in the classification
process. Rather, they function as logical variables in
the classifier to identify the direction of motion. An
example of input membership functions for motor
current values is shown in Fig. 5.

In this case, the membership functions are
constructed as Gaussians, because at the analysis
stage the values from the current sensors within
one experiment adhere to a normal distribution.
The values of medians and standard deviations for
the membership functions are taken from the data
analysis section.

The classifier’s output variable represents the
degree of membership of motor current values to
each surface, using a one-vs-all approach.

Evaluation of the fuzzy classifier

The evaluation of classifier accuracy is per-
formed in two steps:

1. Testing the classifier on the original data that
we used in the analysis phase to derive rules for dis-
tinguishing surface (old data).

2. Testing the classifier on separately gathered
new data. New dataset contains more motion direc-

Membership function
o
ol
T

0 T T T
0 14 1.6 1.8 2
Motor current, A
— gray ---green - table
B Fig. 5. Example of input membership functions of a fuzzy classifier
Old data New data
Gray Green Table Gray Green Table

Gray 169

Green

True labels

Table

Predicted labels

Gray

Green

True labels

Table

Predicted labels

B Fig. 6. Confusion matrices for results obtained with the fuzzy classifier
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tions and amplitudes compared to the old data. This
test is necessary to evaluate the classifier’s general-
ization in case of variable data.

Accuracy will be used as the key metric:

correct predictions
accuracy =

all predictions

The accuracy on old data is expected to be high-
er than the previously estimated lower bound of
79.2%. The obtained accuracy on the two datasets is
shown in the confusion matrices in Fig. 6.

As a result, the classifier showed an average ac-
curacy of 85.8% (gray — 77.3%, green — 82.1%, ta-
ble — 98.1%) on the old data. After switching to the
new data, the accuracy dropped to 79.5% (gray —
77.0%, green — 72.2%, table — 97.4%). The most
errors in both cases are made between the gray
and green surfaces as the sensor system readings
on these particular surfaces are partially similar in
the process of a motion.

Machine learning

The performance of the fuzzy classifier is com-
pared with machine learning models, which showed
high quality of performance for the multiclass clas-
sification task.

Based on a review [26] that identifies advantages,
disadvantages, and applications of various machine
learning methods used in classification tasks, we
have chosen the following models that are balanced
in terms of accuracy and learning speed: decision
tree [27], random forest [28], LightGBM [29] and
CatBoost [30]. All models are trained on the same
data set that used to create the fuzzy classifier.

The algorithms are trained and validated on the
initial set old data. Train — validation — test split
ratio is 60-10-30%. Then, like a fuzzy classifier, the
algorithms are tested on new data. The accuracy of
the algorithm is evaluated similarly to that of the
fuzzy classifier. During training on old data, hyper-
parameters are selected from the parameter grid
based on the best accuracy criterion for each model.
The accuracy score for hyperparameter tuning was
calculated on train data using 5-fold cross-valida-
tion.

The results of the two-step tests are shown in
Fig. 7. From the figure we can see that:

— The maximum accuracy of 91.1% on old da-
ta and the maximum accuracy of 82.7% on new da-
ta was shown by the gradient boosting algorithm
CatBoost. Almost similar levels of accuracy are
achieved with random forest.

— The fuzzy classifier shows the smallest accu-
racy fall of 6.3% between results for both data sets.
This indicates its better generalization compared
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B Fig. 7. Results of classifier accuracy evaluation on two
datasets

to machine learning algorithms tuned for the best
accuracy.

— The accuracy fall in the range of 7 to 8%,
comparable to the fuzzy classifier, appears only in
the CatBoost and LightGBM boosting algorithms.
Meanwhile, the average accuracy of the fuzzy logic
based algorithms is lower by about 8% compared to
the boosting algorithms, with a comparable accura-
cy fall. In other cases, an accuracy fall of over 8% is
observed.

Similarly to tuning hyperparameters with the
best accuracy criterion, machine learning algo-
rithms are tuned for greater generalization in order
to get a smaller accuracy fall when transitioning to
new data. The CatBoost model achieved the best re-
sults at these hyperparameters, with an accuracy
fall of only 5.2%.

Fuzzy logic — machine learning hybrid

The proposed fuzzy classifier, which is based
on the identified patterns derived from analysis,
demonstrates a generalization that is comparable to
the best machine learning algorithm tuned for the
same purpose. The reason for this is the design of
input sets and rules derived from statistical infor-
mation. Still, when compared to machine learning
algorithms, its overall accuracy is lower because of
a significant discretization step for grouping data
based on motion direction. With precise tuning of the
fuzzy classifier, the accuracy could be comparable to
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that of machine learning algorithms. However, the
synthesis of a large number of rules would require a
great deal of time. For instance, currently, the fuzzy
classifier has 78 rules, while CatBoost tuned for the
best accuracy has 1974 rules.

We suggest a solution to use the outputs of the
proposed fuzzy classifier as feature inputs for ma-
chine learning algorithms. We aim to achieve more
precise tuning of the fuzzy classifier while preserv-
ing its simplicity and generalization. The structure
of the proposed hybrid solution is shown in Fig. 8.

For the hybrid algorithm, we trained the same
machine learning methods used in the previous
stage.

The results of testing the cascade on two data-
sets and comparing them to methods without fu-
sion with fuzzy logic are shown in Fig. 9. It can be
observed that the addition of fuzzy logic as input
features gives inconsistent results. It can either in-
crease or decrease the accuracy fall and the aver-
age accuracy on different datasets. The best effect
is achieved for a hybrid of fuzzy logic and CatBoost.
The average classification accuracy increased on
both datasets, resulting in a reduction of the accu-
racy fall compared to the original fuzzy classifier.
In comparison with CatBoost, the proposed algo-
rithm showed on old data an accuracy comparable
to the best accuracy tuning 91.1% (gray — 86.0%,
green — 82.6%, table — 100.0%) and an accuracy
drop comparable to the best generalization tuning
with difference 0.7%. As a result, the proposed hy-
brid method gave the maximum accuracy on new
data 85.2% (gray — 83.6%, green — 79.5%, table —
98.9%). Also, the number of rules of the final classi-
fier decreased to 980.

It was confirmed that the output values of the
fuzzy classifier are the main parameters that
CatBoost uses for surface recognition. For complex
gray and green surface types, the fuzzy classifier
values are prioritized in CatBoost. Decision tree
structure analyses in CatBoost reveal the prioriti-
zation of fuzzy classifier outputs as features at first
layers in the trees (1-2 layer). In addition, the fea-
ture importance metric of CatBoost model showed
the following feature priority: fuzzy classifier out-
put for gray surface (23.72%), fuzzy classifier output
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B Fig. 9. Results of hybrid method accuracy evaluation
on two data sets

Vi I} Py,
Vo I P green
V3 13 Ptable
wn )
Fuzzy Machine Surf
Vo Iyt ¥ classifier learning [ lg;pa;ce
Vs I3 classifier

B Fig. 8. Fuzzy logic — machine learning hybrid struc-
ture

for green surface (20.01%), consumption current of
motor No. 3 (17.36%), consumption current of mo-
tor No. 1 (16.47%), consumption current of motor
No. 2 (13.83%), fuzzy classifier output for table
(8.60%).

This set of feature importances confirms the sig-
nificance of the fuzzy classifier outputs, and also in-
dicates that the model uses motor current values to
adjust the final result, thus increasing the average
accuracy.

Conclusion

The research carried out on resolving the sur-
face classification issue, using an omnidirectional
robot as an example, allowes us to draw several con-
clusions. The analysis of complex multi-component
motion types has shown that the best distinguish-
ing between surfaces is achieved by using the motor
current values. In this case, it is more appropriate
to classify the surfaces based on the readings from
the current sensor of the motor with the most im-
pact in the motion process. The impact of the motor
derives from the robot kinematics and the selected
direction of motion.

During the preparation phase for the classifier
implementation, it became evident that the fuzzy
logic principles complement the performed analysis
of sensor value distribution, including their medi-
an and standard deviation values. The quantitative
analysis of the values’ intersection proves the qual-
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itative analysis and allowes us to assess the classifi-
er’s lower limit of accuracy at 79.2%.

The fuzzy classifier is synthesized on data that
was grouped according to the criterion of the most
impactful motor in a selected direction of motion.
This approach reduces a number of fuzzy logic
rules. The classifier is subsequently tested on the
original (old data) and extended (new data) da-
ta sets. The accuracy is estimated to be 85.8 and
79.5% respectively, with an accuracy fall of 6.3%.
The fuzzy classifier is then compared with machine
learning methods. In most cases, machine learning
algorithms outperform the fuzzy classifier in terms
of average accuracy, but loses out in terms of accu-
racy fall.

In this paper, we propose a fuzzy logic — ma-
chine learning cascade in order to preserve the gen-
eralization of the fuzzy classifier and improve the
accuracy of surface detection by considering more
patterns using machine learning methods. The best
results are achieved by the hybrid of CatBoost and
fuzzy logic. It shows 91.1% accuracy on old data and
85.2% on new data with a 5.9% accuracy fall. This is
the best classification result among all tested meth-
ods.

The proposed method for analyzing and classi-
fying data allows us to distinguish between surfac-
es with different power consumption (gray and ta-
ble). Moreover, the classifier demonstrates high ac-
curacy in identifying surfaces with similar power
consumption levels that are formed due to different
surface properties (gray — softness, green — to-
pography).

Compared to [10], the obtained surface classifi-
cation accuracy on the new data of 85.2% is high-
er than the average classification accuracy for all
surfaces of 56.9% when using only information from
motor currents.

The proposed classifier demonstrated compara-
ble classification accuracy on the training data (old
data) (gray — 86.0%, green — 82.6%, table — 100%)
to the classifier in [21] (gray — 82.1%, green —

88.0%, table — 97.0%). In [21], the authors used an
extended vector of sensory information for the clas-
sifier, including robot velocities, accelerometer, and
gyroscope data. The robot and the underlying sur-
faces are similar in both cases.

Discussion

Surface classification with subsequent extrac-
tion of information about the properties of the sur-
face is one of the main priority tasks for outdoor
robots. However, for most local navigation tasks
this problem is solved by conducting a preliminary
surface analysis and creating a classifier based on
the obtained data. This paper raises the problem of
a lack of universally applicable approach for solving
the classification problem. In continuation, we will
focus on the versatility of solving the classification
problem based on the proposed data analysis and
the classifier construction technique.

Firstly, further research will focus on the possi-
bility of transitioning to a single value that describes
the energy cost of motion. This value depends on the
kinematics of a mobile robot, direction of motion, ro-
tation speed amplitude, and other relevant parame-
ters. We believe a universal parameter will reduce a
number of input features in the classifier.

Secondly, we plan to explore the classification
of surfaces across a full range of motor currents or
the power consumption parameter. This involves
generating new sets and rules for the classifier as
the robot navigates, and adapting existing sets and
rules to changes in the external environment. Real-
time modifications to the classifier will make it a
universal solution to the problem of distinguishing
between surface types.

Lastly, as this work concentrates on analyzing
only the direct power consumption of motion, fur-
ther research will use additional information to ex-
pand the understanding of surfaces’ physical prop-
erties.
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BBeaenune: ofHUM M3 [IOAXOJ0B [IPY PEIIEHUH 3384 HABUTAIWY U YIPABIEHUT MOOUIBHBIMU POOOTaMu, Pab0TAIOIIMMH Ha OTKPHITOM
BO3JyXe, SIBJIAETCS UCIOIb30BAHUE KJIACCH(IUKAIMK THUIA IIOJCTUIAIIINX IOBEPXHOCTEH, 10 KOTOPHIM IIePeMeIaeTcs poboT B pearbHOM
BpeMeHH. 3HAHUA O THUIlE MOACTHJIAIIIEH OBEPXHOCTH MO3BOJAIOT WCIIOIb30BATh paHEe H3BECTHHIE XAPaKTEPHUCTHUKU IIOBEPXHOCTEH I
yay4dnmieHus TOYHOCTH JIOKA/IHU3aIUuU U aJITOPUTMOB YIIPDABJICHU. HeJIL: ucciaenoBaTb IPUMEHUMOCTD JaHHBIX 06 9dHeprosarpaTax IBUKEHUA
JUIS PELIeHUs 3a/1a9y KJIACCU(PUKALMY TTOBEPXHOCTEH C PA3IMIHBIMHU (PU3WUIECKAMH CBOMCTBAMH IS POOOTA CO CIOKHOW KMHEMATHKOM.
PesynbTaTsl: aHAIN3 MHOTOKOMIIOHEHTHBIX THITOB JBU/KEHIS BCEHAIPABIEHHOT0 PO60TA TIOKA3aJI, YTO JIydIlas PasgeluMOCThb IOBEPXHOCTEH
JOCTUTAeTCs IPY UCIIOIb30BAHUY 3HAUYEHUH TOKOB gBuraresnei. [Ipu sToM kiaccuduKanuio MOBEPXHOCTEH 1eecoobpasHee 0CyIIeCTBIAT
10 3HAYEHHUSIM TOKA JABHUTaTesIs1, Hanboee BIUAIOIIET0 Ha Ipoliece ABmkenus. HeueTknil knaccupuraTop CHHTE3HPOBAH HAa OCHOBE TaHHBIX,
CTPYNIIHPOBAHHBIX 110 KPUTEPHUIO Hanbojee BIUAIOIIEr0 HA BhIOPAHHOE HAIpaBJIeHue ABUKEHUI aBurarTend. [IpoBeneHo cpaBHeHHEe HEYeT-
KOT0 KiIaccudukaropa ¢ MeTogaMu ManiuHHOro o6ydenus. [Ipearoxen kackay HeYETKAS JIOTHKA — MAIIMHHOE 00y9YeHHUe C [[eNIbI0 COXPAHUTH
0000IIAOIIYI0 CIIOCOOHOCTD HEYETKOTO KIACCH()UKATOPA U YIIYYIINTH TOYHOCTh OIPEIeIeHNs IIOBEPXHOCTEH Yepes yueT GOJbIIero Koamde-
CTBa 3aKOHOMEPHOCTEH ¢ ITOMOIIBI0 METONOB MAIIUHHOTO o0yuenus. [IpeiomxeHHas MeTOAUKA aHAIN3a JAHHBIX U METO] KJIacCH(UKAIIAN
[TO3BOJIAIOT C BBICOKOM TOYHOCTHIO Pa3[eliTh IOBEPXHOCTH, OTIMYAIOIIKNECT II0 SHEprosarparaMm, B TOM YHciIe COPMHUPOBAHHBIM 32 CYET
PpasHbIX mapamerpoB nosepxHocty. [IpakTHYeckas 3SHAYUMOCTD: Pe3yIbTAThI HCCIEOBAHUN MOTYT OBITh HCIOIb30BAHBI KAK JJIS CO3JAHUS
CaMOCTOSTEILHOTO KIaCCU(PUKATOPA TOBEPXHOCTEH, TAK ¥ B PAMKAX KOMILIEKCHOTO KJIACCH(HUKATOPA C HCIIOIb30BAHHUEM PA3HBIX BUIOB BXOJI-
HOU HH(pOpMAIUH.

KaroueBsie ciioBa — Ki1acCH(PUKAINS IOACTHIAKNINX IOBEPXHOCTEH, THOPUAHBIE METObI, MAIIUHHOE O0yYeHHe, HedeTKas JIOTHKA,
JIepeBb PelleHnH, TPAIUeHTHBINA OyCTHHT, MOOMIbHAT POGOTOTEXHUKA, AHAIU3 TOKOB IIOTPE6ICHMS.
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BBegeHue: CTpeMUTENIbHOE Pa3BUTHE UHPOPMALIMOHHBIX TEXHOMOTMIA NMPUBOZMUT K MOSBJIEHUIO HOBbIX YIrPO3 U yA3BUMOCTEN B MH-
(poOpMaLMOHHBIX cUCTEMAX B PA3NIUYHbIX 06IACTAX XU3HU 0BLLECTBA, IKCITyaTaymns KOTOPbIX yBEJINYNBAET BEPOSTHOCTb yCrEeLHOM
aTaKu 3/710yMbILUIIEHHNKA. B CBA3M ¢ 3TUM BO3HUKAET HEOBXOZMMOCTb MCCIE0BaTh METOAbI MOBbILLIEHNUS 3aLMLeHHOCTH ceTel nepe-
Aaun JaHHbIX B YCI0BUAX MHOTO3TaNHbIX aTak. Ljesib: MoBbICUTb 3alUMLEHHOCTb CETU NEPeAaYy faHHbIX MyTeM NPOaKTUBHOIO yrpas-
JleHns1 6e30MacHOCTbIO NPYU MHOTOITAMHbIX aTakax. Pe3ynbTar: paspa6oTaHa MeToAMKa NMOBbILIEHUS 3alyMLLEHHOCTH ceTel nepegayn
AaHHbIX [IPU MHOrO3TanHbIX aTakax Ha OCHOBE NPOAKTUBHOIO yrpaBJsieHuns 6e30MacHOCTbi0. MeTognka BK/loYaeT B Ce6s MpeBeHTUB-
Hblii aHa/IN3 BUHAMUKN HapYyLIUTEsIed, BbisIBJIEHWE HECOOTBETCTBUIA MOSMTUKM 6€30MacHOCTH, OnpesiesieHne napameTpoB aHoManmi
CETeBOro Tpaguka, KnacCuPUKaLmio TUNOB aTak 1 ONpeesieHne reonokaLum HapyLmTened. [poyecc obecneyeHns 6e30nacHOCTH CETU
nepegayuy JaHHbIX 6b11 HOPMaNU30BaH C UCIONb30BAHNEM MATEMATUYECKOro annapara Teopun MapKoBCKMX MPOLECCOB C UCKPETHbI-
MU COCTOSHUAMM 1 HENPEPbIBHbIM BPEMEHEM, YTO 103BOJIAIIO M10J1y4UTb 3aBUCUMOCTHM BEPOATHOCTH 06ECTIeYeHUs 6e30MacHOCTH CETU
nepegayu AaHHbIX OT BDEMEHM NPOTEKaHUS PA3INYHbIX [TOAMPOLIECCOB CUCTEMbI MHPOPMALMOHHON 6€30MaCHOCTY B HAMNSAHOM rpa-
(uyeckom Buge. PeaynbTaTbl MOAEMPOBAHUSA OKA3AJH, YTO MPEAJIOKEHHAS METOAMKA MO3BOJISIET MOBbICUTbL BEPOATHOCTB 06eceye-
Hus1 6€30MacCHOCTY CETH Nepesayu JaHHbIX B TeyeHne 3afaHHOr0 BDEMEHM U, C/IeJ0BATe/IbHO, CO3AAeT yC0BUS 1S CBOEBPEMEHHOMO
NPegoCTaBIEHNS KOHEYHbIM M01b30BATENAIM YCAIYr M0 06ECMEYEHNI0 Ka4eCcTBa CETH Nepegayn faHHbiX. lpakTuyecKas 3HaYuMocTb:
MeToanKa ABJIAETCA MaTeMaTMyeCcKol OCHOBOW CUCTEMbI MHOPMAaLMOHHON 6€30MacHOCTY, yunuTbiBatoLlesi mapaMeTpbl NPoLeccoB
BO3AECTBUA W 3aIUNTbI AN MPUHATUS IPPEKTUBHBIX MEP M0 NapUPOBAHMKD MHOMOITAMHbIX aTak C MCMOb30BaHNEM MALIMHHOMO
06yyeHus. Pe3ynbTaTbl UCCIEZ0BaHUS MOTYT 6biTb PUMEHUMBI [IPY PA3PAGOTKeE Uu YCTPAHEHUM HEUCTIPABHOCTeN B cUCTEMaX UHGOP-
MaLuMOHHOV 6€30M1aCHOCTYH ceTelt nepesaym JaHHbIX 06bEKTOB KDUTUYECKOH MH(POPMALIMOHHONA MHPPACTPYKTYPbI.

KnioueBbie cnoBa — npoakTUBHOE yrpaBJieHune, CETb Nepeaayy JaHHbIX, MHOT03TarnHas ataka, 06beKT KpUTUYECKOH MHpopmaLm-
OHHOW UHPPACTPYKTYPbl, METOZ MALLMHHOIO 06YYeHNs, re0I0KaLms, UHOPMaLMOHHas 6e30MacHOCTb, aHOMauy, ceTeBo Tpagpuk.

Mua quruposanua: Jlunaruukos B. A., Illesuenko A. A., Menexos K. B., Tkaues [[. . MeToguka HOBBIMIEHUS 3AIMUIIEHHOCTH
CeTH Iepeavyu NAHHBIX 00BEKTOB KPUTHYECKOH MH()OPMAIMOHHON UH(PPACTPYKTYPhI IIPH MHOTOITANHBIX aTakax. Mugopmayuorro-
ynpasasowue cucmemst, 2024, No 1, ¢. 44-55. doi:10.31799/1684-8853-2024-1-44-55, EDN: MVWIFR

For citation: Lipatnikov V. A., Shevchenko A. A., Melekhov K. V., Tkachev D. F. Methodology for improving the security of the data
transmission network of critical information infrastructure objects under multi-stage attacks. Informatsionno-upravliaiushchie sistemy
[Information and Control Systems], 2024, no. 1, pp. 44-55 (In Russian). doi:10.31799/1684-8853-2024-1-44-55, EDN: MVWIFR

BBeneumne

B coBpeMeHHBIX YCIOBUIX T€ONOIUTHIECKON He-
crabuabHOCTH ObecrieueHre 0e30MMacHOCTH O00BeK-
TOB KPHUTHYECKOW MH(OPMAIIMOHHON HH(PACTPYK-
typel (KUN), a umenHo nHPOPMAIMOHHBIX CHCTEM
" B uacTHOCTH cerel nepenaun nauubix (CIT]I; Data
Transmission Network — DTN), asisercs axry-
anbHBIM HampasieHueM [l], KOTOpoe BKIIOYaeT B
cebs1 pasBUTHE METOAWK IIOBBINIEHUS 3allUIleH-
Hoctu CIIII or muorosramueix arax (MOA; Multi-
Stage Attack — MSA). Passurume IT-trexmomormit
¥ MIOCTOSIHHBIM POCT KOJHMYECTBA I0JAb30BaTENed U
anmapaTrHbIX MOIIHOCTEH WH(OPMAIIMOHHBIX CH-
CTeM IIPUBOAUT K HEKOHTPOJIHUPYEMOMY IOABICHUIO

HOBBIX Yf3BHMOCTEH B HHX, KOTOPBIE IO3BOJSIOT
HapywuTeno noaydars gocryn ¥ CILIL KUU, cka-
HHPOBATH PECYPCHI CETH, IOBBIIIATE IPABA JOCTYIIA
B aTaKyeMOM CerMeHTe CEeTH, BHEAPATH CKPHUIITHI,
yIaJeHHO MOAKIYarbed K obopymoBanuio CIIJI u
BBIKJIIOUATh €ro, MCKaTh KOH(MHUIEHIIHAILHYI WH-
hopmariuio, 6JIOKMPOBATH YUETHBIE 3AIIUCH II0JIH30-
Baresen [2, 3].

BosmeiictBue MOA TpUBOIUT K TOBBIIIEHUIO B
CIII menernTuMHOM aKTHUBHOCTHU (4], KOTOpas Bie-
yeT 3a c000 U3MEHEHNe B IIPOILyCKHOM CIIOCOOHOCTH
TeJleKoMMyHHKamuonuoro ob6opymosauusa (TKO)
CII]I, 3amep:Ku B KaHaAJaX CBA3U U IIOTEPH KAIPOB
npu nepenade nagopmaruu o CIIJ[. OgHoBpemeHHO
C 3THM IIpH OPraHU3allM{ HEIPEepPHIBHOTO U OIepa-
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THBHOTO KOHTPOJIS ¥ 06HAPYKEeHN aHOMAaJIN B TPa-
¢dure CIL]] moaBmaoTca mpobieMbl, CBA3aHHBIE CO
CJIO}KHOU MapIIpyTH3alKed MOTOKOB HH(OPMAINU
B CILI o6vexror KMH. C npyroit croponsr, CIIJ B
MAHHBIX YCIOBHAX MOJIKHA (DYHKI[MOHHPOBATH Oe3
cOOEB W MPEJOCTABIATh KaueCTBEHHbIE YCIYTH KO-
HEYHBIM II0JIb30BaTeIIM. BhIABI€HHbBIE ITPOTHBOPE-
YW JAIOT TOJYOK [IJI PA3BUTHUS HAYYHO-METOLHAYE-
CKOT0 ammapaTra O0OHapyKeHUs U IPOrHO3MPOBAHUSI
MOA, ocHOBAHHOrO Ha COBPEMEHHBIX MHTEIJIEKTY-
QIbHBIX TEXHOJIOTHUIX, K YHUCIY KOTOPBIX MOKHO OT-
HECTH MAIINHHOE 00y4YeHue U aHATu3.

B pa6orax [56-7] npemcraBiaeHbl crocoObl, B KO-
TOPBIX JeJaeTcsd aKIeHT Ha yIpaBieHue uHQopMa-
umoHHo# 6esornacHocThio (MB) nndgpacrpykryps! Ha
OCHOBE BBIBJIEHUS YSI3BUMOCTEH B IIpoIiecce (DyHK-
[IUOHUPOBAHU. B TaHHBIX HCTOYHHUKAX yIIPABJIEHNE
Wb aBnsiercsa peakTUBHBIM, TaK KaK He IOgpasyMe-
BaeTcsd MPOTHO3UPOBAHUE PA3BUTHA aTaKU HA CETh.
ITO MO3BOJISIET CHEJIATh BHIBOJ, YTO BHOBL paspabda-
ThHIBAEMbIE CII0COOBI M MeTOnUWKM yrpasieuus UB
IOJKHBL OBITH HAIIPABJIEHBI HA AHAJIN3 HE TOJBKO
IUHAMUKH JeACTBHUM HAPYLIUTENS, HO U COmep:Ka-
HUs 6JI0KOB JaHHBIX IPOTOKOJIOB II0 9TAlaM aTaKH.
Hapsiny ¢ sTum omuuM u3 TpeOOBaHUH K yIIpasiie-
uuto UB CII]l ansiercs peanusamus crioco60B KOH-
TPOJIS 3aIUIIEHHOCTH B PEXKUME BPEMEHH, OIH3KOM
K peanbHoMmy. OTcioma BBITEKAeT IIPOTHBOpPEYHE
MEKIYy WHTEHCHBHO PAa3BHUBAIIIUMUCA CIIOcObaMu
BosgeticrBud Ha CII]l 1 ux peausyoUIHMU BO3MOIK-
HOCTSIMH, C OMHOH CTOPOHBI, ¥ IPUMEHIEMbIMHA METO-
namu ynpasinenus UB — c apyroit. Takum o6pasom,
HeoOxomuMocTh oeHkH samuireHaoct CII o65b-
exroB KU okaseiBaeTcst aKTyaabHOM.

Ilenpbio maHHOTO WCCIENOBAHUA ABISETCS IIOBBI-
menue BeposiTHocTH samuienuoctu CIIJ[ B Teue-
HYe 3aJaHHOT0 BpeMEeHHU Ha OCHOBE METOIHUKH IIPO-
aKTHBHOTO yIpaBJieHHs 6e30IIacHOCTHIO IPH pea-
nuzanuu nporusaukoM MOA. IlpoakTuBHBIN Xa-
pakKTep ynpaBiieHus 0e30IaCHOCTHIO 3aKII0YAETCs
B IPUHATHYU pelreHus: no 3amure or MOA Ha ocHO-
Be JaHHBIX IPOTHO34, JeHCTBUHN HAPYIIUTEJIA C yUe-
ToM Mozenu MOA.

3amadyed uCCIeNOBAHMSA ABIsSeTCd paspaboTka
MeTonuku moBbimeHusa samumienHoctu CIII mpwm
MOA, ocHoBaHHOM HA NPOTHO3UPOBAHUM CTpATe-
UM BTOPIKEHUS HAPYIIUTENA 34 CUYeT IPUMEeHEeHUs
WHTEJJIeKTYaJIbHbIX TEXHOJIOT M.

MeToauka MOBBIIIEHUS 3aIIHIIEHHOCTH
CIIJ mpu MOA

Crpykrypa CIIJl kax o06bekTa BO3IEHCTBUS
MOA npexncrasnena Ha pruc. 1.

Ilpenmonaraemasi MeTOZUKA BKJIIOYAET B CeOs
B3aUMOYBA3aHHYI IIOCIEI0BATEILHOCTh TMOAIIPO-
[1ECCOB, 8 IMEHHO COMEPIKUT JIeHCTBHUI:

N\
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— NPEBEeHTHBHOTO AaHajIW3a [AUHAMHUKH [Iei-
CTBUY HAPYILIUTET;

— obHapy:KeHHsI HECOOTBETCTBUH MOJUTHKHU
0€e30I1aCHOCTH;

— oIpeneseHUsA IapaMeTPoOB aHOMAIUM CeTeBO-
ro Tpaduka;

— KJaccu(UKaIli¥ BHUAOB aTak U IOJYYEeHUS
MIOJTHOM WH(POPMAINH;

— YCTaHOBJIEHHUS
[8, 91.

Metoguka yupaBnenus samumienHocTbio CII]T
npu MOA npexncrasieHa B Buge aaropurma (puc. 2).
AsnropuTM mportecca PyHKITMOHUPOBAHUA CHCTEMBI
nHdopmarmonHoi 6esomacuoctu (CUB; Information
System Security — ISS) CIIJl npu MOA onucsisaer
MIOJIHYIO TIOC/IEZI0BATEILHOCTD HOAIIPOIIECCOB YIIPAB-
nenuss CUB CII]I 3a ogus 1iuKI.

B cooTBeTCcTBHY C OTpaCIeBHIMH HOPMATHBHBIMH
noxymentamu mnpeskae yem CUB maumer dyHkmo-
Huposars B mrraraom pexume, CILL u CUB BBogsaT
B 9KCILIyaTaIlUIo, 4TO U OBLJIO yYTEHO B IIpejjarae-
MOM aJITOPUTME.

Yupasaeaue CUUB naunnaercs ¢ popMupoBaHUs
HMCXOMHBIX NAHHBIX, & UMEHHO BBHIPA6ATHIBAIOTCSA
Mojenu (QPyHKIHOHAIBHO-JIOTHYECKON apXUTEKTY-
pot CIIJT u ucnonbsyemsbix B CIIJ] ceTeBbix mpoTo-
Koy0B. Takske Bech BXOAAINMI TPADUK IIPECTABIIA-
eTcs B BHJIe MOJEJIH IU(MPPOBOTO IIOTOKA.

Mopens mudpooro motorka (IN)-coemuneHus
((N)-IIIIC) CIIO ecth ompemeseHHas Ha MEpPUOIe
CYILIeCTBOBAHUSA COEAWHEHUA anrebpandeckas Cu-
crema

reoJIOKaIiunu HapymiuTead

A = <§, {®}, {R}>, o))
rme S — MHOKECTBO CTPYKTYPHBIX d1eMeHTOB (IV)-
IIIC; ® — omepariua KOHKaTeHAI[MH Ha MHOMKECTBE
CTPYKTYDPHBIX 3IeMeHTOB; R — OMHaApHOe OTHOIIIe-
HHe Ha MHOKECTBEe CTPYKTYPHBIX 3JIeMeHTOB B (IV)-
OIIC.

Mopgens B Buze crpykrypst (N)-IIIIC CIIH, omu-
cbiBaeMoro ajurebpoii Buma (1), ecTh OTHOIIEHHE
CTPOrOro HOpAnKa, OIpeleeHHOe Ha MHOMKECTBE
CTPYKTYPHBIX DIEMEHTOB U CYIIECTBYIOIlee Ha WH-
TepBaje, PaBHOM AJIHUTEIBHOCTU CYLIECTBOBAHUSI
COeIMHEHHUd, T. €.

R = {v(s,, S s,) €8S, sist # szsi, i <J;
(2)

siRs; A sRs), — s;Rs;, 1 <j <k},
rae s;, S;, S, — CTpyKTypHbIe snemenTsr (N)-IIIC
KaHAJIBHOTO YPOBHS.

B ycrpoiicrBe noncka nagopmanuu [10, 11] Ha
ocHOBe Mojmenu (IUPOBOTO MOTOKA) OOecIieunBa-
ercsa Gojiee BBICOKAS BEPOSATHOCTh IIPABUIBHOTO
pacmosHaBaHusa UHQPOPMAIMOHHOTO ITU(POBOTO
IIOTOKA.
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IenTpanbusbii oduc APM TP APM

Kommyrarop Kommyrarop
— ———"
AIPM mM ZPM PM PM PM

Cucrema ynpasnesus 1B

Cpencrsa
agmunncTparopa b

Cepsep AIM APM AIIM|

| Mapurpyrusarop

LI
N—TT |

[
T
3arop| | Mapi rp}JITma'rop

-— |

Cpencrsa
BTOPAEHHs
HapyIIUTeN

Duman 1 APM Oumman 2

Kommyrarop
r——"

Kommyrarop
PM PM ;IPM

(B — — B) vapmpyrs1 creosamms Cucrema ynpasnenus VB (0[¢ 3C
@==® IP-rpagpura O6opynosanue yrpasirenns UB cern + +
(HIDKHETO ypoBHH)
BO3JleliCTBUE HAPYIIUTEI CpeicTBa AMEHICTPATOPA CHCTEME dn L
ynpagnesns B (BepxHero ypoBHs)

B Puc. 1. Crpyrrypa CII[] xax o6bexTa BoszpeiicTBus MOA: APM — apromarusupoBaHHOe pabodee mecto; TJ/JID — rene-
don; ATC — aBromaruueckasn tenedonnas crannus; cetb OC — ceTh OTKPBITOro cerMeHTa; cetb 3C — ceTh 3aKPBITOTO Cer-
menra; KM — xpunromapupyrusarop; MCO — mexceresoit sxpan; AJM — agmunucrparop; XTKC OII — uuadopmannon-
HO-TeJIEKOMMYHHUKAI[HOHHAA CeThb 0011ero noiab3oBauud; C3H — cpemcrsa 3amuThbl HHGOPMAIHH

B Fig. 1. Structure of DTN as an object of MSA impact: APM — automated workstation; T/I® — telephone; ATC — au-
tomatic telephone exchange; cetb OC — open segment network; cerb 3C — closed segment network; KM — crypto router;
MCI — firewall; A/M — administrator; “TKC OII — public information and telecommunications network; C3H — infor-
mation security tools

[Jamee B aBTOMaTUYECKOM pPEKUME BBIABIAIOTCA BepruyTh ananusy. Eciu BeiaBurcs paxt MOIA, To
HECOOTBETCTBHS I[IapaMeTpOB IOJUTHKH 6esomac- HEOOXOIUMO BBIIIOJHUTH CIEYIOIINE AeHCTBHI:
HOCTH. B ciydae eciiu HECOOTBETCTBUA BBIIBJIEHBL, — yCTaHOBUTH I'eOJIOKALTHIO HapymwuTens [12, 13];
TO U3MeHsAeTced mTaTHoe pyHKiuonuposanue CII/T — IPOBECTH KJIACCH(PHUKAIIUI0  BO3AEHCTBUSI
Ha BpeMdA OIpefeseHUs U YCTPAHEHWs BBIABJIEH- (maHHBIN IPOIECC BO3MOXKHO PEATU30BATH METOLOM
HBIX yrpo3. B pesyinbpraTe ycTaHOBIEHUA HPUYHH MaIIHHHOTO 00yYeHu);

HECOOTBETCTBHUSA IIOJIUTHUKU 6E30IIaCHOCTH MOXKET — CIPOTHO3WPOBATh TAKTHUKY HAPYIIUTEId U
OBITH OIIPEEIEHO, YTO TPUTTEPOM SIBJIIETCA aHOMA- 11eJIb BO3JeUCTBU;
JIWSI CETEBOro TpaduKa, KOTOPYI He00X0IUMO ITOJ- — Ha OCHOBE IIPOTrHO03a IIOCTPOUTD Ipad araru;
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v
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N

B Puc. 2. Anropurm dyukunonuposauus CUB CIL npu MOA
B Fig. 2. Algorithm of functioning of the ISS of DTN under the MSA
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— ompenenutsh yassumoctu CIIIl, uepes koro-
pyIo HapyuTensb peanusyer MOA [14, 15];

— C y4eTOM OIEHKH PHCKOB BBIPAb0OTaTh KOH-
KpeTHbIe IIPEeII0KeHUsI M0 HmapupoBanui MOA u
peann3oBaTh UX.

Brimeonncannbie mpoliecchl MOTyT OBITH pea-
JN30BaHBI B aBTOMATHYECKOM HIHM PYYHOM DPEiKH-
M€ H I03BOJAT BOCCTAHOBHUTH IITATHBIA PEKUM
dyurmuonnposaunus CITJ.

Ecnu sxe anomanus ceTeBoro rpauia He siBIIS-
eTcs MPUYMHONU HECOOTBETCTBHUSA, TO IPOBOIUTCS
cpaBHeHue napamerpoB mactpoiiku TKO u C3U
C IpaBUJIAMH, YCTAHOBICHHBIMHY IIOJUTHUKON 6e3-
omacHocTH. [lamee ycraHOBIEeHHBIE HapyIIEHUS
npasua Hactpoiku TKO um C3U ycrpamsiores
B COOTBETCTBHUH C BIPAGOTAHHBIMHY IIPEII0KEHH-
avu [16, 17], mocne gero CIIJl mpomomixaer cBoe
(GyHKIHMOHHUPOBAHNE B IITATHOM PEXXUME.

Hukn yopasnenus CUB sakamumBaercs Tewm,
4TO0 mpoBepsAeTcA ypoBenb samuiiieHHoctu CIIJI
rocJie yCTpaHeHUs HeCOOTBETCTBUU IOJUTUKE Ge3-
omacHocTd. Eciau ypoBeHb 3aINUIEHHOCTH HUIKE
Tpebyemoro, T0 He0OXOJMMO IOBTOPHO IIPOBECTH
BBISABJIEHHE HECOOTBETCTBHH C MOCIEIYIOIMIUM BBI-

[IOJTHEHWEM BBIIIEONUCAHHBIX IIPOIIECCOB, HHA4e
dopmupyercsa orueT o BuigBiaeHHOM HHITHAeHTEe W B.

Hnsa 6onee meTaabHOTO HCCIEAOBAHUA IpPOIECCa
dyuruunonuporaunua CUB CIIIl o6bexta KU npu
peanusanuu MOA nanubI# nponecc popMalIn30BaH
B BUAe MareMarudeckoi moxpenm [18-21]. Mogenn
mpejcraBaser coboit rpad cocrosuauit CUB, npu
9TOM IIepexo;] OJHOr0 CTAI[MOHAPHOTO COCTOSHUS B
IPyroe MPOUCXOTUT B IIPOU3BOJHHBIA MOMEHT Bpe-
MEHH ¥ 3aBHCHT TOJIBKO OT IIapaMeTPOB CUCTEMBI
B MAHHBIH KOHKPETHBIH MOMEHT BpeMeHu [22; 23].
B pesynwraTe cTpourcs rpad coCTOAHHUIM ITpoliecca
dyurnuonunposaunus CUB CIL]] o6vekra KUU npu
MBOA (puc. 3, Tabu. 1).

ITokasarens sammumennoctu CIIJ saBumcut or
CJIOXKUBIIEHCA OOCTAHOBKM B WH(POPMAI[HOHHOM
npoctpaHcTBe. PaccMoTpuM cuTyaruio, Ipu KOTO-
poii ocymecrasercas MOA. B nanuoMm ciyuyae noka-
3aTelb 3alUINEHHOCTH ONpPeIelIeTca KaK BepOaT-
HocTh Haxoxaenus CHUB B cocroanunm (S, ycrpa-
HEHUA YA3BHMOCTH U BOCCTAHOBJIEHUS IITATHOTLO
pe:xuma dyurnuonuposanus CII/I mocae mapupo-
Banua MOA (P,) [24, 25]. Bepoarrocts P, mpunaTa
3a BEPOSATHOCTH 3AIUIIEHHOCTH, €CJIH CIUTATh, YTO

1-0

\ 4
n

Pr g

Pigy

Pi5 11

162y Bo13

Pi3_14

Si3
Py3

Si6
Pig

> 513 >

(V718 (L) Pis 1

Pig 90

Pig 4

S$1
Py

P 21-1|

B Puc. 3. I'pad cocroauuti nponecca pyurnuonuposanus CUB CIIJL mpu MOA
B Fig. 3. Graph of the states of the process of functioning of the DTN ISS under MSA
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B Ta6auya 1. Ilponeccs pyurnuonuposanus CUB CIIJI npu MOA
B Table 1. Processes of functioning of the DTN ISS under the MSA

CobriTHe Onucanne
Sp Hcxomuoe cocrossane CUB CII]]
S ®opmupoBanue Mogenu QpyHKIIMOHAILHO-IorTHYecKoi apxurektypnl CIT
Sy DopmupoBanue mogenau 1poTokonos CIINL
S, dopmuposanue mogenau nudposoro moroxa CITI
S, BrisgBiieHMe HECOOTBETCTBUYN IApaMeTPOB noiuTuke 6esomacuaoctu uugopmanuu CIT]]
Ss Hamenenwne mraraoro pexunma pyaknuonuposanus CIIJ na BpeMs ycTpaHeHua IPUIUHBI
Sg OmpefeneHne TPUIUHBI HECOOTBETCTBUSA MOMUTHEE 6€30IaCHOCTH
S; Auanus anomanuu
Sg Omnpenenenne reoJIOKaIui HAPY AT
Sy Muorokpurepuansuas knaccuduranusa MOA ¢ HCIOIb30BaHHEM METOA MAIIMHHOTO 00y YeHus
S1o Omnpenenenue IPUYUH BOSHUKHOBeHUI MOA
Si1 IIporHosupoBanue HATIPABIEHU U LIeJIH Bo3aeicTBus Ha smeMmeHThl CIT]]
Sis ITocrpoenwne rpaca araxu
Sis Briasnenue yassumocreii snementos CIIJ] Ha ocHoBe anamusa rpaca aTaxu
Si4 Beipa6oTka npeasoxenuii mo napuposanunio MOA Ha 0OCHOBE OLIEHKH PUCKOB
Sis IIpunsarue mep no mapupoBanuio MOA
Sie YerpaHeHue ysI3BUMOCTH M BOCCTAHOBIIEHHE ITATHOrO pekuMa pyHnkuunoruposanus CIINT
Si7 AHanu3 IpuYUH HECOOTBETCTBUA
S BripaboTka npennosxenunii mo usmenenuio napamerpos TKO u C3U
18
3MeHeHUe [TapaMeTpoB u ¥ COXpaHeHHEe B HaJ COOBITHH
Sig u TKO u C31 3K 6
S5 Dopmuposanune CUB oruera 0 MOA
So1 JlobaBieHue CTATUCTUYECKUX TAHHBIX

nocsie mapupoBanus MOA cpasy ske npucrynaer K (QOPpMUPOBAHUIO OTYeTa. TaKkuM 06pa3oM, BepOsTHOCTD 3a-
uumenHoro cocroauus CII] mpumer Buz

P - g | BiBaPsri_o(Be + @) (B3 + W)((By +n)(p+ ) —Pyo) + 3%32330)7\1_2 ((B3 +v) +Bay)
? Ho | ((By +m(Bg +9)(Bg +w)(p+®) —B1BaPg)((By +M(Bg +@)(B3 +w)(p + ®) — 1)

31echb

1+ By N By N B1Bo
A5 Ba+o  (By+9)(Bs+v)

1 1 1
A A * A *
A Ao YN _ _ _
1+20 4 0}»1—2 + 0x1‘2+C +D 1 819 9 110 10 111 ) + |+
Ho Horg-3 Hohg_4 J{ . . . J(“a}_
Mis1z Mo2a1s Mso14 Maois g€) &

+ B1o N By (133 +y)o + BBy
M7-18(B2+0) Mg 19(Ba +@)(Bs +w)

+A+B+(A+B)(k2(f) o +$0J,
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rue
B1BaBsA1_g %
x (Bg + 0)(Bg + W)((By +M(p + ®) —Pyo) +
g+ BiBaBsory o(Bs +w) +Bay)
o ((B1 +M(Bg + 9)(Bs + W)(p + @) — BB w) x
x ((By +m(Bg + <P)(l33 +y)(p + ©) - Prw)
_ M A _oB1 (0(B3 + ) +Bav) )
By By +M(Bg +@)(Bg +w)(p + ) - l3103’
= }\'_O—k172 + @
Ho Br+m PBr+m
__ PiBoBs
Bg +0)(B3 +v)

(A+B);

Bepuduranusa ¢ moMoIs0 mporpaMMHOTO
obecneuyeHHuA

g onruMmusanuu pacuyera mpoieccos PpyHK-
nuonuposanua CUB CIII mpu MOA paspabo-
raHo nporpammuoe obecuneuenue (ITO) ma a3bI-
ke Python (puc. 4), mosBonsawIee B HATISIHON
dopMe MOJAYyIUTH BHIBOJA HEOOXOIHUMBIX 3aBUCH-
MOCTeH.

B paspa6oraumoe IIO [26] Obliu BBemeHBI uc-
XOnHbIe HaHHbIe u3 Tabia. 2 [27-30], apiasaromuecs
SKCIEPTHBIMHU OIleHKaMHu. [[porpaMMHBIN IIPOAYKT
B aBTOMATHYECKOM PEKUMeE ITOCTPOHUII 3a BUCHMOCTH
BeposTuocTu 3amuinenroctu CIIJ[ ot pasmuunoro
BpPEMEHH OIpeAeeHus IPUYHH HECOOTBETCTBHUSI
nonutuke OesomacHoctu (ot 0,005 mo 0,05 mumH)
(puc. 5, @) ¥ PA3IUIHOTO BpEMEHH IPUHATUI MeP 110
napuposauuio MOA (ot 0,09 o 0,27 mun) (puc. 5, 6).

W3 puc. 5 ciemyer, 4To yBeawdeHHE BpEeMeHU
oupenenenus reosokanuu Hapyinuread CUB CIII
npu MOA monmxaer samumesHocTs P, Huixe Tpe-
oyemoro ypoBus 0,9. B cBsi3u ¢ 3THM BO3MOIKHO
ompeneauTh TPeOOBAHUSI K BPEMEHH OIpeae/IeHUs
re0JIOKAIIMY HAPYIIUTENSI B PA3JIUYHBIX YCIOBHAX
dyurunuonunporauus CUB CILI, nanpumep:

1) BpeMs ompejesieHus reoJIOKAI[uu HapyIIIuTe-
a1 < 0,495 MuH mpH BpeMeHU ompeaeseHUA IIPHU-
YMHBI HECOOTBETCTBHS MOJHUTHKE 6e30I1acHOCTH 3a
0,05 mus;

2) BpeMs ompefieJIeHus Te0JOKAIlUN HAPYIIUTe-
ag < 0,67 MUH Ipu BpeMeH! IIPUHATUS Mep II0 IIa-
pupoBauuio MOA 3a 0,009 muH.

IIpu Komm4yecTBEHHBIX OIEHKAX [JIS IOATBEPIK-
JIeHUA HOBBIX MPEIJIOKEHUH ITOJIy4YeHHBIE Pe3yib-
TaThl AHAJUTHIECKOTO MOIEIUPOBAHUS ITOKA3AIH,
4TO IPeNI0KeHHBIH ToAX0 ] B cpaBHeHuu ¢ [31, 32]
obecrieunBaeT TpebyeMblil YPOBEHb JOCTOBEPHOCTH

B Puc. 4. Uuarepdeiic 11O mis omeparuBHOro pacyera BepostHocrei sanuiiennoctu CILIT
B Fig. 4. The software interface for quick calculation of DTN security probabilities
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B Tab6auya 2. Vcxonuble faHHbIe A1 pacdera oneHkn BeposTaocTu sauuiensocti CIT mpu MOA
B Table 2. Input data for calculating the probability of protection of the DTN during the MSA

CobbiTHE Onucanue 3HayeHue, MUH
Sy Hcxopnoe cocroasaune CUB CII]] 0,0055
S; dopmupoBaHue Mozenu QyHKIMOHAIBHO-I0rn4ecKoi apxurekTypsr CIL]] 0,003
S, dopmupoBanue mozenu nudposoro moroxa CIINT 0,003
S dopmupoBanue Mogenu npotTokonos CIIT 0,003

. 0,1
Sy Briasnenue HecoorBeTcTBHI MapaMeTpoB moauTuke 6esomnacuoctu CIT]T 0.001
)
S Hsmenenne mraruoro peskuma pyuknuonrnposanus CIIJ na Bpems yecrpanenus 0.052
5 IPUYUHEI ’
1
Sg Ornpenenenre MIPUYUHBI HECOOTBETCTBUA IOJUTHEE 6€30IIaCHOCTH 8’8(2)2
ki
0,05
0,005
S; Ananus aHoMaJIuu 5
Sg Ompezenenue TeONOKAITMA HAPY IATEJA Ilepemennas
S Muorokpurepuanbuas Knaccuduranus MOA ¢ uCoab30BaHHEM METO[a MAIIMHHOTO 0.001
9 oby4yeHns )
S1o Omnpepenenne mpuyuH Bo3HUKHOBeHHA MOA 0,008
Si IIporuosupoBanue HanpaBaeHU U Iejau Bo3aeicTBua HA 3memeHThr CIT]] 0,055
S ITocTpoenue rpaca araku 0,051
Si3 Briasnenue ysassumocreii snemenTos CIIJI Ha ocHoBe ananusa rpada araku 0,051
S14 Bripa6orka npeniosxkenuii mo mapuposanuio MOA Ha 0CHOBE OIEHKH PHUCKOB 0,005
0,09
0,18
Sis IIpunaarue mep no napupoBanuio MOA 0.27
)
0,4
8
Sie YerpaHeHue ysI3BUMOCTH M BOCCTAHOBIIEHHE IITATHOTO PEKUMA (PYHKITHOHUPOBAHUS 5
Sy AHanu3 IpUYUH HECOOTBETCTBUA 0,5
Sis Breipaborka npenioxenuii mo usmenennio napamerpos TKO u C3U 0,005
. 8
S1g Nsmenenne napamerpo TKO u C3U u coxpaHeHue B JKypHAJI COOBITHEH 5
Sy dDopmuporanne CHUB oruera 0 MOA 0,5
So; JobaBieHne CTATHCTUYECKUX TaHHBIX 0,005

MpUHUMaeMbIX perenui. [IpumMeneHre MeTORUKU
[I03BOJIAET MOAHATH 3HAYEHHE BEPOSATHOCTH 3AIIH-
meuHocTHu CIIJI mpu MOA sBbrte 0,9.

OmpezmeneHo, 4TO MPU HCIIOJIb30BAHUM Pe3yJib-
TATOB MOJIEJIHUPOBAHUSI MOKHO pPeaJn30BaTh CIIO-
co0b! mosbmenus samutienaoctu CITI or MOA.
PaspaboTaHHBIN aaropuT™M MOMKET OBITH HCIOIb30-
BaH B y:Ke cyllecTByomux cucremax MUB, mockons-
KY OH IPEeACTAaBIAET CO00M HHCTPYMEHT BBISBIEHUS
u mporHosupoBaHus MOA. Ilposemensnr skciepu-

MEHTa/bHAA U TeOpeTHYecKas OIeHKA 3(P(EeKTUB-
HOCTH INIPEAJIOKEHU, a TaKKe CpaBHEHHE C Cylle-
CTBYIOIINMH METOAUKAMH.

3akiaroueHue
Me’ro,umca BKJAKO4YaeT HpeBEHTI/IBHbIﬁ aHaiusa

OIUHAMWKN JEHUCTBUH HApyIIUTENs, O0OHApPYIKEeHUe
HECOOTBETCTBHUH MOJHUTHKE O0e30macHOCTH, OIpe-
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a) 1,00

0,95

0,90

v

0,85

0,80

0,495 olss 9,375

0,25 0,50 0,75 1,00 1,25 1,560 1,75 2,00
t, MUH

IIpu Bpemenu onpefiesieHUs TPUIUHBI HECOOTBETCTBUS
MOIUTHEE 6€30IaCHOCTH, MUH:
— — — 0,005
— 0,025
0,05
TpebOBaHU 3AIUIIEHHOCTH

6) 1,00

0,95

0,90

P 0,85

0,80

0,75

0,70 0,750,88
0,0 0,5 1,0 1,5 2,0 2,5 3,0
t, MUH

IIpu BpeMeHu npUHATHS MEP
o napuposanuo MOA, MuH:
— 0,009
—-——- 0,018
- — — 0,27
TpeGoBaHu 3aIUIIEHHOCTH

B Puc. 5. 3aBUCHMOCTb BEPOSITHOCTH 3aI[UIIIEHHOCTH OT BPEMEHH OIIPEeIeIeHHS Fe0IOKAI[UN HAPYIIUTEIIS [IPYU PA3THIHOM
BpPEeMeHHU OIpee/ieHrs IPUINH HECOOTBETCTBHUS IIOJUTHEE 0€30IaCHOCTH (@) ¥ MPUHATHA Mep 1o napupoBauuio MIA (6)

B Fig. 5. The dependence of the probability of security on the time of determining the geolocation of the intruder at var-
ious times of taking measures of non-compliance with the information security policy (@) and parry the MSA (6)

IelieHHe TapaMeTpoOB aHOMAJIHM ceTeBOoro Tpadwu-
Ka, KIacCH()MKAIIMIO BHUOB aATAK U OIpe[esieHue
reoJioKanuu Hapymureisa. [lpencraBieH aaropuTm
yupasaeununs UB CIIJ] KMU npu croxacruueckoi
HeOoIpeeIeHHOCTH.

IIpomecc o6ecnieuenns samuiersocTu CI1I 6611
dopMan30BaH € IIOMOIIBI0 MATEMATHYECKOTO all-
rnmapara TeOpuH MapPKOBCKHUX IIPOIIECCOB C AUCKPET-
HBIMHM COCTOAHHUAMH W HEIIPEPLIBHBIM BpPEMEHEM,
YTO II03BOJIHJIO MOJYYUTh 3aBUCHMOCTHA BEPOSITHO-
cru samumteraoctu CIIJ[ or BpemMeHU pasiudHbIX
moxmporeccoe CUB B Harmaguom rpadudeckoM
puje. PesynbraThl MOJeIMpPOBAHUA ITOKA3AIH, YTO
MpeajIokeHHass MEeTOAUKa 00eCcliednBaeT IOBBIIIe-

uue BepostHoctu samuinennoctu CIIJ] B Teuenue
3a/IaHHOTO BPEMEHU U KaK CJIE[CTBUE AAET YCIOBUSI
st cBoeBpemenuoro npemocrasiaenus CIII kaue-
CTBEHHBIX YCIYT KOHEYHBIM I10JIb30BaTeaM. Takxe
Pes3yIbTaThl AeMOHCTPUPYIOT 060CHOBAHHOCTE Bpe-
MeHHBIX mnapamerpoB CHDB, makcuMusupyronux
ppemsd samumennoctr CITI] mpu MOA.

HanpHeiinve uccaeoBauua OyAyT HATIPABIEHBI
Ha aBTOMATH3AaLHUI0 IPeIaraeMoil MeTOAUKH U ee
CHHTE3 C APYTHUMHU HM3BECTHBIMH CIIOCO0AMU 3allH-
o1 CIIJ[, a Tak:xe HA WHTEIIEKTYyAJIHU3AIHI0 IPO-
IIECCOB PAHHEr0 O0HAPYKEeHNUI U aHAIN3a [eHCTBUM
HApYIIUTEeNs B CETH.
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Methodology for improving the security of the data transmission network of critical information infrastructure
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Introduction: The fast-paced development of information technologies leads to the emergence of new threats and vulnerabilities
in information systems across various societal areas, the exploitation of which increases the probability of a successful attack by an
intruder. Consequently, it is essential to research techniques for improving the security of data networks in the face of multi-stage attacks.
Purpose: To improve the security of the data network by proactively managing security against multi-stage attacks. Result: We develop a
methodology for improving the security of data transmission networks under multi-stage attacks based on proactive security management.
The methodology includes preventive analysis of intruder dynamics, detection of security policy inconsistencies, determination of network
traffic anomaly parameters, classification of attack types and determination of intruder geolocation. The process of ensuring the security
of the data network has been formalized using the mathematical apparatus of the theory of Markov processes with discrete states and
continuous time, which makes it possible to obtain the dependencies of the probability of data network security on the time of various
sub-processes of the information security system in a clear graphical form. The results of modeling show that the proposed methodology
provides an increase in the probability of data transmission network security within a given time and as a consequence provides conditions
for timely provision of data transmission network quality services to end users. Practical relevance: The methodology is a mathematical
basis for the information security system, taking into account the parameters of the impact and protection processes to take effective
measures to parry multi-stage attacks using machine learning. The study's findings can be applicable in developing or troubleshooting
information security systems for data transmission networks of critical information infrastructure objects.

Keywords — proactive management, data network, multi-stage attack, critical information infrastructure object, machine learning
method, geolocation, information security, anomalies, network traffic.

For citation: Lipatnikov V. A., Shevchenko A. A., Melekhov K. V., Tkachev D. F. Methodology for improving the security of the data
transmission network of critical information infrastructure objects under multi-stage attacks. Informatsionno-upravliaiushchie sistemy
[Information and Control Systems], 2024, no. 1, pp. 44-55 (In Russian). do0i:10.31799/1684-8853-2024-1-44-55, EDN: MVWIFR
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CooTHoLUeHUa AN pacyeTa AuarpamMmmbl HanpaesieHHOCTHU
MIMO PJIC npu pasnuyaioLxcsa aHTeHHaX NMpUeMHbIX
U nepepaloLLux aneMeHToB, GopMUpYIOLLUX ee

M. A. CrenaHoB?, OKTOp TEXH. HayK, AOLeHT, orcid.org/0000-0001-6095-1172, m.stepanov@corp.nstu.ru
B. C. Cokonog?, acniupaHT, orcid.org/0009-0001-2210-3970
aHoBocnbUpcKui rocyapcTBeHHbIN TexHuyeckmnin yrusepeuteT, K. Mapkca np., 20, HoBocubupck, 630073, PO

BBegeHue: cuHTe3 aHTeHHbIX pelueTok MIMO oTnnyaercs oT cUHTE3a KNacCUYeCKUX aHTEHHbIX PELLETOK TeM, YTO AuarpaMma Ha-
MpaBJIEHHOCTH NEPBbIX HOPMUPYETCA BUPTYaIbHON anepTypoy, KOTopasi 06pa3yeTcs yTeM CBEPTKU KOOPAMHAT (UINYECKUX MPUEM-
HbIX 1 flepejaroLynx 31EeMeHTOB, YTO MPUBOAUT K (POPMUPOBAaHUIO GOJIBILIOIO YUC/IA BUPTYalIbHbIX 371eMEHTOB. Ljenb: nonyyuts coot-
HOLUEHWS 17151 BbIYUCIIEHNS AUArpaMM HanpaBJIEHHOCTH aHTeHHbIX peleTok MIMO pagnonokaynoHHON CTaHYMN NPyU pasjindyaroLynxcs
aHTEHHaX MPUEMHbIX U epeaaroLynxX 3/1eMEHTOB, YopMUpyoLLnX ee. Pe3ynbTaTbl: M0y4EHO BbIPaXEHUE /1S pacdeTa MHOXUTENS Ha-
rpaBIeHHOCTN aHTeHHoW peleTkn MIMO paanonokaymoHHON CTaHUMH, MO3BOISOLLEE YMEHBLUNTD KOJIMYECTBO MaTeMaTUYeCKuX one-
payuii B cpaBHeHUM C PacYETOM 110 PACOIOXEHUIO 31EMEHTOB BUPTYaslbHOM anepTypbl. Ha ero ocHoBe onpegeneHo BbipaxeHue, no-
3BOJIAIOLLEE YHECTb BIMAHNE ANarpaMM HanpaB/eHHOCTU aHTEHH MPUEMHbIX U nepegaroLynx anemeHToB MIMO aHTeHHON peleTku Ha
ee Hanpa.J/ieHHble cBoycTBa. OHO M03BOJISIET PacCYUTaTb AUarpaMMy HanpaBIeHHOCTH aHTeHHOW pelueTkn MIMO paguonokaynoHHoM
CTaHLuM 10 U3BECTHbIM AnarpaMmaM HanpaB/IeHHOCTU aHTEHH MPUEMHbIX U NepefaroLLnX /IEMEHTOB Y MHOXUTESIO HanpaBieHHO-
CTV BUPTYasbHoW anepTypbl. [lpuBeseHa Mogenb aHTeHHoM peleTku MIMO ¢ knaccuyeckuM AJisi Hee pacrosloxeHneM sneMeHToB. Ee
MHOXWTeJIb HarpaBIeHHOCTY M0JTy4YeH ABYMS CIOCO6aMM: TPaZNLMOHHBIM B 3aBUCUMOCTH OT PACIOJI0KEHNS 971eMEHTOB BUPTYabHOMN
anepTypbl; C MOMOLLbIO NPEAJSIOKEHHOr0 B paboTe BbIpaXeHUs. VX pa3HOCTb TOXAECTBEHHO paBHa HyJto AJ1S1 BCEX YI/I0BbIX Hanpas-
JNIeHni. VIcXo[s M3 MolyYeHHOro MHOXMUTENS HanpaBIeHHOCTY, paccynTaHa gunarpaMma HanpasiaeHHocTu MIMO aHTeHHOW peLueTku
AJ151 C/ly4aeB UCMO0JIb30BaHNUS OfNHAKOBBIX M Pa3/IMYHbIX AHTEHH MPUEMHBIX U NepefarLLux 3/1eMeHTOB. [TokasaHbl MyTU CHUXEHUS
YPOBHS 60KOBbIX JIENECTKOB AUarpaMm HanpasieHHocTn MIMO aHTeHHbIxX pelueTok. lpakTuyeckas 3HaYMMOCTb: [10J1yYEHHOE B paboTe
BbIPa)K€HWe yYUTbIBAET AnarpaMMbl HarpaBieHHOCTU aHTEHH NMPUEMHbIX U nepejarolyux anemeHToB MIMO aHTeHHOI peLleTku, 4To
AlaeT BO3MOXXHOCTb aHa/In3NPoBaThb UCKaXeHne opMbl AnarpaMMbl HanpaBeHHOCTHU aHTeHHoW pewetkn MIMO paguonokaynoHHoN
CTaHLuM Npy CKaHMPOBaHWUU. BbiyucntenbHast 3PeKTUBHOCTb NPUBEAEHHOIO B paboTe BbipaxeHus npu 20 npuemHukax u 10 nepe-
Jar4ukax coctaBuna 6,3 pasa.

KnioyeBbie cnoBa — MIMO—paaap, AnarpaMma HarnpaBJ/1€HHOCTU, MHOXXUTEJIb PELUETKU, MHOXXUTEJIb HaripaBJIeHHOCTH.

Jas muruposanua: Crenanos M. A., Cokxonos B. C. Coornomenus nis pacuera nuarpammsl Hanpasieasoctd MIMO PJIC npu pas-
NWYAONAXCA AHTEHHAX IPUEMHBIX U Iepelaoliux 3JIeMeHTOB, opMupyniux ee. Hugopmayuornno-ynpasasrowue cucmemst, 2024,
Ne 1, c. 56-63. doi:10.31799/1684-8853-2024-1-56-63, EDN: YHDBHE

For citation: Stepanov M. A., Sokolov V. S. Ratios for calculating the radiation pattern of MIMO radar with different antennas of
receiving and transmitting elements forming it. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2024,
no. 1, pp. 56-63 (In Russian). doi:10.31799/1684-8853-2024-1-56-63, EDN: YHDBHE

Beenenmne

PaccmoTpuM 0CHOBHYIO Mie0 (pyHKIIMOHHPOBA-
aus MIMO pagwonokanumounbix cranmuin (MIMO
PJIC) [1-4]. Ero Mo%HO mpeacTaBUTh B BUIE IBYX
vacrei: MIMO anrenuas pemierka, obpasyemas co-
BOKyHnHOCTHIO nepegaomux (Tx) u npuemusix (Rx)
5JIEMEHTOB, ¥ MHOTOKAHAJIbHBIA IPHUEMHHEK, op-
MUpyOIHui guarpammy Hanpasiennoctu (JI[H) au-
TEeHHOU PeIlIeTKH.

Awnrennas pemerka MIMO cocrout u3s ompeze-
JIeHHOTO uucia nepemamomux (nTx) U TPUEMHBIX
(nRx) smemenToB. O603HAYMM KOOPAHHATHI IIepe-
JAOIero sJIeMeHTa ¢ HOPAIKOBBIM HOMEPOM Kk Kak
T}, yT}, 2T}} n mpueMHOro 37eMEeHTa ¢ HOMEPOM I
Kak {xRi, yR,, zRi}. Ilepenatorie saeMeHTHI H3-
JIy4aioT B3aWMHO OPTOTOHAJbHBIE (HE3aBUCHUMBIE)
cur=assl [4-7].

Ka:xaniit u3 IpreMHBIX 3JIEMEHTOB OJHOBPEMEH-
HO MIPUHUMAaEeT COBOKYIIHOCTb CHUTHAJIOB, IIPOIIe[-
KX IYTh OT KAMKIOTO U3 IIePeNaIux MOIYJIeH 10
0JIeCTAIINX TOYEK 00beKTa HAGMIOAeHud U 00paTHO.
JTa COBOKYITHOCTb CUTHAJIOB C KAKI0T0 U3 IIPHEM-
HBIX 9JIEMEHTOB 00pabaTbiBaeTcsa OTAeIbHBIM KaHa-
oM mpueMHUKA [8].

Kax mpasumo, MIMO-npueMHuK uMeeT oquHA-
KOBYI0 CTPYKTYpPy IJs BCeX NPHEMHBIX KAHAJOB
[1, 9, 10]. B raxmom kaHayie peanusyercsa HaGOP
duapTpoB, coracoBaHHbIX ¢ curuajgom [11], usiy-
YaeMbIM KaiKIbIM M3 IepPeJalolluX MOIyJeH. JTO
I03BOJIAET C(POPMUPOBATH HA BHIXOJAX BCEX IIPHUEM-
HBIX KaHaoB nTx - nRx curuamos. Kamx it Berxo-
HOM CUTHAJ IIPHEMHHUKA COOTBETCTBYET OIlPe/iesIeH-
HOMY HAIPABJIEHHIO PACIPOCTPAHEHHS 3IEKTPO-
MarHUTHOMW BOJIHBI. JTO MO3BOJISET, €CAH U3BECTHO
pacmosoxkernne Rx- u Tx-sjaemeHTOB, copMupoO-
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BaThb BUPTYAJIbHBIN MaccuB u3 nlTx - nRx amemen-
TOB — BHUpPTyandbHylo aneprypy MIMO-anTeHHBI.
Koopauuarer 37eMeHTOB BHPTYaIbHOM amepTyphl
MIMO auTeHHOI peIeTKH OIpemeasiTcsI BhIpa-
sgeuuamu [1]

xVLk = xRi + ka;
YVip = yR; + yT; D
Z‘/i,k = ZRi + ZTk.

Paccuuranusie mo (1) KOOpAMHATHI SABJSIOTCSH
TOYKAMHU PACIIONIOKEHUA (PA30BBIX IIEHTPOB 3Jie-
MeHTOB BUpPTyasbHOro maccusa MIMO-auTeHHBI.

3Has MecTomosoKeHne (Pa30BbIX [IEHTPOB BUP-
ryanbHOM amepTypbl MIMO anTeHHOH peleTKn
B IEKApPTOBOH CHCTEME KOOPAMHAT, MOXKEM pPacCUH-
TaTh ee MHOKHUTEIb HAIPABIEHHOCTH II0 BhIpasKe-
HUIO

N M
F(o; 0)= Z Z Am; g, -exp[jﬁ(xi’k x
i1=1k=1

x [ sin(og) — sin(a) |+ Yik [sin(0y) - sin(@)])], 2)

e (o; 6g) — yTIbI OPHEHTAI[UK TIABHOTO JIellecTKa
B IJIOCKOCTH a3WMMyTa W yIja MecTa COOTBETCTBEH-
HOo; N, M — KOJIMYecTBO BJIEMEHTOB aHTEHHOU pe-
IIIETKH BJIOJb OCEH X M y COOTBETCTBEHHO; Am,; , —
KOMILIEKCHAS AMIIATYNA CHTHANIA, IOLBOXAMO-
r0 K BUPTYyaJbHOMY 3JIEMEHTY aHTEHHOHU peIleTKu
¢ HOMEpoM i, k; B = 2n/L — xKoadduiment ¢assbl,
A — JnMuHA BOJHBI M3Iy4aeMOTO CHTHAaNA; {X;;
¥; 1t — KOOPIHMHATBI BUPTYaJbHOTO 3JIeMEHTa aH-
TEHHO} PeIIeTKH C HOMEPOM i, k.

W3 Beipaskenns (2) HECTOKHO 3aMETUTD, YTO JJIA
BBIUHCIEHHUA MHOKHUTeN HanpaBieaHoctu MIMO
aHTEHHOH peuieTKu B Hanpasiueruu (o; 0) Heo6xo-
nuMo paccuyutarb nlx - nRx KOMIJIEKCHBIX YKCIIO-
HeHT. [Ipy MHOTOKpPATHOM BBIYUCIEHUUW MHOKUTE-
Jiell HapaBJI€HHOCTH C MEJIKHUM IITaroM II0 YIJIOBBIM
KOOpAMHATAM, HAIPUMED IIPH IIOMCKE MECTOIOJIO-
JKEHUS BJIEMEHTOB, 00ecIeuYuBaloUX 3aJaHHbIe
XapaKTePUCTUKH HampasjeHHocTH [12, 13], Bpema
BBIYMCJIEHHUS 110 (2) CTAHOBUTCS 3HAYUTEIbHBIM.

TpaguiimonHo mnpu aHaJIW3e HAIPABIEHHBIX
cBoiicTB aHTeHHBIX pemerok MIMO-pagapos
B JHUTEpaType OTPAHUYMBAIOTCA OIEHKON Xapak-
TEPUCTUK UX MHOXHUTeNd pemetku [1, 2, 14-17].
Bripaxenus, mosBonsiomue yuects [IH amTenn
mpueMHBIX ¥ mnepexpatonux sjaemenToB MIMO amn-
TEHHOH PEeIIeTKH, He MPUBOIAT. ITO OrPAHHINBAET
BO3MOJKHOCTH aHajau3a uckaxenus ¢opmer JH an-
reunnoi pemetrkn MIMO PJIC nmpu ckanupopauum.

Ilenp macrosmeir paboTbl — IOJIYYUTH COOTHO-
mreHuA 1A Beryuciaenus JJH aHTeHHBIX pereTok
MIMO PJIC npu pasaugamomuxcs aHTeHHAX IPUeM-
HBIX U IIepeaaolinx 3JIeMeHTOB, (DOPMHUPYIOIIHX ee.

CoorHomenns ana pacuera [[H MIMO
AHTEeHHOU pelIeTKN

Beipaskenwne (2) ompemenseT B3aUMOCBSI3b MHO-
JKUTENA HANPaBIEHHOCTH BUPTYAJIbHOH amepry-
pbt MIMO anTeHHOI pelieTK: U PaCIOJOKEeHU ee
BUPTYAJBHBIX 3JeMeHTOB. llomyuum BhIpa:xeHue,
TI03BOJIAIOIIEE PACCIUTATD MHOKHUTEIb HAIIPABJIEH-
HOCTH BHUpTyaabHOW ameprypbl MIMO anTenHoi
peLIeTKN Ha OCHOBE MECTOIOJIOKEHHA HeIoCpe[-
CTBEHHO MIPHUEMHBIX U HepeJaloliX 3JI€MEeHTOB, He
(hopMupys BUPTYAIBHYIO ALIEPTYPY.

Paccmorpum MaccuBBI IPHEMHBIX W Iepejaa-
IOIUX JIEMEHTOB oTHenbHO. lIpexmomoskum, 4TO
KaK/IbI M3 OTUX MACCHBOB H3Jy4aeT KOTE€PEHTHO
CBSI3aHHBIE CHUTHAJbL. B 3TOM ciiyuyae KasKIbIH U3
MAaCCHBOB MPHEMHBIX H IEPEJAIOIIUX 3JIEMEHTOB
obpaszyerT aHTEHHYIO pELIeTKYy, MECTOIIOJIOKEHHE
5JIEMEHTOB KOTOPOHM COBHIAJAET C MECTOIIOJIOMKEHU-
€M IPHEeMHBIX WJIH Mepefalol[uX 3JIeMEHTOB COOT-
BeTCTBeHHO. Bynem HasbIBATh IPUEMHON AHTEHHY 0
pElLIeTKY, MECTOIIOJIOKEHNE DIIEMEHTOB KOTOPOH CO-
BIAZIAeT C MECTONOJIOKEeHHEeM MIPUEMHBIX 3JIe€MEeH-
toB MIMO aHTEeHHOH pellleTKH, a Iepenammen —
MECTOIIOJIOKEHNE DJIEMEHTOB KOTOPOH COBIAJaeT
C MECTOIIOJIOKeHHEM IepefaloliuX BJIEMEHTOB
MIMO aHTeHHOM peIleTKH.

MHoxHUTETN HANPABIEHHOCTH KAKIOU U3 DTHUX
pelIeToK MOKHO PACCUHUTATh 10 BBhIpaKeHHo (2),
TIOZICTABUB KOOPAWHATHI DIEMEHTOB W 3aJaB aM-
nnutynaHoe pacnpegenenue. O6osmaumm Fp(a, 6)
u Fr(o, 6) MHOKHTeIb HAIIPABICHHOCTH IIPHEMHOM
U Iepefariedl aHTEHHOM PeIIeTKH COOTBETCTBEH-
HOo. PaKTHYECKH MHOXKHUTEIb HAIPaBIEHHOCTH
mpencraBasgeT co00U IPOCTPAHCTBEHHBIN CIEKTP
pacupesfeieHus H3Iy4aeMbIX 3J€KTPOMATHUTHBIX
BomH. OH CBA3aH C KOOpAWHATAMH 3JIE€MEHTOB aH-
TEHHOU peleTKH mpeodpa3oBaHueM, CXOKUM C JBY-
MepHBIM ITpeobpasoBanueM Pypne.

Cornacuo cucreme (1) KOOpPAUHATHI BUPTYAIb-
HbIX 3memeHTOB ameprypbl MIMO amrenHoii pe-
[IETKHA PACCYUTHIBAIOTCSA IIyTEM CBEPTKH KOOPIH-
HAT IPHEMHBIX W IepPemalolux 3jaeMeHToB. Torga
C y4eTOM TOTO, YTO MHOKHUTEJIN HAIPaABICHHOCTHU
U MECTOIOJIOKEHHE 3JIEeMEHTOB CBA3aHBI IIPe0l-
pas3oBaHHeEM, CXOKHUM ¢ IpeobpasoBanueM DPypbe,
MOKHO BOCIIOJIB30BAThCSA TEOPeMOH 0 cBepTke [18].
B pesynbprare mosyynM BeIpaKkeHUe, CBA3BIBAIOIIEE
MHOKHUTEIb HANPABIEHHOCTH BHPTYyaJIbHOU amep-
Typel (Fy(o, 6)) ¥ MHONHTeIHM HaIpPaBIeHHOCTH
MIPUEMHOMH U Tepeaaionei aHTeHH:

FV (a, 9) = FR ((l, O)FT ((1, 9) (3)

Cornacuo (3) mgns pacuera MHOMKHUTENSI Ha-
MPaBIEHHOCTH BHUPTyadbHOU ameptypsl MIMO
AHTEeHHOU pelieTKHd JOCTATOYHO PACCUYUTATH MHO-
JKUTEJH HAaNpPaBIeHHOCTH AaHTEHHBIX PpeIIeToK,
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06pa30BaHHBIX €ro IMPUEMHBIMH U TEePeNaol[HMU
aJIeMeHTaMu. JTa omepalusa TpebyeT BHIMOIHEHU
nRx + nTx omeparuii BBIYUCACHUSI KOMILIEKCHBIX
SKCIIOHEHT JJIT KaKI0T0 U3 YIJIOBBIX HATIPABJIEHUH.
Hanomuum, uto ana serumcienus Fy(o, 6) Hemo-
cpencTBeHHO o BupTyaabHoi aneprype MIMO an-
TeHHOU perneTku Tpebyer nRx - nTx BbIYHCIEHUH
KOMILIEKCHBIX 9KCIIOHEHT JJIS KaKI0r0 U3 YIJIOBBIX
nojoxenuii. HerpyaHo samMeTuTh, YTO BBIYHUCIIH-
TeabHad 9(PPEeKTUBHOCTD (CHIKEHNEe BPEMEHH pac-
YeTa) MpH pacyeTe MHOKHUTENISI HAIPaBIEHHOCTH
mo (3) 6yzmer Tem BbIlie, 4eM GOJIbIIee YHUCIIO TIPH-
eMHBIX U [lepeaaniux sjaeMeaToB cogepxut MIMO
aHTeHHAasd peIeTka.

Tarkum 06pasoM, MOJIYyYEeHO BHIPAKEHUE, IT03BO-
JS0IIee COKPATHUTh KOJIHWYECTBO MATEMATHYECKHX
omepanuii, Tpe6yeMbIX IS pacdueTa MHOKHTEIS
MIMO anTtennoit pemrerku. Kpome Toro, (3) mosso-
JIsIeT pasfesbHO aHAIW3WUPOBATH BIUSHUE MECTO-
MOJIOMKEeHNST IPUEMHBIX U IMepefaloluX 3JIeMEeHTOB
MIMO anTeHHOH pelieTKEM Ha ee HAIpaBJIeHHbIE
CBONICTBA.

HseectHo, yro JIH Kmnaccuueckoit aHTeHHOMH pe-
meTKH onpegensgerca npoussegenuem I H amemen-
Ta U MHOXKHUTE I auTeHHoi pemerku [19]. Ha ocuo-
Bauuu (3) HECIOKHO 3aITHCATh BhIpaKeHue, orpeie-
nsromee JJH MIMO anTeHnHO# pereTku:

fv (o, 6) =
= Fgr (0, 0)- Fg (0, 0)- Fgr (o, 0)- Fr (o, 0), @)

rae Fypp(a, 0) u Fgpla, 6) — JIH anTens, ucrnons-
3yEMBIX /I IPUEMHBIX U IepeJaloninX 3JeMEeHTOB
MIMO aHTeHHOU pelneTKu COOTBETCTBEHHO.

B yactHOM ciydae, eciu IpHeMHBIE U Ilepefao-
mue saemeHnTsl MIMO aHTeHHOHN peleTKH UCIoJIb-
3yI0T onfuHaKoBble aHTeHHbI ¢ [[H Fp(a, 0) = Fyp(a,
0) = Fgp(a, 0), Boipasenue (4) mpuEEMaeT BUJ,

fv (OL, 9)=F]_,2; (oc, 9)-FR (a, 9)~FT (OL, 9).

IlomyuenHble BhIpaKeHHUA II03BOJIAIOT PAaCCUH-
ratb JH MIMO anTeHHO# pelieTKy, He UCIOIb3Ys
KOOPAWHATHI 3JIIEMEHTOB €€ BUPTYaJbHOH amepry-
PpEL, Ipu npousBoibHEIX JJH aHTEeHH ee mpueMHBIX
U IIepealoIIuX SJIEMEHTOB.

Maremarugeckoe MOJeJIHupOBaHHUuE
MHOHTEJIA PEeIeTKHA

IlomyueHHBIN pe3yabTAT HECJIOMKHO IOATBEP-
IUTh MaTeMaTUu4eCcKUM MojenrupoBanueM. J[ag sTo-
ro cocraBuM mozxenb MIMO auTeHHO#H pereTku u
paccunTaeM ee MHOMKHUTE]Ib HAIIPABIEHHOCTH IBY-
s crmocobamu. [lepBoIit crioco6 3akaoUaeTcsa B uc-
M0JIb30BAHUHU KOOPAWHAT 3JIEMEHTOB BUPTYAJIbHOM
amnepTypsl 0 BhIpaxeHuio (2). Bropoit cmocob 3a-

KJIIOYaeTCsI B BBIYWCIIEHHU MHOKHTENeH HaIlpaB-
JIEHHOCTH IIPUEMHOU U Tepefaroleil aHTeHHBIX pe-
[IETOK ¥ IOCJIEAYIOUEM UX IePEMHOKEHUH COIIac-
HO BBIpa:KeHumo (3).

Cdopmupyem momens MIMO auTenuo# perer-
ku. IlpweMHBIE W IepepamIIue 3JIEMEHTHI pac-
MOJIOKEHBI C IIaroM, PaBHBIM ITOJIOBUHE IJIHHBI
BOJIHBI II0 YEeThIPEM CTOPOHAM HPSIMOYTOJbLHUKA
[20]. KomuuecTBO IpHEMHBIX 3JIeMeHTOB paBuo 20,
OHH PACIIOJIOKEHbI HA AJIUHHBIX CTOPOHAX IPIMO-
yroapHuKA. KolIn4yecTBO mepenaioninx 3J1eMeHTOB
paBHO 10, OHH PaCIOIOMKEHBI HA KOPOTKUX CTOPO-
Hax npamoyroabHuKa. Kondurypanus anTeHHOH
pelieTkn mokasaHa Ha puc. 1. Mecromomo:xenue
9JIEMEHTOB BHPTYAJIbHOH alepTyphl OIpPEeaesIeHO
o cootHomurenuo (1). PaccmarpuBaemas koudury-
palus IPUeMHBIX U IIePegaloliX 3JIeMEeHTOB IIPH-
BOAUT K (DOPMHUPOBAHMIO IIPIMOYTOJIBHON amepTy-
PBI C BIIeMEHTaMHU, PACIIOJNOKEeHHBIMH B y3JIaX Ips-
MOYTOJLHOM CETKH C IIAaroM, PABHBIM ITOJIOBUHE
JUTHHBI BOJTHBI.

Hna sToil KoHUrypanmuu 5IeMeHTOB, QPyHK-
nuoHupyomei Ha yacrore 1 I'T'm, mo (2) paccuun-
TaHbl MHOMHUTEJIHM HAMPABICHHOCTH IPHUEMHOH
¥ Iepegamiledl aHTeHH, a TaKKe BHPTYyalbHOH
aneptyps! (puc. 2). Kpome sToro, Ha ocHoBe 3a-
BUCHUMOCTEM, M300paskeHHbIX Ha puc. 2, a u 0,
OBIT paccYWTaH MHOMKHTENb HAIPaBIEHHOCTHU
MIMO aHTeHHO¥} peIIeTKH 10 COOTHOIIEHHUo (3).
Muoxureaun MIMO aHTeHHO! peIIeTKH, PaCCUH-
Tanuble 10 (2) u (3), momHOCTHIO coBnaau. Mx pas-
HOCTB TOKJAECTBEHHO PaBHA HYJIO IS BCEX YTJIO-
BBIX HATIPABJIEHHUH.

MHoxHUTEIN HATIPABJIEHHOCTH IIPUEMHOH U Iie-
penmarolieil auTeHH 001a7al0T BBICOKMMH IHQPAK-
UHOHHBIMH JieniecTKaMu (cM. puc. 2). OHu umeroT me-
PHOIHUYECKYIO CTPYKTYPY ¥ 00YCIOBIIEHBI CHIbHBIM

—
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B Puc. 1. Kouduryparua MIMO anTeHHO# pereTsn
B Fig. 1. Configuration of the MIMO antenna array
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B Puc. 2. MHO:XHUTEIN HATIPABJIEHHOCTH IIPUEMHON aHTEeHHBI (a); epeaarolleil anTeHHb! (6); BUPTYAJIbHOH anepTypsl (8)
B Fig. 2. Directional multipliers: receiving antenna (a); transmitting antenna (6); virtual aperture (g)

pasHeceHHeM JIEeMEHTOB aHTeHH (/I IPUEeMHOH —
B IJIOCKOCTH yTJIa MeCTa, IJIS lepefaoleil — B ILJI0-
cKocTH a3uMyTa). Ux ypoBeHb paBeH yPOBHIO IJIaB-
HOTO JIemecTKa. B MHOXHWTesJe HanpaBIeHHOCTH
MIMO aHTeHHO# peIeTKH, aHTeHHBI IIPUEMHBIX
¥ Iepefaroliux HJIeMEHTOB KOTOPOH PAaCIIOIOKEeHbI
B TeX e MeCTaX, CTOJb BBICOKHE IU(PPAKIINOHHBIE
JIETIECTKHM OTCYTCTBYIOT. MaKkcuMalbHBIH YpPOBEHD
OOKOBBIX JemecTKoB cocraBigeT —13 n1b. O oTMme-
yeH Ha puc. 2, 8. Kpome MaxcumanbHOro 60K0BOTrO
JIeTiecTKa, Ha PUCYHKE OTMEYeHO ABa AajlbHUX 00-
KOBBIX JIEIIECTKA, YPOBHHU KOTOPBIX OyIyT UCIOIb30-
BaubI 11 oneHku Biausuus [[H npuemHbIX U m1epe-
JAIOIIUX SIEMEHTOB.

MuosxkuTenn HampaBIEeHHOCTH PACCYMTAHBI
B nuamnasone yrioB [-60; 60] rpax pis miaockocTei
asumyT u yroa mecra. lllar, ¢ KoTopbIM paccuu-
TaHbl MHOMKHUTEJIH HAIPABIEHHOCTH, COCTABISET
0,1 rpax. Takum o6pasom, o6Iee KOJHUIECTBO YTIJIIO-
BBIX HampaBieHu# cocrasiger 1 440 000. Bpemsa
pacueTa MHOMKHUTEJA HAIPABIEHHOCTH BUPTyalb-
Hoii anteprypsl MIMO anTenuo perrerku 1o (2) co-
craBuio 38,39 c (pesynbrar ycpemuenus mo 10 pac-
yeram). [Ipu pacuere MHOKHATES HAIIPABICHHOCTH
IIPUEMHOU M Iepemaroliel aHTeHH 10 (2) ¢ mocie-
IYIOIMM IIepeMHOKeHneM corjiacHo (3) Bpems pac-

gera coctaBuio 6,08 ¢ (pe3yabraT ycpegHEHHUd IO
10 pacueram). Takum 06pasoM, BBHIYMCIHTEILHAS
aderxTuBHOCTH cocraBuia 6,3 pasa. KommuecrBo
BBIYHUC/IIEMBIX KOMILIEKCHBIX DKCIIOHEHT COKPATH-
joch B 6,66 pasa. Pasnmuuusa moiry4eHHOU BeIHYH-
HBI BBIYUCIUTEIBHON 3(P(PEeKTUBHOCTH U PACCUU-
TAHHOU WMCXOIf W3 YMEHBIIEHUS KOJHYECTBA BBI-
YUCAAEMbIX KOMILIEKCHBIX SKCIOHEHT 00BACHAETCA
BPEMEHHBIMH 3aTpaTaMy Ha IIEPEMHOKEHHE [BYX
TIOJIyYeHHBIX MHOKHUTEJIEH HAalIPaBIEeHHOCTH.

Yder [IH npueMHBIX 1 nIepegaroniux
3JIEeMEeHTOB

Onenum Bausuume JIH smememta MIMO am-
TEHHOH pelleTKH Ha ee HAIpaBJIeHHbIe CBOMCTBA.
Coraacuo (4) IH MIMO aurenHoi pemersu gpop-
Mupyertcsa nytem nepemuoxkenusd [JH anrens npu-
€MHBIX DJIEMEHTOB, AaHTEHH IIepeIaroIuX dJIeMeH-
TOB W MHOKHUTEJId HANPABIEHHOCTH AHTEHHOU
pemeTku. PaccmoTpuM aBa ciaydasi: B IepBOM
IIpUEeMHBIE W Iepemalolue 3JeMeHThl UMEIT aH-
TenHbl ¢ oguHakoBbiMu JIH; Bo BTOpOoM [IH an-
TEHH IPHUEMHBIX U MepeaalolluX 3JIeMeHTOB pas-
IUYaAIOTCA.
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Omunaxossie [{H nmpueMHBIX
H IIepeIaloIniX 3JI€eMEHTOB

IIpenmomnosxkum, uro 8 MIMO anTeHHO# perer-
Ke, u300pasKkeHHOH Ha puc. 1, mpueMHble U Iepea-
OII[HME SJIEMEHTHI HCIOIb3YIOT OJUHAKOBbIE OMUHOY-
HBIE IeYaTHbIe Pe30HAHCHBIE AHTEHHBI KBaIPATHOH
dopmsr [21]. Ee pasmeps! Mo Kama0# 13 KOOPAHUHAT
COCTaBJSIIOT HOJIOBUHY IJHWHBI BOJHBI. Takue aH-
TEHHBI ¥ UX CBOMCTBA XOPOIIIO U3YUYEHBI U B HACTOS-
1iee BpeMs IIMPOKO MPUMEHAIOTCA B Ka4eCcTBe dJiie-
MEHTOB aHTeHHBIX pemieTok [22]. Popma ceuenuit
JH Takux aHTeHH ONpPaKTUYECKW OAUHAKOBA MIJA
IJI0CKOCTel asumyTa u yria mecra. [llupuna B obe-
HX IJIOCKOCTAX cocTaBifeT nopanka 90 rpazn.

Huarpamma wmanpasiaennoctu MIMO anTen-
HOH pelIeTKH, IPUEeMHbIe U Iepeaarolue dIeMeH-
THI KOTOPOW HCIONL3YIOT OMHHAKOBBIE IIE€YATHBIE
pe3oHaHCHBIE aHTEHHBI, M300paKeHa Ha puc. 3.
OHa monydYeHa IIyTeM INEPEMHOKEHUS MHOKHUTE-
JIST HAIPABJIEHHOCTH BUPTYAJIbHON amepTypsl (CM.
puc. 2, 6) u JIH aHTeHH MpreMHBIX U IIepegaoux
3JIeMeHTOB. BuaHo, 4TO, TAK KaK aHTEHHA dJIeMeH-
Ta obiagaer mupokoi JIH, ee BausHue crasbiBa-
eTcs TONBKO HA YPOBHE JalIbHUX 6OKOBBIX JIEIECT-
koB. Ha puc. 3 oTMeueHO HECKOIBKO GOKOBBIX JIe-
mecTkoB. BOKOBOH JIeITeCTOK MHOMKHUTEJS HalpaB-
JIEHHOCTH BHUPTYAJbHOH AlepTypPbl ¢ MAKCHMAJb-
HBIM ypoBHEeM (8,2 rpaja B MJIOCKOCTH a3uUMyTa U
0 rpaj B IJIOCKOCTH yTIJia MECTa) MPaKTHUYECKH He
U3MEHHUJICA. YPOBHHU JAJbHUX OOKOBBIX JIETIECTKOB
JIH ornmuaroTesa oT ypoBHEH TeX iKe JIeIIeCTKOB Ha
6-9 n1b. ®akTHYecKu HpUMeHEHHEe OTHHAKOBBIX
ciraboHANIpaBIeHHbIX AHTEHH /I TPUEMHBIX U I1e-
penatomniux snemenToB MIMO aHTeHHOM perneTKn
mo3Boasger opmuposars JIH, 6auskyio mo dpopme
K MHOKHTEJI0 HAIPaBICHHOCTH €€ BUPTYaJbHOH
aneptypsl. To ecTh HATIpaBIeHHBIE CBOMCTBA B OC-
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B Puc. 3. Iuarpammva zHanpasimexHocT MIMO anTen-
HOH pelleTKH, IpUeMHbIe U Iepefaolire 3JIEMEHThHI KOTO-
PO¥ HCITONIB3YIOT OJUHAKOBBIE IIeYaTHbIE Pe30HAHCHBIE aH-
TEHHBI

B Fig. 3. Radiation pattern of a MIMO antenna array

whose receiving and transmitting elements use the same
printed resonant antennas

HOBHOM OIIPpeOeJarTCa PacCIOJOKeHHueM IIpueM-
HBbIX U IIepeJarninux 3JIeMEeHTOB.

Pazmmansie [IH npunemMHBIX
H IIepeJalolIuX 3JI€MEHTOB

IIycts 8 MIMO anTenHO#M peliieTke, n300paKeH-
HOH Ha puc. 1, aHTEHHBI IPUEMHBIX U IIePEeIAIOIUX
9JIEMEHTOB IIPECTABIIIOT 060 aHTEeHHBIE PelIeT-
KU U3 ITeYaTHBIX Pe30HAHCHBIX aHTeHH. Hampumep,
noxo6HbIe AHTEHHBIE PEIIeTKY IPUMEHIIOTCA KakK
antedHbl 3memenToB MIMO aBTOMOOHIBHBIX pa-
napos [23]. Kaxnmaa us sTux peuretox copmupo-
BaHA YETHIPHMS IT€YATHLIMH PE30HAHCHBIMHU AaH-
TEeHHAMH, PACIOJIOKEHHBIMHM BIOJb OXHON JTWHHUU
U pasHECEeHHBIMH Ha PAaCCTOSHKE, PaBHOE JINHE
BosHBI. TakuMm ob6pasom, pasMep aHTEHHOH peleT-
KU Kagaoro us siuemeHToB MIMO-pemrerku paBex
TOJIOBHHE [JHUHBI BOJIHBI B OJHOU IJIOCKOCTH U
7/2 muuHBl BOJAHBI BO BTOpoi. CxemMaruyHOe u30-
Opa:xenue ee siaementoB u J[H mpencrasimensr Ha
puc. 4. Comocrapiasa pasMep aHTEHHOW peIIeTKH
SJIEMEHTOB M KOH(QHUTrypamui (as0BbIX IIEHTPOB
MpUeMHBbIX U mnepepamomux siaemenToB MIMO an-
TEHHOU pemieTku (cM. puc. 1), HECIIOKHO 3aMETHUTh,
YTO OPHEHTAIUS AHTEHHBIX PEIIeTOK IMIPUEMHBIX B
IepesarouX IeMEeHTOB JOKHA ObITH PA3THIHOM.
B nporuBHOM ciiydyae aHTEHHBI COCEJHHUX IIPUEM-
HBIX WX HepeJaloluX 3JIeMeHTOB OyIyT mepeKphl-
BaTh APYT Apyra. Jas npueMHBIX 3JIeMeHTOB Heo0-
XOJIUMO PACIOJIOKUTh AHTEHHYI0 PELIeTKy BEpPTH-
KaJbHO (KaK IMOKas3aHo Ha puc. 4, a), AJs Iepenar-
UX — FOPU30HTAILHO (IIOBEPHYB n306paskeHue Ha
puc. 4, a 1a 90°). IIpu moBopoTe aHTEHHOM pelIeTKH
ee JIH raxk:xe moBepHeTcs. besycaoBHO, Ipu MOBO-
poTe aHTEHHOU peIIeTKH CIoco6 3alUTKH ee die-
MEHTOB J0JI)KEH M3MEHHUTHCH TaK, YTOObI COXpPAH-
JIach MOIAPU3AIINA ee U3IYIYeHU.

Taxum 06pas3oM, A IPUEMHBIX DIEMEHTOB 0y-
IeT WCII0JIB30BATHCS AHTEHHAs PEIIeTKa C IIHUPO-
koit [IH B minockocTr a3uMyTa 1 y3KOH B IIJIOCKOCTH
yria mecra. Jaa mepemarmoimux 3IeMeHTOB, Hao00-
port, JIH 6yznet y3Koii B IJIOCKOCTH a3UMYyTa U IITHPO-
KOH B ILJTOCKOCTH yTJa MecTa.

JIuarpamma nanpasienHoctu MIMO anTenHoi
pelleTKr, MpHeMHBIE W Iepefalolue >3JIeMeHTbI
KOTOPOH HCIIONB3YIOT PAa3JIUYHBbIE AHTEHHBI, U30-
OpaskeHa Ha puc. 5. Buamo, yTo mpuMeHeHHe Ha-
npaBieHHbIX aHTeHH 3memMeHToB MIMO anrennoi
PelLIeTKY IMPUBOAUT K OKpacy (pOpMbI MHOKHUTEJIS
HaAIPaBIEHHOCTU €e BUPTYaJIbHOH amepTyphl IPo-
usBenenueM [IH anTenH mpueMHBIX U IepeaioNnx
3JIEMEHTOB.

Bupmo, uto nocronsky [JH amtenH npreMHBIX
¥ Tepefalinx 3JIEMEHTOB Y3KHe B ILJIOCKOCTH yT-
jla MecTa ¥ a3uMyTa COOTBETCTBEHHO, IIPOUCXOTUT
WHTEHCUBHOE CHHXeHHe GOKOBBIX JIEIIECTKOB MHO-
JKUTENs HAIMpPaBIeHHOCTH. TakK, MaKCHMaJbHBIN
GOKOBOI JIEECTOK MHOKUTEJS HAMpPaBIEHHOCTH
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B Puc. 5. Iuarpammva HanpasimexHocT MIMO anTen-
HOH pelleTKH, IpUeMHbIe U Iepefaolire 3JIEMEHTHI KOTO-
PO¥ HCIIONIB3YIOT OPTOTOHATIBLHO OPHEHTHPOBAHHbIE AHTEH-
HBIE PEIIETKH

B Fig. 5. Radiation pattern of a MIMO antenna array
whose receiving and transmitting elements use orthogo-
nally oriented antenna arrays

BUPTYaIbHOHN alepTypbl, CMEXKHBIN C INIABHBIM JIe-
IEeCTKOM, CHU3HJICA Oosee ueM Ha 1,5 nb. CHuxenne
IanbHUX OOKOBBIX JierlecTKOB mpessimaet 20 nb.
CTOUT OTMETHUTH, YTO CHHUIKEHHE YPOBHI OOKO-
BBIX JIEIECTKOB ITPOUCXOJAUT KAK B IJIOCKOCTH a3U-

myra (6imaromaps JIH anTenH nepenamomux sieMeH-
TOB), TAK ¥ B IJIOCKOCTH yriia mecta (bimarogaps JJH
AHTEHH IPUEMHBIX 3JIEMEHTOB).

3akjaroueHue

B pab6ore nmonyueno Beipaskenue (3) nis pacuera
MHOKUTEJA HAIPaBIEHHOCTH AHTEHHOH peIIeTKH
MIMO PJIC, mo3Boasmoiee yMEHBIIUTD KOJHIECTBO
MaTeMaTHYeCKHUX Olepaluii B CPaBHEHUH C ero pac-
YEeTOM II0 PACIIOJIONKEHHUIO DIEMEHTOB BUPTYAIbHOM
ameptypsl. Ha ero ocHoBe 3ammcaHo BhIpa:KeHUE,
no3BoadmwIee yuects Baugaue [[H antenn npuem-
HBIX U nepegatpomux smemenToB MIMO amrenHoi
pellleTKN Ha ee HAIpaBjeHHbIe cBoicTBa. OHO m0-
spousier paccuurarb [l H anrennoit permrerkun MIMO
PJIC o ussectubim J[H anTeHH IpHeMHBIX U II€pe-
JAIOIUX 3JIEMEHTOB M MHOKHUTEII0 HAIIPABIEHHO-
CTH BUPTYaJbHOH alepTyphl.

IToxasano, uro npu opmuposanuu JH MIMO
AHTEHHOW pEeIIeTKH eCTh TPHU CTENeHH CBOOOMBI:
MHOKHUTEJIb HAIPABJIEHHOCTH BUPTYaJIbHOH arep-
Typsl, JJH npueMHBIX U Iepegaoniux 3JIeMEHTOB.

PesynbpTaThl mOATBEPIKIEHBI MaTEeMAaTHYECKUM
MOJEJUPOBAHUEM.
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Ratios for calculating the radiation pattern of MIMO radar with different antennas of receiving and

transmitting elements forming it

M. A. Stepanov?, Dr. Sc., Tech., Associate Professor, orcid.org/0000-0001-6095-1172, m.stepanov@corp.nstu.ru
V. S. Sokolov?, Post-Graduate Student, orcid.org/0009-0001-2210-3970
aNovosibirsk State Technical University, 20, K. Marksa Pr., 630073, Novosibirsk, Russian Federation

Introduction: The synthesis of MIMO antenna arrays differs from the synthesis of classical antenna arrays in that the radiation
pattern of the former is formed by a virtual aperture. The virtual aperture is formed by the convolution of the coordinates of physical
receiving and transmitting elements, which leads to the formation of a large number of virtual elements. Purpose: To obtain relations
for calculating the radiation patterns of antenna arrays of MIMO radar with different antennas of receiving and transmitting elements
forming it. Results: We obtain an expression for calculating the antenna arrays directivity multiplier of the MIMO radar, which allows
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us to reduce the number of mathematical operations in comparison with the calculation of the virtual aperture elements arrangement. On
the basis of this expression we receive the expression that make it possible to take into account the influence of antenna radiation patterns
of receiving and transmitting elements of MIMO antenna array on its directional properties. It allows us to calculate the radiation pattern
of the MIMO antenna array of a radar according to the known radiation patterns of antennas of receiving and transmitting elements and
the directional multiplier of the virtual aperture. We present a model of a MIMO antenna array with a classical arrangement of elements.
Its directivity multiplier is obtained in two ways: the traditional way using the arrangement of virtual aperture elements and by using
the expression proposed in the paper. Their difference is identically equal to zero for all angular directions. On the basis of the obtained
directivity multiplier we calculate the radiation pattern of MIMO antenna array for the cases when the same and different antennas
of receiving and transmitting elements are used. We demonstrate the ways to reduce the level of side lobes of MIMO antenna arrays
radiation pattern. Practical relevance: The expression obtained in the paper takes into account the radiation patterns of the receiving
and transmitting elements of the MIMO antenna array, which makes it possible to analyze the distortion of the shape of the MIMO radar
antenna array pattern during scanning. The computational efficiency of the expression given in the paper and involving 20 receivers and
10 transmitters is 6.3 times.
Keywords — MIMO radar, radiation pattern, antenna array multiplier, directivity multiplier.

For citation: Stepanov M. A., Sokolov V. S. Ratios for calculating the radiation pattern of MIMO radar with different antennas of
receiving and transmitting elements forming it. Informatsionno-upravliaiushchie sistemy [Information and Control Systems], 2024,
no. 1, pp. 56-63 (In Russian). doi:10.31799/1684-8853-2024-1-56-63, EDN: YHDBHE
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HBIH YHHUBEPCHUTET aspoKoCMUYe- Hug PO.
CKOr0 Ipub0pPOCTPOEHHU 110 CIIEIIH- B 1980 romy oxonuun Jlenunrpan-
anpHOCTH «BBIYnCIUTENBHBIE Ma- CKHH DIIEKTPOTEXHUIECKUH MHCTH-
IIMHBI, KOMILJIEKCHI, CHCTEMBI H tyr uMm. B. W. Ynesuosa (Jlenuna)
CceTH». 10 CIEIHATBHOCTH «JIEKTPOHHbIE
B 2020 romy sammrun muccepra- BBIYHCIUTEIbHBIE MAIIIMHBI,
LIHIO0 HA COUCKAHWE YUeHOH crere- B 2001 romy sammurun amccepra-
HU KaH/JU/aTa TEXHUYIECKUX HAYK. I[¥I0 Ha COMCKAHVE YUeHOH CTeNeHN
fABnserca aBropom 35 HaydHBIX ZIOKTOpA TEXHUYECKHX HAYK.
my6muKanui. fBnaerca asropom Gomee 100 Ha-
O6nacTh HAyYHBIX HHTEPECOB — y4HBIX ny6nukanui u 14 mares-
YHCTIEHHbIE METOJbI, TEOPHS BbI- TOB Ha U306PETEHHUs.
YHUCTUTENBHBIX IIPOLECCOB, IPOEK- OfnacTb HayYHBIX HHTEPECOB —
THPOBAHWE  CHEI[MATH3HPOBAH- TEOPHS PaspALHBIX BBIYHCIEHUH,
HBIX [IPOLIECCOPOB. MeTOoAbl MPOEKTHPOBAHUA CIEll-
9. agpec: asklab@mail.ru [IPOLIECCOPOB /JIS CUCTEM KOHTPO-
11 ¥ yIPaBIeHHUA U IP.
1. agpec: mbse@mail.ru
COROJIOB AcniupanT xadenps! paguonpuem- CTEITIAHOB Houenr, saBenywommuii Kadexpoi
Ba,Z[I/IM HBIX M panuonepenamIux Makcum paunonpneME{mx U pajuorepesna-
Cepreesny YCTPOHACTB, HHIKEHEP-IIEKTPOHUK Annpeesny tomux ycrpoiicts HoBocubupckoro

enrtpa PafHOTEXHUIECKUX
yerpoiiers HoBocu6upceroro rocy-
IapCTBEHHOI0 TEXHUYECKOro yHH-
BEepCHUTETA.

B 2023 roxy oxonunn Hosocu6up-
CKUl TOCYAapCTBEHHBIA TeXHUYE-
CKHIl YHHBEPCHUTET [0 HAIpaBJe-
Huio «PaguoTexHUKa».

fABnserca aBropom BochbMH Hayd-
HBIX IIyOIUKALHIA i OJHOTO IIaTeH-
Ta HA U300peTeHue.

O6nacte HAYYHBIX HHTEPECOB —
AHTEHHbI, AHTEHHbIE PEeIIeTKH,
IIPOpEeKEeHHbIE AHTEHHbIE peIIeT-
KH.

9. appec: vady.sokol@gmail.com

TOCyAapCTBEHHOTO TEXHHUYECKOTO
YHUBEPCHTETA.

B 2005 roxy oxornunn HoBocubup-
CKHU TOCYAapCTBEHHBIM TEXHUYE-
CKMH YHUBEpPCHTET II0 HalpaBie-
Huio «PaguorexHuKa».

B 2019 roxy samurun aumccepra-
I[MI0 Ha COMCKaHUe yIeHOH cTele-
HHU JIOKTOpPA TEXHUIECKUX HAYK.
fBnaerca aBropom 132 HaydHBIX
mybnuKanui ¥ BOCBME IIATEHTOB
Ha n300peTeHus.

O6nacTp Hay4YHBIX HHTEPECOB —
MOJie/THPOBaHNE CJIOKHOH pajuo-
9NIEKTPOHHOH 00CTAHOBKH B pe-
anpHOM MaciiTabe BpeMeHH, aH-
TeHHBI, aHTEHHbIE PEeLIeTKH, IPo-
peKeHHBIE AHTEHHBIE PEIIETKH.
1. azppec:
m.stepanov@corp.nstu.ru
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/

CBEIEHUA Ob ABTOPAX /

TKAYEB HavanpHuk  HaydHO-HCCIELOBA- INIEBYEHKO Hayunsbrit coTpygHUE Hay4HO-HC-
JMuTpmit remscroro oraena HUII Boerroit Anexcanap CrIefioBaTenbekoro nentpa Boen-
®enoposud akagemun cBisu uMm. Mapmana AJTeKcaHApPOBHT HOU arajeMuu cBA3u uM. Mapiia-
Coserckoro Corosa C. M. Bynenso- na Cosercroro Coroza C. M. By-
ro, Cauxr-Ilerepbypr. neunoro, Caunkr-Ilerep6ypr.
B 2010 roxy oxorunn CraBpomnosis- B 2015 roxy oxonumn Pssanckuit
CKMH BOEHHBIH WMHCTHTYT CBA3H rOCyZapCTBEHHBIN PAIHOTEXHIYE-
PaKeTHBIX BOﬁCR II0 CIeHuaJIbHO- CKI/II:I YHUBEPCUTET II0 CIIeUa/b-
cru «PaguocBsasb, paauoBelnanmue noctu «KommbiorepHas Gesomac-
¥ TeIIeBU/ICHUE>. HOCTb».
B 2015 roxy samuTun mmccepra- fABnsercst aBropom 42 HaydHBIX
M0 HA COMCKAHUE YUIEHOH cTere- my0OnuKanui.
HU KaHIUaTa TeXHUYECKUX HAYK. O6JIaCTI) HAy4YHBIX HHTEPECOB —
fBaserca aBropom 115 HayvYHBIX KOMIIbIOTEpHAS (e30IaCHOCTh, HH-
ny6nukanui u 15 CBUAETENbCTE 0 (opmanuonHas 0e30I1aCHOCTb,
perucrpanuy IEKTPOHHBIX pe- CrIo0co6bI KOHTPOIIS YA3BUMOCTEH 1
CypPCOB. yupaBieHus 0(e30MacHOCTHI0 WH-
O6acTh HAYyYHBIX UHTEPECOB — (popMaIIHOHHO-BBIYUCTATEIBHBIX,
pasBUTHE M COBEPILIEHCTBOBAHHUE UHGOPMALMOHHO-TEJIEKOMMYHHU-
CPEJICTB ¥ KOMILJIEKCOB CBS3H, HC- KallMOHHBIX U paclpeeleHHbIX
[BITAHUS CPEACTB M KOMILIEKCOB UH(POPMAIHOHHBIX CETEH.
CBf3M, MH()OKOMMYHUKAIUOHHbIE 1. ajpec:
CeTH CIenualbHOr0 Ha3HA4YeHHU . alex_pavel1991@mail.ru
Am. axpec:
dimas.portnoy@inbox.ru
IIIYBAEB Havansuugk maGoparopun Boen-
<I)e110p HO-KOCMHUYECKOH ) aKajeMuu
JleOHHIOBHY um. A. ®. Momxaiickoro, CaHKT-
ITerepbypr.
B 2010 rogy oxonunn BoenHo-koc-
Mudeckyio akagemuio uM. A, @, Mo-
JKANUCKOr0 [0 CIE[HAaTbHOCTH «AB-
TOMATH3UPOBAHHBIE CHCTEMBI YII-
paBiIeHHUs».
B 2019 roxgy samuTtun aumccepra-
LU0 HA COUCKAHWE YYEeHOHU CTere-
HY KaHJHUATa TEXHUYECKUX HAYK.
fIBnaerca aBropoM 15 Hay4HBIX
myGauKayii.
O6nacTh HAyYHBIX MHTEPECOB —
Teopus rpadoB, MaTeMaTHIeCKasd
CTATHCTHKA,  IIPOTHO3MPOBAHHE
BPEMEHHBIX DPA/I0B, TEOPHUA pac-
[I03HABaHUA 00Pa30B.
. agpec: cadetfed@mail.ru
NMAMATKA AANA ABTOPOB
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Iocmynarouwue 8 pedakyuro cmambvu nPoxodam 06a3amenbHoe PeyeH3uposarle.

IIpu HaTWYUH TOJIOKUTENHLHON PEIIEH3UH CTaThs PACCMATPUBAETCS PEJAKIIMOHHON KOJIIEeTHEeH.
IlpunusATas B meyaTsh CTAThS HATPABISIETCA ABTOPY IJIA COTJIACOBAHUSA PEIAKTOPCKUX MpaBok. [locie
COTJIACOBAHUS ABTOP MPEACTABISIET B PEIAKIINI0 OKOHYATEIHHBIM BAPUAHT TEKCTA CTATHH.

IIpomenypsl COTIACOBAHUA TEKCTA CTATHU MOTYT OCYIIECTBIATHCA KAK HEIOCPEICTBEHHO B pe-
oarmuu, Tak u no e-mail (ius.spb@gmail.com).

Ilpu OTKIOHEHWM CTATHU PENAKIUS MPEICTABIAET ABTOPY MOTHUBHPOBAHHOE 3aKIOUEHUE U Pe-
[IEH3HIO, IPU HEOOXOIUMOCTH 0PaboTaTh CTATHI0 — PEIIEH3HIO.

Pedakryus scypraia Hanomuraem, 4mo omeemcmeeHHoCmb
3a 0ocmoeepHOCMb U MOYLHOCMb PEKAAMHBLY MAMEPUAL08 HECYM PEKAAMOOAMenu.
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