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Ha ocHoBe aHanusa norpelHocTet MOHOMMNYNILCHOTO MeTOAA MeJIEHralun Lenu paaguono-
KaLMOHHOW CTaHLMM € LM pOBOI aHTEHHOW pELLETKON BbieneHa B 0cobbif Knactep rpynna
norpeLHocTen, cBA3aHHaA ¢ NyKTyaLuusaMM paBHOCUMITHAIbHOTO HanpasneHUA NpyU CKaHupo-
BaHWUM Jly4a aHTEHHOW CUCTEMbI, a TaKXe C HeUWAEHTUYHOCTbIO popMbl (PbOpMUPYEMbIX JTyHen
MOHOMMNYNbCHOW rpynnbl. [laHHoe 06cToATENnbCTBO 0060 KPUTUYHHO NPOABNAETCA Y KPYNHO-
aneptypHbix PJIC ¢ PAP c 3nekTpU4eCKMM CKaHUpOBaHUEM, Fae KonuyecTso hopMUpyeMbIX
NpPUEMHBIX Ny4ei 3HaYUTENbHO, JONONIHUTENLHO KOOPAMUHATHI Lienn 06bI4YHO He COBMAAAloT C
KOOpAMHaTHbIMU MIOCKOCTAMM, BAOJIb KOTOPbIX NPOM3BOAUTCA U3MEPEHUE KOOpAMUHAT (3ToW
npo6neMe Gbina NOCBALLEHA CTaTbA aBTOpa, ONyGNMKOBaHHAA B NpeAbiAyLLLEM HOMeEpe Xyp-
Hana). HenuHelHoCTL faHHOM 3aga4mn TpebGyeT yHMKanbHbIX NOAXOAOB U pelleHunin. Knaccu-
Yeckas MOCTAHOBKA 3a/jaYiM CBA3aHa C MOflyYeHWeM OLleHKN BEKTOpa U3Jly4MeHUA BCEel aHTeH-
HOM peLueTKU Mo U3BECTHOMY U3SMEPEHHOMY BEKTOPY KOMMIEKCHBIX CUTHANIOB Ha BbIXOAE aH-
TEHHOM pelleTkn B PUKCMPOBaHHbIA MOMEHT BpeMeHU. [na pelleHUa AaHHOM 3aja4u M on-
peaeneHua pelualoLero npasuna UCMNonb3oBaH HeMpoceTeBoi NoAxopA, Npu 3ToM obyveHune
HEAPOHHOM CETU BbIMONHEHO MO KPUTEPUIO MMHMMYMa BbiGpaHHO LeneBoin pyHkuun. Mpu-
Be/leHO 060CHOBaHMe MOBbILIEHUA TOYHOCTU U3MEPEHUW YINOBbIX KOOpAWHAT B MOHOMM-
NyAbCHbIX CUCTEMAX CO CKaHUPYIOWMMU LnchpoBbIMM (Da3MPOBaHHLIMM AaHTEHHBIMU peLleTKa-
mu (LULPAP) Ha ocHoBe npuMeHeHUA B npouecce o6paboTKM paaMONOKaLMOHHBIX AaHHBIX
HelpOHHbIX ceTei 6e3 (POPMUPOBAHUA NENEHrALMOHHbIX XapakTepucTuk. Pesynbratel Moge-
nupoBaHua xapakrepuctuk LIMAP (Ha npuMepe nnockon aHTEHHOW pELLETKM pa3MEPHOCTbIO
30 Ha 30 usnyuarenei) B ycnosuax, NpuHATbIX B Mogenu LIPAP gonyuieHmit npu peanusauum
K/TACCUY4ECKOro U OpUrMHaNbLHOro MeTo/0B NMOKa3aHbl HA NpUMepax NOBEPXHOCTEN Aucnep-
cuit olMBOK U3MepPEHUA YINOBLIX KOOPAMHAT MOHOMMNYJLCHBIM METOZ0M B NPAMOYTIONbLHOWM
NpoCTpaHCTBEHHOV 06nacTu, KoTopble NoKa3anu yMeHblUeHne olnbku u paclumpeHue obna-
cTh u3MepeHuit. B panbHelilieM npegnonaraerca npakTuieckas peanusalma AaHHOTO NOAXO-
Aa c ucnonbzosaHneM FPGA B npueMHbIX TpaKTax YacToTHo-3aBucuMoi Yactu PJIC.
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1. Beenenne

[lepBUuHBIME dTanamMH >KM3HEHHOTO ILUKJIA COBPEMEHHOW
paauonokauuonHod cranmuu (PJIC) Ha 9ramax  ONBITHO-
KOHCTPYKTOPCKOH PadOTHI ABJISIOTCS 3CKU3HOE MPOSKTUPOBAHHE
U TEXHHYECKOE IMPOCKTHPOBAHUE, KOTOPbIE MHOIJA OObeaAnHS-
IOTCS B OAMH dTam. TakuMm oOpaszoMm, 10 pa3paboTkum paboueit
KOHCTPYKTOPCKOH JOKYMEHTAIlMd M W3TOTOBJICHUS OIBITHOTO
oOpasma ¢opmupyercss TeXHWYeCKHH oOmmK W3menws, BKIIO-
YAOUIUH B ce0s1 HE TOJIBKO aIMapaTHYI0 4acTh, HO U KOHLETIUN
pa3paboTKH TPOTPaMMHOTO OOECHeueHHs] Kak ammapaTHoO-
MPOTPAaMMHBIX CPEJCTB U PAAMO3IEKTPOHHBIX KOMIUIEKCOB, TaK
u PJIC B menom. IlocrosHHBI pocT TpeOOBaHMH K TaKTHUKO-
TeXHHUYECKUM xapaktepuctukam PJIC u npHHIMIUAIBLHO HOBBIC
HeIM C YHUKAJIBHBIMH XapaKTePHCTHUKAMU H3JIyYeHHMs, & TaKKe
LIMPOKOE MTPUMEHEHHE B TPAKTaX MpHUEMO-TIepeatoleil anmnapa-
typel [IJIUC (FPGA) Beayumx npoussogureneii Intel (Altera),
Xilinx, Silego u T.1. cO BCTPOEHHBIMH MPOIECCOPAMHE, PA3BUTON
APXUTEKTYPOM, paHee HEJOCTHKUMBIMH ITPOU3BOANTEILHOCTIMH
1 9Heprod(pHEeKTUBHOCTSIMU OOECTIEYMIM BO3MOXHOCTh ITPHMe-
HEHHUSI HOBBIX WJIM CYIIECTBEHHO YCOBEPIICHCTBOBAHHBIX KJIAC-
CHUYECKHX METO/IOB OLIEHKH KOOPJMHAT OOBEKTOB.

MOHOUMITYJILCHBIN METOJI NeNeHraimu cymectByer ¢ 1940-x rr.
U MHUpOKo npumensercs B coBpemeHHbix PJIC [1-4]. Ipu ero
MPaKTHUYECKOI pealn3allid Ha TOYHOCTh M3MEPEHUs YIJIOBBIX
KOOpAMHAT BIMSET LENbI paa (haKTOpPOB, KOTOPbIE MOYKHO pa3-
JIeNUTh Ha cieaytomue rpymnnsl. [lepBas rpymma oOycioBieHa
HaJIMYMEM BHYTPEHHHX IIYMOB M BHEIIHMX MCTOYHHKOB IOMEX.
Bropass rpynma ¢akropoB 00ycliOBiI€Ha yXOJaMH PaBHOCHT-
HaspHOTO HanpasieHuss (PCH) mpu ckaHupoBaHMH W HEH[CH-
TUYHOCTBIO (POPMHUPYEMBIX JIyueii MOHOUMITYJILCHOW TPYTIIIBL.

Jiist 60pBOBI ¢ BiIMsHEEM (haKTOPOB NEPBOI IPYMIIBI B cOCTa-
Be PJIC ucnosip3yloT mpreMHbIe YCTPOHCTBA ¢ HU3KUM KO3 u-
OUEHTOM IIyMa, a Ipu (OPMHUPOBAHMM TPHEMHBIX JHArpaMM
HAIPaBJICHHOCTH CHIYKAIOT YPOBEHb OOKOBBIX JIETIECTKOB [3].

ITorpemrHocTH, oOycnosnennsie yxomamu PCH u Hennen-
THYHOCTBIO (JOPMBI Jydeil OOJIbIlle BCETO MPOSBISAIOTCS B MPH-
€MHBIX aHTCHHBIX PEIIETKAX C 3JIEKTPOHHBIM CKaHHPOBAHUEM.
dopMa U IKPHUHA JIyda 3aBUCAT OT €ro IPOCTPAHCTBEHHOU Opu-
eHTanuu. B pe3ynbTare HEMICHTUYHON (hOPMBI JIyueil mejieHra-
[MOHHAs] XapaKTePUCTHKA CTAHOBUTCSl HEIMHEWHOM, YTO U MPH-
BOJIUT K OMIMOKaM u3MepeHuil. B cBs3uM ¢ 3TuM B TpuMepax,
MpPUBEJCHHBIX B MOHOrpaduu [5] paccMOTpeHBI YIUIOTHCHHBIC
ceTku Jydeil. OnHAKO yBEIMUCHNE YHCIA IPUEMHBIX JIy4ed Mo-
KET CYIIECTBEHHO YCIIOKHHTBH AITOPUTM 00paOOTKHM W Bpems
0030pa IPOCTPaHCTBA.

B marenre [6] paccMOTpeH BapHaHT JIMHEAPU3AIlAH TICJICHTa-
[IMOHHON XapaKTEPUCTHKH, a B mmareHrte [7] Mmpu MpoBeIcHUM
N3MEPEHNH YTJIOBBIX KOOPJMHAT MOHOMMITYJIBCHBIM METOI0M
YUUTBHIBAIOT HEJIMHEHHOCTh MEJICHTAI[MOHHOW XapaKTePHCTHKH.
Kpome Toro, ciemyer y4uThIBaTh, YTO KOOPAWHATHI LIen 00bIY-
HO HE COBIMAJAIOT C KOOPAWHATHBIMH IIOCKOCTSAMH, BJIOJIb KOTO-
PBIX TIPOM3BOAUTCS U3MEPEHHE KOOPIMHAT TIPH TOM, YTO JINHEH-
HOCTb IEJICHTallMOHHON XapaKTePUCTHKH yTBEPKIACTCS TOJIBKO
B JJaHHOM IIJIOCKOCTH.

B obmem ciryyae nuist 60ps0bI ¢ BIUsSHUEM (DAaKTOPOB BTOPOU
IPYIIBI CIENYET CTPOUTHh HEKOTOpPOE HEJIMHEHHOe IMpaBuilo, ¢
UCIIOJIb30BaHHEM KOTOPOTO TI0JIy4YaTh OIIEHKY YIJIOBBIX KOODJIH-
Har 1enan. CPopMyIMpoBaTh TaKOE MPABWIO aHAINTHYECKH HE
MIPEICTABIISCTCS BO3MOXKHBIM, YTO M OTPAaHWYHMBACT BO3MOKHO-
CTH MOHOUMITYJIbCHOH TI€JICHTAINH.
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B Hacrosiiee BpeMsl Ipu peLIEHUM 3aJad, A KOTOPbIX HE
yIAeTCsS aHAMTHYCCKHU 3aIicaTh Peliaoliee mpaBuio, BO MHO-
rUX 00MacTsSIX YETOBEYCCKOH NEATeIbHOCTH W, B YaCTHOCTH, B
PaMONIOKAINH, UCTIONB3YIOT HefipoHHbIe ceTH [8].

Llenp paGoOThI COCTOUT B MOBBIIICHHH TOYHOCTH H3MEPEHUIt
YIJIOBBIX KOOPAMHAT B MOHOMMITYJIBCHBIX CHCTEMax CO CKaHH-
pyrommMi H(POBBIMU (a3UPOBAHHBIMU AHTCHHBIMH PELICTKA-
M (LID®AP) Ha ocHOBe nprMeHEeHHs B mpolecce 00paboTKu pa-
JINOJIOKALIMOHHBIX JaHHBIX HEMPOHHBIX CETEH.

2. locTanoBka 3agaun

ITyctb umeercst M-anementHas LHIOAP, Ha BbIXxogax KOTOpOi
WCTOYHUK, U3TyYaIONINi B HAIIPABICHUU P, BO30YKIAET BEKTOP
JIETEpPMUHHUPOBAHHBIX CUTHAJIOB

x(p,t) :(xm (pt)= aexp(i¢)exp(ikq;p)exp(ia)t)‘m =12,...M ) )
1)

TIe a,¢ — aMIuIMTyaa u (aza HCTOYHHKA, g, — BEKrop, ompe-

JETSIFOIIHI 1ToJI0KeHHe (Pa30BBIX LEHTPOB aHTEHHBIX 2JIEMEHTOB
AP; T — cuMBOJ TPAaHCIIOHUPOBAHHUS; (» — KPYroBas 4yacToTa.
Ha Beixonax kananoB AP Takke NpUCYTCTBYET COCTABIISIOIIAs

IyMa, KOTOPYIO 0003HaYUM BEKTOPOM g(t)= (gm (t)| m=12,..M ) .

CoOcTBeHHbIE HTyMBbI 371eMeHTOB AP Oynem cuurath pacrpene-
JICHHBIMH 110 HOPMaJbHOMY 3aKOHY C HYJIEBBIMH MaTeMaTnye-

CKHMH OXMIAHHSIMH U JHCIIEPCHeH ¢, HE3aBUCHMBIMH MEKILY
CO0OH ¥ MOJIE3HBIM CHTHAJIOM.

B pesynbrare BBIXOJHOW BEKTOp CHUTHAjIOB KaHajioB AP
MOJKHO TIPEJICTaBUTH B BHJIE

z(p,t)=x(p,t)+&(t)- @

Ha Brixoge AP mmst 0OpabGOTKH CHTHAJIOB HCIOJB3YIOT MHO-
JKECTBO auarpamm HampasieHnoctd (JIH), dbopmupyeMsix mpu
momorin N HabopoB M-37eMEHTHBIX KOMIUICKCHBIX BECOBBIX
ko durmentos (KBK), koTopble MOTryT ObITh 3aJaHbl MPSIMO-
yroJipHOU Matpuiei A.

Torma KOMIUIEKCHBIE CHTHAlBI Ha BBIXOAe AP Moryt OBITH
3aIicalbl B BUIE

u(p,t)=A"z(p,t)=Ax(p,t)+ATE(t)- 3

Bropoe crmaraemoe B BbIpaxkeHun (3) mpenctaBisieT coGoi
CITy4aifHyI0 BeKTOP-()YHKIIMIO, KOMIIOHEHTHI KOTOPOH pacmpene-
JICHBI TI0 HOPMAJIFHOMY 3aKOHY C HYJIEBBIMH MaTeMaTHUYECKUMHU

OXUJAaHUSAMU U JOUCIICPCUSAMU @ AZ B cuiy CTaTUCTHYECKOU

HE3aBUCHUMOCTH IIYMOB KaHaJIOB MOIIHOCTH IITyMa B BBIXOJIHOM
curtane AP yBennunBaercs 1o CpaBHEHUIO C MOILTHOCTBIO ITyMa
KaHaja MeHee 3HAYHUTEIBHO, YeEM MOIIHOCTE curHaja. I1ockomb-
Ky MOILIHOCTb LIyMa B CUTHaJie Kaxjaoro jiyda AP 3aBucur ot
BeIOpanHbIx KBK, TO aucnepcun mrymMoB MOTYT OBITH HEOIUHA-
koBbIMU. B TO ke Bpems, ecniu KBK, cocraBnsromue marpuiy
A, OTIHMYAIOTCS HE3HAYWTENBHO, HANpUMeEp, HalpaBICHUEM
(hazupoBaHMs, TO MOKHO CYHTATh, YTO BCE KOMIIOHCHTHI BEKTOpPa

2 2
GA OIWHAKOBBI 1 PAaBHBI O-A .

Bekrop ATx(p,t) — JEeTEpMHHHMPOBAHHASL COCTABIAIONIAS

BEKTOp (PyHKIMH | (p,t).
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3ajaya COCTOMT B MOIyYEHUHU OLEHKU BEKTOpa | 110 U3BECT-
HOMY HM3MEPEHHOMY BEKTOPY u(p,t) B (DMKCHPOBAHHBIH MO-

MEHT BpeMeHH t.

3. O0ocHOBaHHE METOAA

Ouenky BekTopa P OyIeM UCKATh KaK OLEHKY MaKCHMalbHO-
TO TIPaBIOMOO0MS.

DyHKUUS PaBAOMOA00HS BEIOOPKH BXOIHOTO CHTHAJa B He-
KOTOPBIif MOMEHT BpeMeHH t mmeeT By [9]

1
mexpx
A )

x(—(u(p,t)— Tx(p,t))H(u(p,t)—ATx(p,t))/a,i).
4)

L, =

rae H — cuMBOJI 9pMHUTOBA COTIPSHKCHHUS.
Maxkcummsanus QyHKIHA MPaBIOIoI00us LZ DKBHMBaJIEHTHA

MUHHUMU3AIUN KBAApaTa HOPMBI €BKJIN0BA IIPOCTPAHCTBA
p)=Ju(p.t)- AX(p.t)] = (u(p.t) - ATx(p.1)) " x
x(u(p.t)-Ax(p.t))

110 HEU3BECTHOMY TTapameTpy p.
Junst peuienust 3agadu OyJaeM HCIOJIb30BaTh HEHPOCETEBOM
TOJXOM, B COOTBETCTBMH C KOTOPBIM €IMHHMYHBIA BEKTOp [

Q)

MPEICTABISCT COOOW OTKIMK HEHPOHHON CETH HA BXOIHBIC BO3-
JIEUCTBHS, T.C.

@ ()

(CRONCEE(S)
p'=Y|u',w,w,...

Wb, tz) b} =Y(u',{w;b})v (6)

(M ()

rme W 1 b — koadduimenTsl CBI3M U CMEIIEHHsT N-TO CIIOs
HelporHoit cetn n=1,2,...,L;

u'=A"x(p'); )

{W;b} — KoMmakTHas (GopMa 3amucH, 0003HAYAIOIAs MHOMKE-

CTBO BceX KOA(PHUIMEHTOB HEHPOHHON CETH.
OOyueHne HEWPOHHOM CETH MOXKET OBITH BBIIOJHEHO II0
KPHUTEPHI0 MUHUMYyMa 1ieneBoil GpyHkimu (5) mociie 3aMeHbl P Ha

Y(u',{w;b}) u u(p,t) na u'. Ipu sTom nenesas GyHKuHs

(5) cranoBuTCs QyHKIHEH KOIPOUIMEHTOB CBSI3H M CMEIICHUS
HEWPOHHOU ceTH

0. ({w
= (u=AX(¥ (ut fwib})))" (= ATX( Y (utwib})) ).

B cuny Toro, uro mMexay BekTopamu U' M ' CYLIECTBYET

b}) =[lur= A"(¥ (' {wib}))| = 6)

OIHO3HAYHAA (PYHKIIMOHAIBHAS CBS3b, 3a7ada TIOMCKA MUHHUMY-
Ma (8) sKBHBaJeHTHA MHHUMH3AIIUH TIETIEBON QYHKIINH

g, ((wib}) ==Y (A™X(p"). {w:b} ) = ©

=(p= Y (A(p) {wib})) (b Y (ATX(p') {wib})).

MeTtomp! 00y4eHNsT HEHPOHHBIX CeTe W3BECTHHI, HAIPUMED,
[8]. B Hacrosimiee BpeMs B OCHOBE OOJBIIMHCTBA METOJOB
o0ydeHHMsI C y4YUTENeM JIeXKAT PAa3HOBHIHOCTH TPaJWEHTHBIX
METOJIOB M METOJ] 0OpaTHOTO PacIpOCTPAHECHUS OIIUOKH, TPH
KOTOpPOM 3ajlaya CBOIMTCS K OIPCICICHUI0 KOMIIOHCHTOB

/ (n) (n)
BEKTOpa rpajiueHTa @gp. OW“ H@gp @b

[IycTh KOOpPAMHATHI 3JIEMEHTOB IUIOCKON M-aneMeHTHoﬁ AP

3a/1aHbl B IPABOM JIEKAPTOBOU CHCTEME KOOPAMHAT Oxyz , B KO-

TOpOI Havano orcuera (Touka O coBmagaer ¢ (pa3oBbIM LIEHTPOM
aHTEHHbI, HampaBieHne ocu OX — C HampaBJIeHHEM BHEIIHEH
Hopmanu, ocn Oz n Oy pacnosiokeHbl B INIOCKOCTH PacCKpbIBa
aHTeHHbI). [Ipy  3TOM  DJIEMEHTHl  BEKTOPOB-CTOJOLIOB

O = (G Gy o) st styE8Y10 cOCTARITIOYO G, =0

Ilycth BekTOp-CTpOKa r,= (rOX, oy Toy

) oIpezenseT IoJo-
JKEHNE PaBHOCHTHAJIBHOTO HAIPABJICHHS, OTHOCUTEILHO KOTOPO-
TO BJOJIb OPTOTOHAIBHBIX KOOPIMHATHBIX HAIPABJICHUH IOmap-
HO pasBeneHsl tyun AP, obpasyromie npsMyr0 MOHOUMITYITBC-
HYIO CBSI3KY.

B stom ciryuae anemMeHTHl MaTpuill A MOTYT OBITh 3a7aHbl

[IPU TTOMOIIIU BbIpaKEHUH

Ans =|Avm|exp(ivzg,, eXIO( 1K (lyploy + Gy (T, + 0T ))) (10)
Anz = Ao €0 (i) XD ( <K (0, + (7, =01, ))): - (AD)
A =|Anlexp(ivg,) Xp( Ik {3 +§ry)+qzmroz)); (12)
A =Pl eXP (175, ox ik (0 (1, = 6T, )+ 0ok, ) (13)

rie A, =| Abm|exp(i¢//0m) — KOMIUICKCHAsI aMILTUTyAa M-TO

kaHana AP npu popMUpOBaHNK HEOTKJIOHEHHOTO JIy4a; & r, or,

— CMeNIEHHUs ITydeil BIOIb COOTBETCTBYIOMIMX KOOPIMHATHBIX
HaIlpaBJICHUH.

Matpunie KBK A cooTrBeTcTByIOT 4eThipe mpueMHbIXx J[H,
OTIPE/ICISIEMBIX BBIPAKCHHEM

(B2 = (A (p,10.) -

rac ( py’ pz) — HanpaBJIAIOINHUC KOCHUHYCBI, OIIPEAC/ISAONINE Ha-

2 2

“pi. (14

1-p,

MpaBJICHUE HA LICIIb,

f(pY' pz):exp(ik(qym py+qzm pz)) (15)

ComHOXuTENL [] — py2 - pz2 B BeIpaxkenun (14) coorser-

cteyer JIH omuMHOYHOrO 3jeMeHTa W B OOINEM Cllydac PaBeH
CKaJIIPHOMY MPOM3BEIEHUIO BEKTOPA, HAMIPABIEHHOTO HAa TOUKY
HAOJIOICHUS, ¥ CIMHIYHOTO BEKTOpa BHEIIHEH HOPMAIU K pac-
KpbiBy AP.

Kak BumnO, BekTOp-(pyHKITHSL f(py, pz) aHaJOTUYHA BEK-

Top-QyHKIUH x(p,t) 1 OTJINYAETCs TOJIBKO TeM, YTO B HEH OT-
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OpollicHa COCTaBJISTIONIAs exp(ia)t) 1 yuTeHa cucTeMa KOOpau-

HaT HaOmoneHns. OTCroa CleyeT, YTO Ha BBIXOAE aHTCHHBI C
YYeTOM COCTABISIOMICH ITyMa B MOMEHT BpeMeHH [ moiydaroT
BEKTOp CHUTHAIIOB

2(p,.p,)=aexp(ig) A (p,.p, ) +&-

B »ToM ciyuae M3MepeHHE YIIOBBIX KOOPAMHAT KJIacCHYe-
CKUM aMIUIUTYAHBIM METOAOM OCYLIECTBISIOT NpU MOMOIIU
JIBYX ICJICHTAIMOHHBIX XapakTepucTtuk (I1X):

(16)

(py’ ‘Z Py, P ) a7
D P, )=
Z(py p) Zl(py!pz)+z (pyvpz)
%(py. p.) ‘Z P, P.)). (18)
D r Mz
y(py p) ZS(py’pz)+Z4(py1pz)

M3mepenne koopaIuHAT MOHOMMITYJIECHBIM METOIOM OCYIIE-
cTBIIIOT Ha JinHeHHoM yuactke IIX. Ilpu stom kpyrusna I1X
COOTBETCTBYET OTHOIICHHIO

%&’02) 0.50T, (2 (1115, ) = 21y 1)) (49)
DA (o) o fe0.) -1 )) @
A COOTBGTCTBYIOLIIC YIIOBHIC KOOpHHATS! HAXOMAT 110 Py
By

B ornuume OT KjIacCHMYeCKOro MOHOUMITYJIBCHOTO METOoJa
HelipoceTeBo# moaxon He Tpedyer hopmupoBanus [1X.

BeIxoHbIE CUTHATIBI MOHOUMITYJIBCHOW TPYIIIBI JIydeld HeoO-
XOJUMO IOJBEPTHYTh HOPMHPOBKE (4TOOBI HCKIIFOUUTH BIIUSHUC
Ha OTKJIMK HEHPOHHOM CETH aMIUTUTYAbl & HCTOYHUKA).

PaccMoTpuM HaOOp BXOJHBIX CHTHAJOB HEHPOHHOH CETH,
MOJy4aeMbIX TOCJIe HOPMHMPOBKM K MaKCHMalbHON aMILIUTYe
CUTHAJIOB MOHOMMITYJIbCHOM I'PYIIIIBI:

(0) 1
Y, =
2Py 2)
Hanpumep, nyctb HeElpoHHas CeTb COAEPXKUT TPHU CIIOS.
B stom ciryuae otkink HC MOXKHO NpeicTaBUTh B BUAIE BEKTOpa

B @fEe @@ O/oeE O @) O
Y=c|w-c|w-c|lwY+b |+b |+b |

(22)

2Py )

n 1234

(23)

(n)

rue ¢ (x) — (byHKIHS aKTUBAIIMHA HEUPOHOB N-TO CIIOSL.
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UYucio cioeB MOXKET ObITh M OOJIbIE, HO HE MEHBIIE JIBYX.
[Tpu 3TOM BBIpaKeHUE (22) HECIOKHO TPaHCHOPMHUPOBATH IJIS
J1000T0 TIPON3BOIBHOTO YHCIIA CIIOEB.

4. YncieHHbIe pe3yJibTAaThl

IMycts mwiockas AP cocrout u3 M =30x30=900 auren-
HBIX DJIEMEHTOB, Pa3MEIICHHbIX B y3JIaX MPSMOYTOJIbHON CETKH C
onuHakoBbIM maroM 0,54 mo Bepruxanu u ropuzontamm. s
(bOpMHUPOBaHUS TPHEMHBIX Jyded MOHOMMITYJIBCHOIH I'PYIITBI
OyZeM NCTIOIb30BaTh CHH(pA3HBIC PacTpeICTICHUS

T
Ay =| Ay +(1-A,, )cos? Gy A +(1-A,, )cos?| Zen ||
L, L,
(24)
re A pyy  CTIBCIICCTAIIBI> AMILTHTYHbIX pacrpeeseHuii; Ly ,

— JIMHEMHbIE pa3Mepbl AHTEHHOU CUCTEMBI.
B raBHBIX cedeHHAX LIMPHUHA OPUEHTHPOBAHHOTO MO HOP-
Malll K pacKpbIBY Jyda paccMaTpuBaeMoil AP ¢ aMImiuTyIHBIM

pactipenenenueM Buma (24) npu AAy =0,3 pasua 4,22°.

B sTom cityuae i peanm3anuy KIacCHIeCKOTO0 MOHOMMITYJIhC-
HOTO TIeJIeHraTopa HeoOxonumo pasBectu dyun AP B mportuso-
MOJIOKHBIE ~ CTOPOHBI OT PABHOCHTHANBHOTO  HAIMPABIICHUSI
r :(]_,0,0) Ha Yroj, paBHbIN IOJIOBMHE IIUPUHBI Jiyda. [Ipu

STOM MapaMeTpsl 5T, = &r, =sin2,11" =0,0368.

Ha pucynke 1 mpuBejieHa COOTBETCTBYIOIIASI OOBIYHOMY Me-
TOJy TEJEHTallui MPOTOTUIY MMOBEPXHOCTh TUCIIEPCHI OIEHOK
YIJIOBBIX KOOPJMHAT OT UCTHHHBIX 3HAYCHHU, MOJYYCHHBIX TPH
OCHI KOMIUIEKCHBIX CHTHAJIOB MOHOUMITYJIbCHOU TPYIIIBI JIy-
yeil, paBHoM 12,2 nb. Touka A Ha pucyHke 1 COOTBETCTBYeT
MaKCHMAaJIbHOM IUCIIEPCUH OIIMOKKA U3MEPEHUs! YIJIOBBIX KOOP-
JIMHAT LEJIM MOHOMMITYJIbCHBIM METOJIOM B NPSIMOYTOJIbHOM 00-
JIACTU MIPOCTPAHCTBA HATPABJISIONINX KOCHHYCOB MTPH CMCIICHUH
nenu ornocutenbHo PCH (touka C ma puc. 1) mo oGeum koop-
nuHatam. Touka B o00o3HayaeT MakCHUMadbHYIO JHCIIEPCHIO
OMMOKU HM3MEPEHHs YIIIOBOM KOOPAWHATHI MOHOUMITYJILCHBIM
METOJIOM IIPU CMEIICHUH [I€JH BIOJIb OHOTO U3 KOOPJAUHATHBIX
HaIpaBJICHUH.

08
06
04

02

004 004

Puc. 1. IloBepxHOCTH TUCTIEpPCHiT OIIMOOK U3MEPEHHS YTIIOBBIX
KOOPJIMHAT MOHOMMITYJILCHBIM METO/IOM B IIPSIMOYTOJIbHOM
MPOCTPAHCTBEHHOW 00nacTu
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Bunno, uto npu yBenmmdennn otkioHeHus 1enu or PCH ma-
K€ TIPY HU3KOM ypPOBHE IIYMOB TOYHOCTH OI[CHHBAHHUS HAIIPaB-
JISTFOIIMX KOCHHYCOB OBICTPO yMeHbInaeTes. J[ist paccmaTpuBac-
MOro mpuMepa B TOYKe A BEIMYMHA JUCICPCHH OIIMOKH
O'f\ ~8.10°°, a B Touke B — O'é ~4.10°.

Ha pucyHke 2 moka3aHO paclpelesieHUE Jiyueii MOHOMM-
MyJIbCHOHM TPYNIBI B MpocTpancTBe oTHocuTenbHo PCH. O6Gnac-
TH JIy4eH TI0 YPOBHIO IOJIOBHHHOW MOIIHOCTH TPOHYMEPOBAHBI
W Pa3HECCHBI BJOJIb KOOPIWHATHBIX HalpaBlicHHA. [Ipu 3Tom
MTPUXOBOU JTMHUEH TOKa3aHa 00J1acTh, 3aHMMaeMas IICHTPAJIhb-
HBIM WJIH CYMMapHBIM JIydOM MOHOWMITYJTCHON TpPYIIIIEL.
LI Tpux-IyHKTHPHAS JIMHIUSI COOTBETCTBYET 00IaCTH W3MEPEHUiA,
JUISL KOTOPO# MOJy4eHa MOBEPXHOCTh JUCIEPCHH OLIMOOK Ha
puc. 1. CooTHomIeHHe TUIOIMAAEH, 3aHMMAeMON IEHTPAIbHBIM
Jy4OoM W KBajpaTa, B KOTOPBIM BNHCAH HEHTPAITBHBIA Tyd, IO

M3BECTHBIM (OpMyJiaM IUIOIIAJM KBaJpara M Kpyra COCTaBIISCT
1,273.

Puc. 2. Pacnipesienienue jrydeil MOHOUMITYJIbCHO# TPYIIITBI
B IIPOCTPAHCTBE (CIUIOIIHBIC KPHUBBIC), INTPUXOBAS JIMHUS OrPAHHYUBACT
00J1acTh N3MEPEHHH N3BECTHOTO TIEIEHraTopa, ITPUX-TyHKTHPHAS
JIMHYSL OTPaHUYHMBACT 00JIACTh U3MEPEHHUIT IIpe/TaraeMbIM METOJIOM

OTMETUM, 4TO B BHIOPAHHON CHCTEME KOODJIMHAT COCTaB-
JIATOIIIE (pl, p2) BEKTOPA HAMPABJIEHUS COOTBETCTBYIOT KOM-

IMOHCHTaM BCKTOpa py u pz’ a COCTaBJIArOIIAsA p3 = px orpe-

JICIISICTCSI U3 YCIIOBUS €IMHUYHON JITHHBI BEKTOPA HATIPABJICHUS.
Jlis peanu3anmy mpeiaraeMoro MeTojia Obljia MCIOJIb30Ba-
HA TIOJIHOCBSI3HAS HEHPOHHAS CETh MPSIMOTO PACIpPOCTPAHCHUS C
YETHIPEMSI BXOJHBIMHU CHTHAJIAMH, TPEMs CKPBITBIMH CJIOSMH,
conepxamumu 100, 40 u 10 meiiponoB. OyHKINN aKTUBAIMHA BO
BCEX CKPBITBHIX CIIOSIX COOTBETCTBOBAIH (DYHKIIMU tgh(x). Bri-

XOJHOM CJIOM coaepykai JBa HEHpOHA ¢ JMHEWHOW (yHKIUCH
aKTHUBalluy, T.C. HC nmena JBa BbIXOJIHBIX CUI'HAJIA.

Oo0yuenne HC ocymectBisuiocs Ha BbiOopke u3 4000 mpu-
MEpOB, KOTOpble OBbLIM CreHEPHPOBAHBI TPH MOMOIIHM JaTYHKa
CIly4alHBIX YHUCEN, paclpe/eIeHHbIX PaBHOMEPHO B IPSIMO-
YroJbHOW 00acTH, B KOTOpYIO BrhucaHa juHus yposus 0,707
HeHTpanbHoro jgyda AP. Dra oOmacTb moka3aHa Ha pHCYyHKE 2
IITPUX-IYHKTUPHOM JTUHUEH.

Ha pucynke 3 mpuBeneHa aumarpamma, WUTIOCTPUPYIOLIAs
CXOMMOCTH TIporiecca OOyYeHUs HEWPOHHOH CeTH M KadyecTBO
00yd4eHus pH UCTIONb30BaHUN MeTona JleBenOepra-Maksapara

[9].

g({w:b})

o

10° -

Nyswan ouerca kavecToa obyvern 3.373e-12

1010k

0 S 1!0 1-5 2‘0 2-5 3h 35 4‘0
Homep anoxu obyyeHua
Puc. 3. OOy4enue HeHpoHHOI ceTu:
1 — cpennsist ommOKa 1Mo BceMy MHOXKECTBY HPHMEPOB 00yUarorieit
BBIOOPKH; 2 — CpeHsisl OUIMOKA JUIsl TECTOBOW BHIOOPKH TIPHMEPOB;
3 — uHAMKaTOp epeodyYeHHs

[epBBIe nBE KpUBBIE HA PUCYHKE 3 COOTBETCTBYIOT 3HAYCHH-
M niokasarens (9) B KoHIE Kak1ou smoxu o0ydenus. [Ipu stom
KpuBas 1 xapakTepu3yeT CpeqHIOI0 OIMNOKY BCEX BBIXOIIOB CETH
1o BceMy Habopy oOyuaronux npuMepoB. Kpusas 2 — cpeaHio0
OImMOKY BCEX BBIXOJIOB CETH IS TECTOBOH BBEIOOPKH MPUMEPOB,
HE UCIOJIb3yeMbIX B 00y4yeHun. KpuBast 3 COOTBETCTBYET WH/IH-
KaTopy IepeoOydeHuss HEeHpoHHO# cetH (mporecc OOydeHHst
MOXET OBbITh OCTAHOBJCH IMPH YCJIOBHM MOHOTOHHOI'O POCTa
KPHMBO# 3 Ha MPOTSHKEHUH HECKOJBKHX 3110x). [Iporece oOyue-
HUS 3aHsU1 5 MuHYT 17 cekyH.

Ha pucynke 4 mpejcraBieHa cOOTBETCTBYIONIAs Mpe/yiarae-
MOMY METOAY TOBEPXHOCTH JHCIEPCHH OLEHOK YIJIOBBIX KOOp-
JIMHAT OT MCTUHHBIX 3HaueHu#, nmonydeHHblx npu OCI kowm-
TUIEKCHBIX CHUTHAJIOB MOHOWMITYJIECHON TPYIITBI Ty4eH, paBHOM
12,2 nb. O6o3Ha4YeHUs! HA TaHHOW (UI'ype COOTBETCTBYIOT BBE-

2 -7
JeHHbIM panee Ha pucynke 1. Ilpm stom o,~3-10",
02 ~1-107". DTO NO3BONAET 3AKMOUHTH, HTO MPE/TAraCMBbIi

METO/T TIO3BOJIMII CHU3UTH BEJIMUNHY JUCTIEPCHH U3MEPEHHS YTII0-
BBIX KOOPJIUHAT OoJIee, YeM Ha TOPSIOK.

u 004 D04 u
Y z

Puc. 4. IloBepxHOCTh TUCTIEpCHiT OIINOOK N3MEPEHHS YTIIOBBIX
KOOPJIMHAT MOHOMMITYJILCHBIM METOJIOM B HPSIMOYTOJIBbHOM
MPOCTPAHCTBEHHOW 00nacTu
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[Ipu peanu3ani MOHOMMITYJIBCHOTO METOZA ISl pacCMaTpH-
BaeMOW MPSAMOYTOJLHONH O0JIACTH TPOCTPAHCTBA HATPABIISIOIINX
KOCHHYCOB, €CIIM PYKOBOJICTBOBAaTbCS MPABUIIOM «TPEX CUTM», B
Touke A Ha pucyHke 1 yrioBas ommOka JOCTHraeT 3HauYeHUS
0,48, a B Touxe B — 0,3". IIpu peanusanuu npeiaraeMoro Me-

TOAa BO BCeH paCCManHBaeMOﬁ obacti MPOCTpAaHCTBA HAIlpaB-
JIOMIMX KOCMHYCOB BCJIMYMHA OIMOKHU HE MPCBLIIACT 3HAYCHUA

0,094°. OrTo noKa3bBIBACT MOBBIMICHUE TOYHOCTH W3MEPEHHH ITPU

€ro MCIOJIb30BaHUH.

YroOBl OrpaHUYUTh POCT YIIOBOW OIMIMOKH TPH CMELICHUH
LEJIN B IBYX IUIOCKOCTSIX B MOHOMMITYJIbCHBIX CUCTEMAax BBIIIOJ-
HSIOT U3MEPEHHs YTJIOBBIX KOOPJIUHAT B 00JIACTH IPOCTPAHCTBA,
COOTBETCTBYIOLIEH IEHTPAIbHOMY WM CYMMapHOMY JIydy MO-
HOUMITYJIbCHOW Tpynmbl. [Ipu 3TOM miomanp mpocTpaHcTBa, B
KOTOPOHM IMPOU3BOJATCS M3MEpeHus: yMmeHsblaercs. [Ipenmarae-
MBIl METO/I TTO3BOJIIET pacCMaTpHUBaTh MPSIMOYTOJIbHYIO 001acTh
W3MEpPEHHH, TPH YeM BEeIWYMHA YIJIOBOW OMIMOKM MEHbIIE, a
00IracTh U3MEpEHUH paciupsiercst mpuMepHo B 1,3 pasa.

[TockonmbKy TONyYeHHBIE OIEHKH COOTBETCTBYIOT OJHOH n3
BO3MOXKHBIX peaiu3anuil 1myma, B Tabmumne 1 mpuBeaeHs! He-
CKOJIbKO 3HAYCHUH CPEIHUX MUCIICPCHH 110 BCEH 00IacTu n3me-
peHuil st U3BECTHOTO M TPEIaraéMoro METOA0B OIIPEAETIECHUS
HalpasJIeHUs Ha 1enb. V3 aHanm3a naHHbIX Tabiums! 1 ciemyer
BBIBOJI O TIPEUMYIIECTBE MPEIaraeMoOro MeToJa MO CPaBHEHUIO
C M3BECTHBIM.

Tabnuna 1

Cpennue AUCIepcHH OLEHOK U3MePEeHUs KOOPAUHAT
npu pazamaaom OCII

Merton usmepenuit OCIIl, nb
75 8,8 12,2 13,9
Obbrnb1ii 3,56e-6 | 3,32e-6 2,65e-6 2,62¢-6
TICJICHIaTop
Mpennaraembiit | 5410 6 | 71e-6 2,08e-6 1,75¢-6
METO/

5. 3akiaouenue

TakuM 00pa3oM, MpPEATIOKEHHbBIH METOJ| TEeJICHTaluy OTIIH-
YaeTcsl OT M3BECTHOI'O NPUMEHEHHMEM HEUPOHHBIX CETEHl U He
TpebyeT (hopMHpOBaHUS TMEICHTAMOHHON XapaKTEPUCTUKHU IS
peuIeHNS 3a/1a9u ONPEIEIICHUS YTIOBBIX KOOPANHAT.

T-Comm Vol.I5. #12-2021

SNEKTPOHUKA. PAODUOTEXHUKA

[omyuyenusle pe3ysbTaThl MOKa3bIBAIOT, YTO IMPEAIaraeMblil
METOJ] IIO3BOJIIET PACIUMPUTH INPOCTPAHCTBEHHYIO 00JIacTh
OLIEHKH YTJIOBBIX KOOPJMHAT IO CPABHEHHUIO C OOBIYHBIM CIIOCO-
6om npumepHo B 1,3 pasa, 4TO MOXKET OKa3aTh CYIIECTBEHHOE
3HAYEHUE JUI COKPALIEHHUs BPEMEHHU 0030pa IPOCTPAHCTBA.

Jucnepcust omMOKN M3MEPEHHsT YIJIOBBIX KOOPAMHAT Ipe.-
JlaraeéMbIM METOJIOM B OTJIMYME OT W3BECTHOI'O PAaBHOMEPHO pac-
npejieieHa BO BCEH MPOCTPAaHCTBCHHOW 00JIACTH W 3aBHCHUT OT
YPOBHS LIlyMa Ha BXOJIe yCTpolcTBa 00paboTKH. B cBs3M ¢ 3TUM
MO>KHO HCIIOJIb30BaTh MpeaiaraeMblii METOJ B TaHAEME C KJac-
CHYECKHM METOJIOM IeNieHTaluu. [Ipu 3ToM peanm3alus Heid-
POHHOH ceTH BO3MOJYKHA C IPHUMEHEHHEM TEXHOJIOTHHU IPOrpaMm-
MUPYEMBIX JIOTHYECKHX HHTETPAIBHBIX CXEM.
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METHOD FOR DETERMINING THE TARGET DIRECTION OF A DIGITAL ANTENNA GRID
OF A MONOPULSE RADAR STATION

Nikolay V. Shatskiy, Mints Radio-Technical Institute (RTI), Moscow, Russia, nshatsky@rti-mints.ru
Nikolay A. Hodataev, Mints Radio-Technical Institute (RTI), Moscow, Russia, nkhodataev@krtis.ru

Abstract

On the basis of the analysis of the errors of the monopulse method of direction finding of the target of a radar station with a digital
antenna array, a group of errors associated with fluctuations of the equisignal direction when scanning the beam of the antenna system,
as well as with the non-identical shape of the generated beams of the monopulse group, was separated into a special cluster. This cir-
cumstance is especially critical for large-aperture radars with phased array with electric scanning, where the number of formed receiv-
ing beams is significant, in addition, the coordinates of the target usually do not coincide with the coordinate planes along which the
coordinates are measured. The nonlinearity of this problem requires unique approaches and solutions. The classical formulation of the
problem is associated with obtaining an estimate of the radiation vector of the entire antenna array from the known measured vector
of complex signals at the output of the antenna array at a fixed time. To solve this problem and determine the decision rule, a neural
network approach was used, while the neural network was trained according to the criterion of the minimum of the selected objective
function. The substantiation of increasing the accuracy of measurements of angular coordinates in monopulse systems with scanning
digital phased antenna arrays based on the use of neural networks in the process of radar data processing without the formation of
direction finding characteristics is given. The results of modeling the characteristics of the antenna array (using the example of a flat
antenna array with a dimension of 30 by 30 emitters) under the conditions adopted in the model of the antenna array of assumptions
when implementing the classical and original methods are shown using examples of the surfaces of the variances of errors in measur-
ing angular coordinates by the monopulse method in a rectangular spatial domain, which showed reduction of error and expansion of
the measurement area. In the future, the practical implementation of this approach is assumed using FPGA in the receiving paths of the
frequency-dependent part of the radio direction finder.

Keywords: monopulse DF methods, neural networks, radio beam deflection, DF characteristic angular target coordinates, the gradient method,
the coordinate system of observation.

References

I. Handbook on radar / Ed. M.l. Skolnik. Per. from English Ed. V.S. Willows. In 2 books. Book 2. Moscow: Technosphere, 2015. 680 p. (In Russian)

2. A.A. Korostelev, N.F. Klyuev, Yu.A. Melnik (1978). Theoretical Foundations of Radar / Ed. V.E. Dulevich. Moscow: Sov. radio. 608 p. (In Russian)

3. All. Leonov, K.I. Fomichev (1984). Monopulse radar. Moscow: Radio and communication. 312 p. (In Russian)

4. M.V. Ratynsky, V.. Porsev (2019). Monopulse direction finding in radar with digital phased array / Ed. IN AND. Porseva. Moscow: Radiotekhnika, 160 p.
(In Russian)

5. O.G. Vendik, V.M. Parnes (2002). Antennas with electrical scanning (introduction to theory) / Ed. L. D. Bahrakha. Moscow: SAYNS-PRESS. 232 p.
(In Russian)

6. Patent No. 2225990. Method for processing signals with two-channel amplitude direction finding / Avetisyants V.A., Gorovoy A.V,, Larionov B.A.,
Muzychenko N.Yu., Fominchenko G.L. IPC GOIS 3/14. Publ. 03/20/2003 (In Russian)

7. Patent No. 2615491. Method of simultaneous measurement of two angular coordinates of a target in a survey amplitude monopulse radar system
with an antenna array and digital signal processing / Dzhioev A.L., Omelchuk LS., Yakovlenko V.V. IPC GOIS 13/44, GOIS 3/14. Publ. 04/05/2017
Russian)

8. S.I. Nikolenko, A.A. Kadurin E.O. Arkhangelskaya (2018). Deep Learning. St. Petersburg. 480 p. (In Russian)

9. F. Gill, W. Murray, M. Wright (1985). Practical optimization. Moscow: Mir. 509 p. (In Russian)

10. M.V. Ratynsky, V.I. Porsev (2019). Monopulse direction finding in radar with digital phased array. Moscow: Radiotekhnika. P. 18 (In Russian)

T-Comm Tom I5. #12-2021




CBA3b

MOJEJIb OLIEHKM NPOMNYCKHOU CNMOCOBHOCTU
TPAHCMOPTHbIX BACKHAUL CETEM 5G NR

Mokamecros Amurpuis Anekceesn, DOI: 10.36724/2072-8735-2021-15-12-11-16

Tomckuii 2ocydapcmeeHHbIl yHUsepcumem cucmem ynpasseHus
u paduosnekmpoHuku, 2. Tomck, Poccus, dmaltomsk@mail.ru

Manuscript received 28 September 2021;

Kpiokoe Akoe Bnagumuposu, Accepted 22 November 2021

Tomckuii 2ocydapcmeeHHbIl yHUsepcumem cucmem ynpasseHus
u paduosnekmpoHuku, 2. Tomck, Poccus,
kryukov.tusur@gmail.com

Poro>xHukoe Eerenunn Bacunbesuu,
Tomckuii 2ocydapcmeeHHbIl yHUsepcumem cucmem ynpasseHus
u paduosnekmpoHuku, 2. Tomck, Poccus, udzhon@mail.ru

Hoeuukos Cepacdum AnekceeBuu,
CKoskoecKull UHCMuUmMym Hayku u mextosoautl, Mockea, Poccus,
S.Novichkov@skoltech.ru

JlakoHues Omutpuin Bnagummposuy, Knio4yeebie cnoea: 5G, NR, mpaHcnopmHbie cemu,
CKonKogCKull uHCMumym Hayku u mexHosoaut, Mockea, Poccus, backhaul, nponyckras cnocobHocm, Cloud RAN,
d.lakontsev@skoltech.ru 6azoebie cmaruyuu, gNB, CU, DU, RU

B HacTosAee BpeMAa BO BCceM MUpe BHEAPAIOTCA CUCTEMbI MOGUNLHON CBA3M MATOrO NOKONEHUs
craiaapta 5G NR. OgHuM u3 BaKHEWLUMX KOMMOHEHTOB 3TUX CUCTEM ABNAIOTCA TPAHCMOPTHbIE
backhaul cetu, coeaunsalowme 6asoByio ctaHumio u aapo cetu. MNMponyckHaa cnoco6HOCTL 3TUX ce-
Tel AOMKHA ObITb AOCTATOYHOW ANA nepepayn Gonbuoro obbema Tpacmka. B 3Toi cratbe Mbi
npeanaraeM MaTeMaTMH4ecKyio MOAenb pacyeTa nponyckHon cnoco6Hoctu backhaul certeit, koTo-
pas MoxKeT GbITb MCMONIb30BaHA NPU NPOEKTUPOBaHUM MH(PpacTpyKTypbl 5G. Takxke Mbl paccMar-
pUBaeM HEKOTOpble BaXKHble€ aCMeKTbl apXUTEKTYpbl 5G, NpUHLMNMANBHO OTNMYAIOLLMECA OT TeX-
HOJOrUM CeTel CBA3U NpeAbIAYLUMX NoKoneHnin. OAHNUM U3 TaKUX ACMEKTOB ABNAETCA UCMONb30Ba~
Hue pacrnipeaeneHHbix 6a30BbIX CTaHUMIA, B KOTOPbIX 6ok 06pabGoTku paguocurHanos, 6nokn
HU3KOYPOBHEBOW M BbICOKOYPOBHEBOW 06pabOTKM NPOTOKONOB pa3fesieHbl He TONbKO JIOrMYECKH,
HO 1 (PU3NYECKH, 2 TAKIKE MOTYT ObITb MPOCTPAHCTBEHHO pa3HeceHbl. TakuM o6pasoM, cucrtemnl 5G
BMMCBIBAIOTCA B KOHLENLMIO 06NavHbIX CETel, 32 CHET YEro MOXKHO CYLLIeCTBEHHO CIKOHOMUTBb pe-
Cypchbl Ha pa3BepTbiBaHUe UH(PpacTpyKTypbl. OfHaKO, TaKoe pelueHue MoBbiiaeT TpeGoBaHuA K
TPaHCNOPTHbLIM ceTAM. PaccMoTpeHbl BO3MOXKHbIE MOAXOAbl K (PM3MUECKOW peanusaLuu TpaHc-
MOPTHBIX CeTeMl, BKMIOYas MPUHLMNUANLHO HOBOE peLUeHUe, UHTErpupyioliee pagumofoctyn u
backhaul cetu. HakoHel, ¢ yyeTom 3Tux u aApyrux ¢pakTtopos onucaHa cosjaHHasA HaMM MaTeMaTu-
Yeckasa Mojenb oLieHKn TpebyeMoii nponyckHoi cnoco6Hoctn backhaul ceteit. Mogens ocHoBaHa
Ha pacyeTe MaKCUMasIbHOW CETEBOW Harpy3sku B cote 6a3oBOM CTaHLMM C YyHETOM TaKUX nNapamer-
POB KaK KOJIM4ECTBO MPOCTPAHCTBEHHbIX Ny4eit, arperupoBaHHOE YUCIO NOAHECYLLX, MHAEKC MO-
AYNALMK, CKOPOCTb KOAUPOBaHUA U Ap. TakKe B MOAENM y4UTbIBAETCA pacnpeAeneHHan CTpyKTy-
pa GasoBoi craHuuu. Moka3aHbl TPU XapaKepHbIX cLeHapua paboTbl 6asoBoi ctaHummn 5G u ana
HUX NpuBefeHa oLeHKa TpebyeMoit nponyckHoi cnocobHocTu backhaul ceren.
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BBenenue

Cetn MoOMIIBHOH cBsi3u msToro nokosienust 5G NR obGecre-
YHUBAIOT KOJIOCCAJBHYIO a0OHEHTCKYIO CKOPOCTb Iiepenadd o
HECKONIBKUX TUTA0UT B CEKyHIy. DTO JOCTHUTaeTcs Omaromaps
HCIOJIb30BAHMIO TIPOPBIBHBIX (IO CPABHEHHIO C CETSAMH YETBEP-
toro nokosieaust LTE) pemrenuii. CTOUT OTMETHTD TaKHUE TEXHO-
JIOTHHM KaK MHOTOAHTECHHBIC CHCTEMBI C MU(PPOBBIM JHATPAMMO-
obpazoBannem MU-Massive MIMO (Multi User Massive Multi-
ple Input Multiple Output), noBbImeHe HHICKCA MOIYIISIIAH 10
QAM-256, ucnons3oBanue dpdextuBHpix LDPC (Low Density
Parity Check) u mosisipHbIX KOJIOB, PACIIUPEHHUE HCIOIb3YEMOM
nosocsl yactoT (no 1I'T'1), ocBoeHHe HOBBIX YaCTOTHBIX JHAra-
30H0B (nuanason FR1 or 0.4 mo 6 I'T'n, nuanason FR2 or 24.25
10 52.6 T'T). Cern 5G 06mamaroT THOKON apXUTEKTYpoii 6a3o-
Boii crannuu (QNB).

Takass apXuTekTypa MojpasyMeBaeT (yHKIMOHAIbHOE pa3-
JienieHre Ha OJI0K, OTBedaroluii 3a popMupoBanue 1 00paboTKy
pamuocuraanos RU (Radio Unit), pacrpenenenusiii 610K mpo-
MexyTouHoi 06pabotkn DU (Distributed Unit), kotopsiit B pe-
JKHME PEaTbHOTO BPEMEHH peai3yeT OCTalbHbIe (YHKIHH (u-
3uueckoro yposHs, a Takke MAC u RLC u neHTpain30BaHHBIH
6nok CU (Central Unit), Beinonssitorunii pyHKIuu 60see BbICO-
kux ypoBHeil (takue kak PDCP, SDAP, RLC u np.). brarongapst
TaKOMY PCIICHHIO MOTYT CTPOMTBCS pacrpelelicHHbIe 0a30Bbie
cTaHnuy, B KoTopbix oqua CU paGoraer ¢ Heckompkumu DU, x
Ka)XJIOMYy M3 KOTOPBIX MOIKIOYeHO Heckonbko RU. Ilpu sTom
DU u CU wmoryT OBITh BUPTYaJbHBIMH U PEATU30BBIBATHCS Ha
yIaJCHHBIX CepBepax, YTO BIIMCHIBACTCS B KOHICIIHIO oOnad-
neix cereii Cloud RAN (Radio Access Network) [1].

st peanuzaimu ceteit 5G B paMkax ONMCAHHOHN BbIIIE KOH-
HETIAH HeOOXOAUMBI BRICOKOCKOPOCTHBIC TPAHCIOPTHBIE CETH,
coepuusirone 61goku gNB u siapo ceru. TpaHcropTHyro ceth
MOKHO pa3fieNuTh Ha Tak HaszpiBaemble fronthaul (mexny RU wu
DU), midhaul (mexxny DU u CU) u backhaul (Mexny CU u
sapom cet — 5GC). B 3T0if cTaThe MBI MPOBOIUM AHAIH3 KITIO-
YEeBBIX OCOOCHHOCTEH apXUTEKTyphl 5G, BIUSIONNX Ha TpeOoBa-
Husg k cetn backhaul m mpemmaraeM MaTeMaTHYECKyH0 MOJIECIb
pacdera IpoITyCKHOH CIIOCOOHOCTH ATOH CETH.

PaspaboranHas HaMH MaTeMaTH4ecKash MOJEIb OCHOBBHIBACT-
Cs Ha aHaJIM3€ YCPEIHEHHON MaKCHMaJbHOW CETEBOM Harpy3Ku
COTBI M 9KCTPANOJISILIAY pe3ylibTaTa Ha CTPYKTYpPY pacipelesicH-
HOI1 ceTu. B MoJienn Mbl yUUTBIBaeM Takue XapaKTEPUCTUKH KaK
mojioca gactot, ocodenrnoct MIMO, ckopocTs KoaHpOBaHWUS,
MHJEKC MOAYJISIIUM, HAKIaaHble pacxXoasl U aAp. Taxoke MBI mpu-
BOJIMM OIICHKY IMPOIMYCKHOHW CMOCOOHOCTH MPU HEKOTOPBIX TH-
MOBBIX CIEHApUIX (PYHKIIMOHUpOBaHUs ceteit 5G.

1. OcobdeHHOCTH apXUTEKTYPHI ceTeli 5G

Kak 0b110 cka3ano Beiie, 6a3zoBast cranus JNB 5G nenurcst
Ha ¢yHkuuoHaneHbie Onokn CU, DU, RU (mms RU raxxke
Berpeuaercst HasBanue RRH (Remoute Radio Head)), pucysok 1,
UE (User Equipment) — MmobuibHOEe abOHEHTCKOE 000PYyI0BaHHE.

Cranmaptrom 3GPP TR 38.801 V14.0.0 mpemycmotpeno 8
OCHOBHBIX BapHaHTOB (OMIMII) pa3iesieHUs] MPOLERYp MEKIy
¢dyuxnmonanpaeIME Ookamu [2], [3]. briok RF Brirouaet B cebst
PaIMOYacTOTHYIO YacTh, a TAKKe LU(PO-aHATIOrOBOE M aHAJIOrO-
mudpoBoe mpeodpazoBanne. B Omoke omepanmit puzmyueckoro
YPOBHSI BBINOJHSIOTCS NpsIMOE M 00OpaTHOe IpeoOpa3oBaHust
Oypre (BII® u OBIID), mudporoe auarpaMmoodpa3oBaHmue,

MOJTYJISIIAST U JIEMOJTYJISAIHS, SKBAIAl3UPOBaHNE, MPEKOINPOBa-
HHE, MAIITHHT, CKPeMOIUPOBAaHKE, BHIPABHHBAHHE CKOPOCTEH M
MOMEXO0YCTOWYMBOEC KOAMpPOBaHUE. B 3aBHCHMOCTH OT pasfere-
Hust 3TUX omneparmii Mmexay Low-PHY u High-PHY Beigensiior
nononuautenbio 4 nmogonmumu (7.1, 7.2, 7.2a, 7.3). baok MAC
TakKe jgenutcs Ha aBe dactu: Low-MAC, B koTopoMm peann3o-
BaHbl (PYHKIMH IMPOTOKOJA 3alpoca Ha MOBTOPHYIO Hepeaady
HARQ (Hybrid Automatic Repeat Request) u High-MAC BrI-
monHsieT GyHKIMA yrpasieHnst paauopecypcamn RRM (Radio
Resource Management). Biok ympasienust pagnokanaiom RLC
(Radio Link Control) pasaenen na 6ok Low-RLC, B xoTopom
OTICpAaITiK BBIMOJHAIOTCS B PEXUME peanbHoro Bpemenn u High
RLC, onepauuu B KOTOPOM HE MPHUBS3aHbI K PEAbHOMY BpeMe-
nu. Crnenyromum 6okoMm siBisiercst potokosn PDCP  (Packet
Data Convergence Protocol), BeimonHsiomuii 6obiioe Koinye-
CTBO Pa3IMYHbIX ceTeBbIX PyHKumi. [Tocneanuii 010K, KOTOPBIA
o0s13arenbHO BXoauT B cocTaB CU 3TO MpOTOKON yMpaBlICHUSI
pamuopecypcamu RRC (Radio Resource Control). bioku RF u
PHY otHocsiTcs kK mepBoMy YpoBHIO cereBoil mepapxun L1
Bioxkn MAC u RLC otHocstes k L2, a PDCP u RRC k L3.

5GC
Option 1

Backhaul cetn

e gNB

Cu CuU CuU

Midhaul cetn
DU DU DU

Fronthaul cers

Option 2

Option 3

Option 4

DU
Option 5

Option 6

©

Option 7

Option 8

Puc. 1. Apxurexrypa 6a30Boii ctanim 5G

Taxkum oGpa3zom, npeaycmorpenHas crangaaprom 5G NR ap-
XUTEKTypa 0a30BOW CTAaHIMH IMO3BOJSET CO3/1aBaTh T'HOKHE pe-
HICHWS, aJalTHPOBAaHHbIC TIO/I HYX/bl 1 MHTEPECHI ollepaTopa 1
CIICHapUH Pa3BEPTBIBAHMS CETH. DTa apXUTEKTypa BIHCHIBACTCS
B konuenuuio Cloud RAN, kotopast moapa3ymeBaeT pa3BepThi-
Banue 6okoB CU u DU (kak BMecTe, Tak U O pa3neibHOCTH) B
yJIJIICHHOM JiaTa LeHTpe. Takoil moaxox obiagaer psaoMm mpe-
UMYIIECTB TI0 CPaBHEHUIO C KIACCHYECKHM pa3BEpTHIBAHUEM
cereil [1]. O0bem oOpabareiBacMOro Tpaduka B TCYCHHH JHS
MUIPUPYET MEXKIY CHaJbHBIMH M ICTOBBIMHU pailoHamu. B KoH-
nermuu Cloud RAN Beck atoT Tpaduk oOpabaTbiBaeT eIHHbBIH
BBIYUCITUTEND (yOAICHHBIA CepBEpP), BMECTO DPACHPEICICHHOTO
[0 TEPPUTOPHH ITyJa OA30BBIX CTAHLMH, MPOCTAUBAIOIIUX BO
BpeMst HU3KOH 3arpy3KH. 3a CHET STOTO CYIECTBEHHO CHIKACTCS
9HEPronoTpedIeHue U cedeCTOMMOCTh pa3BepThiBaHus cetu. C
JPYTOH CTOPOHBI, MOBBIMIAIOTCS TPEOOBAHUS K MPOIYCKHON CITO-
COOHOCTH BCEX YYacCTKOB TPAHCIOPTHOM CETH.

2. BapuanTts! peanusanuu backhaul cereii

st peanuzanuu backhaul cetrn Heo6x01uMMO HCITOIB30BATH
CrENMANbHbIE PEIICHNUS, MO3BOJISIONINE O0ECIEYUTh MOCTOSH-
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HYIO BBICOKYIO MPOITYCKHYIO croco6HocTh [4]. Paccmotpum oc-
HOBHBIC BAPHAHTHI TAKHX PEIICHUI.

1. TlpoBomHas onmTHueckas ceTh. Kiaccmdyeckoe pericHHe
OpH Pa3BepPTHIBAHWK BCEX TUIIOB TPAHCIIOPTHBIX cereil. bmaro-
Japsi cTabMIIBHOCTH U OTPOMHO# MPOITYCKHOW CIIOCOOHOCTH 3TO
pelieHre SIBISIETCS OCHOBHBIM 1 st ceTeit 5G. B xauecTBe KOH-
KPETHBIX TEXHOIIOTHH CICAyeT YIOMSHYTh THOPHIHBIC OMTHKO-
koakcuansHbie cetu HFC (Hybrid Fiber Coaxial) u naccusubie
ontudeckue cetu PON (passive optical network. Kpome Ttoro,
paseuTHe TexHOonoruu Ethernet mosposser cTpouTs TpaHCIOPT-
HBIC CCTH U Ha e¢ OCHOBE. Tak, HOBbIC Bepcuu cranmapra |[EEE
P802.3bs momnepxuBator ckopocts m0 400 I'out/c [5]. Ot™me-
tiM, uro Ethernet memecoobpasHo ucmonb30BaTh Ha OTHOCH-
TENIbHO Majlble PacCTOSIHUS, B TO BpPeMS KaK ONTHYECKUE CETH
MEHBIIIC 3aBHCST OT paccTosHus [4].

2.  BecnpoBomHBIe KaHAJBI CBSA3U. DTO TAKXKe TPAIHUIHOH-
HOE pellieHre, TPUMEHEMOE TaM, Te pa3BepThiBaHue HH(Dpa-
CTPYKTYPHI TIPOBOJHBIX (MPEkKIE BCETO, ONTHYECKHX) CeTeil 1Mo
KakuM-I100 MpUYMHAM 3aTpyJHEeHO. B kadecTBe (u3HUYeCcKOii
peanu3aiyu MOTYT MPUMEHSIThCS pagropesieiHbIe TMHUH, B TOM
YHCIE C UArPaMMO0OOPa30OBaHHEM.

3. UWuterpupoBanHblil goctyn u TpaHcnoptHas backhaul
cets IAB (Integrated Access and Backhaul) [6], kxak gacTHbIit
ciy4ail 0ecpoBOHOTO KaHaua. DTO MHHOBALMOHHOE PELICHHE,
npeanoxentoe B Release 16 crnenuanbho i peanusanuu 5G.
Texuomorust |AB moapazymeBaeT pa3BepThIBaHHE TPAHCTIOPTHON
backhaul cetn Ha ocHoBe pamronnTepdeiica 5G.

Takum obOpaszom, backhaul tpapwk mepemaercst HampsMyro
MeXly Oa30BBIMHM CTAHIMAMH OJHOBPEMEHHO C AOOHEHTCKUM
TpadukoM. DTO IMO3BOJSET CHU3HMTH HAKJIAJHBIE PACXOIbl Ha
pa3BepTHIBAHME TPAHCIIOPTHOM CETH M B IIEJIOM IIOBBILIAET T'HO-
KOCTh M PEHTabeIbHOCTh CHCTEMBI I orepatopa. O4eBHIHO,
OpPH 3TOM CHIDKACTCS TPOIYCKHAs CIHOCOOHOCTh CHCTEMBI 3a
CUCT HCIIONb30BAHKUS YACTH PaJHOPECYPCOB IOJ TMepeaayuy
backhaul tpaduka. J{ns pasmenenus tpaduka MOXeT ObITH HC-
MOJIb30BAHO BPEMEHHOE, YaCTOTHOE U MPOCTPAHCTBEHHOE MYIIb-
TUIUIeKcupoBanue (¢ ucronb3oBanuem Massive MIMO). s
MOBBIIICHUS TIPOITYCKHOI CIIOCOOHOCTH MOXKET OBITh MPUMEHEHA
TEXHOJIOTUs IOJIHOAYTUICKCHOU cBsi3u [7]. Takum oOpazom, pas-
BepThIBaHME W TutaHUpoBaHue |AB sBriseTcs mpemmerom Tia-
TEIBHOTO TUTAHUPOBaHMs Ut onepatopos [4]. Tlo mpuummHe HO-
BU3HBI 9TOH TEMATHKH B HACTOSAIIICE BPEMsI OSBISETCS OOJIBIIOE
KOJIMUYEeCTBO uccienoBanuii |AB, MOCBAIIEHHBIX aHAIN3Y MOTEH-
[Masa ¥ orpaHnueHuit atoit rexuomoruu [8], [9]. [10] u mp.

Paznuunble pelieHds TOCTPOEHHS TPAHCHOPTHBIX —CeTel
HUMEIOT CBOM MPEHMYIIECTBA M HemoCTaTkH. [IpoBOIHBIC CeTH
00€eCTeunBalOT CTAOMIBHBINA KaHal CBS3U C BBICOKOW IMPOITYCK-
HOHM CIOCOOHOCTBIO, UTO BAXKHO UISI COT HOPMAJBHOTO pa3Mepa.
Kpome TOro, ONTHYECKHE CETH MIMPOKO HCIOJB3YIOTCS U BO3-
MOXKHO MOJAKIIOYEHHE K CYLIECTBYIOLICH HHPpaACTPYKType.
C npyroit croponsr, |AB MoxeT ObITh 3 EKTHBHO HCIIOIB30BaH
Uit Mastbix (MUKO, (DeMTO) COT | B Ciydae OTCYTCTBHUs HH(pa-
CTPYKTYPBI ONITHYECKHX CETEH.

3. PacueT nmpomycKHO# cOCOOHOCTH TPAHCTIOPTHOM
backhaul cern 5G

Jnst manupoBanust U passepThiBanus backhaul cereit Heo6-
XOJMM pacyeT MX MPOIYCKHOW CIOCOOHOCTH. MBI mpeiaraeM
METOJI TAKOI'0 PacyeTa, OCHOBAHHBIA HAa OLIEHKE YCPEIHEHHOMU
MAaKCUMAaJIbHOM CETE€BOM HAarpy3kd Ha COTY U HKCTPaNOJSILIUU
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PE3yNbTaTOB C YYETOM CTPYKTYpPBI pacipeleneHHoN 0a30Boit
crannun u ceti. Tpaduk backhaul cetu cocrout u3 [11]:

1. User Plane (UP) tpaduk — ocHOBHOU Tpaduk, mepena-
BaeMblii nonp3oBarensmu [12], [1].

2.  Tpaduxk, nepenaBaemMsiii 1o uaTepdeiicy Xn mexay 6a-
30BBIMH CTAHIMSAMH, KOTOPBIH (H3MYECKH NPOXOJHUT uepes3
backhaul cerment. Cocrainser okoino 4% UP tpaduxa.

3. Control Plane CP tpadux — ciyxeOHas UHbOpMALHS
(o6bem mpenebpeskumo mai otHocuTensHo UP tpaduka [11]).

4.  3aroJoBKH TPAHCIIOPTHOTO YpOBHS. T.K. CTEK MPOTOKO-
708 TpaucmoptHoro uurepdetica S1 B cern LTE [13] coBmagaer
CO CcTeKOM MpoToKosIa Tpancnoptaoro uatepdeiica NG B 5G NR
[14], cuntaem BO3MOKHBIM BOCIIOJIB30BATHCS PE3yJIbTATAMH M3
[11], rme oObeM HakTaAHBIX pacxoa0B oneHuBaetcs B 10%.

5. IPsec (14 % cornacho [11]).

CrneyeT yTOYHHUTB, YTO PSJI 3ar0JIOBKOB U CIY)KEOHOH HH-
dopmarmu yposheit L1, L2 u L3 mobarisieMbie pu niepeaayc B
RAN cern orOpackiBatoTcst B 6a30BOM CTaHIIMU M HE yYHUTHIBa-
1Tcs npu pacuete Tpaduka backhaul cern.

CxopocTh miepefayd JaHHBIX a0OHEHTa B COOTBETCTBHH C
[12] moxeT ObITH paccunTana kak (1). B ciydae mepemaun Beex
pecypcoB ogHOMY aboHeHTY dopmyiioit (1) MokeT ObITh OMUCcaH
UP tpaduk 3a eanHUIYY BpeMeHH.

' NE:QAEU)'# .12 (]_70H(j))) ’
TH

)]

QW R

J . .
-6
C=10 _zl(nlgé;ns 'V(Lfa)yers
j:

rie
J — KOJIMYCCTBO aneFI/IpOBaHHBIX HOI[HeCyH_H/IX B 3aJaHHOM
JIMaTia30He, WK KOMOHHAIINH AHana3oHoB (MakcumyMm 16);
R — CKOpOCTh TOMEXOYCTOHYMBOTO KOJAMPOBaHMS (MaKCH-
manbHas 948/1024)[12];

nlgéz):\ns — KOJIMYECTBO TPOCTPAHCTBEHHBIX JIy4eH, popMupye-

MBIX ¢ ucnoiibzoBanueM Massive Multi User MIMO;

v(D

Layers

st Single User SU-MIMO - 8 (MakcuMyM Ha OHOTO ITOJTh-

soBarest) B DL, 4 B UL, mis Multi User MU-MIMO - 16 (mak-

cuMyM 4 Ha OJHOTO MOJIB30BATEIIA, 10 CymMmMapHO 16 Ha 4 1oJb-
30Bateei).

Qr(nj) — MaKCHUMAaJIbHBIN HHACKC MOAYIAui. CTaHAaPTOM IS

— KOJIMYECTBO MyJIbTUILIEKCHpYeMbIx ciioeB MIMO.

nepenayn B kananax PUSCH u PDSCH (ocHoBHBIC KaHaNBI T1€-
penaun mone3oBarensckoro tpaduka B uplink u downlink) omn-
penenensl Mmoaymsinuu pPi/2 BPSK ... 256 QAM, cooTBeTcTBeH-

HO, MHACKC MOJTYJISIIIA Qr(nj) pasen 1 ... 8 [15].

£() - Macmradbupyonmii Gpakrop. Moxer npuHAMAaTh 3Ha-

yenus 1, 0.8, 0.75 u 0.4. 3aBucHT OT UCIOJIB3YEMOM IMOJIH30BA-
TENeM TIOJIOCHI YaCTOT, HHICKCA MOIYJISAINH U KOJIHUECTBA CIIOCB
MIMO [16]. IIpu nepenaye HECKOIBKHM II0JIB30BATEIISIM OJHON
gNB, o6umii f Moo npunaTE paBHbM 1.

L — HyMepoJiorus. JTO OIMH W3 OCHOBHBIX IapaMeTpoB
(bHU3UYECKOTO YPOBHS, BIHSIOIINNA Ha PACCTOSHUE MEXIY MOIHE-
CYIIUMHU U JJMHY LUKIH4Yeckoro npeduxca. JJokymentom [15]
oIpesieNieHbl 3HaYeHus1 Hymeposoruid = 0 ... 4, paccrosiHue
Mexy mogHecytuMu Af = 215 [kI'].

T¢ - nmrensrocts OFDM cumBona B cy6dpeiive ¢ Hyme-

1072

pOJIOTHEN |, TH =
14.2#
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Ngl\é\é(j)'ﬂ— MaKCHMAJIbHOE KOJMYECTBO PECYPCHBIX OJIOKOB

RB B nonoce BWY ¢ nymeponorueii i, onpenensiercs [17, 18].
OH ) - makmammble pacxozsl Ha 3aroNOBKH IPOTOKOJIOB.

OH () npunuMaet 3Hadenus: 0.14 s yacTOoTHOrO AMana3oHa
FR1 mma DL, 0.18 ga FR2 mna DL, 0.08 mma FR1 gna UL, 0.1
st FR2 s UL [12].

MBbl paccMaTpuBaeM 0a30BYIO CTAHIHIO, KOTOPasi COCTOMT U3
onHoro CU, K KOTOpOMY IMOJIKITIOYEHO NDU, KaXIbI U3 KOTOPBIX
o6caysxusaer NV, B stom ciyuae o6wbem mepenaBacmoro UP
TpaduKa B SAMHHUIY BPEMECHH MOXKET OBbITh PACCUNTAH KaK:

NDU  NRU RU DU
R= Y Y c" ' )
nPY_1nfV
RU.DU
rae C — CKOpOCTh Tepenaun, obecrieunBaemas RU ¢ uH-

JIEKCOM nRU, noakiroueHHsiIM kK DU ¢ mHmexkcom nDU, paccun-
TaHHas Kak (1).

MaxkcumaibHasi IPONyCKHast CIIOCOOHOCTh, HEOOXOIUMast ISt
nepenaun UP tpaduka, paccunmrtanHas mpu JOMYIIEHHH, YTO
kaxapiii RU obecrieuriBaeT MakCUMalbHO BO3MOXKHYIO CKOPOCTh
nepemaun R B coorsercTnn ¢ (1) MOKeT GBITH ONMUCAHA KAK:

CyMMapHble HakIaJIHble pacXoibl Ha 3ar0JOBKU TPaHCIIOPT-
Horo ypoBus u IPsec cocrasmstor cormacHo [11] 28%, Takum
o0pa3oM MakcHMalbHas CyMMapHas TpeOyemasi MpOITyCKHas
CIOCOOHOCTh MOYKET OBITh PACCYMTAHA KaK:

RZ —1.25RMAX | ()

4. Pe3yabTaTbl MOJeTHPOBAHUS

B Ttabmmme 1 mpuBeneHO TpW THUIOBBIX CIEHApUEB pabOTHI
pactpeneneHHOl 0a30BOM CTAaHIMK M PACCUNTAHHBIC 3HAUCHHS
TpeOyeMoil MPOITyCKHOM CIIOCOOHOCTH TPaHCIIOPTHOH cetn. Pac-
YeT OCYILECTBISJICA B COOTBETCTBHMHM C MaTeMaTH4eCKOW Mojie-
JIBHO, OINMHMCAHHOMN BBIIIE. HHS{ YOpouiCHusd Mbl CUATAEM, YTO BO
BCEX MPOCTPAHCTBEHHBIX JIydaX M YaCTOTHBIX KOMIIOHCHTAX HC-
MOJIb3YIOTCS OJIMHAKOBBIC TTAPAMETPHI.

Tabmuma 1

Howmep crienapust 1 2 3
KosmmuectBo DU 1 5 1
Kosmnuectso RU va DU 1 4 1
J 8 4 1
KonnuectBo syueit n_beams 24 24 1
v 1 1 4

Layers
Qr(nj) 8 8 6
Rimax 0.9258 | 0.9258 0.6016
Hywmepoutorust p 1 2 0
KommuectBo  pecypcHbix — OmokoB| 273 2 106
N EI\QIB(J)# B [IMaa30He
Iupuna nosnockr yactor B ocHoBHOM | 100 2 20
nuanasone, MI'n
Jmurenprocts OFDM cuMBoIa, MKC 35.714 | 17.857 71.429
Haxuaaeie pacxosl Ha 3aronosku OH 0.14 0.18 0.14
Junanazon FR1 FR2 FR1
Tpebyemasi mpomyckHasi crnocodHOCTH | 143.5 441.3 0.283
backhaul ceru (T'6ut/C)

IlepBelil cueHapuil COOTBETCTBYET MAaKCUMAaJIbHOM CETEBOM
Harpy3Ke KJ1acCHUYecKor 0a30Boii ctanmnuu ¢ ogauM RU u ogHuM
DU, arperupyromieii 8 4acToTHbIX KOMIIOHEHT. bazoBas craHIus
dopmupyer 24 (MakcHMManbHOE 3HAYCHHE) MPOCTPAHCTBEHHBIX
Jy4a, B KQXKJOM U3 KOTOPBIX MCIOJIB3YETCsl OOJNBIIOE YUCIIO pe-
CYpPCHBIX OJIOKOB ¢ MaKCHMAJIbHBIM HMHAEKCOM MOJYISIUHA 1
CKOpOCTBIO KomupoBaHus. llepemaua uIeT B KIIACCHYECKOM
(FR1) nmumanaszone. PaccunTanHas TpeOyemas MPOIYCKHAs CIIO-
cobuocTts TpancnoptHoit backhaul cetun cocrasmma 143.5 I'6ur/c.

Bropoii crieHapuii COOTBETCTBYET paclpeeieHHON 0a30BO
craanuei ¢ 5 DU, xaxnmsiit u3 KoTopbix obcmyxmBaetr 4 RU.
Ilepenaua BemeTcst B 4acTOTHOM Auarna3zone FR2 OcHoBHbIC ma-
paMeTpsl, BIMSIONIME HA MPOIMYCKHYIO CIIOCOOHOCTh TaKHe JKe,
KaK 1 B IEPBOM CHCHApUU U 6J'II/13KI/I K MakKCuMaJIbHbIM, 4YTO CO-
OTBETCTBYET, C OJIHOI CTOPOHBI, BBICOKOM CETEBOW Harpys3Ke, U C
JPYTOM, XOPOLIMM YCJIOBHSM PaclpOCTPaHEHHs PaMOCUTHAIIOB
(aboHeHTHI Haxo/ATCs BOIM3U 6a30BOit cTaHuK). Paccuntannoe
3HAYEHHE MPOIYCKHOMN criocooHocTH coctaBmino 441.3 T'out/C.

Tpetuii cueHapuil COOTBETCTBYET MEHEE MPOU3BOIUTENHHOM
IO CPAaBHECHHUIO C ITEPBBIMU JIBYMSI CIICHAPHAMHU 0a30BOI CTaHITH-
eit ¢ omamM DU u omaum RU. B sTOM clieHapuu He MOAICPKH-
BaeTcs AuarpamMmMooOpaszoBaHue (HO GpOpMUpPYETCs YEeThIPE CIIOs
MIMO) u arpermpoBanue TogHECyIHMX. [lepemada Benercs B
nosoce 20 MI'n, B wacrorHoMm juanasoHe FR1. YcnoBus pac-
MIPOCTPAHECHUS PAIHOBOIH XyKe, YeM B MPEABIIYIIUX CICHAPH-
€B, IOOTOMY HMHJACKC MOIAYJIALIMHU W CKOPOCTH KOAMPOBAHUA HE
MaKCHMalbHBL. PaccunTanHas MpomycKHas CIIOCOOHOCTH COCTa-
Bua 283 Mowur/c.

PaccMoTpeHHbIE ClieHapHH MO3BOJISIIOT c(hOPMHUPOBATH MIPE-
CTaBJICHHE O MPOMYyCKHO# cocobrocTr backhaul cetn mpu pas-
JMYHOM XapakTepHOil KoHpUrypauu 0a30BbIX CTAHIMH U yCJI0-
BUI1 pacnpocTpaHeHHst PaaHOBOIIH.

3akjrouenue

Cern MOOWJILHOW CBSI3M TSTOTO ITOKOJICHUSI OOECHeYHBAIOT
NPHHIMITHATGHO HOBBIH YPOBEHb KauecTBa OOCIYKHBaHHUs ado-
HeHTOoB. KirtoueBoli 4acThio HHPPACTPYKTYpHI ceTeld 5G sABIsIoTCs
TPAHCITOPTHBIE CETH, OJIMH U3 CETMEHTOB KOTOpBIX — backhaul 65t
paccMOTpeH B JTOW cTaThe. BbUH paccMOTpeHBl 0COOCHHOCTH U
BO3MOXKHOCTH apXHTEKTYpHI ceTeil 5G, Blusiomue Ha TpaHCIopT-
Hble ceTu. OIUcaHbl OCHOBHBIE TMOAXOJBI K MOCTPOGHHIO 3THX
cereil 1 (haKkTOPBI, BIMSIONINE HA UX MPOITYCKHYIO CHOCOOHOCTB.

IIpemnoxken merox pacuera TpeOyeMoil MPOITyCKHOM croco0-
HOCTH, OCHOBaHHbIH Ha aHAIIM3e aDOHEHTCKOH CKOPOCTH Iepeaaun
1 ocobeHHOCTEH pacripesiesieHHoi 0a30Boi cranimu. Ha mpomy-
CKHYIO CITOCOOHOCTB BIIHSICT PSR (PaKTOPOB — OT YaCTOTHBIX JWa-
MIa30HOB, TUIIOB AHTCHHBIX CHCTEM, YCJIOBHH PacIpOCTPAaHCHUS
PaIMOBOJIH JI0 CIIOXKHOCTH U ITPOU3BOIUTEIFHOCTH 0a30BbIX CTaH-
. Hamu Obiia pazpaboraHa u onucaHa B 3TOM CTaTbe MareMa-
THYECKasl MOJIeIb pacyera IPOMYCKHOH CIOCOOHOCTH, T03BO-
JISTFOLIAs yYECTh BCE 9TH (PaKTOPBIL.

[Mokazan npuMep pacuera mporyckHoit criocodHoctr backhaul
CeTH JJIsl TPEX CLCHApHUEB pabOThl 0a30BOM CTAHIMH, B KOTOPHIX
3HAUCHUE IPOITYCKHOM CHOCOOHOCTH pasznudaercsi Oojee 4eM B
100 pa3. Maremaruideckasi MOJEIb MOKET TIPUMEHSATHCS TIPU CO3-
JIaHUH, IPOSKTUPOBaHuU U onTumu3aimu backhaul cereii.
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Abstract

Currently, the fifth generation of mobile communication systems of the 5G NR standard are being introduced all over the world. One
of the most important components of these systems are backhaul transport networks connecting the base station and the core of the
network. The bandwidth of these networks must be sufficient to carry a large amount of traffic. In this article, we propose a mathe-
matical model for calculating the throughput of backhaul networks, which can be used in the design of 5G infrastructure. We also con-
sider some important aspects of the 5G architecture, which make fundamental differences from communication networks of previous
generations. One of these aspects is the use of distributed base stations, in which radio signal processing units, low-level and high-level
protocol processing units are separated not only logically, but also physically, and can also be spatially separated. Thus, 5G systems fit
into the concept of cloud networks, due to which it is possible to significantly save resources for infrastructure deployment. However,
such a solution increases the requirements for transport networks. Possible approaches to the physical implementation of transport
networks are considered, including a fundamentally new solution that integrates radio access and backhaul networks. Finally, taking into
account these and other factors, a mathematical model created by us for estimating the required bandwidth of backhaul networks is
described. The model is based on calculating the maximum network load in a base station cell, taking into account such parameters as
the number of spatial beams, the aggregated number of subcarriers, modulation index, coding rate, etc. The distributed structure of the
base station is also taken into account in the model. Three scenarios of 5G base station operation are shown and an estimate of the

required throughput of backhaul networks is given for them.

Keywords: 5G, NR, backhaul, bandwidth, Cloud RAN, base stations, gNB, CU, DU, RU.
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Ha npakTtuke Bo MHOrMX cny4asax Heo6x0AUMO U3MepATL BeNn4uHy Koadduumen-
Ta B3aMMHOW KOppenauuuM Mexay ABYMA ciyuaiHbiMu curHanamu. Mpu pacyete
BeJIN4MHBI K03(ppULIMEHTa B3AUMHON KOPPENALMK MeXAY BbIXOAHbIMU CUTHANaAMK
reHeparopos wyMa (L) Ha pa6oyeM MecTe B noMeLL,eHUM BCerga NpUCyTCTBYIOT
3¢UpHbIE MOMEXH, KOTOpblE CyLLIeCTBEHHO WCKAXKalOT pesynbTaTbl U3MEpEHWi.
Ana cnyyaes, Kora HeT BO3MOXKHOCTHU BOCMONb30BaThCA CYLLIECTBYIOLLMMYU CMOCO-
6amu ana uzbaeneHuna ot a¢pmpHON NOMEXU NpU NPOBE€HUU U3MEPEHUN, aBTOpa-
MM AaHHOW cTaTbu paspaboTaHa HoBaA MeTOAMKA, NO3BOMNAIOLLAA BbIYUCIATL Be-
nuumnHy ko3 duLMeHTa B3aMMHON KOppenALMN MeXAy ABYMA Clly4aiHbIMU CUTHA-
namm B ycnosuax 3pUpHbIX MOMEX, KOTOpas MOXET UCMONb30BaTLCA AJIA OLIEHKU
cneuuanbHbIX CBOWCTB reHEpaToOpoB LyMa, CO3AAIOLMX MACKUPYIOLLYIO MOMEXY.
B nepBo# yacTu cTaTbu npoBefieH 0630p CyLeCTBYIOLLMX METOAUK NpOBeAeHUA
M3MepeHuii Npyu pacyerte BeNM4UHbI K03 dULMeHTa B3aMMHOW KOppenaLumu Mex-
AY ABYMA Cily4aiHbIMU CUFHaNaMm B ycnoBuax 3cpupHbeix noMex. Bo Bropoit yactu
M3noXeHa HOBaA MeToAMKa U NpuBefeHbl NPUMepbl pacyeTa koacg duumeHTa B3a-
MMHOW KOppenALuM No AaHHOK MeToauKe. B npouecce uccnegosanus 6eino ycra-
HOBIEHO, 4TO K03¢hPULIMEHT B3aNMHOI KOppenALUM MeXAY BbIXOAHbLIMU CUrHana-
mu LU 3aBUCHT OT BENUUYUHBI COOTHOLLIEHUA ""MOLLIHOCTb MOMEXU/MOLLHOCTb CHUT-
Hana" (T.e. OT BEeNUYMUHbI MOLLIHOCTU KOPPENUPOBAaHHOM YacTH B COCTaBe CUTHANIOB
FLU). MNMpaktuyeckaa 3Ha4MMOCTb NPOBEAEHHOrO UCCNEAOBAHUA 3aKnlovaeTca B
BO3MOXHOCTU UCMOJIb30BAaHUA METOAMUKM, MO3BONAIOLLEN BbIYUCNATL K03 buLm-
€HT B3aMMHOW KoppenAuuuM Mexay BbixoAHbiMM curHanamu LU B ycnoeuax cny-
YaiHbIX NoMex Ha paGoyeM MecTe pa3pabGoTymka, He MMes BO3MOXHOCTU NPOBO-
AUTb U3MEpEHUA B SKPaHUPOBAHHOM MOMeELLEHUMN.
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BBenenue

B mHacrosmee BpeMs 3HAYUTEIHHO U OBICTPO PACTYT TpeOO-
BaHHMS K IapaMeTpaM CPEJICTB 3alUThl HHPOPMAHU OT YTCUKH
1o MOOOYHBIM KaHaJaM. DTO 00YCIOBICHO TEM, YTO HENpEephIB-
HO YJTy4IIaloTCsS METO/BI BBIACICHUS NHOOPMAIIMOHHBIX CHIHA-
JIOB M3 CMECH MX ¢ Mackupyroreit momexoit (MII) u oxHOBpe-
MEHHO pa3pabaTbIBaeTcsi Ooljiee COBEpIICHHAst M CKOPOCTHAS arl-
naparypa, UCroiib3yemast JUIsl UX pasZeIeHusl.

Haubonee 3(pQeKTUBHBIMUA SBISIFOTCS AKTHBHBIC CpEICTBA
samutel (AC3). OgauM U3 TpeOOBaHMIA, MPEIBIBIIEMbIX K Te-
Heparopam MII, siBisieTcsl BBINIOJIHEHHE HOPM IO BEJIMYUHE KO-
s duIreHTa B3aMMHON KOPPEISIIMK MEXK/Ty BHIXOHBIMHA CUTHa-
samu 'L

B mpornecce npoBeneHnst n3MepeHnii BeMMIMHbBI Kod(duim-
€HTa B3aMMHOM KOPPEJISIIUY Ha BXOJbI M3MEPUTEIHLHOTO MPHO0-
pa momanaeT 3¢upHas momexa, crocoOHast ICKa3UTh PE3yIbTATHI
n3MepeHuil. B gaHHON craThe NpeasiokeHa METOAMKA, MO3BO-
JSTIOIIAsT BBIYUCIATH KO3 GHUIMEHT B3aUMHOM KOPPEIAILIMI MEX-
Iy BBIXOAHBIMH CHTHAJIaMH TEHEpaToOpoB IIyMa B YCIOBHAX
3(UPHBIX TTOMEX.

Ha 3aBogax-usroroBurensix B naptuu 'l TpeGyercs nsme-
pUTh BeMMUUHY KOd(duIMEeHTa B3aUMHOW KOPPEJSIHUA MEXKIy
BBIXOAHBIMU curHanamu Beex [l Ha muiate mexay coboii (Be-
JWYMAHA HE JO/DKHA MPEBBIIATh HOPMUPOBAHHOTO 3HAUCHUS).
OTO KpomoTiMBas W TpynHas paboTa, Tak Kak MpH MU3MEPEHHH
K03(h(unreHTa B3aUMHOW KOPPEISLUHA TPYIHO W30aBUTHCS OT
nomex 3¢hupa, OT MoMeX MUTAHUs, B3AUMHBIX HABOJOK (3aBHCHUT
OT KOHCTPYKLMH IUIATHI, Ha KOTOpo# pacnonoxens! ') u apy-
rux (pakTopoB. DTH TPYTHOCTH MOKHO YAaCTHYHO OOJIETUHTH,
OpraHu3oBaB padoyee MeCTO B IKPAHUPOBAHHOM MOMEIICHUH.

Tem He MeHee, B SKPAaHUPOBAHHOM IOMELIEHHH BCE JKE MO-
JKET UMETh MECTO IIOMeXa, CIIOCOOHAast TOBIHATh Ha PEe3yJIbTAThI
HSMCPGHHﬁ. DTO MOXKET SIBISTHCS CJIICACTBUEM HECAOCTATOYHO
3G (GHEKTUBHOTO SKPAaHUPOBAHUS, a TAKKE HAJUYUS COOCTBEHHBIX
moMex OoT paboTaromiedl M3MEpUTENBFHON ammapaTypsl. AHAIN3
MOMeX MPH MU3MEPEHHUSX HU3KOYACTOTHBIX IIYMOB PAaCCMOTPEH B
cratbe [1].

CymiecTBYIOT METOJIUKH, KOTOPBIE TTO3BOJISIIOT CHIKATh YpO-
BEeHb yKa3aHHBIX IOMeX. Hampumep, HCIIOIb30BaHWE CHMMET-
puyHoro (6ajgaHCHOTO) MOAKIOYEHHs. JlaHHAs METOIMKa 3a-
KJIFOYAeTCs! BO B3aMMHOM HCKJIFOUCHUH TIOMEXH M3 CMECH CHUTHa-
Jla ¥ oMexH Oyiarofaps TOMy, 4TO MO OJHOMY M3 IIPOBOJHHKOB
B Kalenie cUrHai nepenaercs B npotuBodase. [lpuHuum neict-
BUSL TaHHOIM METOAMKH MOAPOOHO onwmcad B u3nanun [2]. Kpome
TOTO, B cTathe [3] paccMOTpeH MEeTO/ IBYXKaHAIBHOW KOMIICHCA-
MY TIOMEXH Ha OCHOBE BBIYHMCIICHHUS BECOBOTO KO (HULIMEHTa.

Jnst ciydaeB, Korja HET BO3MOXKHOCTH BOCIIOJIB30BaThCS
CYIIECTBYIOIIUMHU crioco0amu st n30aBieHus: OT d(PUPHOIL 1mo-
MEXH TpH MPOBEICHUN U3MEPEHUi, pa3paboTaHa HOBasi METOIH-
Ka, MMO3BOJISIONIAsT PACCUUTHIBATL BEIHUUHY KO3 (HUIIHMEeHTa B3a-
MMHOM KOpPEISIIMY MEXKAY BBIXOAHBIMHU curHanamu asyx 'L B
YCIIOBUSIX TIOMEXH 3¢upa.

Onucanne CTPyKTypbl H3MepsieMbIX CHTHAJIOB

ITycrs umerotest asa 'L, BenmmumHy KoadduipienTa B3anm-
HOM KOpPENSLMUA MEXAY BBIXOJHBIMU CUTHAIaMU KOTOPBIX He-
00X0JTMMO M3MEpUTh. B TaHHOM pazzerne paccMaTpUBAIOTCS CO-
craBHble yacTh curHanos ['1; u I'lll,, mocTynarommx Ha BXObI
M3MEpUTENIBHOTO Mprdopa.

Beixoausie curnanst 'l n ', cmywaiinel, Tak xax ¢op-
MUPYIOTCSI HA OCHOBE TEIUIOBBIX IIIYMOB, HO TaKXe MOT'YT UMETh
B CBOGM COCTaBe OAMHAKOBYIO cOCTaBisiiolnyro. Ee Hammume
00ycitaBnBaeTcsi 0OCOOCHHOCTSIMA KOHCTPYKIWH IUIaThl, HA KO-
Topoii pacrionoxensl 'L (B3anMHBIME HaBOJKaMH, OOLIUM IH-
TaHHEM, 3a3CMJICHHEM IUTAThl M T.X.), H ONPEACISICT BEIUYHHY

koo durmenta Bzaumuoit koppensuun (K, ., ) MexIy BhIXOA-

HbeiMu curHanamu ['; u ['I,. JlaHHyrO cOCTaBiSIOLLYIO J1ajiee
OyIeM Ha3bIBaTh MOUHOCMbIO COOCMEEHHOU NOMEXU B COCTaBe
Kaxxaoro u3 curuaios ', u I'T,:

P

coscrs. — Ycoscrel = Tcoscrs.2

Jlnst u3MepeHust BelMurHbI Ko QUIeHTa B3auMHOIT Koppe-
gauuu Ha Bbixoaax ['Il; u I'lll, ycranaBiauBarOTCS CHUTHabI
PaBHOM MOLIHOCTH:

P

i1

Przu 2 = Pm[
Takum 00pa3oM, MOIIHOCTH BBIXOIHBIX cHrHayioB 3tux [1II
MOXHO onucarth GopMyJIoii:

Przu = Pcur. + Pcosch. (1)

Kak mpaBmiio, mMpu HM3MEPEHUM BEIMYUHA K gopp MOXKET

MPEBBILLIATh HOPMY M3-3a HAJIMUUSl BHEIIHUX noMex. Yaiie Bcero
JUTSL CHYDKCHHS YPOBHSI 3(DHPHBIX TOMEX H3MECPCHHE BEIMYHHBI
K xopp. IPOBOJAT B SKpaHUPOBaHHOM noMellenuu. Ilpu npose-
JICHAH W3MEPEHUH BHE IKPAaHUPOBAHHOTO TIOMEIIECHHS K MOIITHO-
CTH Kaxxoro BeixogHoro curHana 'l nemunyemo mobasisercs
mownocmo nomexu d2¢upa (Psygypy). B 9TOM citydae BenmunHa

CyMMapHOﬁ MOIIHOCTHU ITIOMCXH B COCTABC KaXXJ0ro u3 CUrHajioB
Ha BXOJaX U3MEPUTCIILHOTO npn6opa 6yI[CT HUMETb BU.

PHOMEXH = Feosers. T PZ)(DI/IPA' 2

Ha pucynke 1 mpuBeneHa CTpyKTypa CHI'HAJIOB Ha BXOJaX
N3MEPHUTENBHOTO MPHOOpa.

Peura Pcurz
Prm1 Pru2
Pcoscrsa Pcoscrra2
Promexu Priomexu
Pasupa P3supa

Puc. 1. Crpykrypa curnanos I'lll; u 'L,
Ha BXOJIaX H3MEPHTEIBHOTO IIprubdopa

Onncanne 3KcepuMeHTa

HpezmaraeMaﬂ MCTOAMKA BBIYMCICHHUA 3HAYCHUSA KOB(i)(i)I/IIII/I-

€HTa B3auMHOH xoppemsinuu K MEXAY ABYMsl CIly4alHbIMU

KOPP.
CHUTHAJIaM{ BKJIIOYAa€T B CeOsS WCIIOIB30BAHME 3aBUCUMOCTH

BeauuuHbl K

P
IIOMEXH
xopp, OT COOTHOILIEHHS

CHI'HAJIA
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Cxema yCTaHOBKHM, Ha KOTOPOW BBIMONHSIICS IKCIEPUMEHT,
MoKa3aHa Ha PUCYHKeE 2.

Rohde & Schwarz

X
X

rms

3BM

UPV Analyzer

Puc. 2. Cxema H3MEpPHUTEIILHON YCTAaHOBKHI

VYcranoBka coctout u3 mwiatel ', u3meputenpHoro npudopa
Rohde & Schwarz UPV Audio Analyzer [4], ucrionb3yrorierocs B
kauectBe AIIIl, u mepconansHOoro KommeioTepa (IBM) ¢ ycra-
HOBJIICHHBIM NporpamMmHbIM oOecniedernem GNU Octave [5].

Jst TOCTPOCHUS KOPPEISIIHOHHON 3aBUCHMOCTH B TaMSTh
OBM ¢ MOMOIIBI0 H3MEPUTENBHOrO MpUOOpa 3ariChIBAIOTCS
OJIMHAKOBBIC [T0 MOIHOCTH BBIXOJIHBIC CHTHAIIBI TPEX HE3aBUCH-
mbix 'l B mosoce 0-10 [y ymntenbHOCThIO 48 cexyHa. Beidop
BPEMEHH H3MEPCHHsS] CHTHAJIOB OOYCJIOBJIECH HEOOXOIMMOCTBIO
HAKOIUICHHSI MaTepuaia s JOCTHKEHUsI TOYHBIX PEe3yJIbTaTOB

pacuera K, ,p -

Ha pucynke 3a npeactaBiieHO W300paKCHUE OHOTO U3 CHUT-
HAJIOB BO BPEMEHHOM OKHE JJIMTEIBbHOCThIO 1 CeKyHIa, Ha pu-
cyHKe 30 — CIICKTpaIbHOE N300paKCHHE CUTHAIA.

o dopmyse (3), onucannoii B uznanusix [6], [7], paccuntsi-
BaeTcst KOOPGUIMEHT B3aUMHON KOPPEIISIIAH:

max|FD’1[X(p)><Y*(p)] , ©)

KI(OPP. =

rae N — KOJM4YecTBO OTCYETOB B CHrHAJE (OJMHAKOBO B CHI'HA-
ne 1 u curnane 2);

Fo ! — o6parHOe Mpeobpazosanue Dypoe;

X (p) — npsimoe 3HaueHHE pe3yJbTaTa AUCKPETHOTO Mpeod-
pasoBanust Oypbe HaJ cUrHaiom 1;

Y (p) - KOMILIEKCHO-COTPSKEHHOE 3HAYEHHE PE3YJbTaTa
JHUCKPETHOTO IpeobpasoBanus Oypbe HALl CUTHATIOM 2;

X; = i-if orcuer curnaina 1;

y, — i-if oTcyer curnana 2.

Tak Kak 3T CHT'HAJbI HEKOPPCIINPOBAHDBI, BEJIMYMHA BbIYUC-

nenHoro K Oyzet Giin3Ka K HYJIIO.

KOPP.

B kauecTBe momexu UCHOJIB3YETCSl TPETUH CIydalHBbIA CHUI-
Hau. [Ipu nmocteneHHOM JOOABIEHUH €ro B OAMHAKOBOM KOJIHUE-
CTBE B COCTaB CUrHana 1 U curHazia 2, T.e. IPH yBEIUYCHUH JOJIH

omunakoBoit MomHOCTH B Y1 = [P Prowenri] 1
22 = [Poursanaz * Prosmar 21 ™1 Provers = Proenr 2

K03 (HUIMEHT B3aMMHON KOPPENSIMH MEXIY Y1 U ), TaKKe
Oyner yBenuuuBarbces (puc. 4).
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ITo pe3ynbrataM SKCIEpPUMEHTa IOJIYy4€Ha 3aBHCUMOCTb Be-
JUMYUHBL K03 (uUIMeHTa B3aUMHOW KOPpEJSIUKA OT COOTHOIIIE-

P
11IOMEXU =
HIA P » TIC PC]/IF HAJIA —
CHUT'HAJIA

HUMECT OJJUHAKOBYHO MOIITHOCTH B COCTABE Zl u 22.

CHUTHAJIAL = T CHIHAIA 2

a PHOMEXI/I

I'paduk 3aBucumoctn mpu K =0+0.15 uzobpaxeH Ha

KOPP.
pucynke 5. Ilpu paccMorpennn rpadurka BUIHO, 4TO NIPU YBEIHU-

P

YEHUH COOTHOILICHHUS HOMEX% YBEJINYMBAECTCSI U 3Ha-
CHIHAJIA

4yeHue K03 ulMeHTa B3auMHON KOPPEISLUA MEXKITY D 1 U ) o.

GJEQK P

0147
o

>
0141 L4
0138 P

=
AN

0045 0054 D 0072 0081 009 008 0108 017 0128 013 014 0183 0182 017 018

Puc. 5. 3aBucuMocTh BeIMUMHEL K

P
KOPP OT COOTHOLICHUS * [IOMEX]

CHTHAJIA

Takum 00pa3oM, MOKHO OJHO3HAYHO OIPCICIUTH 3aBHCHU-

OT COOTHOILIECHUS PHOMEXI/I/

MOCTB BeJIMUMHBL K :
CHIHATIA

KOPP.

o .
f( HOMEX% CHUT’ HAJIAJ - KKOPP. [ZJ- ,22 ] (4)

1pH PCI/IFHAJIA = PCHFHA@Z ) KKOP}{CMZ nanl Cue Haﬂz] ~0.

Ponrmani=

B xojie akcriepuMenTa ObUIO YCTAHOBJICHO, YTO BEJIMYMHA KO-
s duireHTa B3aUMHON KOPPENSALMU MEKIY CIyYalHBIMU CHT-
HaJlaMU1 paBHOfI MOITHOCTU B OAWMHAKOBOM JHAIla30HE 4aCTOT B
MOPUCYTCTBUH MOMEXH OJIMHAKOBOH MOIIHOCTH B Y1 U Yo 3aBHU-
CUT JIUIIb OT AOJIK MOIMHOCTU ITOMEXU B COCTAaBE€ CYMMbI CUT'HA-
Jla U IOMEXMU.

P
K copp [Cut.1; Cuz.2] = HOMEH __ 1 (5)

CHI'HAJIA + PHOMEXI/I PCI/IFHAﬂA +1

PHOMEXI/I

CrnenoBaTenbHO, 3aBHCHUMOCTh Ha PUCYHKE 5 MOXHO OIHCATh
(dyHKIMEH BHIA:

f(z)zi, 2>0 (6)

Onucanne MeTOAUKH U3MepeHHs BeJHYHHbI KO3pduuuenTa
B3aHMHOW KOPPeJIAIUH MeKAY IBYMS CIy4aiiHbIMHU
CHTHAJIAMH B YCJIOBHUSIX 3(DMPHOI1 moMexH.

Iepen Hayanom n3MepeHUit HEOOXOMMO BBIPOBHSTH JIEHCT-
BYIOIIIME 3HAUYEHUS HANpsKEHUM BbIXOJAHBIX curHaioB ['1l; u
I'l,. Jdnsa nmogxinrodenus BeixoaoB [, u ', k BXogam n3Mme-
putenbHOro mpubopa (aHammszatopa — Rohde & Schwarz
RTO2004) wucrnonb3yem kabeld OJUHAKOBOIO THUIA W JITHHBI.
Cxema MoJKITFOUCHHS n300paskeHa Ha pUCYHKE O.

AHanusatop

L) ] [

Puc. 6. Cxema noaxmroucnus neyx 'l k uamepurensHoMy mpudbopy

Ycnosuvie obosnauenus: Ty, T, — reHeparopsl lryma;
I — nenurens Hanpspkenus; 1,2,3 — aHaioroBble BXO/bI aHAIH-
3aTopa.

Tpebosanus k uzsmepumenbHoOMy npudopy:

1. Hamuuue Tpex aHAJOTOBBIX BXOJOB C BO3MOXXHOCTBIO
MapajuieIbHON OnU(POBKH CUTHAJIOB;

2. Tlomoca nmpormyckaHus aHAIN3aTOPa B TUATA30HE YaCTOT
' (0-10 xI'w).

Benmunael MomtHocTel curHanoB ¢ Beixonos 111y m I'Iy,
npumenmux Ha 1-if i 3-1 BXOJBI aHAIH3aTOpa, 3aACHIBAIOTCS B
BHUJIE CUCTEMBI:

PFHIl + PSCDI/IPA = Ppx.1» 7
(7
Przuz + P3<DI/IPA = Fpx.s3
3neck Py =Prysr Pogups =CONSt (BO Bpems mposene-

HUSI I3MEPCHUIA).
INPUMEYAHME: Kak u3BecTHO, BEIUYMHA MOIIHOCTH P,

BBIJICJIIEMOM Ha CONPOTHBICHHH R, paccuurtsiBaetcs mo ¢op-
2
Myine P =—. B Hamewm ciyuae BBIXOAHBIC COIPOTHUBICHHS

HWCTOYHHUKOB CHT'HAJIa PaBHBI MEXIY COOOH, BXOIHBIC COIIPOTHB-
JICHUS. U3MEPHUTEIBHOTO TPHOOpa TaKKe PaBHBI, TIOATOMY Jajiee

MOILHOCT OyeT onpexnenstbes yepes P =U 2.

I[J'IH HaXO0XJACHUA BCIINYUH a 3aTcM U BCJIU-

P3<171/1PA ! PFLU 1’

yrnbel K HEOOX0AMMO TIPOBECTH TPU U3MEPEHUSL:

KOPP.
H3mepenne 1 (MomHOCTH HA 1-M BXO/Ie aHAIM3ATOPA):

(U le)z + P:)zDI/IPA = Fpx.1» (8)
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H3mepenne 2 (MOIHOCTD HA 2-M BXO/l€ AHAIM3ATOPA):
2
U
rur1
— P

DDHUPA
2

Poy 5 C))

H3mepenne 3 (MOIHOCTH HA 3-M BXO/€ AHAIH3ATOPA):
2
(U I 2) + PazDMPA = PBXA3 J

rne U, , =U,, , — Hanpsxenue Ha BeIxozie Kaxaoro us ['ILI;

(10)

U rur
——— — Hampsbkenue Ha Bbixoze ['1ll;, mogenenHoe B 1Ba pasza

Py MMOMOIIU ACTUTEIIA HAIPSXKCHUS. Tak xak aHaJIu3aTop MokKa-
3bIBaeT A eKTuBHbIC 3HaueHHs curHanoB U U

UBX 30 A nepexoaa K MOOIHOCTAM ,Z[eﬁCTByIOH.IPIC 3HAYCHUA

n

BX.1’ BX.2

CUT'HAJIOB BO3BOJATCA B KBaJApar.

B cuny B3aMMHO OJJHO3HAYHOIO COOTBETCTBUS MEKIY BEIIU-
o P
guHoi K xopp. ¥ COOTHOLICHHEM — [TOMEXH, (bopmyna
CHIHAJIA

(4), puc. 5) nust onpeseneHUs] BETUUUHBI KO PHUIIMEHTA B3aM-
HOM KOppesaluu Mexay BbixoaHbiMu curHanamu ['1l; u ',

Ge3 Brnmama P,,,,, JIOCTATOYHO ONPENEIUTH BEJIUINHY OTHOIIE-

HUA PCOECTB/ .
Pcnr.

J1uist 5TOr0 HE0OXOJMMO BBITIOJIHUTH CIIEAYIOINIHIE ACHCTBUS:

1) Bermcmuts K, )., Mexmy curnanamu Il u Il ¢

ydeToM BKJIaia odmeit cocrasnsomeit (P, .., ) mo dopmye (3);

2) Bocromb30BaBIINCH 3aBUCHMOCTRIO Ha Puc. 5, epeiitu

P +P
K COOTHOWICHUIO §, = —COBCTB. ___ 9®HPA | rpe Sy — 3HAYEHUE Ha
Perraans
ocl abCIHUCC, COOTBETCTBYIONIEE BEIYMCICHHOMY 3HAYCHHUIO
K xopp Ha KPHBOH;
3) BeiBectn GopMmyiy IS BBIYHCICHHS — BEIUYHHBI
Peosers.
Peoscrs. = Sk X Peur. = Poaupa (11)
Boipasum BenuuuHy Py, depe3 popmyist (1), (8):
PCI/IF. = Faxa ™ PCOECTB. - P3<DHPA (12)

BripasuM BemuuuHy Pppperp. U3 Gopmyist (11), npencraBus

Beanuunay P, . B Buge Gpopmyss (12):

cur.

P

coscrs. = Sk X(

P

BX.1

P

COBCTB. ~ P3a>1/1PA)

-P

DDUPA *

PCOECTB. o (Sk +1) =8, X (PBX.l - PQJ)I/IPA )_ PQ(DI/IPA :

Cornacuo cucreme ypasuenuii (7), Py, =P,y = Pryy
ITomyuum:
=) _ S, X PFllll - P3<D1/IPA
COBCTB. —
s, +1
4)  BsiBecTu GopMyITy Uil BBIYUCICHUS BETHYHHBI Py
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P

Cornacuo dopmyie (1), i1 — Peoscrs.

PCI/IF. =

Py =Py S X Prisy = Poaups _

s +1
Py (sk +1) =S X Py + Pooups Prigs + Pogye
- s +1 5. +1

5)  BsIBecTH COOTHOIICHHE PCOECT%
cnr.

S, X PFLUl - P3<1>1/IPA

PCOECTB. _ Sk +1 _ Sy X PFIJIl B P3<1>1/IPA .
Pcur. PFLUl + P3<PI/IPA Prurs + P3(DI/IPA
s, +1

6) BbluMCINB BENHMYMHY COOTHOLICHHS PCOEC”% , Tie-
cnr.

peiitu k BenuunHe K MEXIy BbIXOIHBIMM curHaizamu ['11I;

KOPP.

u I'lll, 6e3 Bxiama BOCIIOJIb30BABIIUCH KOPPEJISLUOH-

Powpa
HOM 3aBHCHMOCTBIO (pHC. 5).
Paccmotpum npumep Bbraucnenus Benuuuabl K, ., Mex1y
BeixoaubiMu curHanamu ['1; u ', B ycioBusx 3¢upHO# mo-
MEXH 10 JAaHHON METOJIMKE.
Ilycts umerorcs nsa I'lLl, MOIHOCTH CHUTHAJIOB KOTOPBIX
pasnbl apyr apyry (P, = Py, ,). W3BecTHo, uto npu npose-

JNCHUW W3MepeHnid K MormHocTsM curHaimoB 11l moGaBmsercs
HEKOTOpasi BEIWYHHA P3<D1/IP 4 - IpedyeTcs BEIMUCINTE KOd(DPu-

LUEHT B3aUMHOI KOPPESLMU MEXTy BBIXOAHBIMHM CHIHAJIaMU
I'll; u I'll, B ycmoBusx momexu >(upa, BOCIOIH30BaBIIHCH
METOIMKON C MPUMEHEHNEM KOPPEIAIHOHHON 3aBHCHMOCTH.

IIpumep BorunciaeHus BeJdunduHbl Kyopp MeXKIY
BeIxogubIMH curHajgamu 'L, u I'.

1) Moaxmounm 'y u T, k aHATH3aTOPY COTTACHO CXEME
Ha pucyHke 6. [Tonxydnum AeicTBYONIUE 3HAUCHUS HAIMPSHKCHHUN
Ha BXOJlaX aHAJIU3aTopa U NepeieM K BeIMYMHaM MOILIHOCTEH:

Uu,=091038B =>Py = (U BX.l)Z =0.8286 Bm
U, ,=05086B =>P, ,=(U,,,)’ =0.2587 Bm
U, ;=0909%B8 =>P, ,= (U BX.3)2 —0.8274 Bm

2) 3amuiiemM CUrHabI ¢ BXO/IOB aHAITH3aTopa B maMsath JBM.
BrrancmnM k03 pUIneHT B3aMMHONW KOPPENSAIMA MEXIY BbI-
xoaneiMu curHaimamu ['1I; u ', ¢ yyeTtom BKIaga momexu

a¢wupa o popmye (3):
B max|F5*[X (p)xY " (p)]

KKOPP. -

=0.1386

N N
2 2

zxi X2 Y

i-1 i-1

3) BeluuciuM MOIIHOCTE curHaia ¢ Beixoga 'L :

Pt = gx(PB“ - PBX.2)=gx(0.8286—0.2587)= 0.7598 B
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4) BeIYHCIIUM MOIIHOCTh MOMEXH (upa;

P =P P, =0.0687 Bm

DDHUPA Bx.1~ "ruri

5) Ilepeiinem K BBIYHCICHUIO BEIMYMHBI S, IO KOPPEIALHU-

oHHO#i 3aBucumoctu (puc. 5). J{ns ymobcTBa BBIYKCICHUS] BOC-

mone3yeMces (hopMyIoin g(y): , TIOJIy4eHHON Ha OCHOBE

1-y
dopmyser (6):
K orr| 0.1386

= =0.1609
1-|Kyopp| 1-0.1386

S, = 9(Kyopp) =
6) BBIUHCIINM BEJIMYHHY OTHOIICHUS PCOECTE/ :
CHr.

P

COBCTB. __

P ur. PF 171 + P3G>I/IPA

cur.
_ .1609x0.7598 —0.0687 — 0.0646

0.7598+0.0687

S X Priyy = Pogyp _

7) TepeiineM K BBIUKMCICHUIO BETHMIUHBI KOA(dHUIIHCHTA B3a-
HMHOU KOppeJsluu Mexay BeixoanbiMu curHanamu ['I; u ',
B YCIIOBHSAX MOMEXHU 3(uUpa Mo KOPPENIAIUOHHONW 3aBUCUMOCTH
(puc. 5). st ynoOcTBa BRIYUCIIEHHST BOCIIONB3YeMCst (hOPMYI0it

(6):

KKOPP 8bluuCH [Fllll’ FUIZ] = f ( PCOECT% ) =
T cnr.

PCOECT%
— L 9. - 0.0607

PCDECTB/
‘ +1
PCI/I]".

Tax xak ucxkomasn eenununa Kyopp[I'Ill; T'I] 6bina 3a-
oana paenoii 0.0603, nozpemtnocmo npu eviuucienuu cocma-
euna:

(K

5 = ~KOPP.ayuien.

[FLH1;FU[2]_ KKOPP.
KKOPP. [r[Hl;FLUZ]
_ (0.0607-0.0603) _
0.0603

[ru,; i)

unu 0.7%.

Takum 00pa3zoM, Mpe/yIoKEeHHAsE METOTUKA TIPU UCTIOTIb30Ba-
HUM KOPPEISILMOHHOW 3aBUCHMOCTHU TMO3BOJSIET BBIYUCISTH Be-

mnunny K Kopp. MY BBIXOJHBIMH CHUTHAJIAMH I'il, uw I'l, B

MIPUCYTCTBUU d(HUPHBIX TIOMEX.
3akaoueHue

[Tpu pacuere BennunHbl K03 duIMEeHTa B3aMMHON KOPpeJIs-
uun Mexay apyms [ MoxeT MMeTh MECTO BIMSHHE TTOMEXH
a¢upa Ha pe3yibTar pacuera. B Takux ciydasx HEOOXOIAMMO
T10JIb30BAThCS aJIbTEPHATHBHBIMH METOJIMKAMH, MTO3BOJISIOIINMHU
BBIYUCIATE KOA(PQUIMEHT B3aUMHOW KOPPEJSIIMU B YCIIOBHSIX
CIly4alHBIX TOMeX. MeTOJIMKH, pacCMOTPEHHBIC B TAHHOW CTa-
ThE, MO3BOJISTIOT ATO CAEIATH!

1) wucnonp30BaHHWE OSKPAHUPOBAHHOTO MOMEIICHUS TIPH
MIPOBEICHNUU U3MEPEHUIA;

2) HCHONB30BAHHE CHMMETPUYHOIO IOJKIIOYCHUS IPH
MIPOBEJICHUU U3MEPECHUI,

3)  ucmoap30BaHKE MPEITOKEHHONH METOIHMKH, MO3BOJISIO-
el BeraucanTh Kgopp, My nByMst 11 npu nmomorum xoppe-
JISILIMOHHOM 3aBUCHMOCTH.

Bri0op omnpenenieHHOW METOJIUKHM 3aBHCHT OT TEXHHYECKHX
BO3MOKHOCTEH, JIOCTYITHBIX pa3padOTYNKaM Ha MOMEHT ITpOBeE-
JICHHS] U3MEPEHUIl.

B mporiecce nccnenoBaHus ObUTO YCTaHOBIICHO, 9TO K03 hu-
IIMEHT B3aMMHON KOPPEJSIUN MEKAY BBIXOJHBIMH CHUTHAJIAMU
aeyx 'l 3aBHCHT  OT  BEJIUYUHBI COOTHOILIEHUS

P

HOMEX% (z[pymMH CJIOBaMH, OT BE€JIMYMHBI MOIIHOCTH
CUTHAJIA

KOpPPEIMPOBAHHON YacTH B cocTaBe curHanos asyx ['1I). 3aBu-
CHUMOCTh OJIHO3HAYHO oOmpejensercs Boipaxenuem (4). Taxxe

OBLIO yCTAaHOBJIEHO, YTO NpH W3BECTHBIX P, u P, ...

BenmmunHa K MOXKET BBIYUCIAThCS 110 hopmynam (5), (6).

KOPP.

[IpakTrdeckass 3HAYUMOCTH MPOBEAECHHOTO MCCIIEIOBAHUS
3aKJII0YAEeTCs B BOZMOKHOCTH HCIIOJIb30BaHUS METOIUKH, TI03BO-
JSFOIEH BBIYUCIATH KOI(PPHUIUECHT B3aUMHOM KOppESIUU Me-
Kty BeIXOIHBIMH curHanamu [ B ycnoBusix nomexu 3¢upa Ha
pabouem Mecte pa3paboTyKKa, HE MMEsT BO3MOXKHOCTH ITPOBO-
JUTH U3MEPEHUS B DKPAaHUPOBAHHOM MOMEIEHHH.

Konguaukr unrepecon

ABTOpI)I 3asBIISIOT 00 OTCYTCTBHUU KOH(I)J'II/IKTa HUHTEPCCOB.
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METHOD FOR CALCULATING CROSS-CORRELATION COEFFICIENT
BETWEEN TWO RANDOM SIGNALS IN THE PRESENCE OF ETHERIC INTERFERENCE

Stanislav V. Dorokhov, MIREA - Russian Technological University, Moscow, Russia
Vyacheslav E. Mikhaylov, MIREA - Russian Technological University:
Moscow Technical University of Communications and Informatics, Moscow, Russia, v.e.mihaylov@mtuci.ru

Abstract

In practice, in many cases it is necessary to measure the value of cross-correlation coefficient between two random signals. While cal-
culating the value of cross-correlation coefficient between the two noise generators output signals at the indoor workplace there is
always an etheric interference that significally distorts the measurement results. When there is no possibility to use existing methods
for removing interference while making measurements, the new method for calculating cross-correlation coefficient between two ran-
dom signals in the presence of etheric interference that can be used to evaluate the special properties of the noise generators is devel-
oped by the authors of this article. The first part of the article reviews existing methods of making measurements for calculating cross-
correlation coefficient between two random signals in the presence of etheric interference. The second part introduced the new
method and gives some examples of calculating cross-correlation coefficient by this method. During the study it was found that the
value of cross-correlation coefficient of the two noise generators output signals depends on the value of signal-to-noise ratio (SNR)
(i.e., on the value of power of correlated part in both noise generators output signals). Practical significance of the study lies in the pos-
sibility of using the method for calculating cross-correlation coefficient between the two noise generators output signals in the pres-
ence of etheric interference when it is impossible to use EMI shielded room to make measurements.

Keywords: random signal, noise generator, method for calculating, cross-correlation coefficient, etheric interference, signal-to-noise ratio, digital signal processing,
mathematical statistics, statistical radio engineering.
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@re0Y BO [Mosomkckuil 20cydapcmeeHHbIl
yHUsepcumem meJsieKOMMyHUKauuil u uHgpopmamuku
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cmewieHue, macwmab, ad0umueHbIt, MysTbMUNAUKAMUBHBIU

B cratbe npepcraBneH anroputM ANA COBMELLlEHUA OJHO-
MepHbIX curHanos. CoBMellleHMe CUTHaNIOB onpepensercs
napaMeTpaMmM cMelleHUA u MacwTaba. [lononHuTenbHo Ha
CUrHanbl OKa3biBalOT BUAHWE afiAUTUBHAA U MYNLTUMIMKA-
TUBHaA noMexu. [ina coeMeLeHnA NoA06HLIX cUrHanos Gbin
paspa6oTaH MTepaLMOHHbLIA anropuTtM. DTOT aNrOPUTM
BKJIlOYaeT B ce6A pasfenbHYyIo OLleHKY CMeLLleHUA U MacluTa-
6a. CMelLLeHne OLleHUBAETCA MO CUTHaNaM B AEKaApTOBOM CHU-
cteMe koopauHat. Macwrab oueHuBaerca no curHanam B
norapudMmuyeckoin cucteMe KoopauHat. MTepaumnoHHbIN
noAxo/, 3akniovaercs B nocnefosarenbHOM NpubnmxeHum K
oLeHMBaeMbiM NapaMeTpaM. 3HaeHuWe NapaMeTpoOB TeKy-
el UTepaLumn 3aBMCUT OT pe3ynbTaToB OLEHKM, NONyYeH-
HbIX Ha npeapiayuiei utepaumu. na onpeaenenusa no-
rPELIHOCTN OLEHKM NMapaMeTpoB B 3aBUCUMOCTU OT MOLLHO-
CTV aAAUTUBHOM rayCcCOBOM NMOMEXU NMPOBOAMUIIOCL YUCHEH-
Hoe MopenupoBaHue. PaspaboTaHHbI anroputm cpaBHM-
Basca C airopuTMOM MOJIHOTO nepe6opa (3TanoHHLIN anro-
putM). CpaBHeHMe nokasano, 4To paspaboTaHHbIA anro-
pUTM M anroputM nonHoro nepe6opa xapakTepusyloTcs
NPaKTU4ECKU OJHMMM U TEMM Ke MOrPELUHOCTAMU OLEHKM
napaMeTpoB, HO pa3pabGoTaHHbLIA anNnropuTM XapaKTrepusyer-
ca 6onee BbICOKON CKOPOCTbIO 06paboTku.
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BBenenune

TeneBU3HOHHBIE CHCTEMBI IIUPOKO MPUMEHSIOTCS B H3MEPH-
TCJIIbHbBIX CHCTEMAX. HpI/I BO3MOXXHOCTH ABYMCPHBIC TCJICBU3U-
OHHBIC H300paXKEHHsT MPEOOPA30BHIBAIOT B OJJHOMEPHBIC CHI'HA-
n6l. B 9TOM cilydae 3HAUMTENBHO COKpAIIaeTcss 00beM XpaHH-
MBIX JIAHHBIX H, KaK MPaBHJIO, YIIPOIIACTCS aNrOPUTM 00pabOTKH
naHHbIX [1].

Huxe npeacTaBieHbl NOA00HBIC H3MEPUTEIBHBIC CHCTEMBI.

B cucTemMax M3MepeHHs CKOPOCTH MPOTSHKEHHBIX OOBEKTOB
OJITHOMEpHBIE CHUTHAJIBI ONPEACIAITCS B Pe3ylbTaTe CyMMHPO-
BaHMS MHTCHCHUBHOCTH IHKCENICH CTOIOLOB H300pa)keHHsI.
CoBMelIeHHe ONPEIeIISeTCs IO CMEILCHUIO, KOTOPOE MO3BOJISET
OIIEHUTH CKOPOCTH JIBIKEHUS 00BekTa [1, 2].

Ha Baronax-myTeM3MepHsATENIsIX OZHOMEPHBIC CHIHAJIBI OII-
PEACISIIOTCST KaK KOOPAMHATHI TOUeK KOHTYpOB (mpoduiieii penb-
COB). A COBMEIICHHE OIPEIEISCTCS MO0 CMEIICHUIO B MacIiTaoy.
CoBMelIeHHbIe CHTHAIIBI T03BOJISICT OLCHUTH METPOJIOTHYECKUE
XapaKTCPUCTHUKHU ITYTCUSIMEPUATCIIA. ITo Pa3HOCTU COBMCHICHHBIX
OOAHOMCPHBIX CHI'HAJIOB ONPCACIIACTCA CPpECAHCKBaApaTHUIHAA
BENIMYMHA W3MEPEHHOTO MapaMeTpa, KOTopas OmpenessieT Mo-
IPEUIHOCTD myTen3Mepustens [3, 4]. Takxke cOBMENICHHbIE CUT-
HAJIbI O3BOJISAIOT BBISIBUTH AHOMAITbHBIC TOMEXH B H3MEPCHHBIX
napamerpax, KOTOpbIe HMEIOT BHJ 3HAYUTENBHBIX OTIMYHUIL
(OpPMBI U aMIIUTYIBI CUTHAJIOB [5].

3agava COBMCILCHHUS OTHOMEPHBIX CHTHAJIOB SIBISIETCS OYCHb
M3BECTHOH 3a7adueil M JOCTaTOYHO MPOCTO (hopManu3yemMoit. 1o
00CTOSITENBCTBO MOCITYKMIO TOTYKOM K aKTHBHOMY HCCIIE/IOBa-
HUIO JaHHOW 3aJaddl W pa3padoTKe OONBIIOTO YMCIAa alTOpHUT-
MOB. OCHOBHBIMH CIIOCOOAMH PEIICHHS 3aJa4d COBMEILCHUS
SBJIAIOTCS:

— METOJA CBEPTKM Ha OCHOBE BBIYHMCICHHS KO3(duimeHTa
KOPPEISIIUK HJIH CPEHEKBAPATHYHOTO OTKIOHeH s [1-5];

— METOJI IMHEAPHU3AIINH IS PEIIU3HOHHOTO COBMETIICHHS [6].

Jluist coxpailieHnsi BpeMeHH 00paboTKu MpH paboTe CUrHaa-
MU ¢ koimaecTBoM orcaeroM 1000 u Gosiee HCIOMB3yETCST METOT
Oypbe. UeM Gouibliie OTCYETOB B CHTHANAX, TEM BBIIIE MPOU3BO-
JUTEIBHOCTD 10 MeToay Dypbe B CPAaBHEHHH C MPSIMBIM CIIOCO-
OoM pacyeraM CBEpTKH CHTHAJIOB.

B ciyyae Hammums HEOONBIIMX MAacIITAOHBIX HCKaXCHUI
(5% wm MeHee) HMKAKMX JIOTOJHHUTEIBHBIX M3MEPEHHI B airo-
PHUTM COBMEILEHUs, KaK IPaBUIO, He BHOcUTCS. [IpoBomsT co-
BMCLICHHE OTACNBHBIX (DParMEHTOB CHIHAJNA. A MacIUTaOHBIH
KO3 (PHUIMCHT OLCHUBACTCS CieayromuM obpasom. Eciu 000-
3HAYUTH OTCYCTHI MEPBOTO CHTHAA KaK Xj, KOTOPBIE COOTBETCT-

BYIOT OTCYeTaM BTOporo curHama Ui, i = 1, 2 .. N, o ¢popmyra,
CBSI3BIBAIOIIAsT MX MEXKIy COOOH, MMeeT BUI:
Ui =Xpa+h, (1)

rue a — Macmrao, h — cmemenue.
To xe camoe npeoOpa3oBaHHe B MaTpU4YHOH (hopMe HMeer
BUJI

u. a h||x . @

1 0 1|11

HapaMeTpLI o 1 h MOXHO OLCHUTH IO MCTOAY HAUMCHBIIUX
KBaJApaToB:
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N
F(a,h)=> (¥ -a+h-u) — min 3)
i=1
oF (e, h) 0 oF (a,h) 0
oa oh
(4)
[MapameTpsl o 1 N OLEHUBAIOTCS MTYyTEM PELICHUS YPABHCHUSL:
a-All+h-Al2=BL ©)

a-A21+h-A22 =B2,

N N
e All=>"x7r Al2=A21=> x+ A22=N,

i=1 i=1

B Tom ciyuae, eciau macmtaOHble MCKa)KCHHS TPEBBIIIAIOT
5%, To coBMelIeHHE OTAEIBHBIX ()PArMEHTOB CHUTHAJIOB MOJKET
MIPOMCXOJUTH CO 3HAYMTEIBHBIMU IOTPEITHOCTSMH, KOTOpBIE
MIPUBOJISIT K HEBEPHOMY COBMELICHHUIO CUTHAJIOB B IICJIOM.

3ajgaya ydyera MacITaOHBIX HCKKEHUH MOXKET OBITh pelieHa
METOJlaMH TOJHOTO Tepebopa. Ho aTm MeTompl MMEIOT cephes-
HBIA HEJTOCTATOK — OTHOCHTEIIEHO OOJBIIOE BpeMsi 00pabOTKH.

Taxkum 00pazoM, Nmpu PEIICHUN 337a4d COBMEIIEHHS C yde-
TOM MaciiTaba M CMEIICHHs, aKTyaJlbHOW CTaHOBHUTCS 3ajada
OIITHMH3ALIMU CKOPOCTH 00PaOOTKH.

JlarHO# Ipo0JieMe MOCBSIICHA JaHHAS CTAThsI.

0030p cyuecTBYOIIUX padoT

Teme COBMCHICHUA OJHOMEPHBLIX CHUTHAJIOB IMOCBALICHO OOC-
TAaTOYHO OOJIBIIOC KOJTMYCCTBO HAYUHBIX CTATCH.

Pabora [1] mocBsiieHa COBMEINICHHIO CHIHAJIOB, OTJIHYAIO-
IIUXCS TOJBKO cMeleHneM. CMeIIeHHe ONCHIBACTCS [0 MaKCH-
MyMy kodddunmenta koppensuun. OxHako B pabore paccMart-
PHUBAJIMCh CUTHAJIBI, KOTOPBIE HE COJEPKAT MACHITAOHBIX HCKa-
JKSHHM.

Paboter [3-5] mocBsiieHbl 3aj1a4€ COBMEIICHHUSI CHUTHAJIOB,
CoIlepKaIIuX KaK CMEMIeHHe, Tak 1 MacmrTad. OmHako m3-3a To-
T0, YTO MacmITaOHBIE UCKaKEHHs HE MpeBbImamn 5%, To mpen-
BapUTEIbHO MPOBO/IMIOCH COBMEIICHHE OTACIbHBIX (PArMeHTOB
curHajia 0e3 ydera maciiraba, a yKe 10 COBMEIICHHBIM (par-
MEHTaM OILIEHUBAJICS MacITal.

B pa6ote [6] paccmarpuBanach 3amada MpeIrM3HOHHOTO CO-
BMCIIICHUS CHTHAJIOB 3a CYCT JIMHEApHU3allid, HO TPH 3TOM HE
YUUTHIBATHCH MACIITA0OHBIC HCKAYKCHHUS.

B pabotax [7-9] paccMaTpuBaeTCst HECKOJIBKO MHAs 3a1a4a —
coBMerieHne u3o0paxernid. OMHAKO TPU COBMENICHHWU CHTHA-
JIOB YYHTHIBAKOTCS MAaCHITAOHBIC MCKaKeHHs. [ OlleHKH Mac-
mrada MCMOb3yeTCs JOrapupMUUIECKU-TONSIPHAS CUCTEMA KO-
opauHat. DTOT HpueM Oy/IeT UCIOJIb30BAH JUIS OLIEHKH CMelle-
HUSI 1 MacinTaba Jjisi COBMEIICHHSI OJJHOMEPHBIX CUTHAJIOB.

Onucanue 3a1a4u

ITycts 3amansl g8a curnana (X, f), i = 1.N, (u;, g;), j = 1L.K.
Mexny KoOpAUHATAME Xj U Uj HET OZHO3HAYHOTO COOTBETCTBHSL.
O/IHaKO M3BECTHO, YTO OHM CBS3aHBI MEXy COOOI CleIyroHM
3aKOHOM:
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u=xa+h, (6)

rae o — macmrab, h — cmemenue.

®opmyna (5) coBmamaer ¢ dopmynoit (1) ¢ TOYHOCTHIO 70
HHJICKCOB.

Curnael f 1 § ONKMCBIBAIOT OIMH M TOT )K€ CHIHAJ S C TOYHO-
CTBIO 10 aTUTHBHON M MYJIbTUILINKATHBHOM IIOMEXH.

f(x)=s(x)+k(x) @)
g(x) = As(ax + )+ y +m(x),
rae A — MyJIbTUIUINKATHBHAS TOMEXa, Y — aUINTHUBHAS TIOMEXa,
K(X), m(X) — anauTHBHBIN OBl TaYCCOBCKHIA IIYM.
Wnes orenku mapaMetpoB a, h, A, y 3aKiIiodaeTcsi B MOKMCKE

TaKAX apryMEHTOB, IPH KOTOPHIX (QyHKIWMS F mpuHmMana ObI
MHHHUMAJIbHOE 3HaUCHHUE:

F =3 (e + 1)+ - g () @

st penrennst 3amaun mo (opmyne (8) Osuta paspaborana
UTEpAIMOHHAS IPOLIE/ypa JUISl OLIEHKH 3THX [IaPAMETPOB.

Hcxoanbie JaHHDbIE

Jyist IpOBEICHUST YHCIICHHBIX PACYCTOB OBLIM HCIIOJIb30BaHbI
curHaibl. VX onucanue npuBeaeHO B Tabmumnax 1 u 2.

Tabumna 1
Curnan (x;, fj)

o KOOpJMHATa Ne KOOpJAMHATa
1 (1;0) 30 (88; 1,4794)
2 (4;0) 31 (91; 1,4193)
3 (7, 0) 32 (94; 1,0616)
4 (10; 0) 33 (97, 0,6232)
5 (13; 0,0198) 34 (100; 0,3021)
6 (16; 0,0439) 35 (103; 0,1670)
7 (19; 0,0889) 36 (106, 0,2059)
8 (22; 0,1645) 37 (109; 0,4118)
9 (25; 0,2780) 38 (112; 0,8021)
10 (28; 0,4296) 39 (115; 1,3736)
11 (31, 0,6065) 40 (118; 2,0458)
12 (34, 0,7827) 41 (121, 2,6475)
13 (37, 0,9231) 42 (124, 2,9767)
14 (40; 0,9950) 43 (127; 2,9077)
15 (43; 0,9802) 44 (130; 2,4677)
16 (46; 0,8825) 45 (133; 1,8196)
17 (49; 0,7261) 46 (136; 1,1657)
18 (52; 0,5461) 47 (139; 0,6488)
19 (55; 0,3753) 48 (142; 0,3137)
20 (58; 0,2357) 49 (145, 0,1318)
21 (61; 0,1354) 50 (148, 0,0481)
22 (64, 0,0713) 51 (151, 0,0153)
23 (67; 0,0359) 52 (154; 0,0042)
24 (70; 0,0249) 53 (157, 0,0010)
25 (73; 0,0488) 54 (160, 0,0002)
26 (76; 0,1456) 55 (163; 0)
27 (79; 0,3748) 56 (166; 0)
28 (82; 0,7597) 57 (169; 0)
29 (85; 1,2012) 58 (172; 0)

Tabmnuma 2
Curnaun (u;, gj)
Ne KOOpJIMHATa Ne KOOpJIMHATa
1 (6; 4.1619) 16 (51, 3.7226)
2 (9; 4.4392) 17 (54, 3.2715)
3 (12; 4.4831) 18 (57, 3.3618)
4 (15; 4.2732) 19 (60; 3.9759)
5 (18; 3.9097) 20 (63; 5.1546)
6 (21; 3.5412) 21 (66; 6.5709)
7 (24, 3.2682) 22 (69; 7.4502)
8 (27, 3.1107) 23 (72; 7.1625)
9 (30; 3.0434) 24 (75; 5.9234)
10 (33; 3.0617) 25 (78; 4.5431)
11 (36; 3.2816) 26 (81, 3.6090)
12 (39; 3.9255) 27 (84, 3.1822)
13 (42; 4.8543) 28 (87, 3.0410)
14 (45; 5.2326) 29 (90; 3.0067)
15 (48; 4.6226) 30 (93; 3.0009)

IMapamerpsl coBmertieHus 3Tux curuanos: h = -17,7; a = 0,7;
A=15;y=3,0.

Ha pucynke la moka3aHbl HCXO/IHBIE CUTHAIIBI.

Ha pucynke 16 moka3an pe3yiabTaT coBMelneHus. [Ipu 3Tom
BH3YaIbHO BHUAHO (YBEIMYEHHAS 00JACTh), YTO MEKIY OTIENb-
HBIMH KOOPJWHATAMHU CHTHAJIOB X; U Uj HET COOTBETCTBUSL.

A

8

‘oo ‘cursan (¥, f)

D o 8 : y. e.

20 SN e »
o X . X3 S

Scsess = = >
2000 20 40 60 R0 100 120 140 160 1R0
a)
A, ve
8 - - - - . .
D0 %o curnall (axith, Afty)
71 L L A i e s

ber-e curnan (u,.g)

L X, e
' L

0 . . . : : . : : >
20000 20 40 A0 RO 100 120 140 160 1R0
6

Puc. 1. Ucxonuble JaHHBIE:
(a) no coBmenienus, (6) mocie COBMeNIEHHs
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le/ll-[]ll/ll'[])l OICHKHU NapaMeTpoB

HyCTL N3BCCTHBI KOOPAWHATHL XO nu Uo, KOTOPBIC CBsA3aHBI
MeXIy coboii mpeobpasoBanueM Ug = Xo-ax + h.

OTHOCUTENTBPHO KOOpPAMHAT Xo M Ug HalijieM OTOOpakeHue
curHanos f;, gj B morapumudeckoii cuctemMe KOOpAHHAT.

Jnst curnana f; abcrucca Oyet paBHa!

= loga(X - Xo). )
Hns curnana g; abcuucca OyaeT paBHa:
ru = log,(u-ug) = loga(x-a + h - (Xg:a + h)) =
= log,(a) + 10ga(X - Xo) = l0ga(ax) + rx.
ru = rx +log,(a). (120)

Taxum 00pa3oM, KOOPAUHATEL TOYEK curHaios fi, gj ornua-
IOTCS TOJBKO Ha aJJMTHBHYIO cocTaBisitonyo 10g,(a) B sora-
pubMUYECKOil cuCTEMe KOOPIMUHAT.

Ecnu usBecteH mMacitabHOM KO3QOUIMEHT ¢, TO KOOpIHUHA-
ThI TOYEK X-at U U = X-a + h OTryarores ToIbKO Ha JUIUTHBHYIO
COCTaBIISFOLIYO h.

OlEHUTh aIMTHBHYIO COCTABISONLYIO, KaK B CIydae, eClii
M3BECTHBI KOOPJMHATHI Xg W Uy WM Macira® o, MOKHO ITyTeM
CBEpPTKH JIBYyX CHIHAJIOB I10 MakCHMyMy Ko3(hQHIeHTa Koppe-
asimu [1] (npumevanue: MmakcuManbHoOe 3HaYeHHE KO3 dUIHEH-
Ta KOPPEJSILUU COOTBETCTBYET HAUOOJIBIIEN CXOIKECTH CUTHAIIOB
o opme).

Taxoke JOINOJHUTEIBHBIM [PEUMYIIECTBOM KO3 duIenTa
KOPPEJISIIUK SBIISIETCS €r0 MHBAPUAHTHOCTD K MYJIbTUILIMKATHB-

CBA3b

HOM W aJUINTUBHOM MOMEXH. DTO JIETKO I0Ka3aTh, PacCUMTaB
KO QUIMEHT KOPPEISILUK JUIS IPOU3BOJIBHBIX BEKTOPOB & U b,
a u b-i+y. B oboux cnydasx Ko3pOUIHCHT KOPPEISAINH HE W3-
MEHHTCSI.

3ajaua OIEHKH MapaMeTPOB OCIOXKHSIETCS TEM, 9YTO IS
COBMEIICHNS HeU3BECTHO HH KOOPAMHAT Xg U Up, HU MaciiTaba a.

Yrobbl TPEOIOTETh 3Ty TPYAHOCTH, MpEIaraeTcs CICAyro-
LN CII0C00.

1) Bei6op koopauHaT Xo ¥ Ug.

2) IIpeobpazoBanue curxanos (X, fi), (U, 9;) B norapudmmye-
CKYIO CHCTEMY KOOPIMHAT OTHOCHUTEIIBHO KOOPAUHAT Xg U Ug.

3) Ouenka mapamerpa o 1o curaanam (X;, fi), (U, g;) B mora-
pubMHYECKOit cucTeme.

4) TIpeobpasoBanue curnaios (a-X; fj), (Uj, 0) B 1ekapToByIO
CHCTEMY KOOPAMHAT OTHOCUTEIIBHO KOOPAUHAT Xo U Up.

5) Onenka cmemenust h mo curmamam (o-X;, f), (U, g;) B
JIEKapTOBOM cUCTEME.

6) VTouHeHHe KOOpAMHAT Xo U Ug mo curramam (o-Xi+h, f),
(uj, 9p)-

7) Hepexon k mrary Ne2.

Eciau Ha mepBOM miare 3HA4YeHHUsS Xo M Uy OBUTH BBIOpaHBI
yIauyHO, TO KaKIas HOBas WTEpalds NPHBEACT K YTOYHCHHUIO
cmemnienns h u Macmiraba «, npubIMKas UX K HCTHHHBIM 3Ha4e-
HESIM.

BeIxon U3 [UKJIa MOXKET IPOMCXOJUTh WK 4Yepe3 (HUKCHUPO-
BAHHOE KOJIMYECTBO UTEPALUH, WIN €CIU IIPU OYEPETHOMN uTepa-
LIMH [IapaMeTPbl MCHSIOTCS HE3HAYUTEIBHO.

Ha prcyHke 2 cxeMaTH4HO [OKa3aH Crocod COBMEIICHHSI.

A, y. e.

Ay, ve. Ay, ye.

G—O cm‘]—[an (x, ¥h)

CMrHan ( . g)

. oo curnain (x,/)

ﬂoeapu(jm pac

. G cnrHan (x.f)
. v *curHan (u, g)

Cl/II‘Haﬂ( . g)

M OﬂHu}Z

Dm paccm

X e

AY, y.e. AY, ye.

log,(x-x,), x-x,> 0, y.e.

Tog,(-(c-x,)), x-%, < 0, ye.

oo cnrnan (x,)
curﬂan( g)

oo cnrnan( ¢
""" nHCerTHsHpDB‘g H]
...... 10, orcTyeram (¥,,.f)

,:[HCerTmeOBAHHSIﬁ
...... 110, OTCTYETaM (X, f)

Jzoeapmjm paccmOﬂHuﬂ

o2apuipm paccmeﬂnuﬂ

< cnrvan (o, 2)

log,(x-x,), x-x,> 0, y.e.
B)

logz(—(x-xo)), X=Xy < 0, ye.

Puc. 2. Dranbl COBMELICHUS OJJHOMEPHBIX CHTHAJIOB:
(a) ucxoanbie curHaisl; (6) oreHKa MaciTaba 1Mo CHrHaJlaM B JIOrapiH()MUYECKOM CHCTEME;
(B) mepenuckperusais; (I) COOTBETCTBHE MEK/Y TOYKAMHU
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Ha pucynke 2a nmokazaHbl HCXO/IHBIC CUTHAJIBI U KOOPAWHATHI
Xo ¥ Up. Ha pucynke 26 mokaszaHsl CHTHaIBI, IpeoOpa30BaHHEIE B
JO0TapU(PMUYECKYI0 CHCTEMY KOOPIUHAT OTHOCUTEIIBHO Xo M Ug.

Tak kak (yHKUUS TorapuMUPOBAHUS ONpEAeIICHa TP 3HA-
YEHHSIX apryMeHTa OOJIbIIe HyJIS, TO YTOOBI HCIOJIB30BaTh CUT-
HaJl ¢ OTPHULATEIBHBIM 3HAYCHUEM apIyMEHTa, HCXOIHbBIH CUTHA
JeTIUTCA Ha JIBE YacTH:

— X-Xo > 0, 3HaueHue B JOrapuPpMUUECKON cHucTeMe Oyner
10g2(X-Xo);

— X-Xo < 0, 3HaucHHMe B Jorapu(MHUCCKON CHUCTEME OyIeT
10g2(-(X-Xo))-

AHaJIOTMYHO POUCXOUT IIpeodpa3oBaHue  JUIsl aprymMeHTa U.

[To curnanam, npencTaBIeHHbIM Ha PHCYHKE 20, OILIEHMBACT-
cs1 MacmTad a.

Hcnonp3ys napamerp a, rpadUKH COBMEIIAIOTCS, IOCIIE Yero
NEePEMCKPETUIUPYIOTCS Ha OJMH M TOT )K€ IIar JUCKPETH3alUH
(cm. puc. 2B).

OO0patHBIif TTepexo]] u3 Jorapu(MUIecKoil CHCTEMBI B AeKap-
TOBYIO 00pa3yeT nBa rpaduka, y KOTOPBIX HMEETCsl OJJHOZHATHOE
COOTBETCTBHE MEXKAY TOUKaMH: Touka 1 cooTBeTcTBYyeT Touke 1',
TOYKa 2 — Touke 2' ¥ T.1. (CM. pHc. 2r).

O1ieHKa MapamMeTpoB 10 JBYM I10CJIEI0BATEIbHOCTSIM TOUYEK C
OJIHO3HAYHBIM COOTBETCTBHEM MPOBOAUTHCS 110 hopmyie (5).

[Tocie coBMeleHHs CUTHAIOB MOXKHO OLCHUTD aJ/IMTHBHYIO
1 MYJITHIUTMKATHBHYIO TIOMEXY.

VcxomHpIMH TaHHBIMU JUISI OIIGHKH 3HAYCHMS aJUIMTHBHOU M
MyJIbTHIUTUKATUBHON TIOMEXH OYAyT SBIATHCS curHansl (X;, i), |

=1.N, (u;, g)),] = 1..K, ouenka cmeuenust h u maciraba ¢ .
[lepecuer KOOpIMHAT TEPBOrO OJHOMEPHOI'O CHTrHAaja
ax; +h; f,
no3BoisieT chopmupoBats aBa BekTopa fi'  g;j, j = 1.K.

HapaMCTpLI /1, Y PpacCHUTBIBAOTCA HCXO0Ad U3 MCTOJa
HAaWMMEHBIIUX KBAAPATOB:

U NepelMCKPETU3alMs Ha CETKy aprymeHra U;

K

Z(/‘tfj’+y—gj)2 — min (11)

j=1

i:Sg-ff—K-ng,};ZSg-Szfg—Sg-Ef, (12)
Sf°—-K-Eg Sf°—-K-Eg

K K K K
e sf=3 1/ Sg=>g; Sfg=1 f/-g; Ef=>f;]-
m = i =

IIpenBapuTeabHBIN BHIOOP KOOPAHHAT X, U Uy

KoopauHaTsl TOUeK Xo 1 U ISt NEPBOM UTEpaluu OyayT Bbl-
OpaHbI Kak CpeHHE 3HaYCHUS! apryMEeHTa BCEX TOYEK CHTHAJIOB

fug:
N
Z X; Z u;
Xo=-"F—1 Uy ="— (13)
N K
Takoe mpennonoKeHue Aenaercs UCXo/s U3 TOTro, YTO €CIHU
CHTHAJIBI MOKHO COBMECTHTB, TO Uy = a-Xg + h.

AJ'IFO])PITM COBMCIIICHUSA

VIcXOqHBIMU JAHHBIMU SIBILSTFOTCS
(X, f)), i = 1..N — mepBbIii OTHOMEPHBIH CUTHAT,

(uj, 9j), j = 1..K — BTOpOIf OTHOMEPHBII CHTHAIL.
BBIXOTHBIMU JJAHHBIMH SIBIISFOTCSL:

h, & — cMemenne u MacmTab;
7, A — 3HaueHHe AJIUTHBHOIN M MyJIbTHILUIMKATUBHOI

MIOMEXH.
AJNTOPUTM COCTOUT U3 CIIEAYIOUINX IIaroB.
1. 3arpyska curnainos (X;, f;) u (u;, gj).
2. BerunciieHne KOOpauHaT Xg 1 Up 110 hopmyste (13).
3. Bei6op kosmdectsa urepanii L (npumeu.: B padote L = 9).
4. VHummanm3anys MaTpULBl IPeoOpa3oBaHus B COOTBETCT-
BUH C KOJIMYECTBOM HTEPALHN:

10 10

10
|M2= .
01 01

Ml = L= 0 1

5. Iuki mo kosuuecTBy urepaiuii, k = 1.

5.1. OmpeneneHue MPOMEKYTOYHON MATPUIIBI peoOpa3oBa-
aust Mres:

ecan kK =1, To Mres = M,

ecam K = 2, To Mres = M,-My,

ecoim K =L, To Mres = M ...-My-My.
5.2. Boruncienue curana (U, ') nmo marpuue mnpeodpaso-
BaHus Mres:

u'j = upMres(1,1) + Mres(1,2),

9i=0;

5.3. Beruucnenne Matpuns! M; o marueM (X;, fi), Xo, (U'}, 9'),
Up COTJTaCHO NPOLEype OLCHKHU MTapaMeTpoB, OIIMCAHHOH HIKE.

5.4. TlpupaBHUBaHKE TOYKH Uy K TOUKE Xg (TpHMeEY.: ecitu
TIepBOHAYAIEHOE MPHOIIKEHHE 110 1. 5.3 OBLIO BEIOPaHO BEPHO,
TO B JaJbHEHIIEM HET HEOOXOAUMOCTH JeNlaTh OLCHOK 3TOH KO-
OpIMHATHI, TaK KaK II0CJe IepBOH HTepanuy OyaeT BBHIYMCIICHBI
JOCTaTOYHO TOYHBIC 3HAYECHMS MAapaMeTpOB MPeoOpa3oBaHMs, U
Ha DocjIeaAyromumx UTepaiuax MOKHO CUYUUTATb, 4YTO TOYKa
Uo = Xo).

5.5. Tlposepka Ha Bbixoa u3 mukiaa: k=k+1, eciu k>L, To
BBIXOJI U3 LIMKJIA, B IPOTUBHOM Cllydyae nepexox K m. 5.1.

(14)
(15)

6. Onenka mapameTpoB h, ¢ mo marpune Mres:

~

h=Mres(1,2),
@ = Mres(L1).

(16)
17

7. OreHka mapameTpoB ;7, A 1o mpouenype, onucaHHOM
BeIIIIe, U hopmye (12).

8. BbIxo1 13 mporpamMmel.

[Iporenypa OLEHKH apaMeTpoB 11.5.3 omrcaHa HUKe.

Bxonusie mpannsie: (X, fi), i = 1.N — mepBsIii omHOMEpHbII
curtan, (U'}, g'), j = 1..K — Bropoif ogHOMepHbIi curhai, Xo 1 Ug
— KOOpJAMHATHI JUIs Mpeodpa3oBaHus U3 JEKapTOBOM B jorapud-
MHYECKYIO CHCTEMY.

BeixogHoe 3HayeHue: M — matpuna npeoOpa3oBaHus pazme-
pom 2X2.

1. Ipeo6pazosanwue curnana (X;, f), i = 1..N B norapupmude-
CKYIO CHCTEMY KOOPIMHAT OTHOCHTEIBHO TOUKH Xo:

rx_000; = log,(X; - Xo), fx_000; = f;,

ecim Xj - Xo > 0, (18)
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rx_180; = |Og2(-(Xi - Xo)), fX_180i =fi,

€CIti X; - Xo < 0. (19)

2. Tpeobpasosanue curnana (Uj, g;), j = 1..K B norapudmu-
YECKYI0 CHCTEMY KOOPIHHAT OTHOCHTEILHO TOUKH Up:

ru_000; = log(u; - Ug), gu_000; = g;,

eciu Uj - Up >0, (20)
ru_180; = log,(-(u; - uop)), gu_180; = g;,
ecu Uj - Up < 0. (21)

3. Huckpernzauus curnana (rx_000;, fx_000;) Ha paBHOMED-
HYIO CeTKy ¢ mrarom Step (npumeuanue: step = 0,01): rxn_000 =
min_rx, min_rx + step, .. max_rx, rae min_rx / max_rx — MuHu-
ManbHOe / MakcuMmanbHOe 3HadeHne B Bektopax (rx_000;,
rx_180;). ®opmuposanue curnama fxn_000. AHasormyHbiM 00-
paszom paccunthiBactcst curaan (rxn_180, fxn_180).

Ipumeuanue: mis 0003HAYCHHS BEKTOPOB HCIIOIB30BAIICS
MOJTY>KMPHBIA MIPUQT, YTOOBI HE BBOANUTH JOMOJHUTEIBHBIX HH-
JICKCOB U HE 3aTPyIHSATh BOCIPHUSITHE, paHee MpU 0003HAUYCHUH
BEKTOPOB HCIIOIB30BAINCh MHIEKCHI, Kak Hampumep, «rx_000»,
«fx_000;», 9T00OBI MMOKa3aTh CBS3b C MCXOAHBIMU JaHHBIMHU «Xj»,
«».

4. Muckperusanus curuana (ru_000;, gu_000;) Ha paBHOMEp-
HyIO ceTKy ¢ marom step: run_000 = min_ru, min_ru + step, ..
max_ru, rae min_ru / max_ru — MuHUMajibHOe /| MaKCMMAIIbHOE
3Hauenue B Bekropax (ru_000;, ru_180;). ®opmuposanue curxa-
nma gun_000. AHanoruuHbIM 00pa3oM pPacCCUMTBHIBAETCS CHTHAN
(run_180, gun_180).

5. BbIUHCICHHE MEPBOHAYATIBHOTO CMEIICHUS BIONb OCH
«jrorapuM pacCTOSTHUS?

d0 = rxn_000; - run_000;. (22)

6. Cormerenne BekTopos (fxn_000, fxn_180) ¢ BekTopamu
(Qun_000, gun_180) ¢ wCIOIB30BaHUEM KOPPEISIIMOHHO-
sKcTpemMansHoro anroputMa [1]. PesymsraTom OymeT SBISTHCS
3HaueHne cmemieHus d (B OTcYeTax) MEKAy BEKTOPaMH
(fxn_000, fxn_180) u (gun_000, gun_180).

7. IlpeobpazoBanue u3 JorapuMHUCCKON CUCTEMBI B JeKap-
TOBYIO:

X_000; = 2% (23)
u 000| - 2]’X_000i —(dO + d-step) +Uo. (24)
x_180; = 27280 (25)
u 18O| - 2rx7180i —(dO + d-step) +Uo. (26)

RMS h, y.e. RMS a
- — — — 0,14 -

0,12,

0,10

0,08} i+

0,06

0,04f--- -

CBA3b

DopMUPOBAHHUE BEKTOPOB:

X" = (X_OOOi, X_180i), u'i= (U_OOOi, U_180i). (27)
8. Onenka npeodpaszoBanust — Marpuisl M 110 Bektopam X''j 1
u"j mo opmynam (2-5).

YucjieHHOEe MOJeTUPOBAHUE

Jlnst ompesesieHusi TMOTPEITHOCTH OIICHKH MapaMeTpoB CO-
BMEILCHHsI OBUIO MPOBEICHO YHCICHHOE MOICIHPOBAHKE, KOTO-
poe 3aKJII0YANOCh B JOOABICHUH MOMEXH C I'ayCCOBBIM pacipe-
JICTICHHEM K OpIMHATAM OJIHOMEPHBIX CUTHAJIOB.

[pu BBIOpaHHOM 3HAYECHHH MOIIHOCTH (AMUCIICPCHU MOMEXH,
0,?) TPOBOAMIACH CEPHs OIBITOB, IO KOTOPHIM OLCHHBAIACK
MOTPEIIHOCTh OLICHKH TapameTpa.

B kauecTBe MOTPEIIHOCTH BBICTYNANO 3HAYCHUE CpEIHe-
KBaJipaTHYHOH BenuuuHbl (RMS):

: (28)

rze a — AeHCTBUTEIbHOS 3HAYCHHE NapaMeTpa; @ — H3MEPeHHOe
3HAYCHHE [IAPAMETpPa B i-OM OIIBITE; N — KOJIUYECTBO OIBITOB.

ITo pe3ynpTaTaM YMCIEHHOIO MOJEIMPOBAHUS ObLI HOCTPOCH
rpaduk 3aBucuMoctd RMS 0T cpeaHeKBaapaTHYHOTO OTKJIOHE-
uust (CKO) momexwu (oy).

Pe3ynbTaThl YHCICHHOTO MOJCIMPOBAHMS MPUBEICHBI HA
pucyHke 3.

Pa3paboTaHHbIN aNrOPUTM CPABHUBAJICS C aITOPUTMOM MOJI-
HOro repebopa (mpoBepKa THIIOTE3 OTHOCUTEIBHO M3MEPSEMBIX
napaMeTpoB € BBIOOPOM TOW THIIOTE3bI, KOTOpas ONPEAENseT
MHHHMAJIbHOE CBKIMIOBO PACCTOSIHUE MEKIY KOHTypamu). ITo-
TPEIIHOCTH 00OUX alNTOPUTMOB COBManarT. Ho y pa3zpaboTanHO-
TO aJTOPUTMa CKOPOCTh BBIYUCICHUS MPUOTU3UTEIHHO B 12 pas
BBILIIC.

Kax BumHo u3 rpadukos (cMm. puc. 3), 3HaUCHHUE MOTPEIITHO-
CTH IIPAKTHYECKH HE MEHseTCs Ha HHTepBane o, [107°; 3-107] y.e.
DT0 CBA3aHO C TEM, YTO JIMHEHHAS WHTEPIOSIIUS MPU THCKpe-
TH3AI[MM KOHTYpa MPUBOIUT K TIOSIBJICHHIO TIOTPEITHOCTH KOOP-
JIMHAT TOYEK KOHTYpPa, KOTOpasi [0 MOIIHOCTH BBIIIIE, YEM MOIII-
HOCTh aJJJUTHBHOM TayccoBOil momexu. M TONBKO MpH MpeBbI-
mennn CKO nomexu 6omee 3-107 y.e. CTaHOBHTCS 3aMETHO ee
BJIMSIHUSL HA TIOTPEITHOCTh OLICHKU NMapaMeTPOB COBMELICHHSI.

RMS?y, ye. RMS }

Puc. 3. TTorperHocTh OIEHKH apaMeTpoB
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Takum 00pa3oM, pa3pabOTaHHBII AJITOPUTM XapaKTEPU3YET-
sl HU3KOM TMOTPEIIHOCTRIO OI[CHKHU MapaMeTpoB (Kak B alrOpHT-
M€ IOJTHOTO TIepebopa) U BHICOKUM OBICTPO/ICHCTBHEM.

3akJarouenue

Pa3paboTaHHbIi anropuT™M COBMEIIEHHS OJHOMEPHBIX CHI-
HaJIoB ObLT arpoOMpPOBaH Ha JIaHHBIX BarOHOB-ITyTeH3MeEpeTesen
(coBMelleHHEe NTAHHBIX PA3UYHBIX CECCHH W3MEpEHHH, MOIy-
YEHHBIX Ha OJIHUX M TEX )K€ y4acTKax IMyTH).

Kpome n3mepennii Ha jxene3Hol jgopore, pa3padOTaHHbIIH ai-
TOPUTM MOJKHO HCIIOJIb30BaTh B MEIHIMHE, a3POKOCMHUYECKOM
OTpaciii M APYTHX MPOMBIIUICHHBIX OTpacisx. B Taxke MOKHO
pacmmpsTh (PyHKIMOHAIBHBIE BO3MOJKHOCTH W3MEPUTEIBHBIX
CHCTEM, MPOBO/SIINX COBMEIIEHHE CUT'HAIIOB.

[TorpemHocTH W3MEpeHUsl y pa3pabOTaHHOTO alNrOpUTMa
CpaBHHMMa C MOTPEIIHOCTAMH IO allTOPUTMY IIOJHOTO Tepedopa,
HO CKOPOCTh 00pabOTKH JaHHBIX Ha MOPSJIOK BBILIIE.
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ITERATIVE ALGORITHM FOR OFFSET AND SCALE ESTIMATION
FOR ID SIGNALS SUPERPOSITION WITH ADDITIVE AND MULTIPLICATIVE NOISE

Rinat R. Diyazitdinov, Povolzhskiy State University of Telecommunications and Informatics, Samara, Russia,
rinat.diyazitdinov@gmail.com

Abstract

We describe the algorithm for ID signal superposition. The superposition is defined by offset and scale. Also the signals contain additive and multi-
plicative noise. We developed the iterative procedure for superposition of those signals. This procedure includes the separate estimation of offset and
scale. The offset is estimated by signals in the Cartesian coordinate system. The scale is estimated by signals in the logarithm coordinate system. The
iterative method is approximation to real value of superposition parameters. The parameters of the current iteration depend on the estimation of pre-
vious iteration. The error of the parameters estimation from additive gauss noise was by the numerical simulation. The developed algorithm compares
with the brute force algorithm (the etalon algorithm). The compassion show that both algorithms are characterized the similar error of the parameters
estimation, but developed algorithm is faster.

Keywords: iterative, superposition, offset, scale, additive, multiplicative.
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B cratbe paccMaTpuBaloTCA MyTH NOBbILLEHUA Ka4eCTBa M SKOHOMUYecKon 3¢pceKTUBHOCTH paspaboT-
KM Y NPOU3BOACTBA C/IOXKHbIX MHHOBALMOHHbIX 3J1IEKTPOHHLIX NPMGOPOB, K KOTOPbLIM OTHOCATCA Nasep-
Hble rupockonsbl (JIF). OnucaHbl NpoGneMbl, BO3HMKaOLME NPpU obecneveHUn HafexHown pabotel JIT
B LUUPOKOM iManasoHe TeMneparyp, CBA3aHHble C NNIOTHOH KOMMNOHOBKOV Npu6opa. [letanbHo paccMo-
TpeHbl TeOpeTUYeCKUe NMPUHLIMIBI MU MaTeMaTUYECKUI annapar, KoTopble UCMONb3YIOTCA NPYU NocTpoe-
HuM Tennosbix Moaenen TpexocHbix JII ¢ anekTpoHukoit. MNMpueoauTca pa3paGoTaHHbIA aNnropuTM no-
cTpoeHus Tennoeou Moaenu JII, npeaycMaTpuBaiolui npoueaypy No3TanHoro pasykpynHeHnus (Mac-
wrabupoBaHua - zooming). OnucaH npouecc Mopgenupoeanwua JII ¢ nomouwbio cucremsl
ACOHMKA, npepacrasneHa noctpoeHHasa Tennosas mogens JII, a Takxke Tennosoe none oAgHoro us
neyvatHbix y3nos JII'. YkasaHbl oGHapyKeHHble TeNNoHarpy>KeHHble 3/1IEKTPOHHbIE KOMMNOHeHTbI. Mpu-
Be/leHbl pe3ynbTaTbl 3KCMEPUMEHTaNbHOW NPOBEPKMU TOYHOCTU MOAENMPOBaHUA NOCPEACTBOM peanb-
HOro U3MEepEeHUA TepMOoAATYMKAMM TeMNEpaTyp B y3nax MOAeNM, NOATBEPAUBLLME JOCTOBEPHOCTL Ten-
nosoro Mogenuposanusa c nomowybio cucteMbl ACOHUKA. MopuepkuBaercs, 4To CTOUMOCTL U3rOTOB-
nexusa n ncneitanui JII ABnaetca gocrarouHo Bbicokoi. MoaToMy 3asayua noncka nyTei CHUKEHUA CTO-
MMOCTH Ha 3Tanax paspaboTku u npoussozctea JII c ogHoBpeMeHHbIM 06ecnevyeHneM NOBbILLEHUA Ka-
4YecTBa U HafIEXKHOCTU BbiMycKaeMbIX NPMGOPOB ABNAETCA KpaiHe aKTyanbHoW. ToYHOe TennoBoe Mo-
AeNMpoBaHMe Ha PaHHUX cTaauAx paspaboTku asnserca 3¢ppeKTUBHBIM CNOCOGOM pellieHUA 3Tow 3a-
Aaymn 6Gnarogapsa 3KOHOMUM CPEACTB Ha UCTLITAHUA U NEPEKOHCTPYUPOBaHMe, a TaKKe Gnarogapa npu-
MEHEHMIO HEe/JOPOroi OTe4eCTBEHHOW KOMMbloTepHoW cucteMbl Mogenuposanua ACOHUKA.
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NHDOOPMATUKA

1. Beenenne

Crapt 0O0JIBIION TeXHOJOrHUECKOU roHke aaau B Kpemie 10
utonst 2019 roga. B npucyTcTBHM Npe3uieHTa ¢ TOCKOMITAaHUSIMHE
MOJNHCAaHbl KOHTPAKThl HA MCCIIEAOBAHUS B CaMbIX TEPEIOBBIX
O6J'IaCTHX. I/ICKyCCTBeHHbIﬁ HUHTCJIJICKT, KBAHTOBBIC TEXHOJIOT'HNN
— TO, YTO Ha OCTPHUE MPOrpecca U YTo 0OECIICUHT JIMACPCTBO Ha-
el cTpaHe.

Jns ycnexa, o cnoBam Bnamumupa Ilytuna, Bce ecTh: BbI-
Jlarorecs: yMel, Oorarast Hay4yHasi 6a3a. Hy»xHa ere yetkas op-
ranuzanus. 11 KoMy Kak He KOpIopauusM, pa3BHBAIOIINM OaH-
KOBCKHE YCIYTH, TPAHCIIOPT, SHEPTHIO, CBs3b, IOpaboTaTh Ha
Oynmytee.

«MBI OXH/IaeM OT HAIIMX KPYNMHEWIINX KOMIIAaHWI HacTos-
IIETro JINAEPCTBA — TEXHOJOTMYIECKOT0, KaJApOBOro, (pMHAHCOBO-
ro. MupoBoii omnbIT nokaseiBaet, 4to 10 80 MpoIeHTOB ycrel-
HBIX UCCIICIOBAHMAN U Pa3pabdOTOK oOecrieunBaeTCsi MIMEHHO KOp-
MOPaTUBHBIM cekTopoM. Sl Buepa B ExarepunOypre roBopu, Bbl,
MOJKET ObITh, 0OOpaTH/IN BHUMaHKE. B MTamuu TOJBKO YTO OBLI,
pasroBapMBall ¢ KOJJIETaMH, OHH TOIUIM UMEHHO 110 TaKOMY Ty-
tu. [IpsiMo 3a pabounm obeoM MHE 00 3TOM B CBOOOHOM Oece-
JIe ¥ CKa3aJn: Mbl HalleJIMBaeM HaIllli KpYITHEWIIne KOMIIAaHHU C
rOCy4acTHEeM MMEHHO Ha Takylo pabory», — ckaszan [IpesnneHT
P® Brnagumup Bnagumuposuu IlyTHh.

Poccuiickuii mupnep cnpasemmBo ormerwit. ltobanbHas
KOHKYpEHIIUS 3a 00JIafiaHie TEXHOJIOTHAMH OYAyIEero pasBep-
HyJlach yxe ceiyac. Haa 3aymaua, He Tepsisi BpEMEHH, clienaTh
BCE, 4TOOBI BOMTHM B YHCIIO JIMJICPOB, rapaHTHpoBaTh Poccun
TEXHOJIOTUYECKHUI CYBEpEHUTET, TIOCTOMHOE MECTO CPENU BENY-
IMUX  WICPOKOB  HA  MEPCIEKTHBHBIX  HOBBIX  PBIHKaxX»
[https://www.1tv.ru/news/2019-07-10/368378-vladimir_putin_
postavil_zadachu_dobitsya_liderstva_rossii_v_sfere_tehnologiy_
buduschego (Jlara o6pamienust: 20.07.2021)].

OfHUM W3 MyTel OpraHU3alyd BBICOKOA(P(PEKTHBHOTO IMPO-
nzBoJictBa DIl ¢ yimyulieHHBIMU TapaMeTpaMy KauecTBa sIBJIsIeT-
Csl CO3JJaHME «yMHBIX 3aBOJIOB» C CHCTEMaMM aBTOMAaTH3alM{
yIpaBlICHUs] MPOU3BOACTBOM (B 3apyOeKHOH TEpMHHOIOTHH
ERP-systems) [26]. Hamu paccMaTpuBamuch MyTH CO3IaHHS
TaKMX aBTOMATH3MPOBAHHBIX KOMIIBIOTCPHBIX CHCTEM, BKIIIO-
YalouMX KOHTPOJb kadecTBa JII' Ha pa3HBIX CTaAMAX MX MPOM3-
BoxcTaa [3, 4].

PaccmarpuBaeMblif B JaHHOW paboTe TPEXOCHBIA Ja3epHBIN
rupockorn (JII') sBIsieTCst CIOKHBIM AJICKTPOHHBIM TPUOOPOM
(3I0), cocrosimmm u3 Tpex sazepHbix gaTunkoB (He-Ne xombie-
BBIX JIa3€POB) U DJICKTPOHUKH OOecredeHus: nx (HyHKIHOHHPO-
BaHMs M 00paboTku curHanoB. [IpomsBoactBom JII' oBnagenu
BCEro HECKOJbKO (UPM B MHpE, TaK KaK OHO SIBJISIETCS KOM-
IUICKCHBIM, BKIIIOYAIONIUM B CE0S OJHOBPEMEHHO IEJIbIA Psijl
Pa3HOPOIHBIX TEXHOJOTHH M MPOIECCOB. TEXHOJOTUIO MEXaHHU-
4eCcKOM 00pabOTKM METaJUIMYECKUX M CTEKJIOKEPaMHUYECKUX Ma-
TEpUAJIOB; BAKYYMHBIE, ONITHUYECKHE, HICKTPOHHBIE, KOMIIBIOTEP-
HBIE TEXHOJIOTWH, HAHOTEXHOJIOTHH, BCECTOPOHHHUE HCIIBITAHHS
Ha YCTOMYMBOCTH K BHEIIHMM BO3JCHCTBYIOMNM (haKTOpaM.
Bcenencrsue atoro crommocts usrorosnenus JII' sBisercs noc-
TaTO4YHO BbICOKOM. [To3ToMy 3amaua nmoucka myTed MOBBILIECHUS
SKOHOMHYECKONW 3(PPEKTHBHOCTH ATAMOB pa3pabOTKH W TPOU3-
Bozacta JII' ¢ omHOBpEMEHHBIM 00ECTICUCHHEM BBICOKOTO Kade-
CTBa M HAJIC)KHOCTH BBIITYCKAEMbIX ITPUOOPOB SIBIISICTCS] KpaiiHe
aKTyaJIbHOH.

B nanno# paboTe MBI MPOJOHKaeM HMCCIE0BaHUs, HANPaB-
JICHHBIC Ha IOBBINICHUE Ka4eCTBA U HIKOHOMHUYECKOH 3 PeKTUB-

HOCTH pa3paboTku 1 npousBojcTsa JII', UCIoNb3yst KOMITbIOTEP-
HbIe METOJbl MOAEINpOBaHus noseneHus JII' ¢ yuerom ycnoBuit
peabHOM 3KCIUTyaTalllu B IMIMPOKOM TEMIEPATYPHOM JAUara3oHe.

DkoHOMUYECKast 3PHEKTUBHOCTh M KAUECTBO HOBON TEXHHUKH
3aKJIaJ(bIBAIOTCS. HA CTaAMSAX HAYYHO-HUCCIEJOBATEIbCKUX H
OIBITHO-KOHCTPYKTOPCKUX  pazpaborok (HUOKP). HMmenno
3]IeCh UMCIOTCSI HAHOOJBIINEC BOSMOKHOCTH B PEaM3alUU TIPO-
TPECCHBHBIX HJICH MO CO3IaHUIO TCXHOJIOTUYHBIX B M3TOTOBIIC-
HUW, HAJSKHBIX U OJNTOBCYHBIX 00pa3loB TexHUKU. K gmcmy
TaKHAX MPOTPECCUBHBIX UJICH OTHOCUTCS HCIOIH30BAHUE KOMITh-
IOTEPHOTO MOJICITAPOBAHIS.

3arpaTbl Ha MOATOTOBKY M MHOTOKpaTHBIC HCIBITaHUS JII°
3aHAMAIOT CYIIECTBEHHYIO YacTh OIOJKETa, BBIIEIIEMOT0 Ha
HHOKP. Yacro mocie MmepBbIX HCIBITAHUN OOHAPYKHBAIOTCS
YpE3MEPHBIC TCIIJIOBBIC HAI'PY3KW HA JJICKTPOHHBIC KOMITOHCHTBI
(OK). B nannoii paboTe paccCMOTpeHa BO3MOKHOCTH ITOBBIIIEHHUS
HanexxHocTH JII' 1 sKoHOMHUUYECKOH A(PEKTUBHOCTH HX pa3pa-
0OTKHM M MMPOU3BOJICTBA 3a CUYET coKpaiieHus (a pakTHUECKH CBe-
JICHUS K HYJTI0) KOJIMUECTBA U3MEHCHUH, BHOCUMBIX B KOHCTPYK-
muto JII' mocnme WCHBITaHUKA TOTOBBIX MAaKCTOB MU OIBITHBIX
00pa3moB. DTOro MOKHO TOOUTHCS, €CITH HEOOXOJUMBIC H3ME-
HEHUsI BHECTH HAa PaHHUX dTamax npoekrtupoBanus JIIT myrem
BEIBIICHUS TIeperpyKeHHBIX DK Ha MeYaTHBIX y3lIaX B IPOIEcce
KOMITIbIOTEpHOr0 MoaesupoBanus JII' Ha Ter1oBble BO3AEHCTBUSL.
Coxkpamraercsi 00beM HEOOXOIUMBIX HCIBITAHUH, MCKITIOYACTCS
HEOOXOIMMOCTh MHOTOKPATHBIX MOBTOPHBIX HcHbITaHuil. Cpen-
CTBa, COKOHOMJICHHbBIE 0J1aroiapsi 5TOMy, MOTYT ObITh HarpaBJe-
HBI Ha Pa3BUTHE MPEIANPHUITHS.

B nocnenHue roasl B MUPOBOHM IIPAKTUKE IIPU KOHCTPYUPO-
Banuu DIl ¢ 1enplo cokpanieHus CpOKOB M 3aTpaT Ha CO3/aHHE
KOHKYPEHTOCIIOCOOHO! amnmaparypsl IMpeABAPUTEILHOE TEIUIO-
BOE MOJICIIUPOBaHKUe HCHonb3yercs Bee mupe [5, 21]. Ono mo-
3BOJISICT YK€ Ha PAaHHHX ITalaxX MPOCKTUPOBAHMS JIO U3TOTOBIIC-
HUS MaKETOB M OIBITHBIX OOpAa3llOB OMpPEICITUTh (paKTHIeCKHe
TeMIepaTypsl Ha KoMmoHeHTax Oll, onTHMU3HpOBaTH CXEMO-
TEXHUYCCKHE PEIICHUS W KOHCTPYKIIHIO JIIsl oOecTiedeHus pado-
THI IpuOOpa B TMpeaenax JOIMyCTUMBIX TEIUIOBBIX HArpy30K, CO-
KpaTHTh CPOKH TPOBENICHHS HCIBITAHHHA TOTOBBIX NMPHOOPOB H
MPAKTUYICCKH UCKITIOUUTH TOPAOOTKH HM3-3a MOTPEITHOCTEH KOH-
CTPYHPOBAHUS.

Amnanu3 ocobeHHoctel paspadborku DI mokasai, uTto 00Jib-
IIMHCTBO MHXCHEPOB MTOHUMAIOT, KaKO€ CYIIECTBEHHOE BIHSHNE
OKa3bIBaeT TemIieparypa Ha paboty npubopoB. Ho u3-3a Hemoc-
TaTOYHOI'0O BHMMAaHUA K TCIJIOBOMY MPOCKTUPOBAHHUIO OHU YalllC
BCEro 0OHapyKHMBAIOT MIEPETPEBBI CIMUIIKOM I03]IHO, YTO ITPUBO-
JIMT K JoporocrosimeMy ycrpaneHuto oumbok [2, 30]. Io mpen-
craBieHHON cratuctuke 40% WHXCHEPOB CUYUTAIOT TEILIOBOC
MMPOCKTUPOBAHNEC HU3KUM MPHOPHUTETOM IIPH pa3pabOTKEe CBOUX
ycTpoiicTB. [Jis MHOTHX W3 HHUX TJIABHBIMU TIPHOPHUTETAMH SIB-
JITIOTCS.  COOTBETCTBHE TPEOOBAHMSAM TEXHHUYCCKOTO 3aTaHUS,
HCTIOTh30BaHNE MHHOBAIIMN U 00ecTieueHIe HAICKHOCTH PHO0-
poB. Ho nMeHHO TOYHOE TETIOBOE MPOEKTUPOBAHHME HA PAaHHUX
CTauAX pa3padOTKU MO3BOJISIET B KOHEYHOM UTOTE JOCTHYB BCE-
'O 3TOTrO.

MI/IHI/IaTIOpI/BaHI/IS{ 1 IIOBBIIICHUEC INNIOTHOCTHU KOMIIOHOBKH
OIl, k unciry KoTopbix oTHOCATCA JII', COMPOBOXKAAIOTCA POCTOM
TUIOTHOCTH BHYTPEHHETrO TEIUIOBBLICICHHS, B PE3yJbTaTe TEM-
neparypa B JIl moBbimaetcs. BbI3BaHHBIC 3TUM OTKJIOHCHHS
ANEKTPHUCCKUX MapameTpoB DK MPUBOAAT K OTKIOHCHUSM BbI-
xo1HbIX mapametpoB DI1. K ToMy ke MOBBINICHUE TeMITePaTyphI
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YCKOpSIET MpoLecc HeOOpaTUMBIX (U3HKO-XUMUYSCKUX H3MEHe-
HUW B MaTepuasiaX, UCIOJIb30BaHHBIX JJIs mocTpoenwust D1, oco-
OCHHO KPUTHUYHBIM siBiisieTcst MaTepuai [1I1, B pe3ynbraTe pe3ko
YBEIMUMBACTCSI MHTEHCUBHOCTh 0TKa30B DK u, cienoBaTelbHO,
CHIKAeTcs HaaekHocTh OIl. YcTaHOBIEHO, YTO ITOBBIIICHHUE
temnepatypbl ¢ 20 10 80 C npuBOIUT K YBEITUYCHUIO UHTCHCHB-
HOCTH OTKa30B ITOJIYITPOBOJAHUKOBBIX IPHOOpoB B 3-4 pasa, pe-
3UCTOPOB B 2-3 pa3a, KOHAEHCATOPOB B 6-8 pa3, MHTErpaJIbHBIX
mukpocxem — B 6-10 pas [29].

Berynaror B mportuBopeune TpeOoBaHUS TOTpeOUTENel Mo
YBEIMUYCHNIO (YHKIIMOHATBHBIX BO3MOXHOCTEH W3IENHs, CO-
KpaIleHNI0 ero rabapuTHO-MAaCCOBBIX XapaKTEPHCTHK, obecre-
YEHHUIO BBICOKOW HAIEKHOCTH M 0e30TKa3HOCTH paboTsl DIl u B
TO K€ BpPEMsl — CHIDKCHUIO CTOUMOCTH U3JICIHS M €ro 00CITyKH-
BaHUs IpU dKcruryarauuu. [Ipu 3ToM ypoBeHb Temneparypbl B
pszie ciyyaeB SIBISIETCS periaronM (GpakTopoM, OrpaHu4HBaro-
LIAM dKCIUTyaTalMOHHbIe Xapakrepuctuku D11 [20].

B nuteparype omnucaHsl mpuMepbl IPUMEHEHHS /ISl aHATIH3a
TEIUIOBBIX TPOLECCOB B MEXaHUUECKHX CHCTEMax M B 3JIEKTPO-
HHUKE OTEYECTBEHHBIX M 3apyOe)KHBIX MPOrPaMMHBIX KOMIUIEKCOB
(IK), Takux xak ANSYS, SIGMA, COMSOL, STF-
ElectronMod, [6; 7, 8; 22; 24].

M1 poBenH aHaM3 BO3MOYKHOCTEH MPUMEHEHHS 3apyOeK-
HbeIx 1K 115 MmopenupoBanus temsosoro nosenenus JII', conep-
JKAIUX KOJIBLEBBIC JIa3epHBIC TATYMKH U HAOOp SIEKTPOHHBIX
IV, u npunun k BbIBOAY, uTO paccMorpeHHble IIK He moryT
OBITBH B MTOJTHOM MEpe MPUMEHEHBI 110 CJICAYIONIIM IIPHIHHAM.

Hcnonr3oBanne 3apydexxnsix [IK TpeOyer aganrammm mx K
MNPpUMEHACMBIM B Poccun siemeHTHOM 68,36 U TUIIOBBIM KOHCT-
PYKLUSIM, a TakXKe K CTaHJapTaM. B uTore BbICOKash CTOMMOCTh
3apy0Oexubix [IK u Bpemsi, 3aTpayeHHOe Ha MX aJanTaiuio, 3a-
METHO YBEJINYaT CTOMMOCTh pa3pabOTOK M BPEMsl UX IpOBejle-
nust. [Tpumenenne 1K, He ompoOOBaHHBIX Ha MOJITBEPIKACHUE
JIOCTOBEPHOCTH MOJICITUPOBAHMS AKCIICPUMEHTAJIbHBIMU H3Me-
PEHMSAMH, HEAOIYCTUMO NpH npoekTupoBanuu JII', ycranasmm-
BaeMbIX B TOM YHCJIC B HABUTALMOHHBIX CHCTEMaxX CaMOJIETOB, B
KOTOPBIX OTKa3 M3-3a OIIMOOK MPOEKTHPOBAHMS MOXKET IPHBEC-
TH K THOEIH JIECATKOB JIIOJICH.

Oco0Ople TpoOIeMBl aHadHM3a TEIUIOBBIX TporeccoB B OI1
BO3HMKAIOT B CIIy4ae CIOXHBIX MHOTOIUIATHBIX KOHCTPYKIIHH
9TKEPOYHOTO U KACCETHOI'O THUIIOB, COIAEPIKAaIIUX OOJbIIOE KO-
muectBo DK. Poccuiickne KOHCTPYKTOPBI OOBIUHO JUIS KaKHO#H
MOIIHOW KOCMHYECKOM pakeThbl, BBIBOJSILEH Ha OpOHMTY He-
CKOJILKO Te0()M3MUECKUX U CBSI3HBIX CITyTHUKOB, ITPOCKTUPYIOT
CHUCTEMY W3 COBOKYIHOCTH CIJIOKHBIX B3auMMOCBs3aHHBIX OII,
KOTOpBbIE BKIIOYatoT B cedst 1o 1 miH. DK ¢ mI0THOH KOMITOHOB-
KO Ha Te4aTHBIX IUIaTtax, padoTalolmMX B IIUPOKOM TeMIiepa-
TYpHOM JIMalia3oHe.

J1st TETIOBOTO MOJEINPOBAHUS TTOIO0HBIX CIIOKHBIX KOHCT-
PYKLUHA YCIIEIIHO NMPHUMEHSETCS POCCHICKas aBTOMAaTH3UPOBAH-
Hasl cHCTeMa 00eCTIeYeHHs HaJIeKHOCTH M KauyecTBa almapaTypsl
ACOHUKA, ocHOBaHHas Ha TEOPHUU MPOCKTHPOBAHUS HAICK-
ueix OI1 [9]. Cucrema ACOHUKA He ycTymaeT mo BO3MOKHO-
ctsam 3apy6exusiv [TK [27].

B nanHO# craThe MBI pacCMaTpUBacM BO3MOXKHOCTH TEIUIO-
BOI'0 MOJCIIMPOBAHUA KOMIIJICKCHBIX 31—1, K KOTOPBIM OTHOCATCA
JIT', conmepaxarye B €IMHOM KOPITyCe JaTYUKH YTIIOBBIX TIOBOPO-
TOB Ha OCHOBE KOJIbIIEBBIX JIa3€POB, a TAKXKE IEKTPOHUKY obec-
nedeHnst uX (QyHKIMOHUPOBAHMS M 00pabOTKM CUTHAIIOB. DIIeK-
TpoHuKa JII' — 3T0 3TakepOoYHbIi HAOOP ITEKTPOHHBIX MTEYATHBIX
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y3noB (I1Y), KoTopble MPEACTaBISIIOT COOON IeYaTHBIC IUIATHI
(TIIT) ¢ ycranoBneHHbIMU Ha HUX DK,

ITo mepevncieHHbIM BhIIIe TPHYMHAM MBI BRIOpAIH /IS aHa-
nmn3a teroBoro noseneHus JII' poceuiickyto cuctemy ACOHU-
KA, xoTopast MHOTO JIeT IIMPOKO MPUMEHSIETCS Ha POCCUHCKUX
npennpuaTHsX, paspabarsiBaromux ciaoxHeie DI, Boiee dem
30-neranii ombIT Hcrionb3oBanus cucreMbl ACOHUKA, B TOM
Yucie Ui aHaJIM3a MHOTOKOMIIOHGHTHOM ammapaTrypbl KOCMHYe-
CKHX allapaToB, MOATBEPMII JOCTOBEPHOCTD U BBICOKYIO TOYHOCTb
TOJTyYaeMbIX MMPH MOJCITUPOBAHHHU PE3YJIbTATOB, a TAKXkKe YIOOCTBO
TOJIB30BAHKS. U MEHbIIee 1Mo cpaBHeHuro ¢ apyrumu [1K Bpewms,
3arpadynBaeMoe Ha co3manue Mozeneii [10, 11, 25]. Mcronb3oBanme
cucrteMsl ACOHVKA mo3BossieT pean3oBaTh COBPEMEHHbBIE METO-
npl npoektrpoBanust OI1, ocHoBanuble Ha CALS-TexHOMOrusx
[27]. 3a mpormearme roasr CALS-TeXHOMOTHH MOMYYHITH IHPOKOE
pas3BuTHE NP pa3paboTKe W MPOM3BOACTBE MHHOBAIIMOHHOM ITPO-
JyKIMH; 110 TIPUBEICHHBIM JIAHHBIM 3TO MO3BOJIMIIO YCKOPUTH BbI-
nonHenne HUOKP Ha 30-40%, yMeHBIIUTL CTOMMOCTD TIPOJLYKIMH
Ha 30%, a Tarke B 9 pa3 COKpaTUTh BPeMsi HA KOPPEKTHPOBKY TPO-
eKTOB JUIsl a/IallTALMK M0J1 HOBBIC 3a/1a4H.

D10 cBsA3aHO ¢ BO3MOKHOCTIMUA CALS-TexHOIOTHiA TI0 TpH-
MEHEHHUIO aBTOMATU3MPOBAHHBIX CUCTEM B OPTaHW3ALMH ITAIlOB
NPOSKTUPOBAHMS U KOHTPOJIS HA BCEX CTAAUSX, IO3BOJISIOLIMX
OIIEPaTHUBHO HAXOIUTh M HCIPABIATH AE(PEKTHI, MPOU3BOIANUTDH
U3MEHEHHs B IPOEKTe, Harpumep, 3aMeHuTh DK oT oHOTO 1Mpo-
U3BOJMTEIIS] HA aHAJIOTMYHBIA OT JPYroro, 03 BHECEHHs CyIIe-
CTBEHHBIX W3MCHEHHI B MPOEKT, MONYYUTh HOBBIN YPOBEHb THO-
KOCTH U TPHUCIIOCOOISIEMOCTH TPOU3BOMMOTO TPOJYKTA, MPO-
Bepsisl BO3MOXKHOCTh €r0 MMPUMEHEHHUSI B Pa3HBIX CHCTEMax M MpH
Pa3MUHBIX YCIOBUSIX JKCIUTyaTanuu. TakuMm oOpa3zoM, 1omo0-
HBIE TEXHOJOTUH C IIPIMEHEHUEM aBTOMaTH3HPOBAHHBIX CHCTEM,
cpemun kotopeix ACOHUKA, obecrneunBarOT MHUHUMH3ALUIO
BPEMEHH Ha Pa3padOTKy M MOCTAHOBKY Ha IPOM3BOJCTBO HOBBIX
00pa31oB HAyKOEMKOH MPOIYKIIHH.

B craTbe 0 IPOBECHHBIX paHee HCCIeIOBaHUIX 110 KOMIBIO-
TEpHOMY MoJIeupoBannio TpexocHbix JII' [22] ommcansr pe-
3yJIbTaThl MEXaHUYECKOTO MOJEIMPOBAHUSI TOJLKO pe30HATOpa
(marumka) TpexocHoro MmonoosouHoro JII' 6e3 Kakou-I1ubo dIIeK-
TPOHUKH, BBIIIOJHABIIEIOCA C LIENBI0 ONPEACICHUS €ro pe3o-
HAHCHBIX 4acToT. B crathe [1, 15] mpuBeneHbI pe3yabTaThl Tem-
JIOBOTO MOJICTUPOBAHUS TOJIBKO pe30HATOpa (IaTduka) OHOOC-
Horo JII'.

B nameii pabore 00beKT 1 00bEM HCCIIeIOBaHHUI ObLIN JIpY-
TMMH — HEOOXOANMO OBIJIO NMPOBECTH TEIJIOBOE MOJICITUPOBAHHE
TpexocHoro JII' U3 Tpex AaTYMKOB C MOJIHBIM KOMIUIEKTOM JJICK-
TPOHHBIX OJIOKOB, HajekKHas padoTa KOTOPHIX B IIHPOKOM TEM-
HepaTypHOM JUana3oHe B 3HAUUTEIBHOW Mepe OomnpesesseT Ha-
JEKHOCTH Beero npudopa. Havano 3Tux McclienoBaHuii oTpaxe-
HO B crarbsx [12, 13, 14].

ba3oBele METOIBI, KOTOPBIC MBI HCIIOJIB3YEM IPH KOMIIBIO-
TEPHOM MOJENHpoBaHUM ¢ momomrsio cuctemMsl ACOHUKA:
METOJI 3JIEKTPOTEILUIOBBIX aHAJIOTMH, METOJ TOATAHOrO pPa3yk-
PYIHEHUsI, METOJI KOHEYHBIX Pa3HOCTEH, METOJ CETOK, METOJ
rpagos. [Tone3HocTh MOJOOHBIX METOJOB IOATBEPXKICHA B pa-
00Tax Ipyrux y4eHbIX. MeTo/1 2JIEKTPOTEIIIOBBIX aHAJIOTHH J1aeT
BO3MOXKHOCTh B CIIydae TPYAHOCTEH C OIpPEAEIeHHEM HCKOMBIX
rapaMeTpoB M3Y4aeMOoro Ipolecca MepeiTH K aHaU3y JIpyroro
TIporiecca, KOTOPbIA AKBUBAJIECHTECH U3Y4aeMOMY, HO CBOOO/IEH OT
€ro HEJOCTAaTKOB. JJIEKTPOTEIUIOBAsh aHAJOIWsl OCHOBaHAa Ha
(opManbHOM CXOJCTBE MAaTEeMAaTHYECKHUX OIHMCAHUH IPOIECCOB
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TEIUIONPOBOAHOCTH M 3JyeKTporpoBoanocth [18]. BaxHo ere,
YTO WHIKEHEPY-IIIEKTPOHILUKY ropasJio Jierde MpeCcTaBUTh Tel-
JIOBBIE MPOLIECCHI, MOJb3YSCh MPUBBIYHBIMU JIJIsI HEr0 TEPMHUHA-
MH, CXOXHMMH C TEPMHHAMH 3JIEKTPOTEXHUKH. [losie3HbIM npu-
3HaH M UCIOJB3YETCs HAMU METOJ MOITAITHOIO MacIITadHpoBa-
HUA («ZOOMING»), onmucaHHBIA B cTathe [23], pu KOTOpOM aHa-
T3 00BEKTa MOJICITUPOBAHMS ITPOUCXOIUT C MOCIIEAOBATEILHBIM
YBEIMUCHNEM CTETIEHH JMCKPETU3AIMU, TO €CTh C POCTOM IIpO-
CTPAHCTBEHHOTO pa3pelIeHHs] BCEro OOBEKTa HJIM €ro 4acTe,
YTO 00ECIeYNBACT NOBBIILICHHE TOYHOCTH MOJICITHPOBAHUSL.

B nanHO# craThe NETANbHO ONMMCAHBI TEOPETHUYECKHUE NPUH-
LUIIBl ¥ MATEMaTHYECKUH anmapar, KOTOpbIe HCHOJIB3YIOTCS IPH
IIOCTPOEHUM TEIUIOBBIX Mojesel TpexocHbIX JII' ¢ anexTpoHu-
KO, aJlrOpUTM M TPOLECC MOCTPOCHHUSI TEIUIOBOM MOJEIH, pe-
3ynbpTaThl MoaenupoBanus JII' ¢ momomrsio cucrembr ACOHU-
KA, nopabotku npubopa, HeoOOXOJUMbIE sl UCKITIOYESHUSI Tell-
JIOBBIX MEPETPY30K M 00eCHeYeHUs HaJIe)KHOH paboThI pubopa,
a TaK)Ke DKCIEPUMEHTAIbHBIE TPOBEPKU TOUYHOCTH ITOTO MOJIE-
JIMPOBAHHSI.

2. Ocobennoctu noseaenusi JII' mpu TenjioBbIX
BO3/1eliCTBUSIX U LeJIb JAHHOH padoThl

Tpexocubiii Mmanoradbaputhsiit JII [19] umeer miotHyo KoM-
TIOHOBKY. B 00Imem BHemIHeM KOXyXe pa3MelleHbl TaTIHKH Ta-
KM 00pa3oM, 4TOOBl OHH OOECTIeYMBAIIA M3MEPEHHS YTIOBBIX
TEepeMEIICHN B TPeX B3aUMHO IEPIEHANKYJSIPHBIX HaIpaBlie-
HUSIX, a2 B CBOOOJHBIX 30HAX MPEJCIbHO KOMIIAKTHO yCTAaHOBIIE-
Hbl 271ekTpoHHble I1Y. Takas muoTHas KOMIIOHOBKA IPUBOJIUT K
MOBBILIEHHOMY TEIUIOBBIJICJICHHIO BO BHyTpeHHeM oOwveme JII.
s obecnieuenns HagexxHoU paboTel JII' B mmpokoM guanazoHe
TEeMITEpaTyp HyKHO IPOKOHTPOJIUPOBATH OTCYTCTBUE JIOKAIBHBIX
MIEPErpeBoOB M 3aMETHBIX T'PAJUEHTOB TEMIIEPATYp B TEIIOBBIX
noJsix npubopa. EnuHCTBEHHBIM M 3G QEKTHBHBIM CIOCOOOM
MIpoaHAIM3UPOBaTh TeroBoe noseaeHue JII' Ha arare pazpadoT-
KM mprOopa sBIISIETCS TEIUIOBOE MOJEINpoBaHue. B naHHOM pa-
0oTe OblIa TIOCTaBIIeHA 3a/1a4a pa3padoTaTh METOM, YCTaHAaBIIH-
BAIOIIMKA QJIFOPUTM MOJIHOM MOCIEA0BATENBHOCTH KOMIIBIOTEP-
HOTO TeryoBoro MojenupoBanus JII', u mpoBecTn Takoe Mojie-
nupoBaHue. [ 3Toro HeoOXOJMMO Ha MEPBOM ATAIE B MOJCHC-
teMe ACOHUKA-T otpabotats TemmoByto Makpomosens JII'
JUTSA THTIOBOW KOHCTPYKIIUH, TTOKa3aHHOW Ha pUCyHKe 1.

Puc. 1. CocraBHbBIE 4aCTH KOMIIOHOBKH JIa3€PHOTO THPOCKOIIA:
1 — kpbIIIKa BHEIIHETO KOXKYyXa-9KpaHa; 2 — TUCK ¢ KOHTAKTaMHU-
mteippkamu; 3, 6, 7, 9 — neyatHsie y371bl; 4 — HeCyIIuii Kapkac;
5, 10 — narunky; 8 — BHEIIHUI KOXKYX-9KpaH; 11 — BHYTpeHHUI SKpaH

[Ipu mocTpoeHuu TEIIoBOH Mojenu Tpedyercs MpeaycMoT-
peth UHTEPEHCHYIO CBsI3b, C OJHOW CTOPOHBI, C MPOTPAMMOI
9JIEKTPUUECKOT0 MOJIECTUPOBAHUS I MEepeAadd BBIYUCICHHBIX
MolHocTe TemoBbiienenuit B DK, a ¢ apyroil cTopoHsl, ¢
noacuctemoit ACOHUKA-TM, no3Bossiolieid Ha BTOPOM dTare
TEIJIOBOIO MOJIEIMPOBAHUS MPOBECTH IMOAJIEMEHTHOE MOJEH-
poBanue Beex IV, Bxomsamux B JII'. Takas nocinenoBaTenbHOCTh
MOJEIUPOBAHUS JaCT BO3MOXKHOCTb B KOHEYHOM HUTOTE IMOJIY-
gnth Ha BBIXoAe moxacucteMbl ACOHUKA-TM Bce peanbHBIC

TEIUIOBBIE HArpy3KH Ha Kaxkaom DK.

3. Teopernuyeckue NPUHIHUILI U MaTeMaTHYeCKHIt
anmnapar, KOTOpble HCI0Ib3YITCS MPH MOCTPOCHUHU
TeIUIOBBIX MoJieJIell J1a3epPHbIX THPOCKOIIOB

3.1. Hpunyun ynuuxayuu mennossix u INeKMPUHECKUxX
npoueccos Ha OCHOBe IIEKMPOMENI060l AHANOZUU U €20 UC-
NOIb308AHUE NPU MENT060M MOOETUPOSAHUU TA3EPHBIX ZUPO-
CKONO0G C UCNOIb308AHUEM HEHANRPABIEHHDIX 2PaAd06

TernoBoe MoaenupoBanue JII' ocymiecTBIsSETCS ¢ UCTIOIB30-
BAaHMEM IPUHIINIIA JIEKTPOTEIUIOBOM aHATIOTHH.

MonenupoBaHue ¢ UCIOIH30BAHNEM PUHIIHIIA DIICKTPOTETI-
JIOBO aHAIIOTUH TpeOyeT YHU(HUKAIMHA TOTIOJIOTHISCKIX MOJIe-
Tl Ha OCHOBE MAaTEMAaTHUYCCKUX OTHMCAHUH pPa3HOPOIHBIX (U3H-
YecKHX mporeccoB. Takas yHu(UKaIys npuBeaeHa B Tabmmme 1.
OHa T03BOIISIET ClieNaTh 0oiee TOHATHONH METOUKY IPOBEICHHUS
aHaJIM3a TEIUTOBBIX TporieccoB B JII' 1 pacdera BEIXOTHBIX Mapa-
METPOB MOJEIH — TEMIIEPATyp YacTel U KoMIoHeHToB JII'.

Tabnuna 1

YHunpukanuu pasHOpoaAHbIX (GU3HMYECKHX NMPOLECCOB
AJIS y4eTa uX B3aMMOCBSI3H

YuuduuupoBanuble | DjeKTpUUyecKas TennoBasi Mmogenb

nepeMeHHbIe U Napa- MoOJieb
MeTpbI MojieJIei

(uznyeckux npoueccon

Ilepemennasi pyHk- Onextprueckuii | Temmeparypa H30TepMH-
NHOHAJIbLHAS BeJIMYH- | TOTEHIHMAJT y371a | YeCKOH 00IacTh KOHCT-

HA y3JIa MOJIeJIH, ¢ JJIEKTPUYECKOM pykimu, T
CXEMBI, ¢

Ilepemennas gpyHk- Tok BeTBH TenioBoi NOTOK MEKIY

NHOHAJILHASI BeJIMYN- | SJIEKTPHUECKON | H30TepMUUECKUMHU obac-

Ha BEeTBU MOAEJIH, ¥/

cxeMmsl, |

TIMHA (MOIIHOCTB TETLIO-
BhIIeIeHNsT), Pr

JnccunaTuBHbBIN
napaMeTp BeTBH, &

[IpoBoaumocTh
(pazuocThb TIOTEH-
LHAJIOB TIOCTOSIH-
Ha le/l IMOCTOSIH-

HoM Toke), Gg

TermioBast IPOBOUMOCTH
(pa3HocTh TEMIIEPATYP
MESKILY HU30TEPMUYECKUMHU
00J1aCTSIMH ITOCTOSIHHA TIPH
MIOCTOSTHHOM TETLIOBOM
MOTOKE MeXk 1y HUMH), Gt

KoncepBaTuBHBIi
napaMeTp BeTBH
(1-ro pona), g

Emxocts (pas-
HOCTh OTCHIHA-
JIOB BO3pAcTaeT
[PH OCTOSTHHOM

TemioBast eMKOCTb (pas-
HOCTb TEMIIEPATYP MEXKIY
N30TEePMUYECKHMU 00J1ac-

TSMH BO3pACTaeT NpH

toke), Cg [IOCTOSIHHOM TEILJIOBOM
noToke Mexy Humu), Cr
KoncepBaTuBHbIi WunykruBHOCTS | TenoBas HHIAYKTHUBHOCTh

napamMerp BeTBH
(2-ro pona), y

(Tok Bo3pactaer
TIPU ITOCTOSTHHOM
Pa3HOCTH TOTEH-

(KOHBEKTHBHBIH TEILIOBOI
TIOTOK BO3PAcTaeT B Iepe-
XOJIHOM HPOLECCE MEKTY

uanos), Lg M30TEPMUYCCKUMHE 00JIac-
Tmu), Lt
a(pr—0) =y Ge(p1—92) =1 Gr(T1-Ty)=Pr
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IIpu tennosoM monenupoBanuu JII' Mbl ucHoONb3yeM HeHa-
npaBieHHbIE rpadbl, KOTOPbIE MMO3BOJISIOT MOCTPOUTH CTPYKTYP-
HYIO TOIIOJIOTHYECKYIO MOJENb NMPHOOpa B BUJIE y3JIOB, COOTBET-
CTBYIOIIIUX YAacTSIM U KOMIIOHEHTaM NpHOOpa, U 1MOKa3aTh CBS3U
MEXy HUMH, MIUTIOCTPHUPYS TPOUCXOJSIIKME B MPUOOpPE TeIlio-
BbIE Mporiecchl. MeTox TpadoB MCHONB3yeTCs TaKkKe Al Tocie-
JYIOLIET0 MOIEMEHTHOrO aHajaM3a KaXkJoro Ie4aTHOro y3la U
MOCTPOEHUSI BUPTYalIbHOM KapThl €r0 TEIUIOBOrO MOJIsL.

YHn¢punupoBaHHble NEepeMEHHbIC (DYHKIHOHAJIbHBIE BEIH-
YMHBI M ApaMETPhl AIEKTPUUECKUX U TEIJIOBBIX MOJENEH MpH-
BEJICHBI B MEPBOM cToJOIE TaOmuiel 1. OyHKIMOHAIEHBIMI Be-
JIMYMHAMH OIIMCBIBAIOTCS, MPEXKIE BCErO, BXOIHBIE U BBIXOJHBIE
curHansl. IlepBrle 3a1ar0TCs nepes WK OpU MOAEIUPOBAHUH, A
BTOpBIC IOJy4yalOTCS B pe3yJibTaTe MOJAEIUpoBaHUS. VX CBA3b
MEXJTy cO00I ompesienseTcs: CTPYKTypoi MOAETH U 3HAUYCHUSIMU
rapameTpoB BeTBel rpada.

[TapameTpsl BeTBEl 4acTO SBJIAIOTCS HMOCTOSHHBIMU BEJIUYU-
HaM{, HO WHOTJAa MOTYT OBITh M 3aBHCHUMBIMH OT HEKOTOPBIX
MEPEMEHHBIX BEJINYMH ¢ U V.

®DopMyIbl, TPUBEICHHBIE B HIDKHEH cTpoke Tabmmmpl 1, -
JIOCTPUPYIOT €JMHO00pa3ne MaTeMaTHYeCKHX YPaBHEHWH pas-
HOPOJHBIX JIEKTPUYECKUX U TEIJIOBBIX MPOLECCOB U ypaBHEHUS
B YHU(HUIIIPOBAHHOU (hopMe.

Baxxneimmivu mapaMeTpamMu B JaHHOM PacCMOTPEHUHU OYAyT
TeMIIeparypa, TEIIOBOW MOTOK (MOIIHOCTD TEIIOBBIACICHHS) U
TEIUIOBAsi TPOBOIUMOCTb.

3.2. Dmanwvl modenupoganua u MamemamuyecKuil anna-
pam, KOmopwlii UCROIL3YEmCcA RPU ROCHIPOECHUU MIEN06bIX
Mooeneil 1a3epHbIX ZUPOCKON06

B JIT', mpencraBneHHOM Ha puC.l, MPHCYTCTBYIOT TEIUIOBBIC
MPOLIECCHl MEXKY IEMEHTaMU KOHCTPYKLUHU B BUJE KOHIYKIUH,
KOHBEKIIMH U U3TyUYEHUS.

IHocTtpoenue TemnoBoit monenu JII', oTpaxatomieil 3Tu npo-
[IECCHI, IIPOUCXOANT B [[Ba dTama: 1-if aTam — MaKpoMOIeTupOBa-
aue JII' ¢ mcmomp3oBanneM mnoacuctemMbel ACOHUKA-T, 2-i
9Tall MOJIEMEHTHOEe MozenupoBaHue kaxuporo IIY JII' — ¢ uc-
noab3oBanueM noxacucreMbl ACOHUKA-TM. O6Ge cucreMsbl
IIOCTPOEHBI Ha OCHOBE YPABHEHMM KJIACCUYECKOM TEOPUM Tel-
j1000MeHa.

Ha mepBoM 3Tame MOIETUPOBAHUS MBI OCYIICCTBIIIEM MaK-
popomonenupoBanue JII', pa3duBas ero Ha yCIOBHO M30TEPMU-
YecKre 00bheMbl (YacTh), KOTOPBIMH sBIsFOTCSt natanku JII, Bce
I1V, sneMeHTBhl KOHCTPYKUUH, BO3YIIHbIE 110JI0CTH BHYyTpH JIT'.
Wcxoaubie gaHHble (Y4EPTEkKHM, MATEPUANIbI DIIEMEHTOB KOHCT-
pykimu) BBogsitcst B moacuctemy ACOHUKA-T. MomHocTs
TEIUIOBBIAEIeHNH Kaxkaoro I1Y 3amaercs B moacucreme ACO-
HUKA-T kak cymma MOIIHOCTEH TeruioBbieneHus: Bcex DK,
pacnonoxxennbix Ha I1I1, ¢ ucnonapb30BaHUEM JAHHBIX MPOBEICH-
HOI'O IIPU NPOECKTUPOBAHUM IPUHLUNUANBHBIX cxeM IIVY anek-
TPUYECKOTO MOJICIHPOBaHus (B HAIIEM Cllydae — C [OMOIIBIO
nporpammbl PSpice). TIo qaHHBIM O MOIHOCTSIX TEILIOBBIIEIIC-
nus noacucreMa ACOHUKA-T paccuuTsiBaeT cpeiHue Temrie-
patypsl yacteit JII', B ToM uncne kaxuaoro I1Y.

[IpuBenemM QopMyIbl, UCHOIB3YyEMBbIE B MPOTpaMMax MOJe-
mpoBannss ACOHUKA-T n ACOHUKA-TM s pacuera Tern-
JIOBBIX TPOBOIMUMOCTEH IS Pa3NUYHBIX BUAOB TEIUIOOOMEHA!
KOHIYKITH, KOHBEKIINY M W3ITyUCHHUS.

B o01iem ciydae TeruioBast mpoBoauMOCcTh Gt ydacTka onpe-
JIEIISICTCSI KaK OTHOIICHUE TEIIOBOTO MOTOKa Q, MPOTEKAIOIIETO
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4yepe3 JaHHBIH y4acTOK, TO €CTh MOIIHOCTH TETUIOBBIENeHUs Pt
K pasHocTH Temiepatyp AT Mex a1y KOHIIaMH 3TOTO y4acTKa:

G _ P
T AT 1)

TerutoBast MPOBOAUMOCTDh KOHAYKIHH Groq yUacTKa ¢ MOCTO-
SIHHBIM CEYCHHEM S, umeromero jaiuHy L u koadduiuent ren-
JIONIPOBOJIHOCTH A, onpezensercs GopMyJIoi:

A-S
Grea ==~ @)

TeHHOBaH HpOBOJlI/IMOCTL KOHBCKTHBHOﬁ TCIIOOTAauYU paBHa
Gren = Aen - S, (3)
Tae Och — KO3(1)(1)HHI/I€HT KOHBeKTI/IBHOﬁ TCIUIOOTAAYN OT NOBCPX-

HOCTH IUIOLIAJIBIO S B OKPY’KAIOIIUI BO3/LyX.
TennoBast IPOBOIUMOCTb U3ITYUYEHNUS:

b0 S+ (T —Tf)
B T, —T,

Grr ' @

rae Ty u T, — Temmeparypbl MPOTHBOIIOJIOKHO PACIIONIOKEHHBIX
W B3aUMHO CBSI3aHHBIX H3JIy4YaTeJbHBIM TEIUIOOOMEHOM JBYX
MOBEPXHOCTEN MIIOMA/IBIO S; € p — PUBEEHHAs CTENEHb YePHO-
Thl 00eux MmoBepxHOCTEeH; & — koddp¢unment Credana-
BonbiiMana, XapakTepu3yIOMMH YAEIbHYIO HSHEPreTHYecKylo
CBETHMOCTbH a0COJIFOTHO YEPHOTO Tela.

[lo anamormm c >JIEKTPUUYECKON MPOBOAMMOCTBIO OOpaTHas
BEJIMYMHA TEIUIOBOW TPOBOJAWMOCTH y4YacTKa, COCTOSIIETO W3
HECKOJBKUX YYacTKOB, pPaBHA CyMME OOpATHBIX BEITUYUH TETLIO-
BBIX IIPOBOAMMOCTEH OTAEIBHBIX YIaCTKOB.

Pacuer cymMMapHBIX NPOBOAMMOCTEH ISl Ka)IOH M3 BblIE-
neHHbIX yacted JII' u onpenenenue reMieparypsl KaKIOW 4acTH
MPOU3BOIUTCS ¢ momotkio moacuctembl ACOHUKA-T.

Ha BTopoMm sTarie TerioBoe MOACIMPOBAHUE OCYILECTBIISIET-
Csl C HCMONB30BaHHEM MeEToJla KOHE4YHbIX pasHocteil (MKP),
KOTOPBIN Ha3bIBAIOT TAKXKE METOJIOM CETOK. B aTOM MeToze npo-
MCXOJIUT 3aMEHa HENPEPBHIBHOM 3a/1auil MaTeMaTHYeCKOW (U3UKN
ee JMCKPETHBIM aHAJIOTOM — «Pa3HOCTHOM CXEMOW», KaK 3TO
Oyner mokazaHo npanee. DakTHUecKd 007aCTh HEMPEPHIBHOTO
W3MEHCHHS apTYMEHTOB 3aMEHSETCS] KOHEYHBIM HaOOpOM TOUECK -
y3JI0B, COBOKYITHOCTh KOTOPBIX O0pa3yeT ceTky. Takas ceTka
MOJKET OBITh paCCMOTpPEHA KaK HEHAIpaBICHHBIH rpad.

B psinme ciaydaeB mpu MOAETHPOBAHUU HCIOIB3YETCS METOT
KoHeuHBIX 3eMeHToB (MKD). Kiaccuueckuii MeTo[ KOHEUHBIX
3JIEMEHTOB OOBIYHO TPEOYET MOCTPOCHUS CETKH M3 OOJIBIIOrO
YKcia AJIEMEHTOB, B pe3ylibTare o0beM MaMsTH KOMIIbIOTEpa
OKa3bIBACTCA HEAOCTATOYHBIM MJIN BBIYUCIICHUA 6y11yT CIIMIIKOM
ME/IJICHHBIMH U JUTUTENbHBIME [17].

HyxHo oTmetuTh BakHoe mpeumyinectBo MKP mo cpaBhe-
Huto ¢ MKO: MKP xapakrepusyeTcs OTHOCUTENBHOM IPOCTOTOMN
pelIafoniero auropuTMa W €ro IMporpaMMHON  pean3alvu.
[To >TuM mpuYMHAM MBI HCIIOIB3YEM TEIJIOBOE MOJICINPOBAHHUE
Ha ocuoBe MKP.

Ha pucynke 2 mpuBeneH mpumMep ydacTtka rpada (CeTku) st
ITY npu HanM4uKM BceX BUJIOB TEIUIOOOMEHA.
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Puc. 2. O0muit BUI YacTH TEIIOBOW MOJIEIH MIEYATHOTO y3JIa:

Tirjy Tierjy Tieaj Tijos Tije1 — TEMIIEPATYPHI B y371aX CETKH, | U | — HOMepa
Y3710B CETKU 110 ocaM X u Y, Ty, T — TeMnepaTypsl AeTanei
xoHcTpykuuu JII' Hajg v nof nedaTHeIM  y3710M; 15, T3 — Temmeparypbl
BO3/yXa HaJ ¥ O/ IIEYaTHBIM y3JIOM

B Tabnuiie 2 npuBo/siTes 0003HaYCHUS BeTBe rpada B 3aBH-
CHUMOCTH OT BHUOA TEIIOBOM IMpOBOAUMOCTH, COOTBCTCTByIOH_Ieﬁ
JIaHHOU BETBU.

Tabmnuma 2

TensoBble nmpoueccobl 1 ux 0003HAYEHUS

O0o3HauYeHNe BeTBell TENJI0BOIi Ha3zBaHue BH/Ia TEIJIOBOIO
MOJIeJIH npoiecca
- - Konnyxnus
R Wznyuyenue
KonTakTHbI# TemmoooMeH
- - - — - - EcTecTBeHHast KOHBEKIIHS

I'pad B BHIE ceTku cTpouTCs MO Beeil moBepxHocty I1Y aB-
tomatuuecku ¢ nomolibio cucreMbl ACOHUKA-TM, nipu aTom
1Iar CeTKU 3aJ1aeTCsl MPOEKTUPOBLIUKOM.

B BepmmHax rpada npu MOAETHPOBAHUN BEIYUCIISIOTCS TEM-
nepaTypbl Ti,j, coorBercTBytomue Temneparypam IIIT u OK B
JTUX SAYEHKaX.

[Tokaxem, Kak MPOMCXOAUT MOCTPOCHUE TEIJIOBOM MOJAEIU
IV JII' ¢ ucnonb30BaHUEM METO/1a KOHEYHBIX Pa3HOCTEH.

[TocTpoum TOMOJIOrMYECKYIO TEMIOBYI0 Mozens I1Y, umes B
BUJTY, YTO IO €T0 TUIONIAIX TETIOBOM MOTOK, uexoasumil u3 DK,
pacrpocTpaHsieTcsi KOHIyKIHUEH, a ¢ OgHOM 1 BTOpoi cTopoH 1Y
TEIJIOBOM ITOTOK YXOIUT B OKPY’KAIOLUI BO3yX IIyTEM KOHBEK-
L1MH, a TaKXKe MyTeM H3NyueHusi Ha coceAanue K 1Y koHCTpyk-
TuBHbIE yacTu JII'.

MoOITHOCTh MOTOKa TEIUIOBOH 3Heprum Py, mepenaromieiics
MOCPEJICTBOM KOHAYKLMH, onpenensercs 3akoHoM Dypbe, Ko-
TOPBIA MOXET OBITh MIPECTABICH (HOPMYIIOIL:

P.; =—AS VT, (5)

rae Py — MOITHOCTH TEMIOBOrO MOTOKA 3a CYET TEIUIOBBIICIC-
uuit DK, pacnosnoxennsix Ha [1Y, 1 — ko3 duiueHT Terionpo-
BOJHOCTH, S — Twiomans, V — oneparop Jlammaca, T — temnepa-
Typa.

Just Toro, 4to0bl npenctaBuTh ypaBHeHue (5) B KOHEUHBIX
Pa3HOCTSX, HY’KHO OT HEIIPEPHIBHOTO OMHMCAHMS MEPEHTH K JHC-
kpetHoMy. Pasnenum [1Y Ha mpuckperHbie 00bembl Vi = AX-Ay-h,

rae AX u Ay — pa3Mepsl SYeiKu CeTKH 1Mo ocsiM X 1 Y, h — Torn-
muHa TIIT (oGbraHo h cymiecTBeHHO MeHbIe AX, AY,I03TOMY
TEIrI000MEH BIOJIb OCH Z MBI He paccMmarpuBaeM). Kaxipiii 00b-
€M CYHTAaeM H30TEPMHUYECKHM, TO €CTh B KON TOUYKe 00bema
TEMIIEPATypy CYMTAEM OJMHAKOBOW, B TOM uuciie B yacTsax DK,
pa3MeIIeHHbIX HA MIOBEPXHOCTH JJAHHOTO 00bema (B sueiike).

Teneps nepeiigeM k quddepeHHaIbHOMY YPAaBHEHHIO TEI-
nonpoBoiHocTH Dyphe B BUIE:

AVET 4+ pog =0, (6)

IZI€ Ped — YJCIbHAS TEIUIOBAs MOIIHOCTD, BBIACIAEMas B sUCHKe
IV 3a cuer xonnykuuu. ITpuBeneM 3T0 ypaBHEHHE K KOHEUHO-
pa3HOCTHOH (opMe, 3aMEHUB YaCTHBIC IIPOM3BOIHBIC B V2T xo-
HEYHbIMHU paSHOCTHMI/I:

02T Ty — 2Ty +Tppn

ax? A% ’ (7)
0°T _Tyja = 2T+ Tijia
ay? A%y ’

rae | u j — HoMepa y37I0B CETKH IO OCSIM X H Y.
[Tocne mpoBemeHus: psga MpeoOpa3OBaHUHM MOIYYHM ClIe-
JYIOIIIee BBIPaKCHNUE!

Greai(Ticyj — 2Ty j + Tivr) + Greaj(Trij—1 — 2Ty +
Tij+1) + Peaij =0, (8)

r7ie Greq; — TEIUIOBAsI IPOBOAMMOCTD 32 CYET KOHAYKIIUH MEKIY
COCEIHHUMH STUEHKAMH CETKH I10 OCH X;

Greai = A - h- Ay /Ax;

Grcqj — TEIOBAs MPOBOAUMOCTD 33 CYET KOHAYKIIUU MEXKIY
COCETHUMH sTYeHKaMHU CETKH TI0 OCH Y,

Greaj = A - h-Ax /Ay;

Peqi,j — TETIOBas MOIIHOCTD, BbIE/sAeMas B sueike ceTku (ma-
paMeTp NPUCYTCTBYET TOJIBKO MPH HAIHUuM B sueiike DK, Bbine-
JISTFOTIUX TETLIO).

Bun (8) mmeer nroboe ypaBHEHHE, BXOIIEE B CHCTEMY
ypaBHEHUI JUisl ss4eek ceTkd (cM. puc. 2). DTa cucreMa ypaBHe-
Hu# pewaercst B noacucreMe ACOHUKA-TM nnst KOHAYKTHB-
HOro TerurooOMena. Tomonoruyeckass MOAENb MPEACTAaBISET
co00if ABYMEpHYIO CETKy W3 TEIUIOBBIX MPOBOIUMOCTEH KOH-
OyKIHH Greg, PACIIONOKEHHBIX MEXIY y3TIaMHU CETKH.

Kpowme Toro, B JII' npuCYyTCTBYIOT KOHBEKTHBHBIN U U3ITyda-
TeJIbHBIN TerooOMeHbl. [Ipu MOATOTOBKE TEIUIOBOM CETKH K
pacyeTry yKa3blBaIOTCsl TAK)KE TPAHUYHBIE YCIIOBHUS TEIIIOOOMEHa
MexXly noBepxHocTaMu [TV 1 okpyxaromum Bo31yXoM, a TaKxKe
C COCEJIHMMH IIaTaMU WIM CO CTEHKaMU KOpIyca U JApyruMu
gactsimu JII'. Torna B termmoByto mozens JII' nobasnsirorest Ten-
JIOBBIE IPOBOAUMOCTH KOHBEKIUH 1 u3nydeHus (Gren U Gry).

Kounseknus ¢ nosepxnocreit [l u napyrux uacreit JII' mpo-
HCXOJUT B COOTBETCTBHH ¢ ypaBHeHHeM HploToHa-Puxmana (B
3apyOeKHOW TEPMUHOJOTHH — «3aKOHOM OXJaxaeHus Hproto-
Ha»):

P = GTcn(Ts - TA)! )
rac Pcn — MOIIHOCTHL TCIUIOBBIACICHUA 3a CUECT KOH}IyKHHI/I,

Ts — TemriepaTypa MOBEPXHOCTH, T — TEMIIEpaTypa OKpY’Karo-
et cpeabl.
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3akoH oxnaxaeHus HpioToHA Takke MOXKET OBITh HCIIOJIb30-
BaH U ONIPEACICHUS KOJINMYECTBA TEIUIA, BBIACICHHOTO 3a CUET
TETIJIOBOI'O M3JTY4YCHHS .

P =Gy, (Tl _Tz)l )

Bce npuBenenHble BbIme (GOpMyIIbl SBISIOTCS OCHOBOM JUIA
BEITIOJTHEHUS pacueToB 1o nporpaMmme ACOHUKA-TM.

[omy4eHHble Ha MEPBOM 3Tare MOJACIUPOBAHUS JAHHBIE HC-
MOJIBb3YIOTCSA Ha BTOPOM 3Tale AJIsi MOJAeIUpoBaHus kaxaoro ITY
B OTAEIBHOCTH. A MMEHHO, IIPH TEIIOBOM MOJICIMPOBAHUU Ka-
)kmoro ITY MOIIHOCTH TEIUIOBBIAENIEHNH B KakaoM DK storo
ITY, coBMeCTHO co cpeHel ero TeMnepaTypoi, TeMnepaTypaMu
BO3J/lyXa C OJHOM W Jpyroil croponsl [1Y, a Taxke Temmnepary-
paMu Ipyrux KOHCTPYKTHBHBIX yactei JII' mo3BOIISIOT MOTy4nTh
¢ nomompto nporpammsel ACOHUKA-TM Temmneparypsl Bcex
OK nanzoro I1V.

(10)

4.  Anaroputm MeToja ofecnedeHHs] Pe;KHMOB padoThI
JIa3ePHBIX THPOCKOIIOB B Mpeaeaax A0ImyCcTHMBIX
TeII0BbIX HATPY30K

IIpu mopenupoBanuu TeruioBoro nosenenust JII' oxHol u3
paccMaTpUBaeMbIX XapaKTEPUCTHK SIBISETCS €r0 yCTOWYHMBOCTh
KaK K BHCIHIHHUM TCIIJIOBBIM BO3H€ﬁCTBHHM, TaK 1 K BHYTPECHHUM,
BO3HMKAIOIIUM 3a C4eT cOOCTBEHHOTo TeruioBbiaeieHust B DK.
dakTnyeckoe pacrpeseneHue temiooro nomns B JIIT onpenens-
€TCs COBOKYITHOCTBIO 3THX (PakTopoB. OCOOEHHO ONACHBIM SIB-
JISIeTCsl HaJIM4YKe JIOKAJIBHBIX MeperpeBoB oTnenbHbIX DK, pacmo-
noxeHHbIX Ha I1I1, Tak Kak OHM MOTYT NPUBECTH K H3MEHEHHIO
mapameTpoB u/uiam otkazy DK B mporecce pabotsl mpuGopa. K
COXAJICHUIO, Pa3pabOTUYNKN YacTO yAeJSIOT OCHOBHOE BHUMAaHHE
JIOCTIDKEHUIO 3aJJaHHBIX MapaMeTpoB MpuOopa, HO mpeHeOpera-
0T TIIATEIbHBIM aHAJIN30M €T0 TEIIOBOTO MOBEACHHSL.

NHOOPMATUKA

Kak Obut0o HEOAHOKpPATHO TOATBEPXKICHO pE3yIbTaTaMH
npumenerns cuctemMbl ACOHUKA mist aHanmm3a Ci10KHBIX MHO-
TOKOMIOHEHTHBIX OIl, TemoBoe MOAETHUpPOBAHHE C MOMOIIBIO
STOW CHCTEMBI CO3/AaeT BO3MOKHOCTh KOHTPOJIS TEIUIOBBIX Ha-
TPy30K NpH MPOBEACHNHU HccienoBaHuil paboTs! DI, nMuTHpys
pas3iiMuHBIe PEKUMBI pabovell SKCIUTyaTallnH, BbIaBas BBIXOJI-
HBIE JJaHHBIE 10 TeMnepaTypaM kak yacteit O, Tak u Bcex DK B
BUjIe TabJHII, B KOTOPBIX YKa3aHbI TaKkKe 3aJaHHble U (akTHue-
ckue Kod(pQUIMEHTHI TEIIOBOW HAarpy3KH M JaHa OIIEHKa COOT-
BETCTBUS WM TIPEBBINICHUS 3aJlaHHBIX 3HaueHWH. BoT mouyemy
cucrema ACOHUKA Oblna BeIOpaHa Juiss MOJICITUPOBAHUS TEI-
noBoro noseaeHus JII'.

[IpuHMMas BO BHMMaHHWE OTMEYEHHYIO Ba)KHOCTH BIIMSHHS
TEIUIOBBIX MPOIIECCOB Ha paborocnocodHocTs DK, MbI B JaHHOM
pabore pa3paboTaii METOJ, YCTaHABIMBAIOUINN aJTOPHTM IOJI-
HOW TOCIIeOBATEIFHOCTH KOMITBIOTEPHOTO TEMJIOBOTO MOJIEIH-
posanus JIT' (puc. 3).

B anroput™e oTpaxeH NpeasIoKEHHBIN ABYX3TaIHbBII METOJ
MOJICIUPOBAHUS «CBEPXY BHHU3» WIM METOJ pPa3yKpyIMHEHHUs
(zooming): Ha mepBOM dTame MPOBOJUTCS MaKPOMOJICITHPOBAHHE
JIT' ¢ anHamu3oM TeIuIoBBIX mpoueccoB B yactax JII', Bkimrogas
IV, a 3aTeM NpoU3BOAUTCS YBEIMUYEHHE CTENEHH IUCKpETH3a-
IIMY aHAJH3a BIUIOTH JI0 OMPEJENICHNs] TEMIEPATypPHBIX PEKUMOB
kaxmaoro DK (puc.3). Koadodumuenr dakTudaeckoit TemioBoit
HAarpy3Kd  pacCUMTBIBACTCS IO CIIEAYyIOLIeH popmyie:

k' =T"/T",.i=1..n, (11)

rre T.°

pesynbTate pacueta B noacucteme ACOHUKA-TM; T.™ - mpe-

— Temmeparypa i-ro OK, koropas ompexensercss B

nenpHas pomyctuMas Temmeparypa DK mo TV, n — konngecTBo
OK. B COOTBETCTBHM C THITMYHBIMUA TPEOOBaHUAMH KO3 dHUIH-
eHThl (paKTHYECKUX TEIUIOBBIX HArpy30K JIOJDKHBI  OBITh
e menee 0,8.

5 BHECTH MIMEHEHMEE

[ 11. Ko |

Puc. 3. Airoput™ Mertozia 00ecredeH s peXKUMOB paboTh JIa3ePHBIX THPOCKOIIOB B MPE/Ieiiax JAOMyCTHMBIX TEIUIOBBIX HATPY30K,
peantuzyemslii ¢ momoripko noacucreM ACOHUKA-T (6:10ku 1-4) 1 ACOHUKA-TM (6noku 6-8, 11)
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NHDOOPMATUKA

5. Ilpouecc u pe3yJbTaThl MOJAEJIMPOBAHNUS TEMJIOBBIX
Pe:KMMOB B JIa3epPHOM I'MPOCKoOIe

5.1 TemtoBoe MaKpoMoJe;THPOBAHHE JIA3E€PHOI0 THPOCKONA

[Ipu xommbroTepHOM MOzeaupoBanuu JII' ¢ momorpo cuc-
tembl ACOHUKA 0bu1 nCronb30BaH NPUHLUIT pa3yKpPyHTHEHHs
WK TO3TAHOr0 MaciTabupoBanus (ZOOMINg), mpu 3ToM Ha
MEPBOM 3Tale MPOBOAMIOCH MakpomoxeiupoBanue JII'. Kaxk
OTMEUYCHO B pazjielie 2.2, Ha TIEPBOM dTare MOJICITUPOBAHUSI IPH-
00p pa3dmBaeTCs Ha YCIOBHO M30TCPMUYCCKUE YACTH,  IMCHHO:
marauku JIT' (marumk X, matuwk Y, garumk Z), Bce I1Y (ITY
1dpoBoro 6JI0KA U APYrUX MEKTPOHHBIX Os1okoB JII'), anemen-
ThI KOHCTPYKIMHU (KPEHekKHAss CUCTEMA — KKPECTOBUHA» U3 JIBYX
JeTasneit, KOKyX-9KpaH H JIp.), BO3AYIIHbIE ToJI0cTH BHyTpH JIT.

TennoBasg wmakpomozens JII' crpomnace B mojacucreme
ACOHHUKA-T xak MOIeNnh TEIUIOBBIX ITOTOKOB B BHIE HEHA-
MPaBJICHHOTO Tpada. Y3kl Takoro rpada MOACTHPYIOT YCIOBHO
nzorepmuueckue yactu JII', BeTBu rpada 0TOOpa)karoT TEILIO-
BbIE MOTOKH MEXAY 3TUMH yacTaMu. B moxcucreme ACOHU-
KA-T mpenycMoTpeHa BO3MOXKHOCTh YydeTa BMJOB TEIIOBBIX
BO3JIeicTBUH, umerouxcs B JII', moaToMy MBI MOTJIM UX CMO/Ie-
JMPOBaTh U MOCTPOUTH BETBH rpada, COOTBETCTBYIOILIHE BUIY
BO3JICHCTBUH.

[oncucrema ACOHUKA-T aBTOMaTHUYCCKH (HOPMUPYET MO-
JIENA TUTIOBBIX KOHCTPYKIUH, a Ui HETHIIOBBIX KOHCTPYKITHIA
cymiecTByeT rpadudeckuii mHTEpderic, B KOTOPOM MPOSKTHPOB-
IOIMK caM CTPOUT TOIIOJIOTHYECKYI0 Mopaenb. [Ipu monenmupoa-
aun JII' MBI Mcmonp30Bai 00a BapHaHTa, TaK Kak 9acTh dJe-
MeHTOB KoHCTpyKimH JII' nmeer TumuyHyo GopMmy, a 4acTb —
HETHITUIHYIO.

B mporiecce MOeTHpOBaHUS MBI TTOJIB30BAUCH HHPOPMAIIU-
el 0 TeIJIOBBIX MapaMeTpax MaTepuajoB KOHCTPYKTUBHBIX dJie-
mentoB JII' (TemionpoBoaHOCTh, TEMIOEMKOCTE), B3sTOM 13 0a3
nanHbix nojgcucteMbl ACOHUKA-T u TexHnueckux yclioBUi.

Jlist mosicHeHust Tiporiecca MOJICITUPOBAHUS HA PHCYHKE 4 T1o-
Ka3aH 3CKHU3 30HBI BHyTpeHHero oorema JII', cooTBeTCTBYIOMIHIA
(dparmenty Mozenu (HyMepaIys 5JIEMEHTOB HAUHHACTCS C (-
per 11, Tak kKak MOKa3aHHBIA (PAarMEHT pACCMATPHUBAJICS B PSIIy
JPYTUX (parMeHToB).

Bosags B2

Puc. 4. Dcku3 30HBI BHYTPEHHETO 00BEMa JTa3epHOTO THPOCKOTIA U
(bparMeHT ero TEIIOBO MOJIEIH, e YacTu npudopa — y3Jsl rpada,
COEIMHEHHBIE BETBSIMH C COOTBETCTBYIONIMM BUIOM TETUIOTIEPEIAUH:

10 — BepTHKANbHAS YACTh HECYIIEro Kapkaca (KkpecToBuHa 1»);
11 — BHYTpeHHHH [HUIHHAPUYECKHUii 3KkpaH; 12 — naTunk ocu Z (J12);
15 — nevarHblit y3en 610ka yactotHoi noacrasku (ITY BUIT);

19 — paaunarop 6roka yactorHoit ogctasku (BUIT); 20 — Bo3ayHbII
3a30p Mexay [TV BUIT u natuukom ocu Z (J1Z)

Ha pucynke 5 mpencraBieHa MOHAS MOJICNb TEIUIOBBIX TIPO-
ueccoB B JII', moctpoennast B noacucreMme ACOHUKA-T.
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Puc. 5. Tononoruueckast MoJieNib TEIUIOBBIX MPOLIECCOB B JIa3€PHOM I'MPOCKOIIE, HOCTPOEHHAs ¢ oMoluisio noacucreMsl ACOHUKA-T

T-Comm Tom I5. #12-2021




B kauecTBe BXOJHBIX JaHHBIX MbI BBOJIWIIM TEMIEPATypy OK-
pyKaroniei cpejbl, MOIIHOCTH TEIUIOBBIICICHUN JaTYNKOB M
Bcex I1Y, mpocyMMHpOBaB MOIITHOCTH TEIUIOBBIICICHUN pacIio-
JoXeHHbIX Ha HuX DK, moiydaemble Kak pe3ynbTaThbl JIEKTPH-
YECKOr0 MOJENUPOBaHUs NpuHIunuansHoi cxemsl JII'. B neBom
HIDKHEM YTIIy pHCYHKa 5 TOKa3aHbl B BHAe mcTouHHKOB DJIC
WCTOYHMKHM MOIIHOCTH TEIUIOBBIEICHUS, COOTBETCTBYIOIIHE
kaxxaomy I1VY, oxpyxatomasi cpega MOJIEIMPYETCsl B BUIE HUC-
TOYHHKA TEMIIEPATYPbl C BOZMOXKHOCTBIO €€ U3MEHEHHsSI B COOT-
BETCTBHUM C PEATBHBIMH yCIOBHSIMH SKCILTYaTAIUH.

BbIXo/iHBIC JTaHHBIE — TEMIIEPaTypbl YacTeil KOHCTPYKIIHH,
Beex I1VY, naTumkos.

OTMeTHM, YTO TONOJIOTHYECKAsT MOJIEINb, PE/ICTaBICHHAs Ha
pHCYHKE 5, pa3jesieHa Ha 4acTh B IEJSX YHPOIICHUs U HarJIs-
HOCTH, MIO3TOMY DS/l y370B nyomupytotes. [Ipu pacuerax B mon-
cucreme ACOHUKA-T ux oObequHEeHHE NMPOUCXOANUT aBTOMa-
THYECKH.

ITo pesymbTaTaM pacueTa BBIBOJSTCS JJaHHBIC B BHZE TaOIH-
1bl Temneparyp B y3nax mojenu JII'. Takux y310B B Hawei Mo-
Jenu obuto 27. B camMoM HeOIaronmpusITHOM cliydae — MpU TeM-
neparype okpysxkatoieit cpeapt +60°C Temneparypsl OOJIBIINH-
crBa yacteil JIT' okazanuce B nuanaszone ot /0 go 80°C, HO TeM-
neparypsl aByx [1Y nocturmm 92 m 94°C, uro He mpeBbILIaeT
JIONTYCTHMbIE MaKCHUMaJbHbIE TEMIIEPaTyphl YCTAHOBICHHBIX Ha
aux DK (mpuuem ¢ yuerom ko3 dHUIIHEHTA TEIIOBON HATPY3KH),
OJTHaKO TpeOyeT NajbHEHILEero aHajn3a TeMIIepaTypHBIX PEeKH-
MOB Kaxjoro DK s olleHKH BO3MOXKHOCTH €r0 HaJIS)KHOH pa-
0OTBI IPH TIOBBIIIEHHON TeMIeparype.

5.2. Mooenuposanue mennogvix pexcumos 6 NEUAMHBIX
V314X 1a3epPHO20 2UPOCKOna

Ha BTOpOM 3Tarne MoJenrpoBaHusi B COOTBETCTBUH C MPHUH-
LUIIOM pa3yKpyIHeHus (M ZOOMINg) Mbl MEpeluTd K MOJCIH-
poBaHMIO0 Kaxaoro I1Y B OTHENBHOCTH C LENBIO OINpPEACICHUS
TeMIiepaTtyp Bcex ycraHoBieHHbIX Ha HeM OK. Ilpu 3ToM MbI
ucnons3osanu noxacucreMmy ACOHUKA-TM, B koTopoil aBTo-
MaTHYECKH CTPOUTCSI CeTKa — HEHAIIPaBJICHHbIH rpad) Ha OCHOBE
MKP (cwm. puc. 2).

Janee mpuBOAATCS PE3yNbTAaThl MOJEIUPOBAHUS OJHOTO U3
[TV JII' — mudposoro O6moka. OH ABISACTCA yAaYHBIM BHIOOPOM
JUISl WIUTIOCTPALMK PE3yJIbTATOB MOAEINPOBAHUS N3-3a OOJBIIO-
ro KOJMYecTBa ycTaHoBleHHbIX Ha HeM OJK: okomo 200 uHTe-
TpaJIbHBIX CXEM, TPAH3UCTOPOB, JHOMOB, PE3UCTOPOB, KOHICHCA-
TOPOB pa3MeliieHs! ¢ AByx cropoH I1I1. Ha pucynke 6 npuBoaut-
sl n300paxkeHue TerutoBoro noJst st [1Y storo Gioka.

OTMEeTHM, YTO Pe3KHe TPAHUIIBI MEXKAY STUMHU dJIEMEHTaMH U
okpyxatouier 3oHoi [1I1 00yciiOBIEHBI TEM, YTO B IIOJCUCTEME
ACOHHUKA-TM umeercsi BO3MOKHOCTb ONPEENICHUs U UHU-
KalluM cpeJHel TeMneparypsl kaxjoro JK, 4ro mo3sosser ore-
HUTH COOTBETCTBHE TPEOOBAHUSM MO MaKCUMAJIBHO JIOITyCTHMO-
My KO3 OHUIMEHTY TETIIOBOI HATPY3KH.

Kak xopomro BUAHO Ha pHCyHKe 6, Hamboyiee TeruIoHarpy-
sxkerubiMu siBisitorcest [IJIMC D9 u quoast D7, D8. Hecmotpst Ha
10, 4to 10 3TUM DK He 3aMKCHPOBAHO NPEBBINICHUE MaKCH-
MalIbHO JIOMYCTHMOTo Kod(duIimeHTa TeroBoil Harpy3KH, 3To
TpeOyeT BHUMATEIbHOTO PACCMOTPEHHsT 0COO0T0 BHUMAHUSI.
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Puc. 6. TerutoBoe mosne nevarnoro y3ia JII' B moacucTeme
ACOHUKA-TM nociie MOICIUPOBaHNUS TEIUIOBBIX IPOLIECCOB
¢ MHIHMKALUel TeMieparypsl kaxaoro DK

Cpenu Bcex OK aroro IIY mnpeBbliieHne 0OHApYyX eHO Y
5 pesuctopos (B nuamnasone 0.85-0.88), uto cocrasnser 1,4 % or
ob1ero konmuectBa DK.

BwMmecte ¢ TeM HEOOXOIMMO OTMETHTD, YTO MPU TEMIEPATYpe
BHemHed cpeapl +60°C yacte DK nmannoro Gioka (mpuMepHO
10%) paboTaroT IpH MOBBILICHHBIX Temreparypax (no +100°C),
YTO, KaK W3BECTHO, NPHBOJUT K YBEIUYCHUIO MHTEHCHBHOCTH
otkazos OK.

[MomuepkHeMm, uTo emie Ooyiee YyBCTBUTEIBHBIMH K paboTe
IIPY TOBBIIICHHOH TeMIepaType SIBISIOTCS HHTETPAJIbHBIE CXe-
MBI, Y KOTOPbIX ToBbIIIeHHE Temmeparypbl ¢ 20 1o 80 °C moxer
NIPUBECTH K YBEIMYECHHIO MHTEHCHBHOCTH OTKA30B Ha MOPAJIOK,
Kak 00 3ToM HamucaHo B paszzene 1. M30bITouHO TeruoHarpy-
KEHHBIM siBisiercst Baxxubiid DK mudposoro 6moka — [TJINC: npu
Temreparype BHemHel cpensl +60°C temmnepatypa [IJIMC mo
pe3yipTaTaM MOJCIIUPOBAHMS COCTaBIsIeT okoyio + 76°C |, a mo
pe3yibTaTaM HaTypHOro skcrmepumenrta (cM. paszmen 5.3) emre
BhIIIe, @ UMeHHO +79 °C, Ha yTO clieryeT 00paTuTh 0co00e BHU-
MaHHE C YY4eTOM HaOJIOJABIIMXCS OTKA30B dTHX HMHTErPalbHBIX
CXEM.

Taxum o6pazoM, npu JanbHEHINX pazpadorkax JII' ¢ yBenu-
YEHHBIM BPEMEHEM HENpPEephIBHOM paboThI cleayeT PUHATh Me-
PBI [0 CHIDKEHHIO TEIIOBBIX HArpy30K Ha TEIUIOHArPY)KCHHBIE
OK.

5.3.9Kkcnepumenmansvnan nposepka pe3ynsmamog
MOOenuposanus

C 1enpio onpeescHUsT TOYHOCTH MOJICITUPOBAHUS OBLI TO-
CTaBJICH PsII SKCIICPUMEHTOB, B KOTOPBIX Ha MPpHOOp ObLIa ycTa-
HOBJICHA COBOKYITHOCTHb JAaTYMKOB W3MEPCHHS TEMIICPATypHhI.
TepMomaTuuky ObUTH PACIIONIOKEHBI B 15 TOYKaX KOHCTPYKIIUH,
COOTBETCTBYIONIMX y3JaM (BepIiinHaMm rpada) B TEIIOBOU MO/ie-
mu. B Tabmune 5 mpuBoasTcs pe3ynbTaThl I HanOoIee Teruio-
HarpyxeHHbIX netaneit, [TV, I1I1, DK.
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Tab6muma 5

CpaBHeHHe pe3yJIbTATOB MOACJIHPOBAHUS
€ IKCMEePUMEHTAIBLHBIMH JAHHBIMHA

Ha3Banue yactu Temneparypa, °C Pa3noctb [Torpemu-
KOHCTPYKIUH, |Pesynbrar| Pesynbrar | Temmeparyp HOCTb
Ha KOTOPYIO MOJICNIH- | U3MEpeHHst | TIPU MOJIENH- | MOJIEIHPO-
YCTaHOBIICH poBaHuUs poBaHuMM U | BaHus, %
TEPMOJIATIHK HPH IKCTICPH-
MEHTE
Mukpokonrporiep |  81.88 78 3.88 5.0
1dpoBoro O0Ka
IVINC na undpo- | 88.68 85.13 3.55 4.2
BOM OJI0Ke
[levaTHas mmata 80 2 2.56
nuppoBoro OJIoKa
Pesucrop Ha 80 4 5.3
dpoBom 610Ke
HwxHsist mtoc- 81 75 5.6 7.4
KOCTb KOpITyca
OcnoBanue BUIT 75.3 74.2 11 14
Tpansucrop cra- 89.8 93 3.2 3.7
Guin3aTopa Toka
Bo3nyx psaom 82.2 84.1 19 2.26
C JaTyukoMm Z

B nepByto ouepenp MbI pa3MelIaiy JaTIYMKH B HanOosee Te-
IUTOHATPY’)KEHHBIX MeCTaxX KOHCTPYKIMHU. beiam mpoBeneHs! mc-
IIBITAHUS, B KOTOPBIX INPUOOp TMOMEIAICs B Kamepy Terula-
XO0JI0/a, TJIe HePEePhIBHO paboTan Ha poTsokeHnd 120 MuH mpu
MOCTOSTHHOM Temmepatype B kamepe +60°C. JlaHHbIe NaTYMKOB
TEMIIEpaTyp B TOUKaX KOHCTPYKIHHU TPH 3TOM PErHCTPHPOBA-
JHCHh B HENPEphIBHOM pekuMe. B teyenne 120 MuH Temiiepary-
PbI B TOYKaX HU3MEPCHUA IMOCTOSHHO IMOBBLIIIAINCH, OJHAKO 3a
nepuoa I/I3MepeHI/Iﬁ HE OOCTHUIIM YCTAaHOBHUBIIUXCS 3HAYEHUH.
Jlnist ux orpeziesieHust OblIa MPOBeJIeHa SKCTPAITOJISIIINS, 1 TAKUM
00pa3zoM OIPEAETHINCh TEMIIEPATYPhl HACBIIEHUS JJIsl KaXK101
HCCIIelyeMON TOUYKH.

[Tpn cpaBHEHUM MOJYYEHHBIX B SKCIEPUMEHTE PE3yJbTaTOB
W3MEpPEHHsT TEeMIepaTypbl TEPMOJATUYMKAMU C pe3yJbTaTaMu
TEIJIOBOr0 MojenupoBaHusi ¢ nomoiibio cucrembl ACOHUKA
OBIIO yCTAaHOBJICHO, YTO MOTPENIHOCTH TEIUIOBOI MOJENH HaXo-
nutcs B mpenenax 1,4-7,4% (tounocts Tepmomarankos 0,5°C).
ABTOpBI CTaThM CONMHMIApHBI ¢ MHeHHWeM [Ipesmmenta Poccwmii-
ckoii @enepanuu Brnagumupa Bnagumuposnua IlytuHa, mon-
YEepKHUBAIOLIETro, 4YTo Poccun «Hekorza MpUHIOXUBATHCS K TEME,
K po0ieMe» U Hy>KHO aKTHBHO paboTaTh HaJl pa3BUTHEM HOBBIX
TEXHOJIOTHH.

[https://riafan.ru/1194363-putin-prizval-aktivno-rabotat-nad-
novymi-tekhnologiyami (Jlata o6pamienus: 12.07.2021)].

3akJjoueHue

1. PaspaboraHa MeTOIWKa W ANTOPUTM ITOCTPOSHUS TEII-
noBoit mozxenn JII', obecriednBaroye NpoBeIeHIHe KOMITBIOTEp-
Horo monenupoBanus JII' B aBa stama: 1-if atan — makpomoe-
muposanue JII' ¢ ncnons3oBannem noacucteMsl ACOHUKA-T,
2-il ATan nosNeMEeHTHOEe MojenupoBanue Kaxaoro 1Y JII' — ¢
ucnons3oBanueM nojcucremsl ACOHUKA-TM.

2. TIlpoBeneHo xommbioTepHOE MozeiupoBanue JII' mo
npeuIokeHHoN MeTtoauke. IIpu 3ToM Ha 1-M 3Tame mMoaenupo-
BaHUS MOJy4YeHb! cpeaHue TemmepaTypsl wactedt u IIY JII', a

TaKke BO3IYNIHBIX rojioctelt BHyTpH JII', Ha 2-M sTane — temrie-
patypsl Ha kaxaoM JK.

3. IlpoBeneHa oleHKa COOTBETCTBHS ITONYYEHHBIX KOA(]-
¢unMeHToB TerIoBbIX Harpy3ok DK 3amaHHBIM MpPEAENTbHO J10-
mycTuMbIM 3HaueHusM 0,8. B pesysbrare MoJeIMpoBaHHus € 110-
motsio cucteMbl ACOHUKA 65110 00Hapy»KeHO, 9TO TIPH TeM-
neparype okpyxaromiei cpeapt +60°C Ha mewarHom ysne JIT
UMEIOTCSl M30BITOYHO TeIIoHarpykeHHsie DK, y KOTOpBIX KO-
s¢duument teroBoii Harpy3ku npesbimaer 0,8. Takxke ObuIO
YCTaHOBJIEHO, 9TO HEKOTOpble DK paboTaioT mpu MOBHIMICHHBIX
temmeparypax (mo +100°C), 4ro, Kak H3BECTHO, MPHUBOIHUT K
YBEIMUYCHUIO HMHTEHCHBHOCTH OTKa30B. Takum oOpazom, mpH
nanpHerImx paspaborkax JII' cienyer mpUHATH MEpHI 110 CHU-
JKEHUIO TEIUIOBBIX HAarpy30k Ha 3TH DK, 4TO MO3BOJIUT MOBBICUTH
HaJIeKHOCTh U KadecTso JIT'.

4. B pabore mpoBepeHbI pabOTOCIOCOOHOCTh METOAMKH U
JIrOpUTMa B IIPOLIECCE IIPOEKTUPOBaHUs peasibHoro JII' u nposene-
Ha OIEHKa TOYHOCTH MOJIEJIMPOBAHMS SKCIIEPUMEHTAJIBHO C ITOMO-
B0 TEPMOJATYMKOB, Pa3MEIICHHBIX B 15 TOukax KOHCTPYKIIHH,
COOTBETCTBYIOIIMX BepiinHaM rpada. Ilpu cpaBHeHMM TOITydYeH-
HBIX B DKCIIEPHMEHTE PE3yJIbTAaTOB M3MEPEHHS! TEMIIepaTyphl Tep-
MOJIaTYMKAaMH C pe3yJIbTaTaMH TEIUIOBOTO MOJICIMPOBAHUS C TO-
morrpio cucteMbl ACOHUKA OBITO yCTaHOBIICHO, YTO TOTPEII-
HOCTB TEIUIOBOI Mozeny HaxoauTes B peaenax 1,0-7,8%.

5. Pesympraramm paboTBI MOJNTBEP)KAEHO, YTO TEIUIOBOE
MonenupoBanne ¢ nomomrsio cucteMbl ACOHUKA cozmaer
BO3MOXKHOCTh KOHTPOJISI TEIUIOBBIX HArpy30K IIPU IPOBEACHHUU
uccrnenoBanuii padboTsl JII', IMATHPYS pa3TUIHBIE PEKUMBI pa-
Ooueit skcrutyaranuu. Takum 00pa3oM, HCIHONb3YsI MOACIHPOBa-
HUEC, YOAAaCTCAd COKPATHUTHb pacXoJbl Ha MNMPOBCIACHWE MHOT'OYMC-
JICHHBIX MCIIBITAHUI U OpaObOTKK MPHOOpPa, a 3HAYUT MOBBICUTD
9KOHOMHUYECKYIO0 3((PEKTHBHOCTh Pa3pabOTOK W IPOHM3BOACTBA
JIT. JIOTOJHUTEIBHBIN BBIUTPHIINI B CTOMMOCTH OOECIICUMBACT
npuMeHeHne oteuecTBeHHO cuctemsl ACOHHKA Bmecto no-
pOTOCTOSIIMX M TPeOYIOMMX ajanTalul K OTEUYEeCTBEHHOW aIre-
MEHTHOHU 0a3e M cTaHAapTaM 3apyOe’KHBIX KOMITBIOTEPHBIX MPO-
rpaMM TEIUIOBOTO MOJIEITMPOBAHNSI.

6. PaspaboranHas meronmka oONamaeT XOpOIIeH YHHBEp-
CaJIbHOCTBIO U MOJKET OBITH MPUMEHEHA K BUPTYaIbHOMY KOMIIb-
FOTEPHOMY MOJETHPOBaHMI0 ¢ momomsio cucteMsl ACOHUKA
TIPY TPOEKTHPOBAHUH CIOKHBIX KHOEP(PU3NIECKIX TPHOOPOB.

7. TlpomomxeHne uCCIeAOBaHWA OyaeT HANpaBlIeHO Ha
Pa3BUTHUEC TMMPUMEHACMOI0 METOJAa MOACIMPOBAHUA, a TAKKEC Ha
orpe/ieJieHue SKOHOMUYECKUX MOKa3aTeliel MoBbILeHUs dPdek-
TUBHOCTH BBIINIOJHECHHSA IIPOCKTOB 1O pa3pa60TKe HOBBIX HpI/I60‘
POB B Cilydae NPUMEHEHUs] aBTOMATH3HUPOBAHHBIX CHCTEM MOjIe-
JIMPOBAHMSL.
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Abstract

The article discusses ways to improve the quality and economic efficiency of the development and production of complex innovative
electronic devices, which include laser gyroscopes (LG). The problems that arise when ensuring reliable operation of the LG in a wide
temperature range, associated with the dense layout of the device, are described. The theoretical principles and mathematical appara-
tus that are used in the construction of thermal models of triaxial LG with electronics are considered in detail. The developed algo-
rithm for constructing a thermal model of the LG is presented, which provides for a step-by-step unbundling (zooming) procedure. The
process of modeling LG using the ASONIKA system is described, the constructed thermal model of LG is presented, as well as the
thermal field of one of the printed nodes of LG. The detected heat-loaded electronic components are indicated. The results of exper-
imental verification of the simulation accuracy by means of real measurement of temperatures in the model nodes by thermal sensors
are presented, which confirmed the reliability of thermal modeling using the ASONIKA system. It is emphasized that the cost of man-
ufacturing and testing of LG is quite high. Therefore, the task of finding ways to reduce the cost at the stages of development and pro-
duction of LG while ensuring the improvement of the quality and reliability of manufactured devices is extremely relevant. Accurate
thermal modeling at the early stages of development is an effective way to solve this problem due to cost savings on testing and redesign,
as well as due to the use of an inexpensive domestic computer modeling system ASONIKA.

Keywords: laser gyroscope, computer thermal modeling, electrothermal analogies method, step-by-step scaling (zooming) method,
finite difference method, grid method, graph method.
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1.BBenenue

[ocnennue ucciieoBaHus MOKa3bIBAIOT, YTO JEHCTBHS BO-
JIITEJIS, OTBJIEKAIOIINE OT HENPEPHIBHOTO CIIEKEHHS 32 TEKYIIH-
MU COOBITHSIMU TIPU BOYK/ICHHH, SIBIISTIOTCS ICTOYHUKAMHU PUCKOB
JOPOYKHO-TPAHCIIOPTHBIX MPOUCIICCTBUI M CTaHOBSTCS Bce 0O-
Jee Ccepbe3HOW MpoOIeMoil sl pa3padOTYNKOB TPAHCIIOPTHOI
MOJUTHKH. BOJIBIIMHCTBO HCCNIEOBAaHUA W aKLIEHTOB B ATOW
00JIacTH CBSI3aHBI C TUIIAMH OTBJICKAIOMINX ACHCTBHH BOAWTE-
Jedl, B OCHOBHOM H3-3a PACTYLIEr0 HCIIOJIb30BAHHMS MOOMIBHBIX
Tene(OHOB U APYTrHX NHHOKOMMYHHKAIIMOHHBIX TEXHOJIOTHH.

Tem He MCHEC, CTCIICHb HpO6HeMBI OTBJICUCHHUS BHUMAaHUS
BOJUTCIIA, B TOM YHUCJIC CO3JaHHaA MOOMJIbHBIMHA TeHe(bOHaMI/I, n
ee BKJAJ B PUCKOBAHHOE ITIOBEJICHWE BOJMTEICH U JIOPOIKHO-
TPaHCIIOPTHBIE NPOUCILIECTBUSI HE OYCHb XOPOIIO M3BECTHHI Ja-
)K€ B CTpaHax C BBICOKUM YpPOBHEM O€30IaCHOCTH JOPOIKHOTO
JBIDKeHus. VI3BecTHO, YTO MpH pasroBope 1o TeneoHy BHUMA-
HHUE BOJMTEIsl paccenBaeTcs. Bo BpeMs pasroBopa o0bEMa BHU-
MaHHMsl HEJOCTATOYHO ISl KOHTPOJIS 3a CHUTyallMeld Ha Jopore.
VYipaBiieHHe TPAHCIOPTHBIM CPEJCTBOM IIPOMCXOJHUT OJHOM
pykoii. [IpnyrHa OMacHOCTH Pa3roBOPOB 110 MOOWIIBHOMY Tejle-
(boHy 3a pyJIEM COCTOHT B TOM, YTO BOJHTEIH HE CMOXKET OBICTPO
cpearupoBaTth IpPHU BO3HUKHOBEHUU aBapUMHON CHUTYyalUH.
Ouenp wacto mocne npomsomemmero JTII co cmepTensHBIM
HCXOJ0M B aBTOMOOMIIE OOHAPYKUBAIOT MOOMIBHBIN TenedoH ¢
MpUIIeANM cooblineHreM. PasroBopsl 1o TenedoHy, Hammuca-
nue CMC, monp30BaHME APYTHMH AEBalcaMH 3a pPyJeM — 3TO
MIPUYHHBI PACCEAHHOT'O BOXKICHWA. OTBHeKafICI), YCJIOBCK MOXECT
HE 3aMETUTH ONACHOCTh M CIIPOBOLIMPOBATH ONACHYIO CUTYAIHUIO.

HccnenoBanus rokasainu, KOTrJa BOJMTENb OTBOIMT B3IJISI
OT JIOPOTH Ha 3KpaH MoOwibHOro TenedoHa npu ckopoctu 60
KM/4 OH Tpoe3xaeT «Bciemyr» 65 merpoB. COOTBETCTBEHHO,
YeM Balle CKOPOCTb, TEM OOJIbIIE «CIENbIE» YYacTKH. DKpaH
MOOMIIBHOTO TenedoHa II0X0 BIUSAET Ha 3perne. [locme sproro
9KpaHa, TpeOyeTcss BpeMs Ha TO, YTOOBI 3padyoK MEepECTPOMIICS
JUISL BOCHIPHATHS OOBEKTOB BN, OCOOCHHO B TEMHOE BpEeMsl.
Bce 310 Bener K HapyLIEHHIO KOHLEHTPALMM BHUMaHUS U CTa-
HOBHUTCSI HEBO3MOXKHBIM BOBPEMs 3aMETUTh aBapUHHYIO CHTya-
IIMIO Ha JIOpore.

[Tpumenenne GecripOBOIHON TapHUTYPBI B MalinHe (GopMH-
pyeT y 4eloBeKa JIO)KHOE YyBCTBO yBEpPEHHOCTH. PaszroBop mo
Tene)OHy HEraTHBHBIM 00pa3oM BIMSET Ha IMPOAYKTHBHOCTD
BOK/ICHHS M BHUMaHUs, Jaxe el 00e PyKH y BOJUTEINS CBO-
60xHb1. Pa3roBopsl 1o MoOMILHOMY TeIe(OHY BO BpeMsl BOXK/Ie-
HUSI MAaIIMHbI YBEIMYUBAIOT BEPOSITHOCTH aBapHUU B YETHIPE pasa.
HeBaxxHo, mcmonb3yercss OecrnpoBoiHas TapHUTYypa WM OOBIY-
HBIA TeTe(OH.

B TI'epmanuu DenepanbHbIM HCCICIOBATEIBCKAM HHCTHTY-
TOM [OPOYKHOTO ABMJKCHHS BBINMYIICH WTOroBbIA order [1] 3a
2019 rox o pe3synbTarax HCCIEAOBaHUI (DAKTOPOB, BIHUSIOIIMX
Ha YacTOTy COBEPIICHUS BOAUTENSIMH TaKHX HapyLIeHHH BO
BpEMsA BOXJICHUA, KaK HUCIIOJIb30BAHUC CMaqu)OHOB, IIUTHEC WU
NPUHATHE TUIIM, KypeHHE, TOMCK BEIlM, MepeKiIajKa BelleH,
YHCTKa, nepeoaeBanne. OUH U3 IBYX TOMOB 3TOTO OTYETa MOY-
TH TIOJHOCTBIO TIOCBSIIEH HCCIIEJOBAHUIO BOMPOCAa O YacTOTeE
UCIIONIb30BaHMsl CMapT(OHOB BO BpeMsl BOKACHHS U O (hakTopax,
BJIMSIIOIINX Ha YacTOTy TakWX HapymeHui. Kak ormewaercs B
[1], xoTs ucmonb30BaHKHE BO BpeMsi BOXKICHHS CMapT(OHOB 3a-
npemieHo B ['epMaHuy mpaBuiIaMM JJOPOXKHOTO JBHMKEHHS, STOT
3alpeT YacTo HTHOPUPYETCS.
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JUIss OLIGHKM pHCKa, BBI3BIBACMOTO 3THUMH HApPYIICHUSIMH,
BakxHa WH(pOpMAIHS 00 HCIIONB30BaHUU CMApT(OHA BO BpEMs
BOK/IeHMst. HenpepbiBHOE HAOIIOICHHE 32 [TOBEJCHUEM BOJIMTE-
Jiel MOKa3bIBAaeT, OKA3bIBAIOT JIM JICHCTBHE KaMITAHUH 10 yOeK-
JICHUIO WJIM YCHITMBAIONINN KOHTPOJIb M HAKa3aHWE, U €CIIU OKa-
3BIBAIOT, TO Kakoe 3T0 Aeiicreue. [Ipeamnonaraercss MOCTOSHHO
MPOBO/IUTh UCCIENOBAaHKUE 10 pa3pabOTaHHOW METOJMKE U BbI-
MYCKaTh €XKEro/IHble OTYETHI O pe3ylbTaTax uccienaoBanuil. Cra-
TUCTUYCCKUEC JAaHHBIC O 4YACTOTEC HapyIHeHHfI, CBA3aHHBIX C HC-
MOJIb30BAHUEM CMapPT(OHOB, COOMPAIOTCSI B pe3yJbTaTe HaOJIro-
}IeHHﬁ, IMPOBOAUMBIX Ha aBTOAOpPOrax pa3JIMYHbIX THUIIOB IO CIIC-
[UAIILHO pa3pabOoTaHHOI METOIUKE. BhUTH CO3/JaHbI U TIOATOTOB-
JICHBI KOMaHJIbl HA0JTF0IaTeIICH.

HabmrogeHnss mMpoBONWIMCHE B BOCBMH PETHOHAX C TaKUM
pacdeToM, 4TO CTAaTHCTHUYCCKUE TAHHBIC MOTIH OBl paccMaTpu-
BaThCS KaK JOCTaTOYHO PEIPE3CHTATHUBHBIC IS TOTO, YTOOBI
MPE/ICTABISITE OOIIYI0 CHTYAIMI0 HAa aBToAoporax | epmaHum.
Wrorossrii otuer 3a 2019 rox cocTaBiieH Ha OCHOBE BOCBMHU OT-
YEeTOB, B KOTOPBIX MPUBOMASTCS PE3yIbTAaThl HAOIIOICHUI O pe-
rMOHaM M aHallu3 3TuX Habmoenuii. B To xe Bpems B [1] orme-
Yaercs, 4To Juisi 0oJiee HaJEKHBIX BBIBOJIOB HEOOXOIMMO IIPO-
JIOJDKEHUE MPOBEICHUSI CUCTEMAaTHYECKUX HAOJIIOACHHI U TOTy-
4yeHue OOoJIbIIero 1Mo o0beMy U Ooliee HaJIKHOTO Habopa CTaTH-
CTUYECKUX JaHHBIX. B CBSI3M ¢ 3TUM OCHOBHOU 3ajauel ucclie-
nmoanuii 2019 roma MOKHO CUMTATh BBIPAOOTKY METOUKH IPO-
BeJICHUSI HAOJTFOICHUI U VX aHAJIM3a UX PE3yIbTAaTOB.

Bo Bpemst HaOIIOICHUH Ha aBTOOPOTE, IPOIOIKUTEIIEHOCTh
KOTOPBIX PaBHJIACh TPEM Yacam, IBE KOMaHIIbI U3 TPEX YEIOBEK
(nabnromaTenb W JBa MOMOIIHUKA) JyOIUPOBAIK JUisi OOJbIICH
HAJISKHOCTH COOp CTATUCTUYECKHX JAHHBIX (TaK Ha3bIBAEMOE
JIBOMHOE HAOJIO/IEHHE) HA JIBYX OPraHU3yeMbIX MOOIN30CTH
Jpyr OT Jpyra CTallMOHAPHBIX MyHKTax HabmroxeHuid. Ilojaro-
TOBKA MEPCOHAJA, MPOBOJISIIETO HAOIIOACHUS, OCYIIECTBIISIIACH
B COOTBETCTBHH C BhIpaboTaHHOM MeToukoi. B [1] mpuBomsitest
JAHHBIC O 4aCTOTE HCIIOJIB30BAHUS CMapT(bOHOB B IICJIOM U Ta-
KHUX BHIOB HCIIOJIb30BaHMsI CMapT(HOHOB, KaK Pa3sroBOPbI, HAOOP
TEKCTa, MCIOJIb30BaHUE CMapToOHA CO CBOOOJHBIMH pYyKaMH,
UCIIONIb30BaHNe cMapT(doHa ¢ XOTs Obl OJHOW 3aHATOW PYKOHl 1
T. 1. Takue HapylieHus Kak MPUHATHAE MHIIH/TUTHE U KypEeHHUe
paccMaTpHUBaOTCS KaK HAPYIICHUS, COMYTCTBYIOMIUE MCIIONB30-
BaHUIO cMapTdoHa. B kauecTBe (pakTOpOB, BUISIOMIMX HA YacTO-
Ty UCIIOJIb30BaHUs, PACCMATPHUBAIOTCS, MPEXKIE BCETO, MPHHAI-
JI©KHOCTh BOJMTEIISl OJJHOM M3 TPEX BBIJCICHHBIX BO3PACTHBIX
kateropmii (o 25 set, ot 25 mo 65 ser, craprre 65 ner), mo
BOJUTENs, TUN Joporu. MccienoBaHue BIMSHHS BPEMEHH T10-
€3/IKM Ha Y4aCTOTy HapyUICHHH 3aTpyIHEHO TeM, uTO HalIroje-
HUSI M3-32 [UIOXOW BUAMMOCTU HE TPOBOJSTCS B TEMHOE BpEMs
CYTOK U B 3UMHUH CE30H.

HaGumoieHust mpoBoJsITCS B OCHOBHOM B Oy/IHHE JIHU, XOTS B
JBYX PErroHax HaOJFOICHHs MPOBOIMINCH U B BBIXOIHBIC THH.
[IpoBeaeHue UCCIeAOBaHMI B BHIXOIHBIC THH TPEOyeT OOJIbIICH
MPOJOJDKUTEIBHOCTH M3-3a MCHBIIICH WHTEHCUBHOCTH JOPOKHO-
r'0 JBWDKCHUS M OOJIBIIKX 3aTpaT. B Ipyrom TomMe oTdera mpuBo-
IIATCSl TAaHHBIC 10 OOJBIIEMY YHCITYy HAPYIICHUH, MPEICTaBIIsIO-
IIMX COOOH OTBJICKAIOIINE OT BOXKICHUS BTOPHYHBIC ICHCTBHS, B
YaCTHOCTH, BBIACIIAIOTCS TaKWE BUIBI ATUX JIEHCTBHH, Kak 00mIIe-
HHUE C IOMyTYUKAMH, YTEHHE TEKCTOB, MOJb30BAHHE WHTEPHE-
TOM, TIPOCITYIIMBAHUE PAUO0, IEPEOICBAHUE, B3IIISIbI 10 CTOPO-
HaM U T.J. [Ipr 3TOM BBIJICISIOTCSI YEThIPE BO3PACTHBIC KATEro-
puu (mo 25 ner, ot 25 mo 45 ner, or 45 ner mo 65 ner, or 65
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net). Ha ocHOBe pe3ysbTaToB MCCIIEMOBAaHUI BBHIPAOATHIBAIOTCSI
PEKOMEHIALNK 110 MEpaM, HalpaBICHHBIM Ha CHIKCHHE PUCKa
COBEpUICHUSI HAPYIIEHWH, CBSA3aHHBIX C HCIOJb30BAHUEM
cMapT(OHOB, U APYTHX BTOPUUHBIX JEUCTBHUH, COBEPILIAEMBIX BO
BPEMS BOXKICHUA.

PesynbraThl HMcclieIoBaHUI MOTYT HCIOJIB30BAaThCS, HAIpH-
Mep, MpH MPOBEJCHUM 3aHATHH B IIKOJAX BOXJICHUS, MPU MPO-
BejieHUH Oecel] ¢ MOJIOJBIMH BOJUTENSAME (PE3yabTaThl UCCIIe-
JIOBAaHHUH TTOATBEPXKIAIOT OXKUAAEMBIN (DaKT, 3aKITIOYAIONINICS B
TOM, YTO BOJUTENN BO3PACTHOW KaTeropuu a0 25 net Haunboiee
YaCTO UCIMOJIB3YIOT cMapT(HOHBI BO BpeMst BOXKICHHSA) U T. 1. [Ipu
MIPOBEJICHUN TaKOTO poja Oecel IMOTYEPKHBACTCS OMACHOCTD
COBEpPLIECHUN HApyLIEHW, CBS3aHHBIX C HCIOJIB30BAHUEM
cMapT(OHOB. DTa OMACHOCTDH JOKA3aHa B Pslie NPOBOIHMBIIUXCS
paHee uccieq0BaHuM.

B [2] - [4] uccrnenyroTest BOMPOCH BAMSHES MTCHXO()HU3HOITO-
THYCCKOI'O TUIlla U COCTOAHUS BO)IPITeJ'IeIZ Ha XapaKTep UX MOBE-
JIeHUs. DTOT XapakTep MOXKET ObITh YYTeH NpH 3aJlaHWU Tapa-
METPOB COOTBETCTBYIOILIEH MaTreMaTHuecKoi Mo/iesi Tpaduka.

Borpock! opranuzaiyy JOpOXKHOTO JBMKEHHSI M MaTreMarHde-
CKOT0 MOJICIUPOBaHHs Tpaduka paccMarpuBainck B [5] — [10].

B [11] npennokeHa METOAMKA OLEHKH MCHXO(PHU3HONOrHYe-
CKUX XapaKTepHCTHK BOAWTENS C HCIIOJIb30BAHHEM HIPOBBIX
TexHojornii. OIEHUBAETCsI BpeMs pPEaKIUH W TPaBHIBHOCTH
OTBETOB Ha CIICIMANbHBII HA0Op BOMPOCOB B 3aBUCHMOCTH OT
MICUXO(U3NOJIOTHYECKOTO COCTOSTHHS, B KOTOPOM HAaXOAWTCA
BOJIUTENb TI0 €70 COOCTBEHHOH OIIEHKE.

[IpoGmempl obecnieueHmsT GE30MACHOCTH TOPOKHOTO JIBHKE-
HUSI M 9KOJIOTHH paccMarpuBaiuch B [12] — [18].

B [13] paccmaTprBaeTcs Ha3HAUCHUE DIIEMEHTOB CHCTEM I10-
Moy Boxutento. OOOCHOBBIBACTCS BO3MOXKHOCTb  OLICHKH
BIMSIHUSI 9THX CHCTEM Ha HaJeKHOCTb Boxutess. [Ipum stom
000CHOBAaHHMHM HCIIOJIb30BAJICS UMUTALMOHHBIH CTEH]I C pabouuM
MECTOM T'OpPOJICKOTO aBTO0yca, KOTOPOE COIPSIKEHO C KOMITbIO-
TEPHOW MOJENBIO TPAHCIIOPTHOTO cpejacTBa. IIpu 3TOM XOpOoIo
BOCITPOHM3BO/ISTCS PEAIbHBIC YCIOBHSI HA MapIIpyTe.

B [14] paccmaTpuBarOTCsi METO/IBI TIOBBIMICHHS TOPOKHON 1
9KOJIOTUYECKON Oe30MacHOCTH aBTOTPAHCIIOPTHOTO KOMILIEKCA.
OTH METO/BI NPEAYyCMaTPUBAIOT Pa3BUTHE METOIOJIOTUH OOBEK-
TOB M TexHojoruil. [IpegycmarpuBaercst TakxKe OICHKA HaJekK-
HOCTH BOJUTEJIEH, pa3BUTHE METO0B MOHUTOPUHTA.

B [15] paccmatpuBaroTcst Mephl, pa3pabaThiBacMble C TIENTBIO
CHIDKEHMSI YMCIa OPOKHO-TPAHCIOPTHBIX IPOMUCIIECTBUH, KO-
TOpPbIE IPOUCXOIAT U3-3a HAPYLICHUH BOLUTEIIAMU pEXKUMA TPY-
aa MU OTAbIXa. HpI/IBOI[ﬂTCH PEKOMCHAAIIMKU, HAIPAaBJICHHBIC Ha
CHIDKCHHUE YCTAJOCTU BOJUTEINS, BBINOJIHSIOMIETO MEXIYTrOpo-
HBIE WM MEXTyHapOHbIE IEPEBO3KH.

B [16] mpenasioskeHO paccMaTpuBarh MPOSIBICHHE YPE3BbI-
YalHOH CHUTyalluu IPUPOIHOTO XapaKTepa KaK peaan3anuio JInuc-
KpEeTHOH ciydaliHON BenuuuHbl. Kaknol peamusanuu 3Toil ciy-
YaliHOH BETMYMHBI COOTBETCTBYET pa3Mep C ymiepOa, HaHOCHMO-
ro oOBEKTaMH aBTOTPAHCIOPTHON HH(]pacTpykTypsl. [Ipermma-
raeMbiii B [16] Merox OCHOBaH Ha BEPOSTHOCTHBIX MOIEIIX,
CoJeprKaIliX MapaMeTpbl PUCKA BO3HUKHOBEHMS YpE3BbIUAITHON
CHUTYaIUH.

B Hacrosimieit pabote mpeziaraetcsi OCHOBaHHbIH HA METO/1aX
MaTeMaTU4YeCKON CTaTUCTUKHU IMOAXO0J, KOTOPbIN MO3BOJISET, HUC-
MOJIb3ys TaKWe JaHHbIE, KaK NpUBOAMMBIE B [1] pe3ysabpraTel Ha-
OJmo/ieHHH 3a UCIIOIb30BAaHUEM CMapT(OHA BO BPEMsl BOXK/ICHH,
OLICHHUTH CHITY BIIMSIHUSI HA YaCTOTY MCIIOJIb30BaHUSI CMapT(HOHOB

B IICJIOM WJIM OTIPEACIICHHBIX BUIOB UCIIOJIb30BAHUA CMapT(bOHOB
(baKTOpOB, CBA3aHHBIX C XapaKTCpUCTUKaMH BOAMUTCIIA, THUIIA
JIOPOTH HJIM BPEMEHH MOC3/IKH.

B paznerne 2 uznararoTcs pe3yibTaThl HAOMIOJCHHUH, TIPUBO-
aumbie B [1], ¥ ommchIBaeTCs METOIHMKA MPOBEICHHS JTHX Ha-
OJIO/ICHHI M aHAJIN3a UX PE3YJIbTATOB.

B pasznerne 3 usiokeH mpejiaraeMblii B HacTosiieid padore
MOAXOJ CTATUCTUYECKOTO MCCIICOBAHUS CHJIbI BIHSHHS (HaKkTO-
POB Ha YACTOTy HApYIICHHH, CBSI3aHHBIX C HCIOJIb30BAHUEM
cMapT(HOHOB.

B pasnene 4 npuBOASATCS MPHUMEPHI UCIOJIB30BAHUS, H3JI0-
JKCHHOTO B pasjerie 3 Mmoaxoa.

2. MeToauka M pe3y/bTaThl HccjIe10BaHus GaKTOpPOB,
BJIMSIIOINUX HA YACTOTY HCHOJIb30BaHusI cMapTdhoHoB [1]

JUst KaxJ0T0 BOJMTEIIsI, TOBECHIHE KOTOPOTO HAOIF1aI0Ch,
PETUCTPUPOBAIH CIEAYIOIINE BAPUAHTHI ITIOBEJICHUS U CBEICHUS
O BOOUTECIIAX.

—  OteieveHusi, 00YCIIOBJICHHBIC UCIIOIb30BAHHEM CMapT-
¢oHa.

—  PasroBop mo TenedoHy ¢ yCTPOICTBOM, OCTaBISFOIIAM
PYKH CBOOOJHBIM, HJIM NMPU MOMOIIM TACCaXHPa, IepKallero
TenedoH mepes BOAUTEICM.

—  PasroBop no tenehoHy, KOTOPBI BOOUTEIb IEPIKHUT PY-
KOW y yXa WM y PTa ¢ ABMKYIIUMHCS T'yOaMu.

—  Hcnons3oBanne cmapTdoHa I HAOOpa TEKCTa TaKUM
00pazoM, 4To cMapTPOH BUICH B PYKE BOJUTEIS.

—  Ucnonb3oBanue mnpuOopa, pacrojOKEHHOIO B LEH-
TpanbHO# 007acTH, (UEeHTpaabHAs KOHCONb, cMapT(hOH, HABUra-
IIHOHHOE YCTPOICTBO).

—  Hcnosnb3oBanue cMapThoHa TAKMM 00pa3oM, YTO €ro He
BHJIHO, IPUYEM CMapT(HOH PacronaraeTcs HIKE HIH OKOJIO ICH-
TpaJIbHON KOHCOJIH.

—  [punsatHe nuum/muThe.

—  Kypennue.

—  Ton (My»CcKOU/ KEHCKUH).

—  Bospacr (monomoii — o 25 ner; cpemuuii — 1o 65 ner;
crapruii 65 Jiet u BhIIe).

—  TonpKo BOAUTENH WX XOTS OBI C OJJHUM ITACCAXKUPOM.

Takune neicTBUS, Kak eqa/MThe W KYpEeHHE pacCMaTpHBAIOT-
Csl KaK JEHCTBHUS, COIYTCTBYIOIIME HCIOIBb30BAaHHIO CMapTQo-
HOB. YTOOBI pe3ynbTaThl HAOJIIOACHUS yIOBIETBOPSIIN yCTaHAB-
JMBAaeMBIM TPEOOBAaHMAM, NPUHUMAIOTCA pa3JIMYHbIE MEpBL.
Ocoboe BHMMaHME YAEIAIOCH IMOAOOPY IepcoHana, ydeOHO-
METOANYCCKOMY MaTepuaily U BO3SMOXHOCTHU IMPAMOI0 KOHTPOJIA
3a MCIIOJIb30BAHUEM IPUMEHACMBIX B MTPOBCACHUU Ha6J'IIO):[eHPII7[
MEPCOHATBHBIX KOMIIBIOTEPOB.

[lpu o6paboOTKEe TMOMYYCHHBIX B pe3yibTare HAOMIOACHUI
JaHHBIC B HEPBYIO OYepelb COPTUPYIOTCS MO HMX JIOKaJIM3AlUH
(3acTpoeHHast TOPOACKask TEPPUTOPHS, CEIBCKUE TOPOTH, Maru-
ctpain). ONpenensoTcs O OTBICKAOINX OT BOXKICHUS JIeH-
CTBUil: 00Illee YMCIIO MCTIONB30BaHUN CMapTHOHOB I Habopa
TeKcTa; Habop TEKCTa ¢ 3aHATON PyKOW; MpearoIaraeMblii Habop
TeKcTa; o0lee YHUCIo Pa3roBOpPOB IO TelieOHY; PasroBOpHI 110
Tesie()OHY TPU PACIIONIOKEHUH TelieoHa BO3JIE yXa, pPasroBoOp
mo TeneoHy C KOMIUIEKTOM Ha TOJOBE/pyKH CBOOO/IBI;
ena/nuThe; KypeHue.

B mepByto odepesib MPOU3BOAATCS OICHKH CYMMApPHOTO YHC-
7a HapylieHud. 3aTeM MPOU3BOIATCS OICHKH U UX CPABHEHHE 10
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THIIAM JTOPOT, TI0 perHoHaM (HaOIFOICHUS TIPOBOAMINCH B BOCh-
MU PETHOHAX W B UTOTOBOM OTYETC B3AT MaTCpHall COOTBETCT-
BEHHO M3 BOCHMH OTYETOB), [10 BPEMEHHU CYTOK, IO JHSIM HE/ICIH.
B [1] orMevaercs, 9TO AJIsl TOTO, YTOOBI MOMYYCHHBIC PE3YIIbTa-
TBI MOTJIM OBITh OTHECEHBI K JOPOYKHOMY JIBMDKEHHUIO [ 'epmanum
B IIEJIOM, JIOJDKHA UMEThCSI YBEPEHHOCTH B TOM, YTO MOJIyYCHHBIC
CTaTHUCTUYECKHE JaHHBIC OTPAXKAIOT OOILIYIO0 CHTYaIHIO, T.C. SIB-
JSIFOTCST OCTATOYHO PETPEe3eHTaTHBHBIMU. 3aTeM MOIyYeHHBIC B
pesysibTaTe HAONIOACHHWI IaHHBIE COPTHUPYIOTCSA IO BPEMEHU
CYTOK, JHIO HEZeNH, BO3pacTy BOAUTEINS, OJIy BOAUTEIS, HAJU-
YHIO HJIM OTCYTCTBHIO ITaCCAKUPA.

Bcero mpu mpoBeneHnn HAOMIOJACHUN 32 BTOPUYHBIMU JIEH-
CTBUSIMU BOIMTEISAMH, CBSI3aHHBIX, NPEXIE BCETO, C MCIOJB30-
BaHMEM BO BpeMsi BOXJCHUS CMapT(QOHOB, OBUIM IOJy4CHBI
nanable, otHocsamecs Kk 145000 sogurensam. Kak ormeuaercs B
[1], oObeM mOTyYCHHBIX MAHHBIX MOXET MOKa3aThCs HEOOIb-
MM, HO TIOKa3aHa METOMOJIOTHsl HccienoBanuil. [loBenenue
Ka)KI0TO BOJMTENS HAOII0IAI0Ch HAa 0Y€Hb KOPOTKOM (He Goiee
5 cekyHm) ciy4aliHOM OTpPE3Ke BPEMEHH.

[NoydeHsl ciaeayrone OCHOBHBIC PE3yIbTATHL:

3% BomuTenell aBTOMOOWIECH HCIOIB3YIOT CMapTHOHBI B
MIPOM3BOJIEHBIII MOMEHT BPEMEHH;

2% wHabuparT TEKCT Ha cMapTPoOHax, UMes XOTs Obl OJHY
PYKy He Ha pyJie U B3[JISL BHE JOPOT'H,

1% BoawuTeneit roBopsT Mo TenedoHy, MPHUEM OKOJIO TI0JIO-
BUHBI JeprKaT TenedoH y yxa.

Monozsle 10U, 0COOEHHO T€, KOTOPbIE BEIyT aBTOMOOHIIb
0e3 MmacCaKUpoB, HAOUPAIOT TEKCT Ha cMapTHOHAX 3HAUYUTEIHLHO
yamie. IT0 0COOEHHO OTHOCHUTCSI K BOJKACHHUIO BHYTPH 3aCTPOCH-
HBIX TeppuTopuid. PaszroBop mo TenedoHy, pacroioKeHHOMY Y
yXa, WM pPasroBOp C IIOMOILBI YCTPOWCTBA, OCTaBIISIOIIETO
CBOOOIHBIMH PYKH, SIBJISIIOTCS OTHOCUTEIBHO YacThIMH. MyXK4u-
HBI ¥ JKCHIIMHBI TT0/IBEPXKEHBI 3TOMY CXOJIHBIM 00pa3oM, IpHueM
MY>KYHHBI TOBOPAT 1O TelieOHY 4Yalle, KOTAa BeIyT aBTOMO-
OWIb B OIMHOYKY B THEBHOE BpeMs W Ha Marucrpaisix. Tak Kak
MOJIOJIbIC JKEHIIMHBI U OCOOCHHO MY)KYHMHBI HCIIOJNB3YIOT 00a
BUIa MOOWMJIBHON TeNe(OHHON CBs3U (MOCBUIKA COOOIICHHUH |
Pa3sroBOPBI) CYIIECTBEHHO Yallle, OHH COCTABILIIOT TPYIIILY, IO
OTHOILIECHHUIO K KOTOPOH TpebyeTcs NMPUMEHEHHE COOTBETCTBYIO-
HMIMX Mep, HAlpUMep, JIaHHOW TeMe JIOJDKHO YIEISThCsl 00IIbIoe
BHMMaHHE B CHCTEMax [0 BOXKICHHUIO, a TAKXKe LeIeco00pa3zHo
YCTaHOBIIEHHE 0COOOTO CTAaTyca HAYMHAIOIINX BOJUTEICH.

PesynbraThl TakKe IOKa3bIBAIOT IOJOXKUTEIBHOE BIIMSIHUEC
MIPUCYTCTBUS TTACCAKUPOB. DTO BIMSHUE MOTJIO ObI OBITH yCHIIe-
HO TpoBesieHHeM Oecell ¢ maccakupamu. llaccakupsl, ¢ OHOM
CTOPOHBI, MOTJIM OBbI MO0 TPSIMO YKa3bIBaTh BOJUTEISM Ha He-
JIOIIYCTHMOCTb HCIOJIb30BaHUSI CMapT(OHOB BO BpEMsl BOXKJe-
HUSL M, C JPYroil CTOPOHBI, MOTJIM OBl OpaTh CBSI3aHHBIE CO
cMmapThoHoM jeiicTBus Ha cebs. B [1] ormeuaercs, uTo B BHIY
omacHOCTH Habopa BO BpeMs BOXKACHHUS TEKCTa Ha cMapTQoHe,
MMOKa3aHHON B OOJIBIIIOM KOJIMYECTBE WMCCIIENOBAHUN, HEOOXOIN-
MO YIeJIATh JaHHOH TeMe ocoboe BHUMaHMe. B Oyayiiem BBexe-
HHE HOBBIX MEp CIJIeJOBaJO Obl CONPOBOXXAATh COOTBETCTBYIO-
IMUMH OLICHKaMH, IOJYy4YacMbIMU B PE3YJIbTATC HCIPECPLIBHBIX
HaOIONICHNIT 32 COBEPIICHUEM BOJMTENSIMH OTBIICKAIOIIUX OT
BoskieHus JeiictBuid. 2019 roa ObUT MEPBBIM I'OJOM MPOBEICHHUS
HaOJIOZICHUH 32 YacTOTOW MCIHOJIb30BAHUSI BOAUTEISIMU CMapT-
(hOHOB ¥ TakWe WCCIENOBAHMS IMPEATOaracTcsi IPOBOIUTD I10-
cTostHHO. OTMEYaeTcs, 4TO Takue HapyIIeHHs, KaK MOE3IKH C
HE3aKPEIUICHHBIM PEMHEM, PETrHCTPUPYIOTCS HaMHOIO Yallle,

T-Comm Vol.I5. #12-2021

TPAHCMOPT

4YeM Mcrojb30oBaHue cMapThoHa. Ho cmapThoH ucnonesyercs B
TEYCHHE KOPOTKOTO BPEMEHH, a PEMEHb 0€30MacHOCTH 3aKper-
JICH WM HE 3aKPEIUICH BO BPEMsI BCCH MOE3/IKH, TaK JKEe KaK CBET
TOPHT BO BpeMsi BCell IMOE3IKH MM He ropuT. [loaTomMy mmeer
MECTO CYLIECTBEHHAs TPYIHOCTh B OLICHKE KOJMYECTBA ITOC3/I0K,
B KOTOPBIX HCIIOIB3YETCS CMapThOH.

YT100BI YBEINUUTH 00bEMa MONYIACMbIX B CANHHUILY BPEMCHH
CTAaTUCTHYECKUX TaHHBIX, UL POBEICHHS HAOIIOACHUIA Iere-
co00pa3HO BBIOMPATh BpEMsi HHTCHCHBHOTO JBIKCHHUs.  Ha-
OJIIOICHUSI IPOBOMINCH B BOCBMH PETHOHAX BO BTOPHUK, CPEIY
1 YeTBEPr B TeUcHHE 3-4acoBBIX 0Tpe3koB Bpemenu 7:00 — 10:00
n 10:30 — 13:30 ¢ yepenoBaHueM 55-MHHYTHBIX HAOJIIOJICHUHN 1
5-MHUHYTHBIX TepepbiBOB. [110Xas BUANMOCTH B TEMHOE BPEMsI
CYTOK TaKXe SIBISCTCSl Cepbe3HbIM MNpensTcTBHeM. [Ipu sToM
BBITJIS/IUT LENecO00pasHbIM OrPaHUYUTHCS JIETHUMU MECSLAMHU.
BosHukaet npobiema, Kak MoCTyaTh, IPH CHIIBHOM JI0XK/IC HITH
SIPKOM COJTHEYHOM CBeTe. Pe3ynbrarhl HAaOMIOACHUN MPU CHIb-
HOM [0, NMPH HHTEHCHBHOM COJIHEYHOM CBETE, TEMHOTE,
OYCHB BBHICOKOU HJIM OYCHb HU3KOM TEMIIEPaType HE MOTYT OBITh
[PU3HAHBI ICHCTBUTEIBHBIMU.

BBeieHHBIC KATETOPHU HAPYIICHHUI, CB3AHHBIX C HCIIONB30-
BaHHEM CMapT(OHOB, U C COMYTCTBYIOIIMM BTOPHYHBIM JEHCT-
BUSIM — enalliuThe, KypeHue, HaOI0MA0TCs OYEHb OTUYETIIHBO.
Bosbiioii poGiieMoii sSIBIIsSICTCS OIICHKA BO3pacTa, MPHYEM 3Ta
mpobiieMa MOXET JIHIIb YaCTHYHO PEIIATHCS JOTIOTHUTEIBHOM
MOATOTOBKO#, TaK KakK JIFOJM OJHOTO M TOTO K€ BO3pAacTa MOTYT
BBITJISIICTh BEChbMa HEOJMHAKOBO. bblla OTMeueHa, Hampumep,
CHUTYyalusl, KOrfa OAWH M3 ABYX AyOJHpPOBAaBIIMX APYT Ipyra
HabJroaTelei 3aMETHO Yallle OTHOCHIT BOAUTENCH K BO3PACTHOM
KaTeropuu, 4em apyroil. OIHAKO OKa3bIBaeTCs, 4To TpyOdast
OLICHKA TOT0, K KAaKOH M3 TPeX BBIICICHHBIX BO3PACTHBIX KATEro-
pHil OTHOCHTCSI BOJHUTEINb, B LIEJIOM OCYIIECTBUMA.

[poBoaMIKCh TakKe HAONIONCHHS B KOHIE Heneid. bbputo
BBUICHCHO HAJIMYME B KOHIIC HEICIM M3MCHCHHH B YacTOTE HC-
0JIb30BaHMs cMapT(GOHOB. Ecin 1enbio HCCaea0BaHust KapTHHBI
COBEPILUCHHUS BOAUTEISIMU BTOPUYHBIX ICHCTBUH B TCUCHHE HE-
JIeTIA, TO HY)KHO TPOBOAWTH U HAONIOACHHS M B KOHIIC HECIH.
Takue HaGmomeHUST TPeOYIOT 3HAYUTENBHBIX pacxomoB (Gomee
JUTUTEIbHOE BpeMsi HaOIOJeHu, Gojiee BBICOKAs CTOMMOCTB).
HaGumroieHusi B BBIXOHBIC THH NPOBO/IMIINCH B IByX PETHOHAX B
TeueHne 3-4acoBbIX oTpe3koB Bpemenu 9:30 — 12:30 u 13:00 —
16:00 Tarxke C 4yepelnoBaHHWEM S55-MHHYTHBIX HAONIONCHUI |
5-MHHYTHBIX II€pEephIBOB. B KOHEYHOM CYeTe, 9TO HE BBITIISIIUT
HEOOXOMMMBIM [JIsI JOCTHIKEHHUsI OCHOBHOM 1IeJIH HAGIIIOIeHHI —
MOTYYCHHS € IIPUEMIIEMOI TOYHOCTBIO OLICHKH YaCTOThI UCIIOb-
30BaHusI cMapT(OHOB. B mpencrosiime roasl npeycMaTprBacT-
Csl MCCIICIOBAHNE M3MEHEHHSI YacTOTHI HCIIOJIb30BAHUSI CMapT-
(oHOB 10 TO1AM.

C uenbio Oosiee MOAPOOHOIO M3yUSHHUS BIUSIHUS TakuX (ak-
TOPOB, KaK JeHb HEIEIM WM PETHOH, CIIENOBAJO OBl Mpeiy-
CMOTPETh MIPOBECHHUE JOMOJIHUTEIBHBIX HCCIEIOBAHNMN, B KOTO-
PBIX CpPaBHUBAIUCH OBl Pa3INYHbBIC THU HEJETH, BpeMEHa CYTOK,
THIT TOPOTH BHYTPH PETHOHA.

Kak ormeuaercst B [1], MeToaMKa npoBeaeHus HaOIIOACHUIT
3a HUCIOJNB30BaHHEM CMapT(OHOB BO BpeMsi BOXKACHHUS ObLia
npemioxeHa B [19] u 3atem nopadateiBanace [20].

B cooTBeTCTBHH C 3TO METOIMKON MPOBOIMTCS TaK Ha3bl-
BaeMoe aBoiiHOe HabOmoxenne. Co3MalOTCs JBE KOMAHBI, CO-
crosiie n3 Tpex denoBek. Kakmas KOMaHma OpraHu3yer cra-
[MOHAPHBIA MyHKT HaOmoaeHus. [IpogomKUTensHOCTS HAOIIO-
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JIeHus — Tpu 4aca. HabmromaTenbHBIe MyHKTHI PAcHoOIararoTCs
HEMaJeKo JAPYT OT APyra TaK, 9TO KOMaHIBl MOTYT BUACTH OTHU
M Te ke Mpoe3Karlue aBToMoOmIu. BriocneacTBuu moiyyeH-
HBbIC I[ByM}I KOMaHaaMu pe3yanaTLI CpaBHI/IBaIOTCH, YgTO I103BO-
JSICT OUCHUTHh HAACKHOCTH peSyHLTaTOB. KOMaH}Ia COCTOMUT U3
HaOTrOaTeNsI U JIByX MOMOIIHHUKOB. B mporecce HaOoeHUN
4JICHBI KOMaH/IbI MOTYT MEHAThCS posisimu. Habmromarens cocpe-
JIOTOYCH Ha HAOJFOJCHUM 32 BOJMTEIISIMU MPOE3KAFOIIUX aBTO-
MoOwminer. MHbpopMaImio 0 KaXI0M MMPOE3KAOIEM aBTOMOOMIIE
HAOMIOJaTeNh IEpelacT IOMOIIHAKAM, KOTOPBIC HE3aBHCHMO
JIPYT OT JIpyra pPEerucTPUPYIOT JaHHEIC, HCIIONB3Ys IEPCOHAID-
HbII KoMIbIOTEP. ECIM MOMOIIHUK 3aMETHIT IPOE3KAIOLIUI aB-
TOMOOWIb, a HaONIOmaTeNs HE COOOIaeT eMy NaHHEBIe, TO IIO-
MOIIHUK MOKET 3aJ1aTh HaOII0JaTeI0 BOIPOC.

3. Tloaxox K BBIYMCIEHHIO KOJHYECTBEHHBIX XapakTe-
PHMCTHK OLIEHKH BJIMSHHUS Pa3JIMYHbIX (PAKTOPOB HA YACTOTY
HCIO0JIb30BAHNA CMAPT(OHOB BO BPeMsl BOMK/ICHUS

B [1], [19], [20] He nmpuBOIUTCS ONMHMCAHUE MTOIXOJ0B, OTHO-
CSLIMXCS K MaTeMaTHYECKOH CTATHCTHKE, MO3BOJISIONIUX IOJY-
YHUTh KOJIMYECTBCHHYIO OILICHKY BIIMSHHS Ha YacTOTYy Hapylle-
HHH, CBSI3aHHBIX C HCIIOJB30BaHHEM cMapT(oHa, Takux (GakxTo-
POB, KaK BO3pacT BOIMTEIS, TIOJ BOIAUTEIS, TUII JOPOTH, BPEMS
CYTOK, PETHOH.

OrmuireM Moaxo/1, NO3BOJIIFOIINN BEIYHCIIITE TAKYIO KOJIHYC-
CTBCHHYIO OIICHKY, B BH/C CTATHCTHYECKOIO ITOKA3aTesIs, Ha3bl-
BaeMoro ko3 duirreHTom nerepmuHarm [21].

Bynem paccmatpuBaTth B Ka4eCTBE PE3yNIbTATHBHOTO MPU3HA-
Ka YacTOTy HCIOJb30BaHUs cMapT(hoHa (MM 4acTOTy olpese-
JICHHOTO BHJa HCIOJb30BaHMs cMapThoHa). B kauectBe dak-
TOPHBIX TPH3HAKOB pAacCMaTPHBACM KAayeCTBEHHBIC MPU3HAKH,
BBIPKAIOIME YCIIOBHUsI, KOTOPBIM YJIOBICTBOPSET XapaKTepH-
CTHKa BOJWTENS, THIIA IOPOTH, BpeMeHH moe3aku. Hampumep,
TAKUM TPH3HAKOM SIBISIETCSI BO3PACTHAS KATErOpHs, K KOTOPOi
OTHOCHTCSl BOJAUTENb. Tak Kak BBIICISIOTCS TPU BO3PACTHBIC
KaTeropuH, MPU3HAK, B TEPMUHOJIOTHH MATeMaTHYECKOH CTaTH-
CTHKH, IMEET TPH ypoBHs (puc. 1).

Puc. 1. YpoBHM HaOII0aeMbIX Pe3yIbTaTUBHBIX
1 (hakTOPHBIX NpHU3HAKOB [1]

[MpenrmonoxumM, 9YTO MPOBENCHO N HabmoxeHuil (MMeercs
BeIOOpKa 00BeMa n). Unciio ypoBHEH pe3yIbTaTHBHOTO MPH3HA-
Ka paBHO ™M ypoBHeH. IlycTs Ha -M ypoBHe MpOBENEHO N, Ha-
omopenuii, j =1,...,m. B pe3ynbrare HaOMIOJEHUH Ha |-M
YPOBHE TIOJIy4YEHBI CIIEAYIONINE 3HAUCHHS PE3yJIbTATHBHOTO IPH-
3HaKan1,...,Xjnj,j =1,...,m.

I'pynmoBast cpeqHsst onpeaessieTcs Kakx:

m
y} = (1/n])2xjk,] = 1,...,m,
j=1

a o0miast cpeHsIs Kak:
m

7= (1/n)22xjk,j= 1,...,m.

j=1i=1
OOmas gucnepcust:

m

j=1i=1
dakropHast TUCTICPCHSL:

m
j=1

ni

(xij - %)%

Kospduuuent nerepmuHamuu 12 onpesensieTcss Kak OTHO-
menue GpakTopHoi aucnepcun K oOmeit. Ecnu daxropHsil npu-
3HAK IOJHOCTBIO OIPEAECISIECT BEIUUNHY PE3yIbTaTHBHOTO MpH-
3HAKa, TO 3TO O3HAYAET, YTO BEJIWYHMHA PE3YJIbTATUBHOTO TpH-
3HaKa MOCTOSHHA Ha (PMKCHPOBAaHHOM YpPOBHE. B 3TOM ciryuae
3HAYEHHE PEe3yJbTATHBHOTO MIPU3HAKA HA OJHOM U TOM K€ YPOB-
HE BCErja paBHO IPYIIIOBOM CpelHEN s 3TOr0 YpOBHSA M, cle-
JOBaTeNbHO, (paKTOpHAs IHCIIEpCHs paBHA OOIIeH Amcrepcui,
pu 3ToM K03 duuueHT aerepmuHaiuu paseH 1. Eciau dakrop-
HBIA TPU3HAK HE OKAa3bIBAET HHMKAKOTO BIHMSHHUS HAa BEIMYHHY
Pe3yJIbTaTUBHOTO NPHU3HAKA, TO TEOPETHYECKOE CpeHee 3Haue-
HUE Pe3yJIbTATUBHOTO MPHU3HAKA OJAMHAKOBO JJISl BCEX YPOBHEH M
OTJIMYME TPYHIIOBBIX CPEIHHUX OT 0OIIeH cpeqHel 00yCIOBIEHO
TOJIBKO CITyYalHBIMH OTKJIOHEHHSMH, a CJIECAOBATEIBHO, TOJIBKO
STHMH OTKJIOHEHHSIMH MOXET OBITh OOBSICHEHO OTIIMYHE KO-
¢unmenTa gerepMUHAIMK OT HyIs. B oOmem cirygae xoaddu-
LMEHT JCTepPMHUHALMH NPUHUMAeT 3HauyeHus Ha orpeske [0,1].
Koa¢ppunnenr nerepmMuHanMM MOKHO HOHMMATh CIEAYIOIINM
00pa3oM: 3HaueHue (paKTOPHOTO MpusHaka Ha N2 - 100 mpomen-
TOB OIIPEEISIET 3HaUEHHE PE3yIbTaTHBHOTO MIPH3HAKA.

KBaznparHbiii kopeHb U3 koddduimenra neTepMUHaLUN Ha-
3BIBACTCSI AMIMPHUYECKUM KOPPEISALUOHHBIM OTHOLICHUEM, KO-
TOpOE, TAKKM 00pa30M, BEIUUCIIACTCS 110 (hopMyJie:

af
n= 52
4. HpI/IMepr BBIYHUCJICHUA KOJUYECTBCHHDBIX XapaKTe-
PUCTHK OLICHKU BJIMAHUA PA3JIUIHBIX q)aKTOI)OB Ha 4acToTy
HCIOJIb30BAHUSI CMAPT(OHOB BO BpeMsl BOKACHUS

Ha ocroBe mpuBoanMbIx B [1] JaHHBIX O 9acTOTE MCIONB30-
BaHUsI cMapThoHa (OIS MPOEIKAFONIMX aBTOMOOHICH, ISl KO-
TOPBIX 3aMEUCHO HCIONB30BaHHE CMapT(OHA BOAUTENEM), ITO-
JIy4CHHBIX B pe3ysibraTe HaOmojcHui B AaxeHe u bpayHiBeii-
ra, BBIYKCIICHBI TIPUBOIMMbIC HIKE 3HAUCHHUS TPYIIOBBIX CPej-
HUX M KO3(hQHIMeHTa JeTepMHUHANNK. 3HAYCHHE YacTOThI HC-
M0JIb30BaHMsI CMapT(HOHOB YCpEIHSETCsl MO pe3yjbraraM Ha-
OmroieHnit 1ByX HaOroaTeNnei.

BrusiHue TUITa JOPOTH Ha YAaCTOTY MCHOJIB30BaHUS cMapT(ho-
Ha: JIOPOTM BHYTPH 3aCTPOCHHBIX TEPPUTOPHUI - TpYyINIOBas
cpennsisi X, = 0.0304; cenbckue NOpOTH - TPYNIOBasi CPEIAHsIs
X, = 0.0182; marucrpanu - rpymmnosas cpeiuss x; = 0.0328;
KOA(PHUIHUEHT JeTePMHUHAIIH: n? = 0.254.
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Bnusnue ¢Qakropa permoHa Ha 4YacTOTy WCIIOJIb30BaHHS
cmaprdona: AaxeH - rpymmnoBas cpensss x; = 0.0186; Bpays-
mBedr - rpymmnosas cpeansisi X, = 0.0343; koaddunment ne-
tepmuHauuu: 2 = 0.287.

Bnusnue ¢akropa BpeMEHM CyTOK Ha YacTOTy HCIOJIb30Ba-
uust cmaprdona: ot 8 4. 00 m. 1o 10 4. 00 M. - rpymmoBast cpe-
Hsst x; = 0.0360; or 10 u. 00 m. o 14 4. 00 m. - rpynmnoBas
cpennsas x, = 0.0163; xo>pduuueHt aeTepMUHANMMU: N2 =
0.663.

Bnusnue ¢axTopa IHS HeleNW Ha YacTOTY HWCIOJIb30BAHMS
cMmapTdoHa: BTOPHHK - rpynmoBas cpeansist x; = 0.0177; cpena
— rpynmoBas cpenuss X, = 0.0222; yeTBepr - rpymnmoas cpej-
usist X1 = 0.0377; ko3 PUIHEHT JeTepMHUHAIINN: 772 = 0.583.

Bbrunciiennst mpoBOIMIIMCH HAa OCHOBE BBIOOPKH, HE SIBIISIIO-
meiicst penpe3eHTaTuBHOU. bolbliee 3HaueHne rpynmnoBoi cpen-
HEeHW 9acTOTHI MCIOJIB30BaHUS cMapToHa i bpayHmBeiira mo-
KeT OBITh OOBSICHEHO HanmmureM B bpayHmiBelire HaOmomaTens,
3aMEUaBIIero 3HAYUTEIHFHO OOJbIICe YHCIO HApYIICHUH, 4eM
BTOpOM HaOoaTesb B bpayHiuBeiire, mpu 3ToM Kax/Iblii U3 IBYX
HaOronaTenel B AaxeHe 3aMevaly PHUMEPHO CTOJIBKO Hapylie-
HUM, CKOJILKO HAOJIOIaTeNb, KOTOPBIH 3ameyan B bpayHiiBeiire
MEHBIIIEe YKCIIO HAPYIICHUH, YeM Jpyroi HaOIoaaTesb.

3akiaoueHue

B Hacrosieii paboTe H3JI05KEH MOIX0, KOTOPBINA MO3BOJISIET
HCTIOJIB30BATh METOJIBI MATEMATUICCKON CTATHCTUKHU TIPU aHAJIH-
3€ pe3yJabTAaTOB MCCIIEIOBAHUN TaKuX, KaK omnucanHbie B [1] Ha-
OIroIeHNS, TIPOBOJMBINUECS B [ epMaHHUU C IETBIO OICHKH Yac-
TOTHI COBEpPIICHUS BOAUTEIIMU HapYIICHHUH, CBS3aHHBIX C HC-
MOJTb30BaHUEM CMapT(OHOB BO BpeMs BOkIeHHA. CTaTucTHUe-
CKHMM TIOKa3aTeJeM, BBIUUCIIIEMBIM B COOTBETCTBHHU C TIpeja-
raeMbIM HaMH TIOAXOIOM, SBISETCS KOX(PPHUINEHT AeTepMUHA-
IV, OIICHUBAIOIINI TECHOTY CBsA3M (PAKTOPHOTO MpH3HAKa (Ha-
MpUMEp, BO3pPACTHAs KATCrOpPHs, K KOTOPOH OTHOCHTCS BOIH-
TeIb) W Pe3yNbTATUBHBINA TPU3HAK (4acToTa HapyiieHus). Ecmu
3Ha4YeHHE KOA(PPUIMEHTa ICTSPMUHAIINHA PAaBHO 772, TO TOBOPSIT,
4To 3HaYeHue (haKTOpPHOro mpusHaka Ha 12 - 100 mporeHToB
ormpeessieT 3HAaUCHUE PEe3YIbTATUBHOTO TIPU3HAKA.
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INVESTIGATION OF RISK FACTORS FOR VIOLATIONS
RELATED TO THE USE OF SMARTPHONES WHILE DRIVING
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Abstract

One of the most common traffic violations committed by drivers is using a smartphone while driving. In Germany, a methodology for conducting obser-
vations on roads was developed, as a result of which data was obtained on the frequency of actions by drivers not permitted by traffic rules, taking into
account the influence of factors such as the age and gender of the driver, the type of road - a highway, an intracity or rural road, time of day, day weeks,
season of the year. The 2019 survey and analysis of secondary distraction-related behaviors are summarized in a final report, one of two volumes of
which addresses the issue of smartphone use by drivers and factors affecting the incidence of this type of violation. In this paper, we propose an approach
using the methods of mathematical statistics to assess the correlation between the factors under consideration and the frequency of using smartphones.

Keywords: road safety, risk factors, correlation, factor statistical analysis.
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Peripheral sensors for measuring aircraft parameters are an integral part of any system for
diagnostics and forecasting of technical condition. Their principle of operation in relation to
operation at aviation complexes is to convert mechanical, electromagnetic or light quantities
into electrical ones for their subsequent processing. The process of radiation of disturbances
propagating in the material caused by the dynamic local rearrangement of the structure of
materials under the action of internal stresses leading to a change in the crystal lattice or the
movement of micro- and / or macrodefects is called acoustic emission. So, the analysis of dif-
ferences in the form of acoustic waves allows the classification of the type of deformation:
crack or plastic deformation, which allows you to more accurately determine the current
state of the airframe or diagnosed nodes. The principle of operation of such sensors is based
on the effect of converting the linear dimensions of a Bragg cell, made on an optical fiber, into
a change in the reflected wavelength. A necessary condition for obtaining correct results of
measurements of stress states is the need for temperature compensation of the Bragg cells,
which is achieved by introducing additional cells that are mechanically decoupled from the
material being diagnosed and react only to the temperature component. The advantage of
this method is the absence of the need for additional adjustment of the cells and their align-
ment, as well as the independence of measurements from the effects of electromagnetic radi-
ation; the sensors are lightweight, vibration-resistant, and insensitive to electromagnetic
fields. The article presents the practical results of using fiber-optic acoustic emission sensors
for diagnosing the technical condition of critical components and assemblies of aircraft, as
well as outlines the prospects for their deepest integration into a unified information and ana-
lytical system for diagnosing and predicting the technical state of aviation complexes. The
developed technical solutions aimed at simplifying the methods of processing broadband
acoustic emission signals, which make it possible to design acoustic emission sensors based on
optical fiber, are structurally simpler and cheaper, with an increased signal-to-noise ratio, due
to one conversion of an acoustic-optical signal into an electrical one.
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Introduction

In addition to strain gauges widely used in static tests, which
have a relatively low reliability, currently intensive research is
being carried out in the field of acoustic emission (AE) sensors
based on optical fiber. For the successful implementation of the
AE method in the control and diagnostics of products made of
polymer composite materials (PCM), noise-immune devices and
converters, software and methodological support and the creation
of certain conditions for testing are required, due to the fact that
AE in composite materials strongly depends on the radiation of
the matrix. reinforcing filler, the relationship of the matrix and
filler.

Materials and research methods

To select the type of AE sensor and build an optimal circuit
of the measuring device, it is necessary to determine the mini-
mum and maximum number of arising AE pulses, their energy
and frequency range.

The level of interference signals affecting the AE sensor is
significantly affected by the directivity characteristic of the AE
sensor. From this, the following conclusions can be drawn [1]:

1) hen using the AE method for detecting and recording the
moment of nucleation (starting) or studying the kinetics of the
development of cracks (defects), directional AE sensors are ef-
fective;

2) hen using the AE method to study the destruction pro-
cess in the entire volume of a structural material or product, non-
directional AE sensors are most effective.

Taking into account the wide spectrum of AE signals (from
30 to 3000 kHz) and small amplitudes of sensor displacements
from the AE signals (from 1077 to 10™* m), broadband and
highly sensitive AE transducers are required. An important con-
dition for the application of the AE method is the minimum level
of the intrinsic noise of the transducer. The intrinsic noise of the
AE piezoelectric transducers consists of breakdown noise,
Barkhausen noise, mainly of cyclic polarization reversal noise.
Also, an important condition is to minimize the influence of elec-
trical and electromagnetic interference, so an increased noise
immunity of the AE measuring transducers is required.

To minimize distortions of the AE signals, the natural reso-
nance frequency of the AE sensor should be higher than the max-
imum transmission frequency of the receiving amplifying chan-
nel. The method of application of the AE method depends on the
type of the AE transducer and the type of material or product
being inspected.

It should be noted that the current regulatory documents are
not aimed at controlling a specific type of product, which often
hinders the use of the objectively unique capabilities of the AE
control method.

A fiber-optic acoustic emission sensor (FOAES) is very suit-
able as an AE sensor, in particular based on the intra-fiber Dop-
pler effect and fiber Bragg gratings (FOBG), the former belong
to the category of non-directional AE sensors, and the latter are
directional.

Diffraction fiber-optic sensors based on fiber Bragg gratings
(FOBG) are based on the effect in which the wavelength of the
reflected light peak is proportional to the measurement of the
Bragg lattice pitch, which is determined by deformation and
temperature. The amount of deformation of composite materials

—
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is determined by the magnitude of the shift of the wavelength of
the signal peak.

The shift of the peak of the FOBG wavelength A, occurs lin-
early (within the range of Hooke's law for quartz glass) and is
directly proportional to the deformation [2]:

B (1-p,) a0 .

B

where Ag — deformation, mk - 107°;

po — the coefficient of photoelasticity (0.21 for SiO,).

At A, =1.31 pm and a temperature of 20 ° C, the FOBG sen-
sitivity is 1 pm - 107°.

The strict dependence of the shift of the peak wavelength A,
on deformation and temperature has the following form:

dn
2 o )
AXB:ZHA {1_(%J|:PIZ_V(P]]+P]2):I}8+ a_,’_(dr;r) ,

where P;; — Pockels coefficients of the photoelastic tensor;
v — number Pausson;
a — the coefficient of linear thermal expansion;
AT — temperature change;
n — the refractive index;

A - the step of the Bragg lattice.

Sensors based on FOBG are convenient in that their signal has
a high signal-to-noise ratio, high sensitivity to deformations, they
allow interrogating one fiber and multiplexing many fiber-optic
sensors (up to 10 thousand pieces), and can have three-axis defor-
mation sensitivity. For example, FOBG with multi-axis sensitivity
is used to detect damage in composite pressure vessels.

Unlike FOBG, Doppler FOAES is non-directional. The use
of several Doppler FOAESs, as shown in Figure 1, allows, by
temporal processing, to combine the responses to the ultrasonic
AE signal and form the radiation pattern of the Doppler FOAES
system, as shown in Figure 2.

Figure 1. Array of Doppler FOAES on an aluminum plate

This figure shows a battery of optical fiber ring sensors. Each
of them allows you to measure the acoustic wave caused by in-
homogeneity or defect in the controlled sample (product). Using
the results of several measurements will allow you to localize the
location of the defect.
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Figure 2. Combination (phasing) of FOAES signals during processing

In addition to accurately locating the defect, the use of signals
from multiple fiber optic sensors can significantly increase the
detection sensitivity of acoustic emission signals, as shown in the
lower curve in Figure 2.

Monitoring of aircraft structures made of PCM is most effec-
tive using FOAES due to the natural properties of Doppler
FOAES - compactness, noise immunity, broadband (without
resonances from 10 kHz to 10 MHz) and high sensitivity with a
dynamic range of up to 160 dB, a wide temperature range up to
500°C, high reproducibility parameters and their complete inde-
pendence from the influence of temperature: temperature change
does not affect the optical frequency of the intra-fiber signal.

The directional diagram of the FOAES based on the FOBG is
determined by the ratio of the length of the Bragg grating and the
length of the acoustic wave. If the FOBG length is much less
than the acoustic wavelength, then the FOAES is practically om-
nidirectional, but if the FOBG length (in our case, from 5 to
25 mm) is greater than the acoustic wavelength, then directional
properties appear. For FOBG, this is associated with the for-
mation of an additional acoustic wave inside the quartz-fiber,
which has a higher propagation velocity (about 3600 m/s) com-
pared to the speed of the acoustic wave in the PCM. This leads to
the addition of their effect at angles of about + 30 degrees rela-
tive to the normal and the formation of a corresponding direc-
tional pattern (Fig. 3).

Using FOBG of different lengths and soundproof metallized
coatings of the optical fiber, it is possible to create the required
diagram of such FOAES.

As a result of the study of the materials considered, it follows
that the most promising fiber-optic acoustic emission sensors
(FOAES) are FOAES of the frequency type, based on the effect:

— modulation of the optical frequency of the reflection
signal from the Bragg diffraction grating;

— modulation of the fiber laser radiation frequency;

— Intraluminal Doppler shift of the optical frequency under
the action of acoustic waves.

Unlike a fiber Bragg grating, a Doppler fiber-optic acoustic
emission sensor is non-directional. This property can be used to
form the required radiation pattern when using several such sen-
sors located at some distance from each other. Monitoring of
aircraft structures with such sensors will make it possible to de-
tect the beginning of the manifestation of irreversible defor-
mations over a vast area that significantly exceeds the location of
such sensors.

Fiber driven wave
Ve =3630 m/'c

AE source

A straight-running wave
V= 1450 w'c

a)
100 80

Figure 3. Directional diagrams of FOAES based on FOBG:
a — geometry of angular interaction of FOBG with an acoustic wave;
b — directional diagram of FOAES with angular geometry

The principle of operation of FOAES is based on the recently
discovered intra-fiber Doppler effect [3], which consists in the
fact that the frequency of the light wave f;, radiation of a laser
diode, passed through a bent optical fiber of length L, is shifted
under the action of acoustic pressure. A fiber moves or vibrates
at a speed dL/dt in an annular fiber Doppler element (Fig. 4) by
the value f;:

n dL, 3)

D=

where n — the refractive index of the optical fiber; A, — the wave-
length of light in the fiber.

Output

Figure 4. Configuration of the ring Doppler element

When the fiber is rolled into a ring and glued to the surface
under study, the effect of detecting acoustic emission signals
occurs. This effect is based on minor vibrations of the optical
fiber ring from an acoustic wave, the appearance of the Doppler
effect, and a change in the wavelength passing through the opti-
cal fiber ring of laser radiation, and this, in turn, is a sign of a
defect in the material under study.
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The Doppler shift of the optical frequency (Hz) in the annular
element caused by deformations (movements) &, and g, is d
efined as

IR, (e vy = (4)
7‘0 7\‘0

_ NzD,n

fp = >(ey tEy),

where R, — average radius of the fiber ring, mm; N — the number
of fiber turns; n, — equivalent refractive index.

Ring FOAES has no directional sensitivity. Nevertheless, if it
is necessary to give it an appropriate directional pattern (for de-
tecting and registering the moment of initiation or studying the
kinetics of the development of cracks, defects), it can be
U-shaped or elliptical, as shown in Figure 5.
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Figure 5. Doppler fiber sensor configurations:
a — U-shaped; b — oblong elliptical

For such configurations, the Doppler frequency is determined
by Equation 5
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Figure 6. Functional diagram of the experimental FOAES:
FODE - fiber-optic Doppler element; AOM — acousto-optic modulator;
FOS - fiber optic splitter; LD — laser diode; HFG — high frequency
generator; PHD — photodetector; FD — frequency detector;

AES - acoustic emission signal

The Doppler shift frequency f}, (for example, 0.1 Hz ... 1 MHz)
is extracted from the optical signal using acousto-optical hetero-
dyning, shifting f;, by a constant modulation value fy,
(for example, 80 MHz), the formation of beats with a frequency
fp + fu, optoelectronic conversion in a photodetector device and
converting the frequency deviation fj into the output signal Uout
in the frequency detector.
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Adhesive fastening of acoustic emission FOS on the surface
of the AC is simple and technologically advanced. With this
method of installing FOAES, it is necessary to manufacture a
sensor optical cable (SOC) with a Young's modulus of the coat-
ing of at least 3 GPa and use an adhesive with an elastic modulus
of at least 20 GPa after ultraviolet (UV) curing.

Experimental assessment of the technical characteristics of
Doppler FOAES was carried out on test plates: aluminum and
composite, as shown in Figures 7 and § [4].

PE-emitter FOAES\ R=8

0 %

12.5

113

b)

Figure 7. Test aluminum plate for FOAES: a — a diagram for studying
the spectra of ultrasonic Lamb waves; b — a real setup for studying the
spectra of ultrasonic Lamb waves

Figure 8. Test composite plate for FOAES

As equipment providing experiments with FOAES according
to the scheme of Figure 7, we used: standard generators of the
GZ-123 type for exciting piezoelectric emitters from 33 to 170 kHz,
a G4-143 high-frequency generator for controlling an acousto-
optic signal modulator with a frequency of 80 MHz, broadband
amplifiers with an amplification band of up to 500 kHz and fre-
quency detectors for the beat frequency range from 78 to
82 MHz, digital oscilloscopes of the DSO-250 type with built-in
software that allows spectral analysis of AE signals using fast
Fourier transform. This standard equipment was used to receive
AE signals using FOAES Doppler sensors, process them, and
display them on a computer screen.

To date, new technical solutions have been developed aimed
at simplifying the methods of processing broadband acoustic
emission signals, which make it possible to perform FOAES
structurally easier and cheaper, with an increased signal-to-noise
ratio, due to one conversion of an acoustic-optical signal into an
electrical one.

With the help of laser shaping, an optical fiber is micronized,
the microscopic image of which is shown in Figure 9.
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Figure 9. Microscopic view of optical fiber microcontraction

An acousto-optic frequency shift, a key acousto-optic ele-
ment, is implemented on the intra-fiber interaction of leaky opti-
cal modes: between the mode of the fundamental radiation of a
laser diode with a frequency f, and a mode modulated with a
frequency f,,, using a cone piezoelectric transducer 1 in a
microconversion of an optical fiber, as shown in Figure 10.

m

f L. on -

ﬂ /‘\< \ | &\_j"
— I 2 3

Tu

Figure 10. Functional diagram of an acousto-optic generator
based on optical fiber micro-narrowing

The interaction of optical modes occurs in the section of the
optical fiber 2, with a transverse size of about 10 microns. The
frequency of optical radiation in the output fiber 3(fy, — fin)
is shifted by the modulation frequency f,, (for example, by
40 MHz).

The obvious advantages of such an acousto-optic frequency
shift (heterodyne): compactness, the absence of adjustable opti-
cal collimators for input-output radiation, and an increased sig-
nal-to-noise ratio.

Results and their discussion
A study of the AE signals in the time domain, received by the

FOAES and the piezoelectric sensor, was carried out. Sample
results are shown in Figures 11 and 12.
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Figure 11. AE signals received by the piezoelectric sensor

Figure 11 shows the signals received by the receiver of
acoustic emission signals at various levels of deformation of the
internal structure of the material under study, the level of defor-
mation is the smallest in the right figure.
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Figure 12. Observation of the FOAES responses
to the excited AE signal

As shown in the results of [5], noisy AE signals (Fig. 12)
were processed using various methods of digital median filtering,
which is reflected in Figure 13.
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Figure 13. Processing of a noisy AE signal from FOAES

Typical time response and Fourier spectrum of Doppler
FOAES acoustic emission from internal delamination of a tubu-
lar composite structure is shown in Figure 14.
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Figure 14. Time (a) and spectral (b) responses of the Doppler FOAES
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The results of measuring the amplitude-frequency character-
istics of the fiber and piezoelectric AE sensors are shown in
Figure 15.
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Figure 15. Amplitude-frequency characteristics of the Doppler (FOAE)
and piezoelectric (PEAE) sensors

The measurements of the radiation patterns of the annular
U-shaped and elliptical FOAES gave the results shown in
Figure 16.
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Figure 16. Directional diagrams of FOAES of various shapes

It is obvious that the annular FOAES has a practically non-
directional spatial characteristic, and the other two easily manu-
factured forms have pronounced directional properties. The di-
rection of 90° is taken as a unit in Figure 3.97.

The measurement results showed that:

1)a ber-optic AE sensor based on the intra-light Doppler ef-
fect, fixed on the plate, recorded elastic vibrations in the plate
wall, excited by piezoceramic transducers at frequencies f from
10 kHz to 300 kHz;

2) a decrease in the excitation level showed that the FOS sen-
sitivity threshold (a distinguishable response to oscillations of the
pipe wall € = 10” mIn™) is at the level of 15 pV;

3) the technical solutions incorporated in the investigated
FOAES provide a positive dynamics of the transformation of the
sensor nodes if it is necessary to increase the sensitivity to ultra-
sonic vibrations by increasing the length of the annular Doppler
element from 10 to 50 m, which will increase the sensitivity by 5
times.

Currently, large-scale studies of the physical characteristics
of Bragg gratings are underway, which make it possible to sig-
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nificantly expand their application areas [6]. The spectral charac-
teristics of fiber-optic Bragg gratings are resonant, but the wave-
length-to-amplitude conversion function for their estimation in
the resonance region either oscillates or has a rather flat or non-
linear character. Therefore, to increase the measurement resolu-
tion, a FOBG with spectrum inhomogeneities or a FOBG with a
special shape of the spectrum is synthesized to ensure lineariza-
tion of the measurement characteristics. At present, FOBG with
concave, triangular symmetric and asymmetric spectrum shapes
are being actively developed in the structure of fiber-optic sen-
Sors.

The propagation of light in an optical fiber with a short-
period and long-period Bragg cell is shown in Figure 17.

Figure 17. Propagation of light in an optical fiber:
a —with a low-period Bragg cell; b — with a long-period Bragg cell

For inclined Bragg grating (IBG), the light coupling mecha-
nism can also be described using the ray tracing method as
shown in Figure 18.

As can be seen from Figure 18, a, when the gratings are in-
clined at an angle less than 45°, the grating is able to connect the
forward propagating mode of the core in the reverse propagating
mode of the shell. At 45° as in the unique case, the core mode
will be coupled in the emission mode along the normal to the
fiber axis (see Figure 18, b). At an angle tilt of more than 45°,
both the ING and the partially inclined Bragg cell (PIBC) are
able to connect the forward propagating mode of the nucleus into
the progressively propagating mode of the shell, but of a higher
order (see Fig. 18, ¢).

Figure 18. Explanation of the method of ray tracing in optical fiber:
a— the angle of inclination is less than 45° b — the angle of inclination is 45°
c —the angle of inclination is more than 45°

The phase matching condition of the IBG can be depicted in
the vector plane, which is shown in Figure 19, where 6 indicates
the angle of inclination of the grating with respect to the fiber
axis.
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From Figure 3.100, a we can conclude that at this position of
the angle, the slope is reduced to zero and the phase matching
develops under standard FOBG conditions, from which the for-
ward propagating mode was connected in an identical mode of
the backward propagating mode through Bragg diffraction grat-
ings. Figure 19,b shows a special case of 45° — IBG, which are
able to connect from indicators perpendicular to the fiber axis or
the direction of propagation of the incident beam. At the same
time, Figure 19,c shows the mechanism of the incident light
beam in the mode of excessively forward propagation, which is
called the structure of the grating. Although the phase matching
condition provides a very good approximation for interpreting
the mode coupling mechanism within the IBG, this does not en-
tail the polarization effect, which is actually one of the key prop-
erties of the IBG.
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Figure 19. Vector description of phase matching conditions
for ING with angles: a — <45°; b — 45°;, ¢ —>45°

Due to the large slope of the induced asymmetry angle to the
fiber geometry, the PIBC generates splitting-dependent polariza-
tion that shows pairs of vertices corresponding to two orthogonal
polarization modes. In this way, the equivalent fast axis and slow
axis can be defined similar to the traditional retention of polari-
zation of the fiber structure, as shown in Figure 20.

Y
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Figure 20. Schematic representation of the PIBC structure
with two orthogonal polarization axes

It is this distinctive polarization mode of the splitting mecha-
nism that makes the PIBC ideal as refractive load index sensors
[7] and torsion sensors [8] based on the polarization property and
using the intrinsic sensitivity of high order modes in the envi-
ronment.

Partially tilted Bragg cells showed a low thermal sensitivity
equal to 3.3 um/°C in the 1200 nm range [9]. Thermal sensitivity
in the 1550 nm range is of interest for the use of optical sensors.
The thermal sensitivity of the PIBC was examined by installing a
Peltier grating onboard heat exchanger using a commercial tem-
perature controller, controlling the change in the transmission
spectrum with elevated temperature. We studied two pairs of the
PIBC peak loss at about 1560 nm and 1610 nm separately.

Figure 21 shows the dependence of the shear wavelength of
two paired loss peaks as the grating temperature increases from
20°C to 80°C in 10°C steps.
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Figure 21. The wavelength of the shift of two paired peaks of losses
of PIBC against temperature changes in the ranges around:
a—1560 nm; b— 1610 nm

Compared to conventional IBG [10], PIBC exhibits signifi-
cantly lower sensitivity to temperature, so PIBC can be an ideal
optical sensor without a mandatory temperature compensation
circuit.

The properties of the PIBC, due to the change in the parame-
ters during twisting, make it possible in the future to use them as
sensors of rotations of nodes.

Since the polarization of the PIBC depends on the contact of
the sensor with the polarized light, the polarization of the direc-
tion of the light will change if the fiber is twisted. The PIBC dia-
gram of the torsion stress perception is shown in Figure 22.

One side of the PIBC is clamped in a metal block, and the
other side of the PIBC is fed to the signal receiver through a fiber
rotator. The length between the fiber clamp and the fiber rotator
is L.

Axis maiching
splicing
Meta Fibre
45°ETFG ik ETFG R Fibre
SWL !‘—)‘7 TJT)‘_\ ¥ SLL LS [j Pawer
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Figure 22. Schematic description of the experimental setup all-fiber
lattice based on sensor rotation system:
SWL - laser source; Power Detector — power detector; stage — basic;
45° ETFG — fiber optic with 45° grids; Fiber — fiber optic;
Fiber rotator — twisting the fiber

To eliminate axial deformation and bending effects of the op-
tical fiber, apply a small amount of force to reduce the measure-
ment error. Before starting to measure the bend, you need to
make sure that the zero degree of rotation is normalized in such a
state that the axis mode is fully excited by adjusting the PC.
Then rotation was applied to the grating in a clockwise direction
from 0° to 180° in 10° increments. The resulting evolution of the
transmission spectra is shown in Figure 23. It clearly shows that
when the PIBC is under bending, the strength of the fast axis
modes increases, while the slow axis mode decreases. More im-
portantly, the fast axis mode is reduced completely when the
steering angle is 180°. Reverse changes were observed when
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rotation was applied counterclockwise from 0° to 180° between
fast axis and slow axis modes.
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Figure 23. Resultant evolution of transmission spectra
upon fiber twisting

The unusual properties of fiber can be applied to measure
loads.

Taking a standard single-mode fiber with a cylindrical geom-
etry for the experiment, when a shear force is applied to the y-
axis, as shown in Figure 24, for a given compressive force F, the
stresses in the x and y directions can be expressed as

_2F ana  _ OF (©)
X nDL Y nDL

where D — the fiber diameter; L — the length of the stress region;
F — the force applied to the fiber.

y 4

o

. -~

Figure 24. Cross-section of a fiber in a fixed x-y coordinate system
with a transverse load applied along the y-axis

It should be noted that &, — tensile stress is positive, while §,,
— ompression stress, which is negative, therefore (6, — 6,)> 0 is

always true. The photoelastic induced effect of a change in the
refractive index in the region of the fiber core can be specified

[11]:
An=n, —n, :(nx0 —nyo)+(C1 +C2)(6X —Sy), ™

where n,, and n,, — the effective refractive indices of the fiber
without stress; C; and C, — optical voltage coefficients; the ratio
(C; - Cy)> 0 is always true for silica fiber [12].

If the lateral load is applied in the slow axis in the CNBR, we
will have ny, = ny and n,, = ng, where nf and ns- refractive
indices for a predetermined fast and slow axis of the PIBC. Con-
sequently, the first term in equation (3.18) will be negative,
which will lead to a decrease in birefringence An. In this situa-
tion, it is expected that the light coupling of the two orthogonal
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polarized modes tends to be dependent on the external load.
Conversely, if the lateral load is applied in the direction of the
fast axis, we will have n,q, = n; and n,o = ns... Thus, we will
have a positive value in the first term of equation (7), which will
lead to an increase in birefringence An. In this case, the PIBC is
able to provide decoupling of two orthogonal polarized modes.

In the experiment, a lateral load was applied on the slow axis
of the PIBC from 0 to 2600 g with a step of 200 g. The evolution
of the spectrum is shown in Figure 25.
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Figure 25. Transmission of the evolution of the spectrum of the PIBC

(a) with a lateral load from 0 to 2600 g, applied on the slow axis of the

PIBC and an auxiliary fiber, and the evolution of the power supply of
the PIBC load sensor (b) using the power meter

Figure 25 clearly shows that with an increase in the weight of
the load, the intensity of the fast axis mode increases, while in
the slow axis mode it decreases. It is noted that when the load is
applied to the fast axis of the PIBC, the spectrum does not
evolve. This unique property can potentially serve as a vector
load cell that is capable of not only measuring load amplitudes,
but also identifying the direction of the load.

Conclusion

Based on the above, the following conclusions can be drawn:
for the implementation of the tasks in the field of diagnostics of
the technical condition of the airframe and the main mechanical
assemblies, sensors with minimum weight and dimensions and
power consumption should be used. These promising sensors
include fiber-optic sensors with distributed Bragg cells, which
make it possible to monitor the stress-strain states of the airframe
and the main mechanical components. On the basis of such sen-
sors, it is very promising to develop technical means that allow
monitoring the dynamics of internal deformations of controlled
units and assemblies in real time, based on measuring the spec-
trum of internal accelerations of loaded units of the airframe and
main units, taking into account phase relationships.

The development of the method for diagnosing the stress-
strain states of the airframe and the main units of aircraft com-
plexes is a method based on the use of frequency-Doppler fiber-
optic sensors having a significantly high signal-to-noise ratio
with sufficient broadband with a spherical directional pattern.

The final diagnostics, carried out on the ground after the
flight, is advisable to be carried out on the basis of eddy current
sensors, which have a very large penetration depth for detecting
hidden defects.

Fiber-optic Bragg sensors with an inclined array should be
considered as promising areas of research in the field of creating
new sensors with new physical properties. These sensors, with
the unique polarization mode separation property, have featured
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vector detection functions such as loading and twisting sensors.
This makes it possible not only to measure the loading and twist-
ing amplitudes, but also to determine the direction of the meas-
ured values.
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MPAKTUYECKMUE PE3YJIbTATbI U NMEPCMNEKTUBbI UCMOJIb3OBAHNA BOJTIOKOHHO-OMTUYECKUNX
AOATYHMKOB AKYCTUYECKOUM SMUCCUUN ANA ANATHOCTUKU TEXHUHECKOIO COCTOAHUA
ATPEIrATOB JIETATEJIbHbIX AIFrNMAPATOB
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AHHOTauusA

nePMd}epMﬁHble AATHNKU ANA CHATUA NapaMeTpOB JieTaTeslbHbIX annapaTtoB ABJAIOTCA HEOTbEMSIEMOM YacTbio NOBON cUCTEMBI ANArHOCTUKU U NMPOrHOCTU-
KN TEXHUYECKOro COCTOAHUA. MX npuHUUn Pa6OTbI I'IPVIMeHVITeﬂbHO K 3KCI'IJ1yaTaLI,VIVI Ha aBUAUMOHHbIX KOMIMJIEKCAX 3aK/HO4YaeTca B I'IPeOsPa3OBaHVIVI Mexa-
HUYECKUX, 3JIEKTPOMArHUTHbLIX UIIN CBETOBbIX BEJINYUH B 3N1E€KTpUYeCcKue ana ux nocnep,ylou.;eﬁ 06Pa6OTKI/I. I'Ipouecc N3ny4eHUa pacnpocTpaHAIOLLNXCA B
MaTepuasie BO3MyLLEHWI, BbI3BaHHbIX AWHAMUYECKON JIOKaNbHOW NEepeCcTPOMKON CTPYKTYpbl MaTEpPUANoB MoA AEWCTBUEM BHYTPEHHUX HaMpsXXeHUM, MPUBO-
AALLMX K U3MEHEHUIO KPUCTANNIUYECKOW PELLETKU WU ABWKEHUIO MUKPO- M/Mnu MakpoAedeKTOB HOCUT Ha3BaHWE aKyCTMHECKOM SMUCCUM. Tak, aHanus oT-
NN4nii B ¢opMe aKyCTUYECKNX BOJIH MO3BONAET OCYLLECTBNATb Knaccwd)vu(aumo BMaa p,ecbopnau,wﬁ: TPpeLimnHa 1Uin niactnyeckas ,qecbopmal.wm, 4YTO NO3BO-
naet 6onee To4HO onpeaenAaTb TeKylLliee CoOCToAHUE nnaHepa nin AUarHoCTupyeMbix y3JioB. HPVIHLWII'I PaGOTbI TaKMX AaTYNKOB OCHOBAH Ha 3¢¢eKTe npe-
06pa3oBaHNA JIMHENHbIX Ppa3MepoB A4eliku bparra, BbINONHEHHOW Ha OMTOBOJSIOKHE, B U3MEHEHWE OTPAXKEHHOM ANWUHbI BOMHbI. HeobxoanMbiM ycnosuem
nosly4eHua KOpPPEKTHbIX pe3ybTaToB M3MePeHMF1 HanpA>XeHHbIX COCTOAHWUM ABNAETCA HeOGXO,qVIMOCTb TeMnepaTypHoFl KOMMNeHcauum aveek Bp3rra, 4YTO AO-
CcTUraeTca BeeieHneM AOMNONHUTESIbHbIX AYeeK, MeXaHU4YeCKU pa3BA3aHHbIX OT AMArHOCTUPYeMOro Matepuasia U pearvpyroumx TosbKO Ha TeMnepaTypHyto
COCTaBJ'IF"OIJJ,)’IO. p.OCTOVIHCTBOM 3TOro MeToaa ABnAeTCA OTC)’TCTBMe HeO6XOp,VIMOCTVI AOI'IOJ'IHVITeJ'IbHOVI HaCTPOVIKVI AYeeK n nx IOCTVIPOBKVI, a TaKXe He3a-
BUCUMOCTb M3MePeHVIl7I oT BO3,D,eVICTBMﬂ 3N1EKTPOMArHUTHbIX MBH)"-IGHVIVI; AaTHYUKU XKe OGHaAaIOT Manon MaCCOP’I, )’CTOVI‘-WIBI:I K BMGPaLlMHM, HEeYyBCTBUTENbHbI
K 3/1EKTPOMAarHUTHbIM MOJIAM. B cratbe npeAacTaB/ieHbl NpaKTU4eCKNe pesynbTaTbl MCMONb30BaHMUA BOJTOKOHHO-ONTUYECKUX AaTHYUKOB aK)’CTVI"IeCKOVI 3MUcCcun
ANnAa ANarHOCTUKN TEXHUYECKOro COCTOAHUA OTBETCTBEHHbIX )’3J'IOB n arperaTOB JieTaTesibHbIX aI'II'IaPaTOB, A TaKXXe U3NOXKEHbI I'IePCI'IeKTVIBbI nx Hanbonee
FI'I)’GOKOVI UHTErpaumn B equHyro MHd)OPMaLlMOHHO'aHaJ'IMTVHeCKyIO CUCTEMY AUArHOCTUKKU U MPOrHOCTUKU TE€XHUYECKOro COCTOAHUA ABMALMOHHbIX KOM-
MeKCcoB. nPeACTaBJ’IeHbI I'IPOPB.GOTaHHbIe TeXHU4YeCKue peLueHus, HarnpaeJieHHble Ha yrnpolleHune cnocobos 06Pa6OTKVI LLIMPOKOMOJTIOCHbIX aKyCTO3MUCCU-
OHHbIX CUTHANOB, KOTOPbIe MO3BOJIAOT BbIMOJIHATb AaTYUKU aK)’CTVI‘IeCKOVI 3MUCCUMN HA OCHOBE ONMTOBOJIOKHA KOHCTP)’KTVIBHO I'IPOLlJ,e u aewesne, C NoBbl-
LLUEHHbIM OTHOLUEHNEM ceran/myM, 32 CYET ogHoro npeo6pa3osaHm1 aAKyCTUKO-OMNTUYECKOro curHana B 3}'IeKTPM‘-IeCKI/II7I.

Knio4yeeble cnoea: akycmuveckas 3mMuccus, 80/10KOHHO-onmuyeckuli damyuk akycmuyeckou smuccuu (BOLAD), spcpekm [onnepa, onokoHHo-
onmuyeckue pewémku bpszza (BOBP), HaknoHHas 6p32zoeckas pewemka (HBP), yacmuuHo HaknoHenHas avelka bpseza (YHBP).
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1. Introduction

As noted in [1], side effects that are not permitted by the road
traffic regulations are a risk factor for road accidents. The fre-
quency of such side effects is subject to constant research
through interviews and observations.

One of the main causes of road traffic accidents is the driver's
distraction caused by the commission of secondary actions [2],
[3]. However, in order to better assess the risk of a road traffic
accident, more accurate information is needed on the frequency
of secondary actions and the degree of their danger [1] -
[3]. Several country reports have been issued on the results of
studies of the frequency of secondary actions, but there are dif-
ferences between the frequency of types of secondary actions for
different countries [4].

As noted in [1], the fundamental problem of research using
surveys is that the quality of the data depends on the complete-
ness and honesty of the respondents' answers are often subjective
due to their susceptibility to inaccurate understanding of the con-
cept of binary activity and memory errors. The question arises to
what extent the data reflect real secondary activity. How much
the driver can remember his secondary actions depends on the
situation. Rare actions and actions perceived as stressful, such as
talking on the phone, may be less remembered [3]. Rather rare
actions and actions perceived as stressful, such as talking on the
phone, may be remembered better than actions less exciting and
more frequent, such as changing the radio channel, [3]. Observ-
ing the style of driving in the flow allows you to explore the
problems associated with the peculiarities of human
memory. Therefore, observation is used with the use of built-in
data collection systems, for example, with the help of cameras
located in the vehicle [5], [6] (naturalistic research of driv-
ing). However, naturalistic research allows one to see the driver's
actions (for example, intense reflection) that are not visible from
the outside, and gives an understanding that the driver is distract-
ed. Another type of research into driving distractions is observa-
tions from stationary points located on highways during the ob-
servation period. Each method has its own advantages and disad-
vantages, complementing and testing each other.

Traffic safety and environmental issues were considered in
[7]-[15].

In [16] — [19] the questions of influence of psychophysiolog-
ical type and condition of drivers on the nature of their behavior
are investigated. This nature can be taken into account when set-
ting the parameters of the corresponding mathematical traffic
model.

The issues of traffic management on sections of highways at
road intersections and modeling of traffic flows on such sections
were considered in [20] — [25].

This paper proposes an approach based on the methods of
mathematical statistics that allows, using data such as those giv-
en in [1], [26], the results of studies on the use of a smartphone
while driving, to assess the impact of factors related to driver
characteristics such as road or travel time on the frequency of
using smartphones in general or certain types of use.

Section 2-5 presents the results of studies on the frequency of
side effects, the risk associated with these actions, and the factors
influencing this frequency, given in [1], and describes the meth-
odology for conducting these studies.
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Section 6 describes the approach proposed in this work for
the statistical study of the strength of the influence of factors on
the frequency of side effects while driving.

Section 7 provides examples of the use of the approach out-
lined in Section 3.

2. Methodology and survey results

In [1], a methodology for conducting a survey of drivers in
order to study the frequency of secondary actions is de-
scribed. To obtain a representative sample, quotas were deter-
mined for four German cities (Braunschweig, Chemnitz, Mainz,
Regensburg) in proportion to the number of license holders by
sex and four age groups (under 25, 25 to 44, 45 to 64, 65 years)
[27]. Surveys were conducted over 6 days from 8 am to 8 pm, in
the city center or in shopping centers near highways and near car
service centers. 1,072 drivers were interviewed about secondary
actions they performed during the last 30 minutes of the trip. In
addition, drivers assessed the level of danger and the degree of
distraction when performing a secondary action, and also an-
swered questions about their use of a mobile phone [28]. The
survey lasted an average of 20 minutes. The following secondary
actions were considered: a telephone conversation with a tele-
phone in hand; hands-free telephone conversation; a set of text
messages; reading text messages; use of the Internet; use of the
navigation system; driving equipment (eg seat, mirror); internal
devices (e.g. radio); communication with the passenger; sponta-
neous actions (self-talk, singing, intense reflection); hygiene;
change of clothes (or glasses); food / drink; smoking; finding or
moving things; cleaning; distraction to external vehicles.

According to poll results, about 88% named at least one sec-
ondary action in the last 30 minutes of their trip. On average, the
driver named two actions. These results are consistent with those
of other studies [3]. The propensity for secondary actions de-
creases with increasing age of the driver. Men are more prone to
secondary actions. As an answer to the question about the most
frequently performed secondary actions, the following were
named: communication of drivers with passengers (80% of driv-
ers); actions with vehicle equipment (55%); spontaneous actions
(31%). The most frequently named actions by drivers during the
last 30 minutes of the trip were named as follows: communica-
tion with at least one passenger 20%); spontaneous actions
(10%); food / drink (9%); actions related to vehicle equipment
(9%); hands-free phone calls (9%). In terms of age, drivers under
25 are significantly more likely to use their smartphones to com-
pose text messages. No driver over 65 years of age reported such
actions. Infrastructure (highway or city) also affects the frequen-
cy of secondary activities. Hands-free calls, conversations with
passengers, food / drink are significantly more likely to occur on
a highway than in an urban environment. In general, the subjec-
tive perception of the danger of performing secondary actions is
rather weak, except for clearly distracting actions (reading and
typing, searching or cleaning, distraction by external vehi-
cles). Drivers who reported a mobile phone addiction were more
likely to use the phone in the last 30 minutes of the trip than
drivers who did not have a phone addiction. In addition, drivers
who reported their cell phone addiction reported a higher number
of violations that distracted them from driving.

However, when answering questions, memory distortion may
occur, and when observing, the subjective sense of distraction is
lacking. The purpose of the project described in [1] is an attempt
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to provide a more accurate answer to the question of the frequen-
cy of driving distractions from driving in Germany. Another goal
was to test the methods of interviewing and observation by com-
paring the results obtained using these methods.

The data from surveys and video surveillance were com-
pared. Data on 76 drivers were analyzed. While good agreement
was found between survey and observation results for conscious
or infrequent activities (phone calls, reading / typing), there was
relatively weak agreement for unconscious activities (operations
with vehicle-related equipment; personal hygiene; changing
clothes / points). The comparison shows that polling is a suitable
method for investigating the frequency of conscious or infre-
quent secondary actions.

3. Methodology and results of naturalistic observation.
Comparison with survey results

To assess the quality of the results obtained through surveys,
sample results were compared with the results of naturalistic
observation [1]. The experiments, conducted between March and
August 2017, involved 94 drivers.

The behavior of the drivers was recorded for 3 days on two
cameras installed in their vehicles — a camera for day and night
observation. In order not to focus attention on the subject of sec-
ondary actions in a way that could reduce the frequency of such
actions by drivers, drivers were misled about the purpose of the
study. Comprehensive information about the true purpose of the
study was provided to drivers at the end of the study. After the
cameras were positioned, at least 30 minutes elapsed, the exper-
imenter conducted a telephone survey. For technical reasons,
video recordings of only 76 drivers could be used for the analy-
sis. The survey results and video data were compared and ana-
lyzed.

In general, it is shown that the information provided in the
surveys is in mediocre agreement with the results of naturalistic
observation. Two types of errors are considered: the secondary
action is visible in the video, but not mentioned in the survey; the
secondary action is not visible in the video, but named in the
survey. Analysis shows that video recordings usually show much
more than what is called by drivers when interviewed, especially
with regard to personal hygiene, clothing, objects related to vehi-
cle equipment (mirror gel, radio, air conditioning). Such actions
may not be remembered by drivers or perceived as secondary
actions that distract from driving. When it comes to mobile
phone use, there are only slightly more actions identified through
video than identified by drivers. From this we can conclude that
the actions related to the use of a mobile phone are very deliber-
ate. However, the results indicate that there may be some overes-
timation of secondary actions. Some of the secondary actions
called during interrogation are not visible in the video recordings
(false alarm).

This especially applies to the types of operations with the in-
ternal equipment of the vehicle, to spontaneous involuntary ac-
tions and distraction to objects external to the driver's vehicle.
One of the reasons for this may be that the video recording al-
ways refers to the last 30 minutes of the trip, and the driver can
name his earlier actions. Mobile phone related activities such as
searching for the phone without following a conversation or typ-
ing may take place. Such an action may not be realized or re-
membered. Since this action occurs quite often, it is expected
that in the future it is planned to include in the survey question-

naire a separate question about finding a phone without its sub-
sequent use.

In [1], it is concluded that naturalistic observation is a useful
and low-cost method for investigating the frequency of deliberate
or infrequent distractions from driving (for example, phone calls,
reading or typing text messages). In addition, the survey has the
advantage over naturalistic observation that it gives an idea of
the driver's subjective perception of the degree of distraction and
his risk [29].

However, survey data are less reliable for data on secondary
activities that drivers do not consider as driving distractions.
This, in particular, applies to the installation of equipment in the
vehicle (air conditioning, radio, etc.), to actions related to chang-
ing clothes, finding things in the vehicle. These actions, which
are probably performed quite unconsciously and often enough,
are not often named, even if there is a corresponding question in
the questionnaire. Thus, it turns out that survey results underes-
timate the frequency of such poorly conscious actions. Therefore,
in relation to the results of each survey, there should be an un-
derstanding of how the survey data correspond to the actual fre-
quency of certain distractions from driving.

Studies show that factors that are not perceived by drivers as
distracting from driving can increase the risk of a road traffic
accident to a greater extent, for example, according to [30], eat-
ing / drinking increases the risk of a road traffic accident by 1.6
times, and mobile phone calls — 1.3 times.

The influence on the frequency of secondary influences of
various factors related to the personality of drivers — gender, age,
and to the infrastructure in which the vehicle travels — is investi-
gated. With regard to the use of mobile phones, it is shown that
people who use a mobile phone and tend to use the phone con-
tinuously continue to use it, even while in traffic. Young people
especially often use the phone, which is often confirmed by re-
search results. Overall, the results show that a variety of factors
influence the frequency of secondary actions.

4. Results of a study of the frequency of various types
of distractions

In [1], the results of studies of secondary actions during driv-
ing are presented and analyzed.

According to [3], secondary actions play a role in the number
of cases, ranging from 10% to 30% of all road traffic accidents,
and in 40% of these cases spontaneous actions take place (for
example, talking to oneself or singing). According to the survey
results, car drivers (in the city) spent 30% of the trip duration
with secondary actions. For truck drivers (on the highway) it
even took 50% of the trip [3]. According to a survey in which
600 drivers of cars and trucks took part [31], about 20% of the
duration of all trips was conducted with secondary actions. Ac-
cording to the survey [3], the most frequent secondary actions
performed by drivers were the following: using equipment ser-
vices in a vehicle (66%); interaction with fellow travelers (38%);
spontaneous actions (36%), for example, talking to oneself, sing-
ing; distraction to outdoor objects (28%); food / drink (24%). In
[32] the results of a survey (426 drivers) on secondary actions
are also given. Briefly, the results of the survey can be summa-
rized as follows: 92% of drivers were distracted by outdoor ob-
jects; 89% used indoor equipment such as a radio or air condi-
tioner; 90% of drivers reported thinking about something unre-
lated while driving while driving; almost 85% of drivers an-
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swered that they communicated with fellow travelers while driv-
ing; about 52% of drivers reported that they often eat or drink
while driving; over 43% said they typed while driving; 32% of
drivers called with their phone in hand, and 25% of drivers called
with their hands free. According to the survey participants, what
actions they consider to be distracting from driving: 80% consid-
ered talking on the phone as a distraction; in second place is
smoking, which was considered a distraction by half of the sur-
vey participants; a little more than a third (30%) named sponta-
neous use of the wvehicle's interior equipment as a distrac-
tion; composing or reading text messages was named by 20%,
and food / drink — by 9% of the survey participants; communica-
tion with fellow travelers was mentioned by 8% of the respond-
ents. Telephone conversations appear to be clearly visible sec-
ondary activities, while food / drink or interaction with passen-
gers is less frequently named. Typing text messages was also
perceived by survey participants as one of the most dangerous
types of distractions.

As noted in [1], in Germany and in other countries, a large
number of observations were made of the frequency of second-
ary actions by drivers. The behavior of the drivers was observed
either from stationary points or with the help of a camera in-
stalled inside the vehicle, and then the resulting video was ana-
lyzed.

A UK observation [12] (10,984 drivers observed) from a sta-
tionary site on a two-lane highway showed that 17% of drivers
were secondary activities. In accordance with the results of an
earlier observation [33], 15% of drivers performed secondary
actions. Companion interactions were reported in 8% of drivers
and were the most frequently observed secondary effects. 2% of
drivers were noticed using devices that are not related to driving,
such as a mobile phone. About 2% of drivers were noticed smok-
ing during the trip.

According to one of the more recent stationary observations
(7979 drivers observed) in Iran, [34] the most frequent secondary
activities were: interaction with fellow travelers (12%); use of
non-driving devices including telephone (2%); use of devices
related to driving (1%). As a result of another stationary observa-
tion (2015) [1], about 20% of the observed drivers from 6 Eng-
lish cities performed secondary actions. The data obtained were
similar to those obtained in previous studies; interaction with
fellow travelers was found for 11% of drivers; slightly more than
4% smoked during the trip; used non-driving devices 1% of driv-
ers. A study in Alabama, USA, showed that the most common
secondary activity was interaction with fellow travelers (54%);
about 32% of drivers; 20% of drivers were distracted by objects
outside; about 17% typed text messages or business documents
on their phone. Research in Germany, reported in Ref. [35], fo-
cused on the frequency of mobile phone use. It found that 5% of
drivers were text messages, which is more common than ob-
served in other international studies; about 2% of drivers called
while holding a phone in their hand; about 2% of drivers called
with free hands.

In [36], data from naturalistic observation were analyzed and
the proportion of time during which drivers performed non-
driving activities was investigated.

The secondary action seen on the video for the longest time
was the use of non-driving devices. Next in time was interacting
with fellow travelers and then using non-driving devices such as
a mobile phone. As noted in [1], the risk of road traffic accidents
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is especially high for young drivers. In this regard, in [37], the
results of naturalistic studies are presented, in which the data
obtained in naturalistic observations are analyzed only in cases
of road accidents with young drivers (from 16 to 19 years old).
They found that at least 76% of the videos had at least one side
effect. Telephone use was found to be the most frequent distrac-
tion performed in a road traffic accident, with the second most
frequent secondary action resulting in a road traffic accident,
which appeared to be distraction to external objects; in about
16% of cases, drivers interacted with fellow travelers.

According to a survey conducted in Germany [3], [37] 85%
of drivers traveling with passengers communicated with them.
Interaction with passengers is the most frequently performed
secondary activity. At the same time, the likelihood of interac-
tion with passengers when traveling on a highway is significantly
higher than in urban traffic, which may be explained by a more
complex transport situation in the city, where the driver is forced
to concentrate more on traffic and, accordingly, has fewer re-
sources to communicate with fellow travelers. In [38], data from
naturalistic studies on the secondary actions of novice drivers
were used. 58% of all video segments showed at least one sec-
ondary action performed by the driver; the most frequently per-
formed secondary action was communication with fellow travel-
ers (20% of all drivers); self-starting actions were observed in
17% of drivers; distraction to external objects was noticed in
12% of drivers; phone use was visible on 5% of the video seg-
ments. The following was noted in [1] Summarizing the results
of various studies, it can be argued that the most frequently ob-
served secondary action is interaction with fellow travelers. This
type of side effects in various stationary observations ranges
from 8% to 54%, and in naturalistic studies it is observed in
about 20% of drivers. In surveys, this type of secondary action is
named by 40-50% of the respondents. The use of non-driving
devices such as a mobile phone is the second most common side
effect in videotaped naturalistic exploration and stationary ob-
servation. In the survey, this type of secondary action is named
most often (it is called from 40% to 70%).

5. Risk of road accidents due to distraction from driving

As noted in [1], using a mobile phone while driving is the
most studied secondary activity. The main reason for this is the
associated risk of a road traffic accident [39], [40]. Polls in Ger-
many, Austria and Sweden showed that there was a slight de-
crease in the number of people talking on the phone from 59% in
2011 to 51% in 2016 [40], [41]. This, however, can be explained
by the fact [1] that drivers have become more likely to write text
messages.

The risk of a road traffic accident when using a mobile phone
increases by an average of two to five times compared to when
the phone is not in use [42]. It was found in [43], [44] that manu-
al selection of a number on a mobile phone increases the risk by
about three times. Other studies have shown that telephone use
even increases the risk of a road traffic accident by four times
[30], [45]. In some studies, however, opposite results were ob-
tained, according to which the thesis about the negative effect of
using the telephone was not supported, as was not confirmed in
the naturalistic study, the results of which are presented in [46].

It is natural to assume that the risk depends primarily on the
type of telephone use, since different types require different re-
sources. This would be the difference between the risk of using
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the phone with free hands and using it with at least one occupied
hand. However, the literature review given in [39] shows that
there is actually no difference between the risk of using the
phone with hands free. This can be explained by the survey re-
sults given in [41]. It has been shown that even with a device
allowing the use of a telephone with free hands, the eyes of driv-
ers are averted from the road, which is critical for safety. Along
with the visual component of finding a number on the phone, a
mental distracting component also appears during a telephone
conversation [47]. This additional stress on resources ultimately
negatively affects important processes while driving. The nega-
tive influence of the visual search for a phone number is mani-
fested due to the diversion of the gaze in an increase in the reac-
tion by 0.5 seconds [48] — [50], in the deterioration of the driving
process due to the weakening of control due to the weakening of
control over the speed and direction of movement [51], in deteri-
oration of the decision-making process [52], [53]. The results of
naturalistic studies also show an increase in the reaction time
during braking. Studies conducted in France [54] found that vis-
ual and manual interaction with a telephone begins primarily at a
traffic light at which it is required to stop. Switching to green
light interrupts this interaction.

According to a survey in Germany [42], approximately 20%
of drivers write text messages on their mobile phones and 30%
of drivers read messages, with these side effects being carried
out primarily by young drivers, mostly men. Similar results were
obtained from a survey conducted in 2010 in Austria. Here, 14%
of drivers wrote messages on occasion and 32% read them. The
fact that messages are written mainly by young drivers is espe-
cially dangerous because for this category the risk of a road acci-
dent is already increased.

As shown in [30], the use of navigation devices was a strong
distraction at that time (2007). The research results presented in
[56] showed that the use of electronic devices increases the risk
of a road traffic accident by 6-7 times. It was possible to show
[57] that the use of a visually hand-held navigation device is more
distracting than a spoken device. The duration of gaze distraction
when using a visual hand-held device as 50% of the duration of
the trip [58]. Guided audio information reduces distraction.

When traveling, there is a need to use a number of devices
with which the vehicle is equipped, such as, for example, a seat
or mirror setting device, a radio or an air conditioner. According
to data from [42], about 43% of drivers use a device to put on a
belt, install a mirror or a seat. According to [5], controlling air
conditioners causes distraction. This seemingly insignificant side
effect leads to a waste of visual and mental resources, which
ultimately increases the risk of a road traffic accident. In accord-
ance with [42], control over the climate control increases the risk
of a road traffic accident by 1.5 times.

Radio also has a negative impact on travel safety. Only listen-
ing to music appears to have no negative impact on travel safety
[59].

For the frequency of secondary actions associated with per-
sonal hygiene and changing clothes, in [3], an estimate of 13%
was obtained. In [42], a slightly lower value of the frequency of
such actions was obtained: 6% of the respondents answered that
while driving, they perform such actions as, for example, using
cosmetics or shaving. Non-driving activities such as applying
makeup or changing clothes lead to some aversion of the eyes or

some weakening of contact with the steering wheel [59], which
increases the risk of road accidents.

According to the data cited in [45], 11% of drivers communi-
cate with fellow travelers, and according to [44], even about a
third of all drivers communicate with fellow travelers while driv-
ing. Conversation with fellow travelers does not cause any dis-
traction of the eye and does not weaken the control of the steer-
ing wheel [59]. The data of naturalistic observation, the results of
which are given in [5], show that there is a high risk of getting
into a traffic accident if the trip is made alone — by one driver.

According to the survey results in [44], about a quarter of all
drivers ate or drank during the trip. Thus, these non-driving ac-
tivities are widespread. According to [30], these actions are more
likely to lead to road traffic accidents than, for example, tele-
phone conversations (according to [30], talking on the phone
increases the risk of a road traffic accident by 1.3 times, and food
/ drink in 1.6 times). However, not all studies are consistent with
this. Thus, according to the results [5], food / drink activities do
not increase the risk of a road traffic accident.

The number of drivers who smoke while driving is 1% ac-
cording to the data cited in [42] and 20% according to the data
cited in [3]. It was shown in [59] that smoking increases the risk
of road traffic accidents by 1.5 times. The duration of the distrac-
tion is increased by lighting and extinguishing the cigarette. The
duration of holding a cigarette is approximately equal to the time
the eyes are distracted while holding the phone.

Other distractions include working with animals in a motor
vehicle and handling, and activities such as reading or writing.

6. An approach to calculating the quantitative charac-
teristics of assessing the influence of various factors on the
frequency of using smartphones while driving

In [1], [26], there is no description of approaches related to
mathematical statistics that allow one to quantify the impact on
the frequency of violations associated with the use of a
smartphone, such factors as the driver's age, driver gender, road
type, time of day, region.

Let us describe the approach that allows one to calculate such
a quantitative estimate in the form of a statistical indicator called
the coefficient of determination [56].

As an effective sign, we consider the frequency of secondary
action (food / drink or smoking). As factor signs, we consider
qualitative signs expressing the conditions that the driver's char-
acteristic, type of road, and travel time satisfies. Since there are
three age categories, the attribute, in the terminology of mathe-
matical statistics, has three levels (Fig. 1).

Figure 1. Levels of Observed Effective and Factor Signs [26]
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Let's assume that there are n observations (there is a sample
size n). The number of levels of the effective indicator is equal to

m. Let a confidence j —th level conducted n; observations
j=1,...,m. As a result of observations at the j — th level, the
following values of the effective indicator were
tained le,...,xjn].,j =1,...,m.

The group average is defined as:

m
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The coefficient of determination is n? defined as the ratio of
the factorial variance to the total. The coefficient of determina-
tion can be understood as follows: the value of the factor attrib-
ute in n? - 100 percent determines the value of the effective at-
tribute.

The square root of the coefficient of determination is called
the empirical correlation ratio, which is thus calculated by the
formula:

7. Examples of calculating quantitative characteristics
of assessing the influence of various factors on the frequency
of secondary actions

On the basis of the data on the frequency of side effects dur-
ing driving given in [26], obtained as a result of observations in
Aachen and Braunschweig, the values of the group averages and
the coefficient of determination presented below were calculated.
The frequency of smartphone use is averaged over the observa-
tions of two observers.

Influence of road type on the frequency of food / drink dis-
turbance: intracity roads - group average x; = 0.0165; suburban
roads — group average x, = 0.0097; highways — group average
x; = 0.0081; the coefficient of determination: R? = 0.277 .

Influence of the factor of the region on the frequency of vio-
lations of the type of food / drink:
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Aachen — group average x; = 0.0045; Braunschweig -
group average x, = 0.00179; the coefficient of determination:
R? = 0.786.

Influence of the time-of-day factor on the frequency of food /
drink disturbances: from 8:00 am to 10:00 am — group average
x; = 0.0045; from 10:00 to 14:00 - group average x, = 0.0179;
the coefficient of determination: R? = 0.296.

Influence of the factor of the day of the week on the frequen-
cy of violation of the type of food / drink: Tuesday — group aver-
age x; = 0.0056; Wednesday — group average x, = 0.0158;
Thursday — group average x; = 0.0131; the coefficient of de-
termination: R? = 0.288.

Influence of road type on smoking frequency: intracity roads
— g oup average x; = 0.0148; suburban roads — group average
x, = 0.0081; trunk — group average x; = 0.0081 coefficient of
determination: R? = 0.155.

Influence of the factor of the region on the frequency of
smoking: Aachen — group average x; = 0.0104; Braunschweig —
group average x, = 0.01143; the coefficient of determination:
R? = 0.024.

Influence of the time-of-day factor on smoking frequency:
from 8:00 to 10:00 am — group average x,; = 0.0148; from 10:00
to 14:00 — group average x; = 0.0104; highways — group aver-
age x, = 0.01143; the coefficient of determination: R? = 0.024.

Influence of the factor of the day of the week on the frequen-
cy of smoking: Tuesday — group average x, = 0.0081; Wednes-
day — group average x; = 0.0328; Thursday — group average
x; = 0.0328; the coefficient of determination: R? = 0.155.

Conclusion

This paper describes an approach that allows using the meth-
ods of mathematical statistics in the analysis of research results,
such as the observations described in [1], [26], carried out in
order to assess the frequency of side effects by drivers, their risk
and the influence of various factors on the frequency of side ef-
fects. The statistical indicator, calculated in accordance with our
proposed approach, is the coefficient of determination, which
estimates the closeness of the relationship between the factor
attribute (for example, the age category to which the driver be-
longs) and the effective attribute (frequency).
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AHHOTauuA

PaCCMaTPVIBaIOTCﬂ BOI'IPOCbI, OTHOCALMECA K UCccnegoBaHUo ¢aKTOPOB PVICKa, KOTOPbIe CBA3aHbI C COBepLLIeHVIeM BOAUTENIAMU HE OTHOCALLMXCA K BOXAEHUIO
,qelhcmwﬁ, KOTOpre ABNALOTCA ¢aKTOpaMM, NOBbILAOLWLNX BepOHTHOCTb AOPO)KHO'TPB.HCI'IOPTHOFO I'lpOMCLLIeCTBMﬂ. I/Iccne,qosanm Mo 4acTtoTe BTOPI/I‘-IHI:IX no
OTHOLUEHUIO K BOXIEHUIO p,eVICTBVIVI, CBA3aHHOMY C HUMU pUCKaMU U q)aKTOPaM, BIINAOLLINX Ha YAacCTOTY pas3finyHbIX BUAOB TaKUX AeﬁCTBVIVI nposoAuInChL B
PaBﬂVI"IHbIX crpaHax. O,D,HVIM 13 Hambonee PaCI’lPOCTPaHeHHbIX COBePLLIaeMbIX BOAUTENIAMN BNAOB HaP)’LIJeHVIl‘/‘I npanm ABWXEeHnA ABMAETCA MCNOJib3OBaHME
cMapTdoHa BO BpeMs BOXAeHWs. VlccneAoBaHMA NPOBOANINCH CeAYIOLMMI COcO6aMU: C MOMOLLbIO ONPOCa, MyTeM HabNIOAEHNA 32 BOANTENEM C MOMOLLbIO
BMAaeoKamepebl, )’CTaHOBJ’IeHHOVI BHYTPU TPpaHCNOPTHOro CpeAcTBa, KOTOpoe OH BeAeT, U C MOMOLLbIO Haﬁmo,quvm 3a Npoe3)aroLnMnN aBTOTPaHCNOPTHbIMU
cpeacTBamMm useHe. B HacTosALei paboTe NpeaioXeH UCMONb3YHOLLMIA METOABI MaTEMAaTUYECKOW CTaTUCTUKM NOAXOA K OLIEHKE KOPPENALMOHHOW CBA3U MeXAY
nob6o4HbLIMU AeﬁCTBMﬂMM, OTB/IEKalOLLMMU OT BOXAEHUA, U ¢aKTopan1, BIIUAOLLMMU Ha ‘-IaCTOT)’ TaKnUx p,eﬁcmuﬁ.

Knioueebie cnoea: 6e3onacHocmb 00poxHO20 08UXKEHUS, (haKMOpPbl PUCKA, KOPPENAUUOHHAA C8A3b, (PAKMOPHLIU CMamucmu4eckul aHanus.
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It is natural to consider the rolling dynamics of an auto-
mobile wheel when it interacts with the road surface. At
the same time the most difficult and important task is to
determine the force components applied to the wheel,
such as the friction driving force, the drag force, the
rolling and spinning resistance moments that occur in the
contact spot from the side of the roadbed. The paper
investigates the aspects of dry friction, rolling and sliding
of an automobile wheel presented as a deformable body.
In this case, it is of great importance to take into account
the treads, which is reflected in the tire models. An
important aspect is the study of the laws of distribution of
normal stresses in the contact area. To solve practical
issues of road transport, approaches based on the Magic
Formula of Pacejka and calculation methods based on
brush, ribbon and string models, in particular, the Brush
model of Svendenius, are highlighted. The conditions of
its applicability are obtained and justified.
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Introduction

When modeling the rolling dynamics of a wheel, the most
difficult and important task is to determine the force components
applied to the wheel, such as: the driving friction force, the re-
sistance force, the rolling and spinning resistance moments that
occur in the contact spot from the side of the roadbed (for an
automobile wheel) or from the side of the rail (if we are talking
about a railway wheel). For example, it is known that the friction
force (clutch) applied to the driving wheel of the vehicle (a mo-
ment from the engine is applied to it) is always directed forward
in the direction of movement, and a similar force applied to the
driven wheel is directed (as a rule) backwards and slows down
the movement of the vehicle.

It is clear that the model of the point contact of the wheel
with the road is overly simplified and does not correspond to the
real practical tasks of studying the dynamics of motor vehicles.
With stationary and rectilinear motion, such a model is quite
acceptable. The first results in this direction in 1779 were ob-
tained by Sh. Coulon that investigated rolling friction (Figure 1
shows a diagram of the Coulon’s experiment).
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Figure 1. Coulon’s scheme of rolling friction experience

Closer to reality is the model of a deformable wheel, which
also contacts the deformable road in a certain area (multipoint
contact). The O. Reynolds rod model is known [4], in which the
wheel is represented as a set of elastic rods emanating from the
common center of the wheel or thin disks on a single shaft. At
any given time, the wheel contacts the road with several rods,
and some rods slip while doing so, and some remain in constant
contact. A similar effect occurs for the disk model.

For such models, O. Reynolds in 1876 drew attention to the
effect of longitudinal pseudo-sliding, which consisted in the fact
that the path traveled by the center of the wheel of the vehicle
(locomotive) DID NOT COINCIDE with the product of the angle
of rotation of the wheel by its rolling radius. Further, in 1925,
motorists (Brulier) discovered the phenomenon of lateral pseudo-
sliding (withdrawal), which consisted in changing the trajectory
of the car under the action of lateral forces (for curved move-
ments) in comparison with what should have been for a car with
absolutely solid wheels. Finally, the rolling theory, which takes
into account the effects of longitudinal and lateral pseudo-sliding
in the case of a railway wheel, was developed in 1926-28 by
F.Carter.

Thus, when the deformable wheel is rolling, coupling zones
and sliding zones appear in its contact area. Similar (flat) models
for continuous (distributed) contact were considered in the works
of A. Y. lIshlinskiy. At the same time, the classical
Coulon’smodel was used to calculate the friction force (the main
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vector of tangential forces applied to the wheel), which was de-
termined by the distribution of normal stresses in the contact
area. Calculating the moments of distributed normal and tangen-
tial forces, A. Yu. Ishlinsky explained (both qualitatively and
quantitatively) the origin of the moment of friction of rolling
resistance. The main result of these studies is as follows. The
rolling friction moment is determined by the distribution of nor-
mal reactions in the wheel contact area, and also depends on the
accepted model for friction forces.

Further development of the dry friction model (for the wheel,
in particular) was obtained in the works of N. E. Zhukovsky, M.
A. Levin, N. A. Fufaev, Kontensu and V. F. Zhuravlev. In these
works, dry friction models were developed based on the principle
of summation (integration) of elementary friction forces, as well
as their elementary moments. In addition, it is also necessary to
consider various (theoretically and practically acceptable) laws
of distribution of normal stresses in the contact area. It is these
stresses that determine the elementary friction force of the Cou-
lomb. In turn, the law of distribution of normal stresses is deter-
mined by the dynamics of vehicle movement (for example, this
law depends on whether the vehicle is moving with acceleration
or not). Thus, it turns out that the driving force of friction de-
pends on the way the vehicle moves, and this dependence is mu-
tual.

In the tasks of describing the dynamics of ground vehicles,
great importance is given to non-holonomic dynamic systems.
By the term "non-holonomic systems" we mean a class of non-
linear systems that cannot be coordinated by continuous time-
invariant feedback, i.e., there are times when certain constraints
are imposed on the state of the system (non-holonomic connec-
tions). These systems are controllable, but they cannot move in
some directions instantly.

They belong to the class of nonlinear differential systems
with non-integrable constraints on motion. Non-holonomic con-
trol systems resulting from the formalization of non-holonomic
systems include control inputs, are nonlinear control tasks requir-
ing nonlinear tuning. Non-holonomic control systems are being
actively studied in connection with the development of robots,
including mobile robots, wheeled vehicles and space robotics,
etc. In the case of wheeled vehicles, kinematics and dynamics
can be modeled based on the assumption that the wheels roll
perfectly (Fig. 2).

The contact spot of the tire with the support surface
without load and under load

QOO0
00 o

Diagonal tire Radial tire

Figure 2. The contact spot of the tire with the support surface
without load and under load
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Typical limitations of wheeled vehicles are rolling. contact,
such as rolling wheels on the ground without slipping, or sliding
contact, such as skates sliding.

1. The spinning top model

For the most part, the spinning top was driven into rotation
using a thin string previously wound on its shaft. Quickly pulling
the string from the shaft of the spinning top, the latter was in-
formed of rotation around the axis AA, 1 which lasted until the
friction forces acting at the point

About the supports of the spinning top on any base, did not
stop its movement. Many scientists of the world have taken up
the study of the laws of motion of the spinning top. The famous
English scientist I. Newton (1642-1727) and a member of the
Russian Academy of Sciences L. Euler (1707-1783) also worked
on this task. Euler in 1765 for the first time published the theory
of motion of a solid body near a fixed point of its support and
thereby created a theoretical basis for further in-depth study of
the laws of motion of the spinning top. The works of French sci-
entists J. Lagrange (1736-1813) and L. Poinsot (1777-1859)
greatly contributed to the further study and development of
methods for the practical use of the properties of a rapidly rotat-
ing spinning top.

In 1886, the French Admiral Fleurieu proposed a new device
— sextant — for measuring the geographical latitude of the ship's
location during a storm, the basis of which was a rapidly rotating
spinning top. The spinning top itself was made in the form of a
cylindrical body B (Fig. 3), supported by a pointed hairpin at
point N. During operation, the device was held by the handle R
in an upright position. With the help of a hand pump, com-
pressed air was pumped into it through the hose M, which hit the
side surface of the spinning top with directed jets and caused it to
rotate around the AAX axis. With the weight of the spinning top
at 175 g, it was possible to inform it of rotation at a speed of
about 3000 rpm. To ensure the rotation of the spinning top invar-
iably in the horizontal plane, its center of gravity was positioned
approximately 1 mm below the fulcrum. The spinning top, even
when the handle deviated from the vertical position, continued to
remain in the horizontal plane, providing an artificial horizon on
the rocking ship.

For the convenience of fixing the horizon plane on the upper
end surface of the spinning top, two plano-convex lenses C were
fixed, on the flat surfaces of which thin strokes were applied,
located parallel to the end surface of the spinning top. The dis-
tance between the lenses C corresponded to the focal length, as a
result of which, when the spinning top was rotated, the strokes
applied to the lenses for the eye observing through the eyepiece
D of the device merged into one line. This feature fixed the posi-
tion of the horizon plane, with respect to which the angle was
measured, and the height of the luminary L, similar to how it was
described above (Fig. 3).

For simultaneous observation of the artificial horizon line and
the luminary, two mirrors A and K were installed in the device.
To the turns of the mirror K, the beam coming from the luminary
L was combined with the line of the artificial horizon. In this
case, the magnitude of the angle a was determined by the angle
of rotation of the mirror K. This device is considered to be the
first invention in which a spinning top was used, in its shape and
device not fundamentally different from ordinary spinning tops,
which were widely used in everyday life.

Imagine a spinning top, for example, a thin brass disc (gear)
mounted on a thin steel axle. The dynamics of such a spinning
top generates the occurrence of precession, gyroscopic moment
and other characteristics of the movement of the spinning top.

We introduce a unit vector , showing the direction of the ax-
is of a symmetrical spinning top in space, i.e., coming from the
origin of the coordinate system (from the center of mass) and
directed along the axis of the spinning top (Fig. 4).

Figure 4. Geometric interpretation of the free precession
of a symmetric spinning top

Let - the moment of the pulse, and - angular velocity
vector. At each moment of time, all three vectors and they
lie in the same plane, and when the body moves, their relative
position remains unchanged. In the absence of moments of ex-
ternal forces, a plane containing vectors u , rotates uni-
formly around the direction of the vector unchanged in space
In fact, the speed the point of the spinning top axis that coin-
cides with the end of the vector n, expressed in terms of angular
velocity by the formula
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This means that at any moment the end of the vector n it Relative sliding speed v, at a point having polar coordinates
moves perpendicular to the plane under consideration, dragging  in the contact area p, 8 it is expressed as follows:
it along with the vectors lying in it n and w. Thus, the entire .
plane rotates uniformly aroundL, and the vectors lying in it n and V = (v - @psinb, wpcos6).
w synchronously describe cones in space, the vertices of which
lie at the origin. About this behavior of vectors n and w they say
they commit around L regular precession. It can be shown that
the angular velocity of this precession  proportional to the mo- dF = — f a(p)ids
ment of the pulseL and is inversely proportional to the central [vel "
moment of inertia of the spinning top I L relative to the trans- .y
verse axis: Q = L/I 1. Such a free precession of the axis of the '
spinning top, which occurs in the absence of external moments
when the angular velocity does not coincide with the axis of the
spinning top, is also called nutation. Note that the axis of the
spinning top retains its direction in space (does not precess) if,
during free rotation, the angular velocity is directed along the
axis of the spinning top, i.e., in such cases nutation does not oc-
cur.

The differential of the friction force directed against the rela-
tive velocity at this point, in accordance with Coulomb's law, has
the form:

2. From gyroscope to multicomponent dry friction

As a result of experimental observations of the behavior of
the Fleurieu gyroscope, which Contence conducted, he began his

research, as he received evidence of unsatisfactory compliance Figure 6. Contact area
with the theory. Theoretical predictions initially followed from
the ideas about the interaction of the gyroscope support with the The moment of this elementary force:

base axle either in the form of one-dimensional dry friction, or in
the form of no slippage at the point of contact (non-holonomic
formulation), or in the form of purely viscous friction. = fa(p) p(pw — vsind) ds !
Contensu noted [15] that the use of Coulomb's law to de- |Vl
scribe friction in the case of a combination of simple movements
(sliding and rolling, sliding and twisting) should not be true. This
is evidenced by simple and well-known experiments, for exam-
ple, rotation around the vertical of a car wheel when rolling or M=—f[° fZ" (pw— VSi"B)"(P)PZdeB,
the sliding of a polisher brush when it rotates. Although the con- 070 Jw?p2-2vwpsing+v?

dM = —|p X dF| = —p,dF, + p,dF,

As a result, for the moment and force we get the following
expressions:

tact zone of the rubbing bodies in the case of the Fleurieu gyro- F= M=—f]; fozn(v_“”’S;"i'“’pwse),”(p)pjd”dg
scope was negligible and many simply considered the contact JoTpT-avwpsing+v
point, Contensu called this zone a circle and considered Cou- Note that due to the symmetry, the expressions for the force
lomb's law in differential form inside this circle so. relative to the x-axis of its component along the y-axis are zero.
Let 's introduce the notation u = we, r = p/e. Given these
2 notations, we rewrite the expressions for the modulus of the
j moment and the modulus of the nonzero component of the force:

ur?—vrsin®

_ 3 1 2r
M(wv) = fe fo ro(r) fo Vu2r2-2uvrsing +v?

v—ursinf

_ 2 rl 2
F(u,v) = fE fO ro(r) fO md@dr

Let us first consider as an example a point contact by Hertz.
We assume that both contacting surfaces are locally spherical,
| | then:

. r . G(r)=3—Nz\/1—r2.
Figure 5. Rotating rod 2me
From the presented relations it follows that when =0 the
We will consider a vertically rotating rod resting with a  moment of friction also tends to zero, and for this reason it was
spherical end on a flat support moving at a constant speed not even considered. As for the friction force, it has the form:
(Fig. 5.). The contact area is a circle of radius &, in which the

dédr,

1 2
normal voltage depends only on the distance p to the center of 3fN 5 3 (v — ursinf)dédr
the circle: a(p) Relative sliding is carried out at a speed of v, the Fuv)=f o f”\/ 1-r J- Vir? — 2uvrsind £ 02
angular velocity of the spin is indicated by o (Fig. 6). 0
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Argument & = @& has the order of smallness = at the end c.
In a small area || = |u] this function can be approximated by a
tangent at zero, and outside of it by a horizontal line correspond-
ing to the usual Coulon’s law.

The obtained ratio allows us to draw a fundamentally im-
portant conclusion: in the case of point contact, the friction force
does not have the form of the original Coulomb law, in particu-
lar, it is equal to zero identically by wu: FiRLu} =@, {u = 0}
That is, there is no resting friction force, if only the twisting
takes place, no matter how small it may be. So, references to the
law of dry friction to justify the absence of slippage when using a
non-holonomic formulation of the problem of rolling some bod-
ies by others, as is often done, are inappropriate.

The dependence of the friction force at a point on the spin-
ning speed is very significant and there is no way to neglect it. In
cases where researchers in problems with combined friction ac-
cept the condition of no slippage, they must either indicate by
what physical forces it can be provided, or, realizing such a con-
dition is approximate, talk about evaluating the accuracy of such
an approximation. The term "absolutely rough surface™ cannot be
based on the idea of dry friction.

3. Rolling theory approaches

In addition to sliding friction, Sh. Coulon studied rolling fric-
tion, for which he created an experimental setup (Fig. 7) consist-
ing of two parallel wooden bars on which a cylindrical wooden
roller rolled. A moment proportional to the difference in the
weights of the loads fixed at opposite ends of the rope was ap-
plied to the roller by means of a rope thrown over it. The results
of experiments on this installation Coulomb expressed the widely
used and currently used formula for the force overcoming the
rolling resistance of the roller:

I'= ."e%
where Q — the weight of the roller together with the loads,
r — radius of the rink, k — the proportionality coefficient having
the dimension of length.

S

-

0 O

Figure 7. Coulon’s experimental setup

Similarly, to the sliding friction law, in a more detailed entry,
the rolling friction force has the form:

.E:Esgnﬁ;ﬁ =0
T=14," ¢

where @ represents the angular velocity of the roller. If there is
no rolling, then the rolling force can take any value in the speci-
fied interval.

Rolling friction is a more complex phenomenon than sliding
friction. In the case of sliding, the contact area is stationary rela-
tive to the sliding body, in the case of rolling, this area is mova-
ble both relative to the body and relative to the stationary sur-
face. In addition, rolling cannot occur without sliding friction.

Let the center of the rink be carried away by force T, attached
to its center, moving at a constant speed V (Fig. 8). It is required
to find the law of changing the angle of rotation of the roller.

Figure 8. The scheme of the skating rink movement

Let 's write down the equations of motion of the rink
mP=T=-EFE;=T-fi.

ja = =My + ""551 = =k + vy
(We assume for certainty that gz = 0. F — @ = @7,

If the wvelocity of the center of mass is constant
{}*E :]}. that T = fi and the second equation of the written

system takes the form:
fa = [=F + fri¢.

If f» = & (sliding friction prevails over rolling friction), then

the rotation of the roller accelerates until the slipping of the roller
relative to the base stops. The sliding friction force becomes sig-

nificant at the point of rupture: § = iy = iﬁ;-f: = i

If fi= o k& (rolling friction prevails over sliding friction), then
the rotation of the roller slows down, the limiting movement of
the roller is translational, the sliding speed of the roller relative to
the base is equal to the speed of the center of the rink. The roll-
ing friction moment becomes significant at the point of rupture:
0= My = fQr = 8.

If j# = &, then the angular velocity does not change its mag-
nitude, both rolling and sliding take place in stationary mode.

It is known that mankind invented the wheel as a means of
overcoming dry friction. In the case of rolling an absolutely rigid
wheel on an absolutely rigid horizontal surface, there is really no
friction, i.e., slippage. In reality, energy losses during rolling
remain, although they become significantly less.

A significant contribution was made to the construction of a
qualitative rolling theory in 1876. Osborne Reynolds, [4], who
discovered the following experimental fact. It consists in. That
the area of contact of elastic bodies during rolling is divided into
areas of sliding (slipping) and adhesion (setting), Figure 9. At the
same time, with an increase in the moving or braking moment,
the area of the slip zone increases, and the area of the adhesion
zone decreases.
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Figure 9. Diagram of zones in the tire contact spot with the road

This happens until the area of the coupling zone becomes ze-
ro and a complete slip occurs. The zones are characterized as
follows. In the slip zone, the points of contact between the
wheels and the road move relative to each other, and in the
clutch zone these points are stationary relative to each other and
the wheel is rolling.

4. Classical examples are Chaplygin's sleigh and the
Appel mechanism

In [5], the problem of controlling the movement of three-
wheeled robots with two driving and passive piano wheels is
considered. The generated model is reduced to a system:

@ = p@” - gt + v+ FoE = p,
(f + 86*)w” + ave — soe® + om + vov + ov + erow =
g +ep
@

Here are the parameters] = 1, & = @ determined by the in-
ertial mass characteristics of the system, &, # set the position of
the center of mass of the body relative to the wheels, & = 0 —
normalized viscous friction in wheel axles, #(hd = 13 — pa-
rameter that determines the asymmetry of friction, p.g — co rol
of the longitudinal speed and rotation of the housing. It is as-
sumed a # @, since the reverse situation is equivalent to chang-
ing the sign of the speed.

The behavior of the system is investigated in the case when
the control signals g: g permanent. Then the system (1) is auton-
omous and the use of the phase plane w. v it is very convenient
for studying movements at different parameter values.

Simple cases. At certain values of the parameters, equations
(1) turn into equations of nonholonomic systems considered by
the classics in the works.

Chaplygin's Sleigh. When g=g=e=g == [ system
(1) takes the form:

v —ge’ = 0, fu' -+ ove = 0, )

coincides with the system obtained and studied by Chaplygin
[11] and Karateodori [12], who studied the inertia motion along
the horizontal plane of the "Chaplygin sleigh — a nonholonomic
mechanical system representing a solid body resting on the plane
with two "slippery" points and the point of the skate blade. The
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position of the contact point of the skate corresponds to the mid-
dle of the segment connecting the attachment points of the
wheels of the mobile robot. Stationary pointsesy, = . 75 = const
systems (2) fill the entire ordinate axis. It is obvious that the sta-
tionary points correspond to the robot's movements at a constant
speed along straight line.

System (2) has an integral:

ut + Jw® = const,
which defines a family of ellipses {j > @} — pha trajectories

on the plane .. When a = 0 the image point moves along a
phase trajectory from bottom to top; hence, stationary points
1y = 0 unstable, vy ™ @ — able. Thus, the movements of the
robot with the center of mass of the body behind the wheels are
unstable, in front - stable. The intersection of the phase trajectory
of the abscissa axis corresponds to the point of return of the tra-
jectory of the robot.

Appeal Mechanism. When g=s=a=p=1 system (1)
takes the form:

v* —ge’ = p, fw' + ove = 0. (3)

These equations coincide with the equations obtained and
studied by Appel [13] and later by Hamel [14] for a non-
holonomic mechanical system, which differs from Chaplygin's
sleigh in that it has a wheel instead of a skate, which is affected
by a constant torque created by means of a load on a thread
thrown over a block mounted on the body and wound on a pulley
coaxial with the wheel. ~ Here are some results of these works.
If = 0, then there are no stationary points; if g = 0, then we

have two stationary points:
i = Q, wp = i\‘%. (4)

Autonomous equations (3), excluding time, can be reduced to
the form

{p/w? + a)dle?) = —{a/)d{x?). ©)
Equation (5) obviously has an integral
g’ +phnle’) + @' =,

where C — an arbitrary constant. Phase trajectories for the case
¢ == 10 are shown in Fig. 10. The stationary points in this case

are the centers. It can be seen that stationary motion (4) — the
rotation of the body at a constant speed relative to a non-moving
point — is realized under the condition that the moment p on the

wheel balances the centrifugal force gg=.

/N
v

<

L)

)
7

Figure 10. Phase trajectories of the "Appel Mechanism"
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5. Connection of dry friction, rolling and contact spots

The forces acting on the tires of a ground vehicle determine
the trajectory or path of the vehicle. These forces are limited by
the friction of the contact spot between the tire and the road sur-
face.

The ability to obtain information about the value of the coef-
ficient of friction before using maximum tire forces can be a de-
termining factor in preventing an accident or in significantly mit-
igating the severity of the situation. It is known that in practice
all chassis safety is provided by systems such as electronic stabil-
ity control and anti-lock braking system and more modern sys-
tems that mitigate the consequences of collisions by braking. The
efficiency of such systems can be significantly improved if in-
formation about the current level of friction is sent to the control
systems.

Tire modeling is an important step in the process of under-
standing and evaluating the friction and force components acting
in the contact spot between the tire and the road. Research on
tire characteristics and modeling of their dynamics has been ac-
tively conducted over the past 70 years. The level of detail in
these models ranges from basic first-order local effects at the
macroscopic scale to detailed high-level models at the micro-
scopic scale, for example, described by finite element methods.

The classical representation of the dynamics of the wheel of a
ground vehicle in modern engineering is a tire model that takes
into account the phenomenon of force sliding in the contact spot
on a macroscopic scale. Practical applications of complex theo-
retical models of mechanics require simplified, basic relations, so
it is sufficient to consider stationary steady-state tire models
where the parameters take constant values. Then the onboard
sensors will not display fast stochastic and poorly controlled sig-
nals taken from the bus zones.

Another aspect related to the choice of a model is its models
and, in particular, complexity in terms of the number of parame-
ters. It is well known that excessive parameterization in models
leads to a lack of convergence of model parameters or to incor-
rect modeling results. Due to the complexity of interaction and
the presence of random factors of road infrastructure, this fact is
especially evident in the problems of estimating friction parame-
ters in real automobile traffic. Therefore, models with a minimal
set of parameters describing the dynamics of the wheel have a
high priority for technical applications.

Most adequate tire models are tied to the properties of power
components that provide interaction with sliding and rolling
forces. It is worth noting the dependence discovered by Bakker
[9] and then developed by Pacejka [8], which is now commonly
called the "magic formula".

The general form of the Magic Formula, given by Pacejka

[8], [9], is:
y = D sin{C arctan [Bx - E (arctan (Bx))]},

where B, C, D and E represent fitting constants and y is a force
or moment resulting from a slip parameter x. The formula may
be translated away from the origin of the x-y axes. The Magic
Model became the basis for many variants.

Magic Formula Curve for 8= 0.714, C=140, D=1.00, E=-0.20

Maormalized lateral force

-10 -8 -6 -4 -2 0 2 4 6 8 10
Side slip angle (degrees)

Figure 11. Pacejka’s graph of function dependence
from Magic Formula

An interesting application of this formula for the design of
multi-wheeled mobile robots is proposed in [10].

The most productive for applications is the brush, brush
model (Brush model), the advantages of which are that it allows
you to describe the evolution of force components in the contact
spot.

Swedish researchers, namely the well-known scientific group
of Svendenius, [3], proposed a simple version of the model of a
clean sliding brush (Brush model). This model has been con-
firmed by experiments on real data, and allows it to be adapted to
different road surfaces and different types of tires.

The advantages of the brush model are that only some simple
assumptions about the properties of the tire, the contact spot and
the characteristics of the road surface are enough to formalize it.

We formulate standard assumptions that allow us to obtain a
model that is completely determined by two parameters. The
basic assumption is that the tire can be divided into an infinite
number of bristles that deflect when in contact with the road sur-
face. Each bristle stretches in the transverse direction, is consid-
ered to have an elastic reaction and deforms independently of
other bristles. The spot of contact with the bristles is additionally
illustrated in figure 12.

In addition, standard assumptions are introduced.

1. The vertical distribution of tire pressure is a parabolic
function.

2. The friction force between the tire and the road is de-
scribed by Coulomb friction, i.e., there is a pre-shear effect, etc.

3. The friction force is considered isotropic, i.e., the fric-
tion force is limited to a circle in the plane of the road.

4. The influence of the camber angle is not taken into ac-
count.

5. It is assumed that the tire frame is rigid, and it is as-
sumed that all flexible movements occur in the bristle in the con-
tact spot.

The road surface is considered flat and solid, i.e., no part of
the road surface is moved or transported in a contact spot, for
example, on snow-covered roads or gravel roads.
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Figure 12. Scheme of brush model bristles in the contact spot

Note that Assumption 1 is standard, and the arguments in fa-
vor of this assumption are confirmed by experimental data.
Moreover, it is valid both for the case of pure longitudinal sliding
and for the case of pure lateral sliding.

Assumption 2 reduces the number of parameters, so that only
one parameter related to friction is sufficient necessary.

Assumption 3 allows us to characterize the tire friction in both
the longitudinal and transverse directions, and with one parameter.
This is also a simplification of the tire model of a real ground ve-
hicle, which should not have a frame and the same thread pattern
in the longitudinal and transverse directions. The assumption made
is a compromise between simplicity and accuracy.

Assumption 4 does not take into account the camber angle is
also introduced to simplify the model, it is assumed that the
camber angle is 0. If we do not make this assumption, we will
also get an additional parameter.

Assumption 5 is the standard assumption for the brush ap-
proach and has higher confidence in the longitudinal direction.
The assumption is not to include the rigidity of the frame also to
minimize the number of parameters.

Assumption 6 on the road surface makes it possible to simpli-
fy the description of the interaction of the tire with the road with
fewer parameters.

Conclusion

In this paper, we present an approach that allows us to ana-
lyze the processes of wheel dynamics during the movement of a
ground vehicle. Comparisons of various elastic wheel models are
carried out within the framework of the theory of multicompo-
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nent dry friction. The ways of theory development for practical
engineering applications are outlined.
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AHHOTauuA

[vHaMuKy ka4eHUs aBTOMOBUIBHOrO Kosleca ecTeCTBEHHO paccMaTpyBaTh NMpY €ro B3aUMOAENCTBUM C JOPOXKHBIM MOKpbITUEM. [1pu 3ToM
Hanbornee TPyAHOW M BOXKHOWM 3ajayeli ABNAETCA OMpeAeNieHe CUIIOBbIX KOMMOHEHTOB, MPUIIOXKEHHbIX K KOMeCy, TakUX Kak ABUXYLLEN
CWIbl TPEHWA, CUIbl COMPOTUBNEHUA, MOMEHTOB COMPOTMBEHUA KAYEHUIO U BEPHEHUIO, KOTOPbIE BO3HUKAIOT B MATHE KOHTaKTa CO CTOPOHbI
nosnoTHa Agoporu. B paboTe uccnenoBaHbl acnekTbl CyXOro TPeHUs, Ka4eHUA U CKOJbXXeHUA aBTOMOOWUIIbHOrO Koseca, NPefCTaBEHHOro
Kak gecdopmupyemoe Teno. B 3ToM cnyyae Gosnbluoe 3HaYeHME MMEET Y4YET MPOTEKTOPOB, YTO OTPAXKAETCA B MOZENAX LUMH. BaxkHbIM
aCneKTOM ABMAETCA WM3yYeHWe 3aKOHOB PpacrpeferieHnsi HOPMasibHbIX Hamps)XKeHWi B obnacTu KoHTakTa. [nia pelueHus MpakTUHeckux
BOMPOCOB aBTOMOGU/ILHOrO TPAHCMOPTa BblAeNeHbl MOAXOAbl, OCHOBaHHble Ha Magic Formula Maceiiku 1 MeToApl pacieToB, OCHOBaHHbIe
Ha LLETOYHbIX, IEHTOYHbIX U CTPYHHbIX MOAensx, B YacTHocTW, Brush-mogenb CeeHpeHuyca. MonyyeHbl 1 060CHOBaHbI yCnoBuA ee
NpVYMEHUMOCTM.

Kniodeeble cnoea: Modesnb WuHbl, MoOesb WiemKu, Cyxoe mpeHue, NAMHO KOHMaxkma.
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