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BBEJAEHUE

AKTYaJIbHOCTh TeMbI JuccepTanuu. B coBpeMEHHOM MHpe BCE aKTHUBHEE
HAYMHAIOT IPUMEHSITHCSI TEXHOJIOTUU UCKycCcTBeHHOTO nHTeuiekTa (M) B coBepiiieHHO
Pa3IMYHBIX 00JACTIX YEIOBEUECKON NESITeIbHOCTH — OT aHaiu3a OOJbIIMX JaHHBIX [4,
5, 20] mo cuctem pacro3HaBaHUs 00BEKTOB Ha (OTO- U BUaeon3o0paxenusx [120, 127]
¥ aBTOMATHYECKUX CUCTEM KOHTPOJIS M YIIPABJICHHS, 0a3UPYIONTUXCSl HA UCTIOJIb30BAHUHT
TEXHOJIOTUI KHOep(HU3MUIECKMX CHUCTEM, MPOMBIIIICHHOr0 uHTepHeTa Bemied (MB),
HelipoceTeBbIX cucteM [75]. OOpamaroT mpucTaabHOE€ BHUMaHUE Ha 3Ty 00JIaCTh U
NIPaBUTENIBCTBA PA3IMYHBIX TOCYAapCTB [22].

Bo MHorom pasutue obnactu MU crtano Bo3MoxHO Ojarojapsi Kjiaccy TaKHX
Mojenelt kak uckycctBeHHble HelipoHHble cetu (MHC). Cam knacc anropuTMmoB
3apoauics 6osee 60 et Hazan [113]. OxHako, TUIB B MOCIIEIHUE JIBA ACCATUIICTHS €T0
MPUMEHEHUE CTAJI0 BO3MOXKHO Ojiarojaps aKTUBHOMY pa3BUTHIO KOMIIbIOTEPHBIX
TexHoJiorui. Crenyer OTMETUTh, YTO Ha JaHHbIM MoMeHT, uMeHHO MHC sBnstoTcs
CaMbIM aKTHBHO BHEJpPsEeMbIM KiiaccoM anroputmos MU [78].

C xaxasiM rofoM mosiBisieTcst Bc€ Oousbiie anroputmoB MHC, kotopeie
MO3BOJISIOT peliaTh COBEPIICHHO Pa3HbIC 33/1a4M B PA3JIMYHBIX O0JACTAX YEIOBEUECKON
nestenbHOCTH. [lpumepamu cambix OypHO pa3BUBAIOIIMXCS HAMPABICHUH MOTYT
ciyxuts MHC nns aHanusa OoniblMX J@HHBIX, TpUMEHstomuecs B cuctemax Data
Mining [50], a Taxxe cBéprounbie Heliponubie cetr (CHC) [83], ncnonb3yrommuecs s
aHanau3a GoTo- U BUACOU300pKEHUH.

JIns ananm3a OOJIBIIMX JTAHHBIX TPUMEHSIOTCS COBEPIIEHHO Pa3HbIE apXUTEKTYPhI
HNHC [73, 77, 136]. ITpu 5TOM ¢ Ka)XIbIM I'OJOM CTAHOBHUTCS HE TOJIBKO OOJIBIIIC BHUJIOB
TaKuX apXUTEKTYP, HO U COBEPIICHCTBYIOTCS U YCIOXKHSIIOTCS yKe CyliecTByomue [46,
54, 69]. CHC Ttakxe akTuBHO pa3BuBarOTCSA. C KaXIbIM TOAOM PACTET KaK TOYHOCTh
pe3ynbTaroB, noiaydaeMbix ¢ moMmouibto CHC, Tak 1 Cl10XHOCTh AaHHBIX cucTeM. OHH
13 CaMbIX YCTEITHBIX U paCIPOCTPaHEHHBIX HA JaHHBIN MOMeHT apxuTekTyp CHC numerot

MHO€ECTBO pazHoponHbIX cnoés [80, 121, 140].
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OTaenbHO CTOMT OTMETUTH clienytouryro ocobeHHoctb MHC — B ciyudae
MCIIOJIB30BaHUsl TAHHOTO KJIAcCa AJITOPUTMOB PA3IEIAIOT TEPMHUHBI «ApPXUTEKTypa» H
«vogenby. [lon moaensto MHC nonumarot yxe 0o0y4eHHYIO CeTh, IIPEeIHa3HAYCHHYIO
JUISl PEIIEHHs] KOHKPETHOM NMpuKiIaaHon 3agaun. A o apxutekrypoil MHC nonumaror
npaBWjia TMOCTPOCHHUA MOJEIM B TMpolecce O0OydeHus U €€ MOCIETYIOIIEro
GYyHKIMOHUPOBAHUS TPU JKCIUTyaTanuu. MHaue roBopsi, apXUTEKTYypOH Ha3bIBAIOT
TUIIOBOM  «4epTEéX», MO KOTOpOMY co3faroTcs KoHkpeTHele wmoxaenu WHC.
CootBercTBeHHO, TepMHH «apxuTektypa MHC» o0benunsger nmox coboil Bce moaenu
HNHC, noctpoeHHble M (YHKIHMOHUPYIOLIME MO OJMHAKOBBIM MNpUHIMNAM. JlaHHas
TEPMUHOJIOTHSI HCMOJb30Bajlack B pabore J[Bunma Pymensxapra u [[xeiimca
MakKnemnanga emé B 1987 rony [53]. BnocnencTBuu TepMUHOIOTHS YCTOSJIACh U HA
CErOAHSIIHUMN JE€Hb UCTIOb3yeTcs npu onucannu MHC.

PazButne u ycnoxuenne MHC npuBoauT HE TOMBKO K MOBBIIICHUIO TOYHOCTH MX
paboThL, HO U K YCIOXKHEHHIO Mpoliecca co3JaHus U 00yueHus Takux mozenei. C apyroi
CTOPOHBI, PACTET U KOJMYECTBO 3aJa4, KOTOPHIE BO3MOKHO PELIUTH C MX MOMOUIBIO.
Takue 3amaum He Bcerga TpeOYIOT MPUMEHEHHs] MEPENOBBIX U CAMBIX CIIOXKHBIX
apxutektyp MHC. Ho, TeM He MeHee, BJISIFOTCS CITMIIKOM CII0KHBIMU, YTO OBl KX MOKHO
OBUIO pemuTh C TOMOIIBI0 mpocThix apxutektyp WMHC 06e3 Hammexanen
JOTIOJTHUTENBHOU HAcTpoikH. [IpocThie monp3oBaTenu 0e3 3HaHUI METOJI0B TTyOOKOTO
oOyuenus (I'O) 1 HABBIKOB JJ1s UX MPUMEHEHHUSI HE CMOTYT KOPPEKTHO CO3/4aTh M OOYUHTh
HNHC, xotopble ObutM OBl CIIOCOOHBI pelIaTh TaKWE 3aJadd C BBICOKOHW TOYHOCTHIO.
MoHO cKka3aTh, YTO KOJMUYECTBO 3aj7a4 pacTET ObICTpee KOIMUYecTBa MPO(hecCHoHaoB,
CIIOCOOHBIX ATH 33Ja4M peIIaTh.

Bcé€ 310 nmpuBOAMT K TOMY, YTO CTAHOBHMTCH BeCbMa aKTYaJbHOM 3ajJaya
CO3JaHMS CHCTEM aBTOMATH3aluu npouecca revepanun 1 od0yyenuss MHC nis rex
WM MHBIX o0uacreii [39, 62, 132]. [Ipu aToM, BCE ocTpee MPOSIBJISIETCS MOTPEOHOCTH
B CHCTeMe, MOAXOAsIeil MJisl pelleHMs THUIOBBIX 32124 W3 Pa3HbIX olJacreil.
CymiecTByeT MHOXECTBO 3a7ad OJHOrO Kilacca, KOTOpble Tpedyercs peniarh B
COBEpIICHHO pa3HbIX MNpeAMeTHbIX obnactsax. K mpumepy, pacmno3HaBaHue Ha

KOCMHYCCKHNX CHHUMKaX KOHKPETHBIX BHIOB OCPCBLCB, 0COOEHHOCTEH penbe(ba,
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KOHKPETHBIX MPUPOAHBIX 00BbEKTOB U T.N. [IpuHIMN perieHus nmogoOHbIX 3a1ad Jubo
y>K€ H3BECTEH M OHHU HCCIEAYIOTCS YK€ M3BECTHBIMU JIMHEWHBIMA M HEJIMHEWHBIMU
momensmu  [88, 119, 143], mmbo oHUM pemialOTCId Ha OCHOBE CO3JaHUsA
cneruanu3upoBanHeix MHC [28, 31, 82], mubo oHM HE MCCIEemyIOTCS BOBCE, B CBSI3U C
OTCYTCTBHEM CIIEIIUAINCTOB, CIIOCOOHBIX CO3/1aTh 00JIee TOUHbIE MOCIH.

IIpu stom, mHorue MHC co3garorcss B BUIIE€ MNPOTPAMMHBIX MPOTOTUIOB, K
npuMepy ¢ Tmomolnplo makera mnporpamm MatLab. Takwe nportotumnbsl TpeOyrOT
nopabOTKH, AJis BHEAPEHUs B cyllecTByrolee mnporpammHoe obecneuenue (I110), u
CIIPOEKTHPOBAHBI C UCITOJIb30BAHUEM KOHKPETHBIX IPHUKJIAJHBIX IPOTPAMMHBIX SI3BIKOB
(C++, Java, Python u T.1.). DTO yCHOXHSET AajbHEHIIee Pa3BUTHE U TMOCIETYIOIIEEe
BHEJPEHUE TPOTOTHUIIOB, IOCKOJbKY TpeOyeT MepenuchiBaHHWs Ha HOBBIA SI3BIK U
ONTUMM3ALUHU y>KE CO3JTaHHON POrPAMMBI.

[logBoas uTOr, MOXKHO CKas3aTh, 4TO Ipouecc pa3sutuss u BHenpenus MHC B
npomMbinuieHHOe [1O 1 MOBCENHEBHYIO KU3Hb YEJIOBEKAa OIPAHUYMBAIOT KAK MUHUMYM
TpH CepbE3HBIX (haKkTOpa.

Bo-nepBhiX, cymecTByer OrpoMHoe pasHooopaszue apxurektyp HWHC,
KOTOpbIe, HA CeroJHAIIHUH /IeHb, MOTYT MPUMEHATHCS JI1 COBEPLIIEHHO Pa3HbIX
3a1a4, HO IIPU ATOM CJ1a00 CUCTEMATU3UPOBAHBI. TaKKe TOJbKO HAYMHAIOT MOSIBIISTHCS
UCTOYHUKU MH(POPMAIUK, CO3/IaTeIM KOTOPhIX Obl HA MOCTOSIHHONW OCHOBE CIIEIMIM 3a
pa3ButreM Bceil oonactu MHC u akryanusupoBanu WH(GOpMALUIO MO CYIIECTBYIOIIUM
pemerusm [109, 124]. OObIuHBIN MOJIB30BATENIb WJIM HAYMHAIOUIMK Pa3pabOTUMK, B
cllydae, Korja emy notpedyercs cosznate mozens Ha 0aze MHC, moxer mpocto He
y3HaTh, uyTo cyuectBytoT MHC, cnocoOHble pemnTh NOCTABICHHbIE MTEPE] HUM 3a/1auu.
[Tpu 5TOM naxe y3HaB 00 MX CyIIECTBOBAaHUH, OH 3a4aCTyI0 HE CMOXKET C XOJ1y BHIOpATh
koHkpeTtHyto MHC, T.K. He CyllecTByeT KOMIUIEKCHOIO CpPaBHEHUS pPa3IUYHbIX
apxutektyp MHC, cnocoOHbBIX pemaTh CX0XKue 3a/auu. B KakJIoM OTIETbHOM cllydae
npuaETCsl BHIOUPATh KOHKPETHYIO apXHTEKTYypy METOJIOM TpoOd u ommubok. [lanHas
npoOiemMa Takke yCyryOJsieTcsi OYeHb OBICTPBIM pPa3BUTHEM TEOPETHUECKOU 0a3bl u
aKTUBHOM pPa3pabOTKON HOBBIX APXUTEKTYp B paccMaTpUBAEMON HAy4dyHOHl oTpaciu

3HAHUM.
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Bo-BTOpBIX, CeACTBUEM NIEPBOM MPOOIEMBI SBISIETCSI U TO, YTO He CYHIECTBYET
YHHBEPCAJIBHOI0 MOX0/1a K PeaJu3alii U 00y4eHUI0 JaHHBIX aPXUTEKTYP. Pa3Hbie
kiaccel UHC peanu3zytores 1 00y4aroTcsi COBEpUIEHHO pa3HbIMU anroputMamu. Kax i
TaKOW aJITOPUTM HEOOXOAMMO I0pabaThIBaTh IMOJ KAXAYI KOHKPETHYIO periacMyro
3amaqy. 910 BCE TpeOyeT OOMMPHBIX Y3KOCMEIUaTN3UPOBAHHBIX 3HAaHUU. [loaTOoMy
mozaenu MHC uMeroT BBICOKUI MOPOT BXOXKACHUS U HE MOTYT IPUMEHATHCS POCTHIMU
MOJIb30BATEIISIMU.

B-Tpertbux, naxke yiKe HMeEIOUIHECH PelIeHUs] YaCTO Peaju30BAHbI B BHJIE
npoToTunoB. BHenpeHue mMOoAOOHBIX MPOTOTUIIOB OyAeT TpeOoBaTh HUX TIyOOKOM
Moau(dUKAUK TOJ] KOHKPETHYIO 3aJady, a TakKe HamucaHus MPOTPaMMHBIX
unTepdericoB. Yacro, mpu MoauduKanuu moJoOHbIX TPOTOTUIIOB, TPEOYETCS XOPOIIIO
pazoupatbcsi B apxutektype MHC, xoTopas peann3zoBaHa B JaHHOM MNPOTOTHUIIE, YTO
BO3BpAILAET KO BTOPOM ONMHCAHHOW MpoOJeMe.

B nononHeHue Kk nepeyuciaeHHbIM BhIIIE TPoOIeMaM, CTOUT OTMETUTh U OCHOBHOE
HaIpaBJICHUE Pa3BUTHUS OTPACIU CO3JaHus MporpaMMHOro obecredeHus. Bc€ aktuBHee
BO MHOTHX OOJIACTSIX HAYMHAET OCYIIECTBIATHCS Tepexona K mapaaurme Software 2.0
[125]. Jlanmnas mapagurma HaiejleHa Ha YCKOPEHHE pa3paOOTKH MpOrpaMMHBIX
MPOAYKTOB 3a CUET MOBBIMICHUS] YPOBHSA aBTOMAaTH3alMM uX co3faanus. [loBwiiieHue
npejyiaraeTcsi OCyIIeCTBIATh 3a CUé€T mepexoja oT IuathopMm paspadorku Low-Code
[43], xoTOpBIC MPEeAOCTABIAIOT pa3padOTYMKAM MHCTPYMEHTApU, aBTOMATHU3UPYIONIUI
HalKMCaHUue MPOTrPaMMHOrO Koja, K miardopmam paspadbotku No-Code [96], koTopsie
MOJIHOCTHI0 ABTOMATU3UPYIOT paboTy ¢ TPOrpaMMHBIM KOAOM, Ojarojaps uemy
MOJIb30BaTeNIb MOXKET CO3/aBaTh 3aKOHUEHHBIC MPOTPaMMHBIE MPOIYKTHl 0Oe€3
HEO0OXOMMOCTHU THUCAThH KOJI.

VYka3aHHble TIPOOJIeMBbI, a Takke mepexoj K mapaagurme Software 2.0,
00yCnaBIMBAalOT AKTYaJbHOCTh U HOBU3HY H30paHHOW TEMbI JUCCEpPTALUM, KOTOpas
HalleJIeHa Ha YIIPOIIEHUE U YCKOPEHHE MPOIIECCOB TeHepaiuu u ooyuenus moaeneir MHC
npsmoro pacnpoctpanenuss (IIP) pa3nuuHbIX apXUTEKTyp, 3a CU€T pealu3aluu
konnenmuu  No-Code mnpum wux cuHTe3e. BTOpbIM BaXKHBIM  HalpaBlICHUEM

JIUCCEPTALIMOHHOTO UCCIIEIOBaHUS ABJsIeTCS ynpolieHue narerpaunu moaeneir MHC TP
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B croponHee [10O, ¢ moMOIIbI0 UCTIOIB30BAHMS CEPBUC-OPUEHTUPOBAHHON apPXUTEKTYPbI
(COA) B mporiecce TeHepanuy MPOrpaMMHBIX 000JI0YEK JJISI CO3/IaHHBIX U O0YYCHHBIX
MOJIEJIEH.

Crenennb paspadoranHocTd Tembl. [loaxonq K aBTOMaTH3alMM MPOIECCOB
reHepanuu, ooydyenus u unrerpanuu mozeneit UHC [P He siBnisieTCsl HOBBIM U YK€ €CTh
pan pabor Ha manHyro Temy [41, 47, 55, 133]. Bce oHU cBOasATCS K TOMY, 4YTO
aBTOMAaTU3allMsl CHHTE3a Mojenell MammnHHOro oOydeHuss (MO) mo3BOJIUT YCKOPUTH
npoiiecc pa3paboTKU MPOTPAMMHBIX TIPOIYKTOB JUIsl PEIICHUS] MHOKECTBA MPUKJIIATHBIX
3a1ad.

Takke, Ha CErOAHSANIHUN JIEHb AKTUBHO pa3paldaThiBAlOTCA MPOTrpaMMHbIC
KOMILJIEKCh U Onbnnoreku aBromatusanuu odydenus MHC, B Tom uncie u B Poccun
[19]. Onmnako, cyIliecTBYIONIME aHAJIOTH 3a4acTyl0 HAIlCJICHBI HA PEIICHHUE KaKHX-TO
Y3KOCIIEIUAIU3UPOBAHHBIX  3a/lad W HE paccMaTpUBAIOT  €IUHOOOpAa3HBId U
YHUBEPCAIbHBIN MOAXO0/ K aBTOMATH3alUUd 00YUYEHUS PA3IMUYHBIX KJIACCOB apXUTEKTYD.

B nanHol nuccepTanimoHHOM paboTe ee aBTOPOM OIMKUCAHO pa3pabOTaHHOE UM
nmporpaMmmMHoe obecrnieuenue, Ha 0a3ze MOAU(PUITMPOBAHHOTO T€HETHYECKOTO allTOPUTMA,
KOTOPO€ KOHCTPYKTMBHO pa3BHBaeT MJACKHD aBTOMATU3allUd TOCTPOCHUS U
UCIIONB30BaHus pasznnuHblx knaccoB MHC mpsMoro pacmnpocTtpaHeHus W HMEET
MOAYJIBHYIO pacipseMyto ctpyktypy [108]. Jannas cTpyKkTypa mo3BOJIIET 100aBISTh
U KOMOMHHMpPOBaTh OOy4aeMble apXUTEKTYphl, aJTOPUTMbI OOYUEHUS, HOpMaIU3alUU
JAHHBIX, BaluJalMu W T.O. Takke, Onaromaps TMpeJIOKEHHON MoaudUKaIuu
reneruueckoro amroput™ma (I'A) [40], cosgannoe I1O peanu3yeT KOMILIEKCHYIO
aBTOMATHU3aIIMIO TPOIECCOB reHepanuu, o0ydeHus u uHTerpauuu moxaenert MHC I1P
pPa3JIMUHBIX APXUTEKTYp, KOTOpas BBIPAXKAETCS B IIEJICHANPABICHHOM ITOMCKE
runeprnapaMeTpoB CETH M B aBTOMATHYECKOM CO3JIaHUM MPOTPAMMHBIX 000JI0UEK MJIs
CHHTE3UPOBAHHBIX MoOjiesieil. Takol moaXo 1 MO3BOJIMT UCHOJIB30BaTh MpeioxenHoe [10
TIPY PEIICHUH TUTIOBBIX 33]1a4 pacro3HaBaHus HeMpodecCuoHaiaM, KOTOPhIE HE 3HAIOT O
JIeTaIsIX CO3JAaHusl U HACTPOMKHM HEHpOHHBIX ceTel. [lon runepnapameTpamMu B JaHHOM

cllydae IMOHHMMAIOTCSl Kak IEepeMEHHbIe, ompenenstomue cTtpykrypy mozaeneir MHC
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(HanpuMep, KOJIMYECTBO CKPBITHIX CIOEB), TAK U MEPEMEHHBIE, ONPENEIISIONINE MPOIIECC
obyuenus moneneir MHC (manpumep, ckopocth 00yuenus) [110].

Pesynbrarom  pabGotrel  mpenactaBieHHoro I[1O  sBiusercs He  IPOCTO
CUHTE3UPOBAaHHAS MOJIENb, & CTEHEPUPOBAHHBIA HCIOJHACMBIN (aii, TOMOJTHEHHBIN
nporpaMMHbIMH  00E€pTKamu, moanepxkuBaomumu  uHTepdericet REST u  SOAP,
KOTOpbIE MO3BOJIAT 3anmycTuTh co3nannyro MHC kak cepBuc u obOpamarthcsi K Hel U3
npyrux cucreM u [10. Jlanusnii moaxoy coorBerctByeT npuHImy COA [72] u mo3BosUT
UCIIOJIb30BaTh JOCTOMHCTBA 3TOW MapaJurMbl. B 4YacTHOCTH, TOPU3OHTAIBHYIO H
BEPTUKAJIIBHYIO MAaCIITa0UPYyEeMOCTh, BO3MOXHOCTh TMOBTOPHOTO  HMCIOJIb30BaHUS
MPOTPAaMMHOT0 KOJIa U MOJYJIbHYIO PacCHIMPsIEMOCTb, a TaKXKe CIEJOBAHWE KOHIIEMIIUU
Wutepner 2.0. [Tpu atom camo 10 coznano ¢ yuérom konmenimu NO-Code pa3paboTka,
Oynarogapsi KOTOPOM KOHEUYHBIH TIOJIb30BaTElIb MOXET CO37aBaTh 3aKOHUCHHbBIC
MporpaMMHBIE TIPOIYKTHl 0€3 HE0OXOJUMOCTH MHcaTh KoJ. Bc€ 3TO MO3UIIMOHUPYET
npenacrasienHoe [10 kak HHCTPYMEHT AJ1s1 OBICTPOTO M HE 3aTPATHOTO PEUIECHUS POCTHIX
TUTIOBBIX 3a7a4 OOBIYHBIMHU TMOJIb30BaTeIsIMU. Ha MaHHBIH MOMEHT CYIIECTBYIOIIUE
aHanoru mupenacrasieHHoro [IO mubo pemarT 3agady TeHEpAMH MPOTPAMMHBIX
000JI0YEK IJI CO3AaHHBIX MOJIENEH TOJIbKO Mg KOHKpeTHOH apxutekTypbl MHC, nu6o
HE PEeILalT €€ BOBCE.

K MomenTy Havasia paGoThl HaJ AuccepTanMel, HaydHas 001acTh, CBA3aHHAS C
pa3pabOTKON arOPUTMOB aBTOMATHU3ALIUM TTPOIIECCOB TEHEPAIIMU U 00yUeHUsI MOJIeeit
MNHC TP, emé€ TOJbKO 3aposKJajiack. DTamnbl CO3/IaHUs U dKCILTyaTanuu mojaeneid MO,
TpeOyIoIre aBTOMATH3AIMH, & TAKKE OCHOBHBIE CITOCOOBI aBTOMATU3AIMK 3TUX JTAINlOB
ObUTM  chOPMYJIMPOBAHBl U OIMYOJIUMKOBaHBI TOJbKO B 2014 romy MexayHapoJIHOU
KOMaHJI0O BO TaBe ¢ Jaboparopueil wmamuHHOTO 00yueHuss @paitdyprckoro
YuuBepcutera AnwnOeprta-Jlrogsura [35]. IlpenacraBiieHHBIM B JaHHOW JgUCCEpTALUM
KOMIUIEKCHBIN noaxoa kK aBToMatn3annu cuare3a moaeieit MHC I1P aBiasercd oguum n3
BO3MOXHBIX MOJAXOJ0B K PEIICHUIO ONMMCAHHBIX BBIIIE HAYYHO-TEXHUUYECKUX 3an1ady. Ha
JAHHBII MOMEHT MHOXECTBO TpYINN pa3padOTUYMKOB 3aHUMAIOTCS MCCIIEJOBAHUEM
cxoxux 3amad [79]. Ho MHOTME W3 HHX aKIEHTHPYIOTCS Ha PACCMOTPEHHH TOJIBKO

KOHKPETHBIX 33/1a4 (K MpUMepy, Ha CBEPTOUHBIX HEHPOHHBIX CETAX [2]) U HE UCTIONB3YIOT
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KOMIUJIEKCHBIA TIOAX0J K aBToMaTtu3anuu cuHte3a moaened MHC IIP. lpyrue xe
Hay4HbI€ TPYIIBI €€ HE MPEACTABWIM UTOT CBOMX HCCIEeNOBaHMU. Takke, cxoxue
paboThl BeyTCsS HAyUYHBIMH IPYIIIIaMU KPYITHBIX KOMMEpUecKUX Komnanuii. Ho nanHele
paboThl SBIIAIOTCS YAaCTUYHO WM MOJHOCTBIO 3aKPBITBIMU, B CBA3M C YE€M MOKHO
IIPOBECTH JIMIIb OTPAHUYEHHOE CPABHEHNE C HUMM.

IIpemyiaraeMplii Juisi KOMIUIEKCHOW aBTOMAaTH3allMA IIPOLIECCOB TE€HEpALUU U
o0yuenust mogeneit MHC I1P, paznuyubix apXutektyp, MoauduupoBanubiii ['A BXoauT
B KJIACC DBOJIIOLMOHHBIX AJTOPUTMOB, KOTOPBIE YK€ YCIELIHO MCIOJIB3YIOTCS Ul
pemenust moxoxkux 3amaud [19, 40, 133]. Onpnako, B JaHHOM cCllyyae BIIEpPBbIC
IpeajiaraeTcsl MCHOJb30BaTh JAHHBIA MOAM(PUUIMPOBAHHBIA aBTOPOM JIUCCEPTALUU
JITOPUTM HE I aBTOMAaTH3allUM Mpolecca TeHepauuu U OOy4eHHs KOHKpPETHOU
apxutektypsl MHC, a B kauecTBe YHMBEPCAIBHOIO U YHU(DHUIIMPOBAHHOTO aJITOPUTMA,
MOAXO/SIIETO JUIsl TeHepali U 00y4eHus pacmmpseMoro MHoxecTBa apxutekryp MHC
I1P.

HUcnonp3yemas B mpemnmaraemom 110 mopynbHas pacmmpsemas CTPYKTypa
[I0O3BOJIMJIA HA NPAKTHUYECKOM YPOBHE IOJACPKATh 3AM0KEHHYIO IMapagurmy
yHuUBepcaibHOCTH.  PazpaboranHoe IO Moxker ObITh PACHIMPEHO  HOBBIMHU
apxutekrypamu MHC I1P 6e3 monudukanum yxe co3AaHHbIX MPOrPaMMHBIX MOAYJEH,
YTO TOBOPUT OO €ro OTKPBITOCTU U SIBJISETCS BAXKHEHIIMM NPEUMYIIECTBOM JIaHHOU
pa3paboTKU. YHHUBEpCAIbHBIA MPOrpaMMHBIN HHTEp(deiic, HEe3aBUCUMOCTb MOJYJIeH
apXUTEKTYp APYT OT ApYra, a TAaK)Ke MHKATCYJISIUS alTOPUTMOB T'eHEepalui U 00y4eHus
moneneit MHC IIP BuyTpu momyneil, mosBomiser cozganHoMmy [1O emmHOOOpasHO
reHepUpOBaTh U 00y4aTh MOJIEIH pa3inuHbiX apxutrektyp MHC.

Heap ucciieqoBaHus 3aKI0OYaeTCd B COKpAIlEHUM OOLIMX 3aTpaT BPEMEHU U
YIIPOILEHUH TTPOIIECCOB CO3/IaHusl, 00yueHus 1 ucnoibzoBanust mojaeneit MHC npsmoro
pacmpocTpaHeHuss 3a CYET KOMIUIEKCHOM  aBTOMAaTu3alMu UuX  pa3paboTKu,
Oasupylolieiicss Ha IIeJICHANPaBICHHOM BBIOOpE apXUTEKTyp M TUIEpHapaMeTpoB
co3maBaeMmbix Mozeneii MHC ¢ nomompto MOAuM(UIMPOBAHHOTO TI'E€HETUYECKOIO
arOpUTMa, a TaKKe AaBTOMAaTUYECKOW TeHepallu MPOrpaMMHBIX OO0OJOuUeK MJis

cuHTe3upoBaHHbIX Mojenei MHC.



11

Lenp AriccepTalliOHHON PaOOTHI TOCTUTACTCSI HA OCHOBE KOMIUJIEKCHOTO PEIICHUS
CIIEIYIOIMX HAYYHO-TEXHUYECKHUX 32124’

o pa3paboTKa HOBO MOAM(PHUKAIIUN TEHETHUECKOTO aJITOPUTMA, I PEIICHUS
3aaud  CTPYKTypHO-mapameTpudeckoro  cuHre3a wmoxaenein HWHC  mpsamoro
pacnpoCTpaHEeHUs, peaTu3yIOIUX PA3IMYHbIE APXUTEKTYPHI;

o pa3paboTKka MPOrpaMMHON CHUCTEMBl KOMIUIEKCHOH aBTOMAaTH3aI[UH
CTPYKTypHO-TIapaMmeTpuueckoro cunreza mozeneit MHC mpsiMoro pacmpocTpaHeHus
pa3IUYHBIX APXUTEKTYD;

o pa3paboTka MOPOrpaMMHOM  CHUCTEMBI ~ aBTOMATUYECKOM  TeHepaluu
IPOrpaMMHBIX 000JIOUEK, MOAJAEPKUBAIOIINX MapagurMy CEpBUC-OPHUEHTHPOBAHHON
aApPXUTEKTYpPhl M WHKAICYJIUPYIOIIMX AITOPUTMbl PAa0OTHI C CO3JIaHHBIMU MOJACIISAMHU
NHC,;

° CO3/JaHUE METOJIMKH HCIOJIb30BaHUsS pa3padbotanHoro 10 kommiiekcHOU
aBTOMAaTU3allMd TPOIECCOB TeHepauuu, oOydeHuss W uHTerpauun mojaeneit MHC
IIPSIMOTO PacIpOCTPAHEHUS PA3JIMYHBIX APXUTEKTYP HAa IPUMEPE PELICHHS TPEX KJIACCOB
MPUKIIAIHBIX 3a]1a4.

O0beKkTOM HCCIeI0BAHMSA SIBJIIIOTCS MPOLECCHl TeHepaluu, o0y4YeHus,
UCIIOJIb30BaHus, a Takxke uHTerpanuu coznanubix MHC TP B ctoponuee T10.

IIpeamMeTroM mMccie0BaHUsl SBISIETCS HOBOE MPOTrpaMMHO-MAaTEMaTHYECKOE
obecnneuenue (IIMO) wu Meroguka €ro HCHOJIB30BAaHHUS TPU  KOMIUJIEKCHOM
aBTOMATH3allUM CTPYKTypHO-nlapamerpuyeckoro cunteza MHC IIP, peanusyrommx
pa3IMyHbIE APXUTEKTYPbI U UCIIOJb3YEMbIX JIJIsl PEIICHUS MPUKIIAIHBIX 3a/1a4.

O0JaacTh HCCJIeJ0BaHUS COOTBETCTBYET MAcCIOpTy crHenuaipHoctH 2.3.5 -
«MaremaTueckoe W TMpPOrpaMMHOE OO€CleYeHHE  BBIYUCIUTEIBHBIX  CHUCTEM,
KOMIIJIEKCOB U KOMITBIOTEPHBIX CETEI MO0 TEXHUYECKUM HayKaM.

Hay4yHasi HOBHM3HA HCCJIeJOBAHMS PE3YJbTATOB, MOJYYEHHBIX MHPHU PEIICHUN
MTOCTABJICHHBIX 33/1a4, COCTOUT B CIEAYIOLIEM:

1. Pa3pabotan MOAMPUIIMPOBAHHBINA T€HETUYECKUNA aITOPUTM, PEIIAOIINN 3aauy

KOMILJIEKCHOI'O CTPYKTypHO-TlapameTpuueckoro cunteza wmogeneit MHC mpsmoro
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pacupocTpaHeHus pas3iWyHbIX apxXuTekryp. OH oOTiIMyaeTcs BHECEHHBIMU B
TeHETUYECKUH  alNrOpUTM  MOIUM(UKAIMSIMH,  YYUTHIBAIOIIUMU  OOOOIIEHHBIE
O0COOGHHOCTH Tmojaxoga oOyueHuss ¢ yuutenremM Kk wogensm MHC  mpsimoro
pacmnpoCcTpaHEHHs, YTO MO3BOJIAET, 32 CUET YHU(PUKAIINH, TOOUTHCS MacIITAOUPyEeMOCTH
anroputMa HOBbIMH  apxuTektypamu HWHC mpsmoro pacmpoctpanenus 6e3
HEO0XOMMOCTH MOJU(UKALIUY CaMOT0 aJITOPUTMA.

2. PazpaboTana apXuTeKTypa MNPOTPAaMMHON  CHUCTEMBl  KOMILIEKCHOMN
aBTOMATHU3allMM PEUICHUS 3aJa4d CTPYKTYPHO-IIAPAMETPUYECKOIO CHUHTE3a MOJEIICH
MHC mnpsMoro pacnpocTpaHeHUs, OTIMYAKOUIAsCid BO3MOXXHOCTBIO WHKAICYJISALNN
METO/0B paboThl ¢ paznuuHbiMU apxuTekrypamu MHC, yTo mo3BossieT ynpocTuTh U
YCKOPUTh  pa3paboTKy Mojened 3a Ccu€T  HUCHOJb30BAaHUS  MEPCHEKTUBHOM
MH()OPMAIMOHHOW TEXHOJIOTUU «IPOrpaMMHpoOBaHus 0e3 mporpammupoBaHus» (NO-
Code pa3pabotka).

3. Pa3zpaboTana apxuTeKkTypa NporpaMMHON CUCTEMbI aBTOMATUYECKOU T'eHepaluu
NpOrpaMMHBIX ~ 000J04YeK i CcUHTe3upoBaHHbIX Mozenedn HMHC  mpsmoro
pacupoCTpaHEHUs! Pa3JIMYHBIX APXUTEKTYp, OTIMYAKOLIASCS peaju3alyred KOHUEHNINN
No-Code pa3paboTku ¥ TOICPKKOH TApaJUrMbl  CEPBUC-OPUCHTUPOBAHHOMN
apXUTEKTYphl, YTO MO3BOJISIET YCKOPUTh U YHPOCTUTh HHTETPALUIO pa3pabOTaHHBIX
MoJieJIell B CTOpOHHEE MPOrpaMMHOE O0ecTieueHue.

4. Pa3zpaboTaHa METOJWKA HCHOJB30BAHMUS CO3AAHHOTO MPOrPAMMHOIO
o0ecriedyeHns, OTIMYAIOLIAsCS KOMIUIEKCHBIM IMOJAXOJOM K PEIEHUI0 3aJauu
aBTOMATU3UPOBAHHOM TeHepaimu, oOydeHus U unHterpanuu moxaener MHC mpsmoro
pacrpocTpaHeHHs] Pa3InYHbIX ApXUTEKTyp W Hcnojb3oBanueM konuenimu NoO-Code
pa3paboTKH.

Teoperuyeckass W mNpakTHYecKass 3HAYUMOCTH PpadoTbl. Pa3paboTaHHbIC
METOAbI, aJITOPUTMBI M KX MNPOrpaMMHAs peanu3alus ONPENEIIIOT OCHOBHOE
COZIEp)KaHME MPEMIOKEHHOIO B JHMCCEPTALMM HOBOIO MOAXOAA K KOMIUIEKCHOU
aBTOMATH3allUM TMPOIECCOB TeHepaluu, oOydyeHus u wucnosnb3zoBanuss HWMHC TIP
pPa3JIMYHBIX apXWUTEKTyp. B pamkax MaHHOro MOAXO04a yJajaoCh CO31aTh apXUTEKTYpy

nporpaMmMHoi cucteMmsl cuHTeza moaeneit MHC I1P, kotopast xapakTepu3yeTrcsi BBICOKOH
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CTENEHbIO YHUBEPCAIIBHOCTH U YHU(PHUKAIIMK U [O3TOMY MOXKET HCIOJB30BaThCA AJIS
KOMILJIEKCHOM aBTOMaTH3allUy CUHTEe3a Mojenel pasnuunbix apxutektyp MHC I1P, B
TOM 4YHCJI€ HE BKIOYEHHBIX 1O ymoidaHuio B aa”Hoe [1O. Taxxke, peamu3zoBaHa
aApXUTEKTypa NPOrPAMMHOM CHCTEMBI AaBTOMATHYECKOW T€HEpPalrHd IPOrPAMMHBIX
000JI0YEeK I CHHTE3UPOBAHHBIX MOJIENIEH, KOTOpast yNPOIIAeT U YCKOPSET BHEIPEHUE
co3maHHbIX Mozenedd B crtoponHee [10, 3a cuér peanmmsammu konuenuuu No-Code
pa3paboTku u mojaepKku mapagurmsel COA.

C nomompo ucnonbs3oBanus co3gaHHoro IO yaanoce C3KOHOMHTH PECYpChI U
COKpaTUTh BpeMs B mporecce paspadotku mozaeineit MHC IIP 3a cu€r ymeHbineHuUs
NOTEPh HA MPOMEXKYTOUHBIX ATanax HX CO3JaHusA (TaKuX OTANoB, Kak MOI00p
TUIepnapaMeTpoB MOJEIH, TeHepalus HCHONHsAeMbIX (aimoB u T.1.). Takxe,
IIPEUIOKEHHBIA  KOMIUIEKCHBIM —moaxox K cuHTesy wMogenen HMHC  mpsmoro
pacnpocTpaHeHUsl MO3BOJISIET YCKOPUTH MpoOLecC UcciaeAoBaHUs OOBEKTa HAa OCHOBE
OLICHMBAHUS BIUSHUS HOBBIX BXOJHBIX IApaMETPOB Ha MOJEib, OOYYEHHYIO Ha
PETPOCIEKTUBHBIX AAHHBIX (MOJYYEHHBIX OT 3TOTO ke 00BbEKTa), 32 CUET YMEHbUICHUS
BpPEMEHH HEOOXOIMMOT0 Ha CHHTE3 HOBBIX MOJEIIEH.

C npakTU4YEeCKOI TOUKH 3pEHUs, pe3yJIbTaThl JAHHOW AHCCEepTAlUU (IIPEXKIE BCETO,
co3ganHoe [1O) MOXXHO UCHONB30BaTh JJII ABTOMATH3AIlMM TMPOLECCOB CO3AaHUS
porpaMMHBIX Mojayse Ha 6aze moneneir MHC I1P, mo3Bonstomux peniate MAPOKUMA
Kpyr nOpukiagHeix  3amad.  I[Ipumenumocts [IO  orpaHMuYMBaEeTCs  TOJBKO
MOTEHIUAJIBHBIMA BO3MOXHOCTSIMU Kaxxaoil u3 apxutekryp MHC IIP, BKItOUEHHBIX B
Hero. [Ipu 3ToM, CIUCOK pelIaeMbIX 3aa4 TaKKe MOXKET ObITh BIIOCJIEJCTBUH YBEIHUEH,
3a cu€t gobasneHus HoBbIX apxuTektyp MHC I1P, oOecnieunBaromumx pemeHue Ipyrux
KJIACCOB 3aJ1a4.

MeToa0/10THSI M METOAbI HCCAEeA0BAHMSA. /(151 pelIeHNs MOCTaBICHHBIX 3a]a4 B
paboTe HCHONB3YIOTCS TEOPUsI SBOJIOLUOHHBIX aJITOPUTMOB, TEOPUH MOJYJIBHOIO
IPOrpaMMHUPOBAHUS U TEOpUH TITyOoKkoro o0yuenus. [Ipu koMnbroTepHON peann3anuu
UCIOJB30BAMCh METOJbl M AJITOPUTMBI TIyOOKOro OOYYEHHs, HCIIONb3YyEMbBIE B

nporpaMMHbIX OuOimorekax Keras u TensorFlow, a rtakxke mapamurmer No-Code
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pa3pabOTKu U CEPBUC-OPUEHTHPOBAHHON apXUTEKTYphl (pEealM30BaHHOW C MOMOIIBIO
nporpaMMHoi ouomoteku Flask).

IHonoxeHusAMHU, BBIHOCHMbIMHU HA 3aILHUTY, SIBJISIIOTCS

1)  MoaudunupoBaHHBIH TE€HETUYECKUI aJrOpUTM KOMILUIEKCHOMN
aBTOMATH3allMM CTPYKTypHO-mapameTpudeckoro cunre3a wmoxaeneit MHC mpsimoro
pacrpoCTpaHEHUs PAa3IMYHbIX APXUTEKTYD;

2)  IlporpammHas cucreMa KOMIUIEKCHOW aBTOMATHU3allMU CTPYKTYPHO-
napameTpuueckoro cuHteza moneneid MHC npsimoro pacnpocTpaHeHHMs pas3IMYHBIX
apXUTEKTYD;

3)  IIporpamMmHas cucTemMa aBTOMaTHYECKOW TeHEPAIMU UCTIOIHIEMBIX (ailsioB
Uil cuHTe3upoBaHHbIX Mojeneit MHC mpsMoro pacmpocTpaHeHus pas3indHbIX
apXUTEKTYD;

4)  Meronuka U pe3yJIbTaThl UCTIOIB30BaHUS pa3pabOTaAHHOTO MPOrPAMMHOTO
o0ecrieueHnss KOMIUIEKCHOM aBTOMAaTH3alliu TIIPOLIECCOB TIEHEpaluu, OOy4YeHHs U
unrerpanuu moaenein MHC npsiMmoro pacnpocTpaHeHus pa3auyHbIX apXUTEKTYP.

CreneHb /0CTOBEPHOCTH Pe3yJbTaTOB aHMccepTaluM obecrieunBacTCsl Ha
OCHOBE aHaJu3a COCTOSIHUSI COBPEMEHHBIX HCCIenoBaHuMKA 1o TematukaM ['O wu
aBTOMATU3UPOBAaHHOTO OO0yueHust cucrem WM, moaTBep:kaaeTcss COrjJacoBaHHOCTHIO
MOJTYYEHHBIX pe3yJIbTaTOB, YCIENHON ampobarueit co3ganHoro 110 u mocnemyromum
BHEJIPEHUEM PEe3yIbTaTOB €0 paboThl, a TakKe 12 BBHICTYIIIICHUSIMHA HA MEKyHapPOTHBIX
U POCCHUUCKMX HAy4YHBIX KOH(MEpEHIUSX W MyOJuKalueld WTOTOB HCCIEIOBaHUN B
BEIYIHUX PELIEH3UPYEMbIX U3JaHUAX.

Anpobauusa u peasusauus pesyiabraroB. Moaemn HWHC, co3nanabie B
pe3yJibTaTe UCI0JIb30BaHus pa3dpadoTanHoro 110, ObUIM CTIOIB30BaHbI IPU PEeATU3ALUN
uHpopmarmonHon cuctemsl (MUC) TTPOCTOP [141]. MccnenoBanusi, oTpaxEHHbIE B
JUCCePTAINK, TPOBOAMWINCH B paMKax 4 Hay4yHO-UCCIIENOBATEIbCKUX padoT: 1) rpaHT
PODOU Nel19-37-90112 «Pa3paboTka METOI0B, TEXHOJIOTUH U MMPOTPAMMHOTO KOMILIEKCa
aBTOMATU3UPOBAHHOM TeHepalud U OOyYeHUs] MCKYCCTBEHHBIX HEHMPOHHBIX CeTeil Ha
OCHOBE CEpPBUC-OPHUEHTUPOBAHHOM apXWUTEKTYypb»; 2) TrpanT POOU Nel9-08-00989

((P33p8,6OTKa N HCCICAOBAHNC HAYYHBIX OCHOB TCOPHHM MHOTI'OKPHUTCPHUAIBHOTO



15

OLICHUBAHMS, aHalM3a W YIOPABICHHUS KadyeCTBOM MOZENEH U IMOJIUMOJAEIbHBIX
KOMIUIEKCOB, OMUCHIBAIOIINX CIOXKHBIE TEXHUYECKUE 00BEKTh; 3) rpanT PODU Nel7-
08-00797 «Pa3paboTka M HCCIEIOBaHWE METOJOJOTUYECKUX OCHOB M TEXHOJIOTMH
KOMITJIEKCHOTO ~ MOJCIMPOBAHUS  TPOIECCOB  (DYHKIIMOHMPOBAHUS  CHUCTEMBI
MPOAKTUBHOTO YMPABJICHUSI CIOKHBIMH TEXHUYECKUMU O0ObekTaMu»; 4) rpant POOU
Ne16-08-00510 «Pa3paboTka M HcclieIoBaHUE METOAOJIOTMH TTOCTPOCHHS U CO3JIaHUE
MpOTOTUNAa WH(POPMAIMOHHON aBTOMAaTU3MPOBAHHOW CHCTEMBI IIPOTHO3WPOBAHHS
COCTOSIHUSI pacTUTeNnbHOTO mokpoBa KpaitHero CeBepa Ha OCHOBE HMHTETPUPOBAHHOMU
00pabOTKM MYJbTH- M THUIEPCHEKTPAIbHBIX HA3EMHO-adPOKOCMHUYECKUX JaHHBIX, a
TaKke KIMMAaTHYeCKON HH(POpMALTII.

OcHOBHBIE pe3yJIbTaThl pabOThl JOKIAABIBAIIMCE U O0OCYKJanuch Ha 12 Hay4HO-
npaktnyecknx KoH(pepenmmsx: «32nd European Conference on Modelling and
Simulation» (ECMS 2018), r. Bumbsreasmcxaden, I'epmanms, 2018 r.; «20th
International Conference on Harbor, Maritime & Multimodal Logistics Modelling and
Simulation» (HMS2018), r. Bynanemr, Bearpus, 2018 r.; «[1o0aabHbIC KIMMAaTHYECKHIE
U3MEHEHUS: PEruoHaIbHbIE 3(PPEKThI, MOIETH, MPOTHO3BI», T. Boponex, 2019 r.; «33rd
European Conference on Modelling and Simulation» (ECMS 2019), .
Bunsrensmcxaden, I'epmanums, 2019 r1.; «13th IEEE International Conference
“Application of Information and Communication Technologies”» (AICT2019), r. Baky,
Azepoaitmkan, 2019 r.; «2nd Euro-Mediterranean Conference for Environmental
Integration» (EMCEI-2), r. Cyc, Tynumc, 2019 r.; «9th IFAC Conference on
Manufacturing Modelling, Management and Control» (MIM 2019), r. Bbepnum,
['epmanus, 2019 r.; «HpopmanmonHsie TexHoysoruu B ynpasienun» (UTY-2020), r.
Cankrt-IletepOypr, 2020 r.; «Moaenu u METOIbI UCCIENOBaHUS WH(DOPMAIMOHHBIX
cucteM Ha Ttpancnopre» (MMPUCT-2020), r. Canxt-Ilerepoypr, 2020 r.; «I8
Hanunonansnas Kondepenuus no MckycctBennomy MuTemnekty ¢ MexayHapoaHbIM
VYuactuem» (KMHN-2020), r. MockBa, 2020 r.; «MaTteMaTu4eckoe MOJIeIMpOBaHUE B
skosorum» (DxoMatMona-2021), r. Ilymmuo, 2021 r.; «Pattern Recognition and
Information Processing» (PRIP'2021), r. Munck, bemapych.
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Hyoankamuu. [lo Teme auccepranmu OMyOJIMKOBAHO 25 TMedYaTHBIX pPadoT,
BKJItOUasi 3 MyOIMKaIMK B )KypHaJlaX U3 MEPEeyHs PELCH3UPYEMbIX HAYUHBIX H3TaHUM, B
KOTOPBIX JTOJKHBI ObITh OIyOJIMKOBaHbl OCHOBHBIE HAYUHbIE PE3YyJIbTAThl IUCCEpPTAIIU
Ha COMCKaHME Yy4€HOW cTemeHW KaHauaata Hayk, 10 myOnukanmii B W3IaHUSAX,
uHaekcupyemMbeix B WoS/Scopus, 2 cBumetenscTBa Ha peructpamuio [IpDBM. TlomHbrit
nepedeHb MyOMKaIMi COMCKaTeNs Mo TeMe McCleoBaHus npecTanieH B [Ipunoxenun
A auccepTanoHHOM paboTHI.

Pa3paboTraHHOE aNTOpUTMUYECKOE U MPOrPaMMHOE OOECIIEUEHUE PEeaIn30BaHO B
psne opraHuzanuii: ['oCynapCTBEHHBI NPUPOAHBIA OUOCHEpHBI 3aNOBEIHHUK
«Taiimbipckuii»,  «Cankr-IlerepOyprckuii  rocyaapCTBEHHBIA  TEXHOJIOTMYECKUI
uHCTUTYT (TexHuueckuit yHuepcutet)» CIIOI'TU (TY), B CIIMMPAH u C3UIIIIO
Bxomsamux B CI16 ®UIL] PAH.

JInynpiii BkjIax aBTopa. OCHOBHBIE HAay4YHbIC ITOJIOKEHHS, TEOPETUYECKHUE
BBIBOJIbl M TMPAKTUUECKHE PEIICHUS, PE3ybTaThl TECTUPOBAHUS CHOPMYIHUPOBAHBI U
W3JI0KEHBI aBTOPOM CaMOCTOSITEIBHO.

Crtpykrypa u 00bém padoThI.

Hucceprauust o0beMoM 144 MamIMHONHMCHBIE CTPAHULBI COAECPKUT BBEACHHE,
YEThIPE TJIaBBl U 3aKTIOUYCHHE, CITUCOK TuTepaTypsl (146 HanmeHoBanue), 1 Tabuiy, 32
PHUCYHKA, IPUIIOKEHUE CO CTUCKOM ITyOJIMKAIIMA COMCKATEIS.

B nepBoi riaBe nMpou3BOAUTCS AHAIN3 TEKYIIETO COCTOSHUS MCCIIEIOBAHUMN B
obnmactu  mpaktuueckoro  npumeneHus HMHC, wumerommecss  npoOiemsl B
paccMaTpuBaeMoi MPUKIATHONW 00JIACTH U BO3MOXKHBIE ITyTH UX PEUICHUS], TPOBOIUTCS
(dbopmalibHas MOCTaHOBKA 3a7]a4 UCCIEIOBaHUSI.

B riaBe 060cHOBBIBaeTCS aKTyalbHOCTh U30PAHHOM TEMBI JUCCEPTAIH, KOTOpas
OPUEHTHpOBaHAa Ha YIPOLIEHHWE U YCKOPEHHE MPOIECCOB TeHEepaluu M OOydeHUs
monenenn MMHC IIP pa3muuHbIX apXUTEKTyp, a TakK€ Ha YNPOIIEHHWE HWHTETpPalUH
Co3JIlaHHbIX Mojenelt B ctopoHHee 110. PemaTe nocraBieHHbIe 3a/1a4d NpeajiaraeTcs 3a
CYET KOMILUIEKCHOM aBTOMATHU3alUM, a TAKXKE C MTOMOIIbI0 UCIOJIb30BAaHUS MapaJurM U
texnonoruit COA, B mpoliecce reHepaluu MPOrpaMMHBIX O000JOYEK ISl CO3IaHHBIX

moneieit, 1 No-Code pa3paboTku, Ha Bcex 3Tanax paOdOThl.
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Bo BTOpoOii riaBe NPOU3BOIUTCA aHANW3 HauMOOJee 4YacTO MCHOJIb3YEeMbIX
mozeneir MHC TIP, aBromaTu3anusi IpoUEcCOB I€Hepaluu U 0O0y4YeHUsi KOTOPBIX Ha
CETOJHSIIHUN JIeHb HaubOosee OlpaBJaHa, OIMMCHIBAIOTCS MOAXOJAbl K MpoIeccam
reHepanuu u o0yuenus mozeneir MHC, koTopeie TpeOyeTcst aBTOMaTU3UPOBATh.

B rnaBe moapoOHo omnwuceiBaioTcs BbiOpaHHble apxutektypsl MHC IIP u
00OCHOBBIBAIOTCSA TMPUYUHBI MX BBIOOpa HJisi peanu3anuu B pazpadarbiBaemoMm [10.
JlaHHBIE aAPXUTEKTYPHI MPEJOCTABISIIOTCS IOJIH30BATEII0 HA BBIOOP TPH pPEIICHUU
COOTBETCTBYIOLIMX 3axad. B guccepraumm mnpemiaraercss IOYTH  IOJHOCTBIO
aBTOMATU3UPOBATh pabOTHI, CBSI3AHHBIE C TeHepalue u Oo0ydeHHeM JTaHHBIX
apxutektyp. Ilpu TakoM moaxoae OT TMOJb30BaTeNsl TPeOyeTcsl TOJbKO HAIMYHE
pa3MedeHHOM oOydaromie BBHIOOPKM M yKa3aHHEe TpPeOyeMOW TOUYHOCTH TOJyUECHHUS
KOHEYHBIX pPE3yJIbTATOB.

Takxke, B JaHHOW TIJaBe TMPUBOJUTCA  ONUCAHHE  Pa3pabOTAHHOIO
MoauduiupoBaHHoro ['A, KOTOpBIM  HCMONB3yeTCS I KOMIUIEKCHOTO U
yHuuiupoBanHoro cuHtesa wMozeneit HMHC TIP  pa3nuuHbIX — apXUTEKTYD,
00OCHOBBIBAIOTCSA MPUYUHBI BHECEHUS] M3MEHEHHM W OMUCHIBAIOTCSA JETATW JIaHHOMN
MOIU(DUKALIAH.

B Tperneii rigaBe mMOApOOHO paccMaTpUBAIOTCS COCTaB W CTPYKTypa
paszpabotannoro I1O. OmnuchiBalOTCS 3a7auyM, periaeMble KaKIbIM U3 CO3JIaHHBIX
MPOTPaMMHBIM MOJIYJIEM, a TAK)KE CIIOCOOBI PEIICHUS ATUX 3a]1a4.

dopmynupyrorest 6azobie  npuHOHIBEI COA U 00OCHOBBIBAIOTCS IPUYHHBI
NpPUMEHEHUsI JTaHHOW mapaaurMbl B paspabdareiBaemoMm [10. I[lpuBoautcs moapobHOE
onucanue 11 OCHOBHBIX U BCIIOMOTaTEeIbHBIX MTPOrPaMMHBIX MOYyJIeH, pa3paboTaHHBIX
JIMCCEPTAaHTOM W BOLICANIMX B cocTaB co3gaHHOro [1O KoMIIEKCHOM aBTOMaTH3alMU
MpoIeccoB TeHepaiuu, oOydeHus u uHterpauuu mojnened MHC IIP pazmuunbix
APXUTEKTYP.

B 4eTBépTOM Iy1aBe NPUBOJAUTCS ONKUCAHUE TPEX MPUKIAAHBIX 3a/1a4, PEIIEHHBIX
npu oMoy cosganxoro [10.

B nepBoii mpencTtaBieHHOW 3ajaye pPacCMaTPUBACTCA MPOLECC BECEHHETO

BCKPBITHA JibAd M IIOCICAYIOHMICIO ITOJOBOAbLA Ha PCKaX. IlomMyMO 3aBUCHUMOCTH OT
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METEOPOJIOTUYECKUX U THIPOJIOTUYECKUX IMAPAMETPOB, CYIIIECTBEHHOE BIMSHUE HA 3TOT
MPOIIECC OKA3bIBAIOT U reorpaduiyeckiue 0COOEHHOCTH TPOCTPAHCTBEHHOTO Pa3MEeLICHHS
camux pek. J{Jis mporHo3upoBaHusi MOBEICHUS PEKH B MOJIOBOIbe ObLIa pazpadorana MC
«ITPOCTOPy. Hcnonp3yeMble B 3TOM CHCTEME MOJEIU U METOJbl UCIOJB3YIOTCS IS
ONEPAaTUBHOIO MPOrHO3UPOBAHMS  COCTOSIHUS peyHoro pyciaa. C  MOMOIIBIO
npenacrabieHHoro B auccepranuu 110 Obuia crenepupoBansl Moaenu MHC, kotopsie
YCHEIIHO MPUMEHSUINCH JJI pelIeHUs 3a7a4 NPOrHO3UPOBAaHUS JHS BCKPBITUS JIbJA U
MOCJIEYOLIETO IPOrHO3UPOBAHMS YPOBHS BOBI.

Bropoii pemienHoi 3agadeil Obla 3a7ada OILICHMBAHUS 3aMlacoB HAJI3EMHOM
(¢uTOMACCHl PACTUTEIBHBIX COOOILIECTB pa3HBIX NPUPOAHO-KIMMATHUYECKUX 30H M
IPOrHO3UPOBAHKUE UX U3MEHEHHMH B 3aBUCHUMOCTH OT ()akTOpoB cpenbl. JlaHHas 3amada
Ba)KHA, MPEXKE BCETO, ISl CETCKUX U MIPUPOJOOXPAHHBIX X034UCTB. cronb3ys 3HaHUS
0 3amnacax (puToMacchl, MOKHO OLIEHHTh KOPMOBYIO €MKOCTh MAacTOMI] M PacCUUTATh
NpEACIbHYI0 YHUCIEHHOCTh JOMAIIHUX WM JHKWAX >KUBOTHBIX JUISl JJIMTEIBHOIO
YCTOMYMBOIO MPUPOJIONOJb30BaHusA. JlJid peleHuss paccMaTpuBaeMoM 3ajadd Oblia
co3mana Mmozenr MHC (¢ momomipio mpeacraBieHHoro B aumccepramumu 110), ¢
UCIIOJIb30BAaHUEM KOTOPOW OB OCYLIECTBJIEH MPOTHO3 3al1aCOB HAJ3eMHOU (PUTOMACCHI
(MakcMManbHOM BEIMYMHBI (UTOMACCHl B TMEPHUOJ BEreTallh) PacTUTEIBHOTO
COO0IIIeCTBa TYHAPHI KaK CIOXKHOU c1ab0 opMaTnu30BaHHON CUCTEMBI, B 3aBUCUMOCTH
OT MOTrOJHO-KIMMAaTH4YeCKuX yciaoBuil. Ilpu 3TOM wuCHONB30BaH NpUEM IepeBoja
CTaTUCTUYECKHU CJIa00 MPEJICTABICHHOTO MaTepralia Ha3eMHbIX HaOJI0IeHU B 001aCTh
0ojee TOUHBIX M CTATUCTHUYECKH JOCTOBEPHBIX IO O0BEMY JAHHBIX KOCMHUYECKHX
CHUMKOB OJIHOTO M TOTO K€ PallOHa UCCJICIOBAHUMN.

Tpetweit 3agaueit Obula 3aja4a MO y4eTy YUCICHHOCTH JUKUX CEBEPHBIX OJCHEU
TYHAPOBBIX MOMYJISALUNA (TAHMBIPCKON, IKYTCKUX MOMYJISALUNA, oJieHed YUyKOTKH, a TaKxKe
MUTPHUPYIOLIUX CTaj] CeBepHbIX osieHeW Kananbpl u AJNSCKM) Ha OCHOBE aHaiM3a
a’poPOTOCHUMKOB. B KkadecTBe MOJenu pacrno3HaBaHHUs ObUIO MPHUHATO peIIeHHe
ucnoinr3oBath Mask R-CNN. /lanHast MoJienib Takke OblIa CreHepHpOBaHa U 00yYeHa ¢

nomouibio npeacrapiaeHHoro B auccepranuu [10. Tlocne oOydenust crenepupoBaHHas
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CHC crana ycremHo pemars 3a/1ady paclo3HaBaHUs U MOACYETA CEBEPHBIX OJICHEW Ha
OCHOBE JIaHHBIX, MPEJCTABICHHBIX Ha a3POPOTOCHUMKAX.

Ha ocHoBe 00001IeHHsT pe3yibTaTOB BBIMIOJIHEHHBIX HCCIEAOBaHUN Obliia
NpEJCTaBICHHBIX MpHMepax Oblla Takke pa3oOpaHa pa3paboTaHa METOAMKA
ucnosb3oBanus 110 KoMIIEKCHON aBTOMATH3aUUU NPOLECCOB TeHEepalnn, OOy4YEeHHUs U
unrerpanuu monened MHC IIP pa3nuuHbIX apXUTEKTYyp ISl PELICHUS MPUKIAIHBIX B

KOHKPCTHBIX MPCAMCTHBIX o0acTsIX.
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1 CHUCTEMHBINU AHAJIN3 IIPOBJIEM ITPAKTUYECKOI'O IIPUMEHEHUS
NCKYCCTBEHHBIX HEFIPOHHI)Dg CETEHN. ®OPMAJIbHASI
ITOCTAHOBKA 3AJ1AYM KOMILJIEKCHON ABTOMATHW3AIIMY CUHTE3A

JIAHHBIX CETEA

1.1 AHAJIU3 COBPEMEHHOI'0 COCTOSIHMSI MCCJIeIOBAHNI B 00/1aCTH
npakruyeckoro npumenenus MHC

OTnuunTenbHOM 0COOCHHOCTHIO COBPEMEHHOTrO Mporiecca WH(OpPMATHU3ALMUA U
aBTOMATU3ALMK CJIOKHBIX MPHUKIAJHBIX OO0JacTed SBISETCS aKTUBHOE INPUMEHEHHE
KOMOWHUPOBAHHBIX JITOPUTMOB MAITUHHOTO 00y4eHust (MO) 1 perieHus: pa3IuaHbIX
KJIACCOB BaXKHBIX M aKTYyaJbHBIX MPUKIAIHBIX 3a/1a4, CBI3aHHBIX C aHATM30M U CHHTE30M
CIIO)KHO OIUCHIBAEMBIX OOBEKTOB U TPOLECCOB (HaJIW4YMe OOJIBLIOrO KOJIMYECTBA
dbopManm3lyeMpIx MapaMeTpoB  W/WIM  HAJIWYUE HEABHBIX W KOMIUIEKCHBIX
dopManu3yeMbIXx MapaMeTpoB). OTa OCOOEHHOCTh MpPOSABISAETCS B  YCIOBMSX
CYIIIECTBOBAHMS OOJBIIOTO KOJIMYECTBA BAXKHBIX MPUKJIAJHBIX 33]1a4, PEIICHUE KOTOPHIX
CYIIECTBYIOIIMMU arOpUTMaMu 00pabOTKM 1 aHAIU3a JAHHBIX SBIISETCS HEOMPABIaHHO
pecypcoéMKHUM. SIpkuMu MmpUMepaMu TaKUX 3a/lad MOKET CIY>KUTh MHOTO(AKTOPHBIHI
aHamus [76, 93, 105], pacno3naBaHue 0O0BEKTOB Ha wu3o0paxkeHusx [27, 81, 94],
bunbTpanys MyMoB B JaHHBIX pa3inudHbiXx GopmatoB [86, 92, 142] u npyrue 3a1auu.

CymiecTByIOT cienyromme HanOolee paclpoCcTpaHEHHBIE THUIOBBIE 3aauH,
pemaembie anroputmMamu MO (pucynok 1.1):

° PETPECCUOHHBIN aHAJIN3 — MIPEJICKA3aHNE 3HAUYCHUN OJTHOM WJIM HECKOJIBKUX
BBIXO/IHBIX TEPEMEHHBIX Ha OCHOBAHME 3HAUYCHUU OJHOM WJIM HECKOJBKMX BXOJHBIX
MIEPEMEHHBIX;

o KIacCUpUKalus — TMpeAcKa3aHue NPUHAIJIKHOCTH BEKTOPAa BXOJHBIX

JAaHHBIX OJTHOMY M3 3apaHCC OIIMCAHHBIX KJIACCOB,

° KJIacTepu3alus — pa3OHeHHe BXOJHOr0 Habopa JaHHBIX 110 OJHOPOIHBIM
rpynmnam;
° MOWCKAa aHOMAJIMM — MOMCK B MAacCCHBE JAHHBIX HETUIIMYHBIX BEKTOPOB

BXOJHBIX JaHHBIX,
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o COKpalIeHHE Pa3MEPHOCTH HCXOJHOTO TMPOCTPAHCTBA JAHHBIX —
YMEHBIIICHUE KOJIMYECTBA TICPEMEHHBIX B MAaCCHBE JaHHBIX C COXpaHECHUEM
UH(GOPMAIIMOHHOTO HATIOJTHEHHUSL.

Jlanubie 3a1aun ObLTM CHOPMYJIMPOBAHBI YK€ JIABHO U CYIIECTBYET MHOKECTBO
aJITOPUTMOB UX penieHus. Ho octaBanuck HEKOTOpbIE MPUKIIAJAHBIE 00JIaCcTH (K IPUMEpPY
00paboTka H300pakeHMi), AJii KOTOPBIX HMEIOIIHMECS] Ha TOT MOMEHT alTOPUTMBI
TpeOOBaIM TaKOTO O0bEMA BBIYUCIUTEIBHBIX PECYpCOB, KOTOpPBI Obl HUKOTZA HE
OKYyMWJICS TI0 KpHUTEpUI0  «3(P()EKTUBHOCTH-CTOMMOCTE» TPHU  TOCIETYIOIIEM
MPAKTUYECKOM HCIOJIB30BAHUM TOJYYEHHBIX PE3yJIbTaTOB. B yKa3aHHBIX YCIOBHSIX
0COOYI0 aKTyaJbHOCTh MPUOOPETAIOT BOMPOCH Pa3pabOTKU HOBOTO Kjacca MOJeiel u
QITOPUTMOB, TO3BOJIIIONIMX pellaTh yKa3aHHbIC 3aJaud C 3aJaHHOW TOYHOCTBIO U C
MEHBIIMMHU 3aTpaTaMH PECypcoB Ha pa3paboTky coorBercTByromero I[1O u ero
yCTOWUNBOE (DYHKIIMOHUPOBAHUE BITOCIICICTBHH.

Anroputmbel MO ctanu TakuMm KjaccoMm anropuTMoB. KirtoueBol 0COOEHHOCTHIO
BCEro KJIacca JaHHBIX aJITOPUTMOB SIBISIETCS TO, YTO OHU HE MOJCTUPYIOT HAMPAMYIO
KaKoi-mmbo mpoiecc Wiad 00bEKT. BMECTO 3TOro OHM T€HEPUPYIOT TEM WM WHBIM
o0pa3oM, B 3aBUCUMOCTH OT aJiroputrma, (popmyiibl, KOTOpbIC IS 3aJaHHOTO Habopa
BXOJIHBIX JTAHHBIX JOJKHBI IIO3BOJIATH PACCUNTHIBATH TAKUE BEIXOIHBIC TAHHBIE, KOTOPHIE
Oblt Obl HamOoJiee OJNM3KUMH IO CBOMM 3HAYEHUSAM K IIEJIEBBIM (TpeOyeMbIM)
BBIXOJIHBIM JaHHBIM. T.e. anroputmel MO, B 00111€M ciiy4ae, Ha 3Tarne 00ydeHus penaroT
3ajady reHepanuu (CUHTe3a) (PYHKUIMM, BOCCTAHABJIMBAIOIICH 3aBUCUMOCTU IO

IMIUPUYECKUM JaHHbIM [48, 67, 85].
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ABTOMaTUUYECKUM MNMpepckasaHue
nepesop Tpacdhmka

Be6-nomck n
BuptyanbHbie pexomMmeHaaTersnbHbIE
ACCUCTEHTbI CUCTEeMbl

Aﬂl’OpMTMbI MallUMHHOro

obyueHusn OGHapyxeHue
cny4vyaes
MoOLWleHHUuYecTBa

Pacno3HaBaHue
mn3obpakeHun

MNMouToBbIX CNaMm-
unbTp AwvarHocTtupoBaHue
3abonesaHun

Pacno3HaBaHue
TeKCTa M 3ByKa

Pucynok 1.1 — Ilpumeps! ucnons3oBanus anropuT™oB MO B COBpEMEHHOM MHpE

Taxum oOpa3zom, pazpaboTtanuble anroputMbl MO He NpuUBSI3aHbI K MapaMeTpam
npouecca WM O0beKTa, NIl KOTOPBIX OHM TeHepupyroT (GyHKUUHU. JlaHHBIM Kiacc
QITOPUTMOB TAK)XE€ HE MPUBSA3aH K KOHKPETHOM MPUKIAAHOW 00J1acTH. DTO MO3BOJSET
WCITIOJIB30BaTh OJHHU U TE€ K€ JITOPUTMBI JUJISl CO3JIaHUs MOJEJIEH, UCIIOIb3YEMBIX IS
pelIeHus] TPUHIMIHAIBHO Pa3HbIX 33/1a4 B MPOLIECCE YETOBEYECKOM 1eATEbHOCTH.

KoneuHo, CTOUT yHOMSIHYTh U TO, UTO JaHHBIE aJITOPUTMBI UMEIOT CHIEIIU(pUUECKIE
orpaHuueHus B cBoeil padbote. i TOro, 4ToObl FreHEpUPOBATH (PYHKIIUH 3TU aJTOPUTMBI
JOJDKHBI MMETh uHpopManuio 006 o0wbekte. K mpumepy, B mporiecce 0OOydeHHUs C
yuuTeneM (IIpy HaJIM4Ke 3TaJOHHBIX BBIXOAHBIX 3HAUCHUM) A1t anroputMoB MO Takoi
uHpopMaluen sABIsAEeTCA HAaOOp Map BXOJIHBIX M COOTBETCTBYIOIIMX MM BBIXOAHBIX
BEKTOPOB JAaHHBIX, HA OCHOBAaHMM KOTOPBIX AJITOPUTMbl HACTPAUBAIOT I'€HEPUPYEMbBIE
(GYHKIIUH TaK, YTOOBI OHU PACCUUTHIBAIN TPEOyEMbIe BHIXOJHbIC 3HAUCHUS [T 33JaHHBIX
BXOJHBIX. BenenctBue uvero, anroputMsl MO HEBO3MOXKHO MPUMEHSTH ISl TEHEPALUU

GyHKIUI B TEX ciydasix, KOTAa OTCYTCTBYET JOCTATOYHBINA 00BEM 00ydaromuX JaHHBIX
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MPUMEHUTENBHO K KOHKPETHOMY Mpoleccy Wik 00bekTy. [Ipuuém, 1ocTaTOUHOCTH ATOTO
00BéMa TaHHBIX CYry00 CUTYaTHBHAS U JUTS PA3IMYHBIX COUETAHUH 3a71a4 U aJITOPUTMOB
OyJeT OTIuYaThCsl.

Tem He MeHee, HA0Op 3a/1a4, YIOBIETBOPSIIOMINX JAHHOMY TpeOOBaHHIO, BCE paBHO
OOJIBILION, YTO U OOBSICHAET AKTYyaJlbHOCTh M BOCTpEOOBAaHHOCTH anroputMoB MO Bo
MHOTHX COBPEMEHHBIX OTPACIISX YEJIOBEUECKOU JIeATETbHOCTH.

HNHC, B cBOIO 04epeib, ABISAIOTCS MOAKIACCOM aropuT™MOB MO 1 BXOZAT B Kj1acc
anropuT™MoB Tiyookoro oOyuenus (I'O) (pucynok 1.2). IlpuHIUMNHAIBHOE OTIHYHE
JTAHHOTO KJlacca ajJrOPUTMOB 3aKJII0YAETCS B TOM, YTO B OTJIMYHUE OT APYTUX AIITOPUTMOB
MO, anroputmbl 'O He TpeOylOT mpenBapUTENIHHOTO aHaIM3a OOYYarOMIMX JAaHHBIX
[145]. Ha Bxox anroputMmel 'O mosy4aroT MacCHUB JaHHBIX €IMHOOOpa3HOro (opmara.
[Ipu 3TOM 3aBUCUMOCTH MEXTy STHMH JTAaHHBIMHU U CTCTICHb WX BIUSHUS Ha KOHKPETHBIC
BBIXO/IHBIE TTApaMETPBhI JaHHBIN KJIACC aITOPUTMOB YCTaHABIMBAET YK€ CAMOCTOSITEIBHO,

B IIPOLCCCC O6y‘I€HI/IH.

HckyccTBEeHHBIN UHTEIIICKT

MamuHaHOoe 00yueHne

['my6okoe oOydeHue

Pucynok 1.2 — Jlnarpamma Diinepa s 'O



24

OnucanHble OCOOCHHOCTH OIPEACNAIOT U KOHKPETHYIO 001acThb MPUMEHEHUs
anroputMoB 'O B nennom 1 MHC B wactHocTu. Anroputmbel ['O mpumeHsieTcst mpu
pelIeHnn 3a/ad, CBS3aHHBIX C «OOJIBIIMMHU JaHHBIMWY». JlaHHBIM Kiacc 3agad
XapaKTepu3yeTcss HaIudueM OOJIBIIOr0 YHClia BXOAHBIX IMapaMmeTpoB (Yalle BCEro,
KOJIMYECTBO TAKUX IMapaMeTPOB HAUMHAETCS OT HECKOJBKUX JIECSATKOB), B3aUMOCBS3b
KOTOPBIX KaK MEXAYy CO0OM, TaK U OTHOCUTEJIHHO BBIXOJHBIX MAapaMETPOB 3apaHee He
U3BECTHA. SIpKUM MPUMEPOM TaKUX 337a4 MOTYT CIYXKHUTh:

o 3a]ja4M aHaJIHM3a CIIOKHO OIMHUCHIBAEMBIX OOBEKTOB W MPOIECCOB B PEXKUME
peansHOro Bpemenu [21, 49, 106, 138], koTopsie SIBISIOTCSA aKTyaJlbHBIMU MTPAKTUYECKU

B J1t000M MPOMBIIICHHOCTH;

° 3a/1auu, CBSI3aHHBIC C JIOTUCTUYECKUMU OTepalusMu Jirodoro poaa [74, 117,
134];

° 3a1a4y (PMHAHCOBOTO M MOBEACHUYCCKOro ananu3a [38, 70, 87];

o 3a/1auu, CBsI3aHHbIE ¢ oOecnieueHrem nHpopmarmonHoii 6e3omacuoctu [ 100,
111];

o 3alayl  MOJEIMPOBAaHUSA W aHauW3a (DYHKIIMOHUPOBAHUS CHCTEM

3apaBooxpaneHus [45, 89, 135];

o 3a7]a4d MOHUTOPHMHTA B 00J1aCTH OXPaHbI IPUPOIBI U MPUPOIOTIONH30BAHMUS
[3, 16, 61];
o 3a71a4i KOCMUYeCKoi oTpacnu [6, 7].

OnucanHpie TpUMEpbl HE wucYepnbiBatoT obOnactu mnpuioxkenuss MHC, Ho
WUTIOCTPUPYIOT TOT (akT, YTO €AWHOOOpa3HbIM TOAXOA K TeHepamuu QyHKIAN
MO3BOJIIET MPUMEHSATH OJHU U Te ke apxuTekTypbl MHC B nmpuHIMOMAIBHO pa3HBIX
MPUKIAIHBIX obOyacTsx. Takum oOpa3om, APYrux ajaropuTMOB, KOTOpPbIE ObI MOIJIH
pemaTth CyIIECTBYIOIINE CIOXKHBIE MPUKIAJAHBIE 3aJa4dl C HECTPYKTYpPHUPOBAHHBIMU
BXOJHBIMU JaHHBIMHU C TOM TOYHOCTBIO, KOTOpas Obl OMpaBibiBajga MPAKTUYECKOE
MpUMEHEHUE TMOJ00HBIX aJIrOpPUTMOB, Ha ceromusmuauid aenp HeT. MHC 3auactyro

SBIISIIOTCA O€3a71bTEepHATUBHBIM CIIOCOOOM PEeIIeHUs TOJOOHBIX 3a/ad.
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ITpu sToMm, apxutextypsl MTHC npoaomkaroT akTHBHO pa3BUBAThCS U CETOIHA [ 99,
114, 122]. Pa3pabaTpIiBatOTCsl HOBBIE aTOPUTMBI U MOAUDHUITUPYIOTCS YK€ UMECIOIIHECS,
YTO NOBBIIIAECT TOYHOCTh PEUICHUS OJHUX 3a/ad U I03BOJISIECT IPUCTYIIUTh K PEIICHUIO
HOBBIX. BCE 3TO MPUBOAUT K pOCTY KOJIMYECTBA 00JIACTEN YEIOBEUECKON IEATEIbHOCTH,
B KOTOPBIX MOKHO puMeHATh anroputMbl MO u ['O. Tem He MeHee, CylIECTBYET U Pl

HpO6JICM, BO3HHUKAIOIMINUX HaA 2TAIlC PCIINCHUA ITPUKIIAAHBIX 3a/1a4.

1.2 O030p npob.iem npakTuyeckoi peanuzanuu aaroputmo MHC

HecMoTpss Ha MHOXKECTBO YCHEIIHBIX amnpoOaluil Mpu pPELIeHUH CII0KHO
onMchIBaeMbIX 3anad, npuMeHeHne MHC uisi mpakTH4ecKkux 3a1ad Ha CETOAHSIIHMMA
J€Hb HMMeEeT psn orpaHndeHuil. lIpexxne Bcero, NaHHBIE OrpPaHUYEHUS BBI3BAHBI
HEJOCTAaTKOM  KBaJIM(PUIMPOBAHHBIX  CHELMAIUCTOB,  CIHOCOOHBIX  KOPPEKTHO
crenepupoBaTh U 00yunth Mojiens MHC. Ilpumenenre MTHC Tpebyer riry0OoKuX 3HaHUN
B 00JIaCTM MaTeMaTUYECKOr0 aHaliW3a U CTATUCTUKU. DTO JENaeT HEBO3MOXKHBIM KX
UCIIOJIb30BaHUE JIIOJIbMU, HE 00JafarollMMU TakKMMM 3HaHMSIMH. B pesynbrare,
MHOKECTBO 3aJ1a4, KOTOpbIe MOKHO ObuU10 Obl pemath ¢ nomoibto MHC, ocrarorcs
HEPEIEHHBIMU TPOCTO MOTOMY, YTO CHEIHAIUCThl B JaHHOM 00JacTU HE 3HAIOT O
cymectBoBannu apxutektyp MHC, xoTopeie oHM MOTJIM Obl MCHOJB30BaTh B CBOEH
pabore.

C npyro# cTOpOHBI, UHOTJA [TPU PELLIEHUH PA3JIMYHBIX KJIACCOB IIPUKIIAIHBIX 33124
¢ wucnons3oBanneM HMHC cnenuanuctsl, TPUMEHSIONIME AaHHBIA MAaTeMaTHYECKHUI
anmapar M TEXHOJIOTHIO, peaju3yloT HX Ha MpPaKTUKEe O0e3 IMOJHOro MOHWMAaHUS
OPUHLUIIOB pabOThl BBHIOPAHHBIX anroputMoB. OHU OepyT, MO aHAJIOTHUH, TOTOBYIO
MIPOTPAMMHYI0 pPEAIN3ALNI0, TMPEIHA3HAYEHHYIO JUIA HCIOJb30BaHUS B IOXO0XKHX
3agayax. Ho nmauHBIA MOAXOJ, 3a4acTyio, HE MO3BOJISIET 3()()EKTUBHO HCIOIB30BATh
BbiOpanHbie HC npu riyOOKMX M HESBHBIX OTJIMUMAX B OOBEKTE MOICIMPOBAHUA,
KOTOPBIE MPUBOAAT K OTIMYMSAM BO BXOJHBIX M BBIXOJHBIX IapamMerpax, a TaKkKe KO

MHOKECTBY CKPBITBIX MPOOJIEM, KOTOPBIE MPOSBIIAIOTCS YK€ Ha ATare SKCIUTyaTaliH.
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[Ipu sTom, mHorue moaenu MHC co3natorces B BUiE MPOrpaMMHBIX TPOTOTUIIOB (K
npuMepy, C TMOMOIIbI0 Takera mporpamMm Matlab) u Takue HPOTOTHUIIBEI TPEOYIOT
OpabOTKHU JJig BHeNpeHus B cymiectBytomiee [10, cripoekTHpOoBaHHOE HA KOHKPETHBIX
CTEKax MPUKJIATHBIX TPOrpaMMHBIX s13bIKOB (C++, Java, Python u 1.11.). OTO ycmoxHsieT
JaJbHENIIee Pa3BUTHE U MOCIEAYIONIEEe BHEAPEHUE CO30aBAEMBIX ITPOTOTHUIIOB.

ITogBoast UTOT, MOKHO CKa3zaTh, UYTO mpouecchl pa3BuTus U BHenpeHus MHC B
npombinuieHHoe [10 1 moBceAHEBHYIO KU3Hb YEJIOBEKA OTPAHUYMBAIOT KAK MUHUMYM
TPH CepbE3HBIE MPOOTIEMBI.

Bo-niepBhIx, cymiecTByeT orpoMHoe paznooopaszue apxutektyp MHC, koropeie, Ha
CETOJIHSIIIHUMI JeHb, c1abo kinaccuduimpoBanbl. MiMeeTcss MHOXKECTBO pa3HOOOpPa3HBIX
apXUTEKTYpP, KOTOPbIE MOTYT MPUMEHSITHCSA MJII COBEPIICHHO pa3HbIX 3amad. OmgHako
TOJBKO HAUYMHAIOT MOABIATHCA IUIATGOPMBI, KOTOpbIe Obl Ha IMOCTOSSHHOW OCHOBE
OTCJIC)KUBAIU OBl pa3paboTKy HOBBIX pemieHui B obnactu MHC u akTyanusupoBanu
uH(pOpMAIMIO 10 CYIIECTBYIOMUM anropuTMaM. [IpocToil monp3oBartelnb, 3a4acrTylo,
IpOCTO HE 3HaeT, 4To cymecTByloT apxutekrypsl MHC, cnocoOHble pemuTh
MOCTaBJICHHBIC Tiepea HUM 3anaud. [Ipum »ToM naxe y3HaB 00 HMX CyIIECTBOBaHHH,
3a4acTyl0 OH HE CMOXET C XOJy BbIOpAaTh KOHKPETHYIO apXUTEKTypy. [IpoBeneHHbIN
aHaJIu3 MOKa3bIBAET, YTO HE CYIIECTBYET METOJUYECKOTO U MPOrPAMMHOTO 00eCTIeUeHU s
JUIsl KOMIUTIEKCHOTO cpaBHeHHUs Bcex apxutekTtyp MHC, cnocoOHBIX peraTh CXO0Xue
3amaun. [103TOMy Ha CErOHAIIHMMI IEHb CIIEMAIUCTaM HEPEIKO MPUXOAUTCS BHIOUPATH
KOoHKpeTHY10 apxutekTypy MHC meronom npob u ommbok. B 1ienom paccmarpuBaemMast
npoOiema ycyryOsieTcsi OueHb OBICTPBIM PA3BUTHEM TEOPETUUECKOM 0a3bl U PETYIISIPHO
MOSBJISIFOIMMUCS HOBBIMU APXUTEKTYPaMH.

Bo-BTOpBIX, HE CyIIECTBYeT YHUMUIMPOBAHHOTO IMOJXO0Ja K pealu3alud H
00y4YeHHUIO pa3IMUHbIX apxuTeKkTyp. Pazubie kinaccel MHC renepupyrorest 1 o0ydaroTcs
COBEPILICHHO Pa3HbIMM airoputMamu. [Ipm 3TOM HOBOJIBHO YacTO 3TH AJTOPUTMBI
MPUXOAUTCS MOAUQPUITUPOBATh TMPU PEHICHUH HOBOW MPUKIATHON 3amadyn. ITO BCE
TpeOyeT OOIMIMPHBIX Y3KOCTIEIUATN3UPOBaHHbIX 3HaHUH. [ToaToMy 00s1acTh 3HaHut MHC
MMEET BBICOKHM NOPOr BXOXKIEHUS M NPOCTHIE IOJIb30BATEIM HE CMOTYT C XOHIY

MPUMEHSTH METOJIbI M aJITOPUTMBI JAHHOM 00J1aCTH 3HAHUM ¢ TOJTHON 3P (HEKTUBHOCTHIO.
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B-Tpetbux, naxe yxe HUMEIONIMECS pEIICHHUs 4YacTO pPEaJu30BaHbl B BHUJE
npoTOTUIOB. BHenpeHue momoOHBIX MPOTOTUIOB OyAeT TpeOoBaTh HMX TIIyOOKOM
MonuM(pUKalMM TOJ KOHKPETHYIO 3ajady, a TakKKe HalKWCaHUus IPOrpaMMHBIX
unTepdericoB. Yacto, mpu MoaupuKalnuy MoJg0OHBIX MPOTOTUIIOB, TPEOYETCS XOPOIIO
pa3bupatecs B apxutektype MHC, koTopas peanuzoBaHa B JaHHOM HPOTOTHUIIE, YTO
BO3BpaIllaeT KO BTOPOU OMMCAHHOM MpoOieme.

KonuyecTBo mpo0isieM, KOTOpbIE BOSHUKAIOT B MPOLIECCE BHEAPEHUS aIrOPUTMOB
I'O, He ucuepnbiBatoTcs onucaHHbIMU. OJHAKO, TaHHBIE MPOOJIEMBbl UMEIOT Haubosee
oOmMii XapakTep W BCTpeyaloTcs B OOJIBIIMHCTBE 00JacTel 4YeoBe4ecKou
nesitenbHocTH. [loaTOMY, pellleHre UMEHHO ONMMCAHHBIX MPOOJIEM MOXKET YIPOCTUTh U
YCKOpUTh BHeApeHue aiaroputMoB ['O Bo MHorux oOJacTsIX 4eJIOBEUECKOH

JACATCIBHOCTH.

1.3 O030p MoaX0/10B K pelIeHH 0 MPodIeM NPAKTHYECKOH pean3anuu
AJITOPUTMOB CTPYKTYPHO-TIApaMeTpUu4YecKoro cuuresa moaeneid MHC

Ha ceronnsiiiaumii IeHb MHOTHE UCCTIEAOBATENN U pa3pabOTUUKH TIPUIILIU K UCe,
YTO BO3MOXXHO OCYIIIECTBUTH aBTOMATHU3allUI0 MPOIECCOB TE€HEpaIluu U OO0y4YeHUs
mozaeneit MHC, 4to mo3Bommio Obl pelIdTh ONHMCAHHBIC B TPEABIAYIIEM pasieiie
npobisiembl. K HacTosiieMy MOMEHTY BPEMEHU yKe€ UMEETCS PsiJl paboT HA JAHHYIO TEMY
[41, 47, 55, 133]. Bce oHm cBOAATCS K TOMY, YTO aBTOMAaTH3aIUsl IMPOIIECCOB CO3AaHUS
mozaenerr u anroputmMoB MO u 'O mMO3BOJIUT YCKOPUTH TIPOIECC pPa3pabOTKU
MPOTPAMMHBIX MPOJIYKTOB JJIsI PEIICHUST MHOKECTBA aKTyaJlbHBIX MPHUKIAJIHBIX 3aad.
[Ipu sTOM Tpynmoi YYEHBIX yKe ObLIIO COPMYITHPOBAHO OMPEIETICHNE HOBON HAyYHOU
obmactu [34], 6a30BbIC 3a7auu KOTOPOH 3aKIIIOYAIOTCS B Pa3pabOTKE M pealin3aliuu
METOHOJOTUM M TEXHOJIOTUM CO3JaHUS M MCHOJB30BAHUS MOJEJIEW U aJITOPUTMOB
aBTOMATH3allMK MPOIIECCOB reHepaluu 1 o0ydenus moaeneid MO — automated machine
learning (AutoML).

B kxauecTBe 6a30BbIx 3amau AUtOML Gbuti BEIOpaHbI ClieTyIONTUE 3a1a4H:

o CTPYKTYpHO-IIAPAMETPUYECKUI  CUHTE€3  MOJEIM W  ONTUMHU3ALUs

TUIEpIapaMeTpoB;
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o oOyueHHue TMPEeICTaBICHUI0 W AaBTOMAaTHYECKOE M3BJICUCHUE/TIOCTPOCHUE
MIPU3HAKOB;

o aBTOMATHUYECKOE CO3/IaHhe PabOUYuX MPOIECCOB MAIIMHHOTO O0YUYEHUS;

o MeTa-o0y4eHue u TpanchepHoe 00yUeHuUe;

o aBTOMATHYECKOE pAaCIO3HABAHWE pEIIaeMOM 3aJauyd B HEOOpPaOOTaHHBIX
JTAHHBIX;

o KOJMpOBaHKe/ipeoOpa3oBaHue PYHKIUN B COOTBETCTBUU C TPEOOBAHUSIMHU

Pa3INYHBIX AJITOPUTMOB 06yLIGHI/I}I;
L ABTOMAaTH4YCCKOC 06Hapy>1<eHHe )51 06pa60TKa HCKAaXXCHHBIX HaHHBIX /M

OTCYTCTBYIOIMX 3HAYCHUM;

o aBTOMATHYECKOE OOHAPYKEHUE yTEeUeK Mpoliecca 00yUeHUs;

o COIIOCTaBJICHUE MTPOOJIEM C METOIaMHU/aNTOopuTMaMu (TIOMUMO PETPECCUU U
KJ1accuukanun);

o aBTOMATHUYECKUN COOp HOBBIX JAHHBIX;

o aBTOMATHYECKOEC HAMMCAHWE OTYETOB (MpEOCTaBICHHE WHOOpPMAIUU 00

aHaJIM3e JaHHBIX, BBIMOJIHEHHOM aBTOMATUYECKH );
° CO3/[aHMe MOJIb30BaATENLCKUX HHTEpdercoB aiia AutoML;
o aBTOMATHYEeCKUW BbIBOA U auddepeHnnpoBanue pe3ysbTaToB pabOThI

QITOPUTMOB MAIIMHHOTO O0Y4YEeHHUS;

o aBTOMATHUYECKUI BBIOOP MOKa3aTesel OLICHKH;

° aBTOMATHYECKOE  Cco3daHue HaOOpoB  OOydeHHs, BajduJald |
TECTUPOBAHMUS;

° co3gaHue Oe3mapaMeTpUISCKUX alrOPUTMOB;

° aBTOMATHYCCKUI BBIOOP aJITOPUTMOB JIJIS yIOBJICTBOPCHUS OTPaHUUICHUH 110

BPEMEHU/TIPOCTPAHCTBY/MOUTHOCTH BO BpeMsi OOyYEHMsI MJIM BO BpeMsl SKCIUTyaTalluu
MOJICIIN;
o co3gaHue O000JIOYEK 3alluThl BO BpeMs OKCIUIyaTallud MOJAEIU IS

OOHapy>KeHHUsI CIIBUra JaHHBIX U APYTUX MPUUUH COOSI MPOTHO3UPOBAHMUSL.
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[Tockonbky gaHHasi OOJAcCTh SIBJSETCS HOBOM WM HE TaK MHOTO HAy4YHBIX U
MPOEKTHBIX TPyII pabOTalOT B HEH, MOKA YTO OTCYTCTBYIOT YCTOSIBIIIMECS MOJIXOJbI K
ONMMCAHUIO U PEIICHUIO Pa3NIMYHBIX KiaccoB 3amad AutoML. Kaxnas u3 BXOAsSIMX B
AutoML 3amau cama mo cebe sABIsAETCS CIOXKHO (POpPMAM30BaHHONM U Tpedyer
VH/IMBUIYAJIbHOTO TOJX0Ja K TMOWCKY pemeHus. Ha ceromHsmHuil A€Hb HAYMHAIOT
MOSIBIIATHCS AITOPUTMBI, MMO3BOJISIIOIIAE PEIIaTh 3TH 3aJa4M MO OTIAEIBbHOCTH, OJIHAKO
[1O, ¢ moMoIIBIO0 KOTOPOTO MOKHO OBLJIO OCYLIECTBUTHh KOMIUIEKCHYIO aBTOMATH3ALUIO
BCEX NEPEUYUCIICHHBIX MPOLIECCOB, I0KA HE CYIIECTBYET.

Nmeronuecs Ha CeroIHAIIHUN IEHb pa3paO0TKU Yalle BCETO HE BHIXOIAT 33 PaMKH
aBTOMAaTU3allMM TeHepauuu H oOydeHus Mozened oraenbHbix apxutektyp MHC, k
npuMmepy CHC. Takoid moaxox 3a4acTyl0 HE peEIIaeT MNEPBOMl M3 ONUCAHHBIX B
nozapaszaene 1.2 mpobiemM — Takue CUCTEMbI BO3MOXKHO 33/I€MICTBOBATh TOJIBKO B TEX
Cilydasx, KOrja IMOoJIb30BaTellb YK€ 3HAET MPO OCOOCHHOCTH Pa3IMUHBIX ApXUTEKTYP,
MO>KET IIPOBECTU UX CPABHEHHE U BHIOPATh KOHKPETHYIO, JIJIsl PEIICHHsI CBOUX 3aj1ad. Tem
HE MEHEE, MPEJICTABICHHBIE MPUMEPHI TOKa3bIBAIOT BO3MOKHOCTh PUMEHEHUS TAHHOTO
MOAX0J1a JUIsl pEIICHHS TIepeYrcIeHHBIX 3aaa4 AUIOML 1 mo3BonsioT ¢ienath BBIBOI 00
OMPaBAAHHOCTH JaTbHEUIINX Pa3padOTOK B JAHHOM HAIMpPaBJICHUU.

JIns KOMIUIEKCHOM aBTOMAaTHU3allUd PEIICHUS 3a7ady TeHepalud h OoOydeHUs
mozeneit MHC MOXHO NpPUMEHSTh pa3iuyHble AITOPUTMbBI, HCIOJIb3yEMBIE MPH
CTPYKTYPHO-TIAPAMETPUUECKOM CHHTE3€ Moaeie. OIHaKo, B CUJy CYHIECTBEHHBIX
paznuuuii Mexay pasHbiMu Kiaccamu apxutektyp MHC, touHocTh pabOThI Takux
QITOPUTMOB JUIsI PA3HBIX apXUTEKTyp OyneT ornuyaTthes. K mpumepy, eciu B cirydae ¢
ceTssMu PymenbxapTa CTOMT 3ajada mojadopa TaKuX MapaMeTpPoOB KaK KOJHWYECTBO
CKPBITHIX CJIOEB, KOTMYECTBO HEHPOHOB B CKPBITHIX CIIOSX, CKOPOCTH 00YUYEHUS U T.II., TO
JIJIS CAMOOPTaHU3YIOLIUXCS KapT yKe He00X0AUMO Mo10MpaTh apaMeTphl, CBI3aHHBIE C
[IO3ULIMOHUPOBAHUEM HEUPOHOB. Bc€ 3TO0, ¢ OAHOM CTOPOHBI, MNPUBOIUT K
HEBO3MO>KHOCTH TPUMEHEHHS OJTHUX U TEX KE aITOPUTMOB K PA3JIMYHBIM apXUTEKTypam
NHC 06e3 nonosHUTENBHBIX MOAM(UKAIUMKA, a C APYroll HakIaJbIBaeT TpeOOBaHUE K

YHUBEPCAIBHOCTH Ha CAMHU aJTOPUTMbI CTPYKTYPHO-IIAPAMETPUUYECKOIO CUHTE3A.
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C npyroii CTOpOHBI, pa3BUBAETCS U Cpejia, B KOTOPOH JOJKHBI (PYHKIITMOHHPOBATH
paspabotannabie mojenn MHC. CoBpeMeHHBIE METOJBI M MOIXObI K PEIICHUIO 33134
MOHUTOPHUHTA, HNPOTHO3UPOBAHUS, MOJJIECPKKH NPHUHATHS PELICHUM W YIPABICHUS B
Pa3JIMUHBIX 00JIACTSIX YEJIOBEUYECKOM NIEITEIIbHOCTH aBTOMATU3UPYIOTCS BCE aKTHBHEE.
ABTOMAaTH3UPOBAHHBIA MOHUTOPUHT COCTOSIHHSI CJIO’KHBIX 0OBEKTOB C YUaCTHEM JIFOICH-
CIIEUAJINCTOB HA MeCTaX BCE €IIE MPOAOJIKAETCS UCIOJIb30BATHCS HA MPAKTUKE, OJHAKO
B PAa3JIMYHBIX OTpaACIsAX BCE AaKTUBHEE HAYMHAIOT MPUMEHSTHCS aBTOMATHYECKUE
nH(OPMAIMOHHBIEC CTAHIIUU U CUCTEMBI, TIOJIKIIIOUEHHBIE K II100anbHOM cetu UHTepHeT.
Jlanubie cucteMbl (QYHKIIMOHUPYIOT MOJHOCTBhIO 0€3 ydacThs 4YesloBEeKa U IMPU ITOM
CIIOCOOHBI B PEKUME PEATLHOIO BPEMEHHM TepechulaTh IaHHbIE MOHUTOPHUHTA B JIIOOYIO
TOYKY IIJIAHETHI.

[Ipu 5TOM TpPOBEACHHBIN aHAIW3 IMOKA3bIBAECT, YTO MOCKOJIBKY JJISl MEPECHUIKU
JIAHHBIX HCTOJB3YIOTCS MyOJMYHbIE CETH, Hanbojee MNPOIYKTUBHBIM IOJIXOJIOM K
MPOEKTUPOBAHUID MHOTOKOMIIOHEHTHBIX MPOTrPaMMHBIX KOMIUIEKCOB, MCIOJIb3YIOIINX
JAaHHBIC C AaBTOMATHYECKUX CTAaHIMHA U cucTeM MoHuTopuHTa, sABIsaoTcsS COA [130] u
NB [57]. O6a nonxona UMEIOT CXOXKHE TPEOOBAHUS K OTJCIBbHBIM CEpBUCAM, KOTOPBIC
BKJIFOUEHBI B TOI00HBIE MPOTPAMMHBIE KOMIUIEKCHI. DTH TPEOOBAHUS paCIPOCTPAHSIIOTCS
HE TOJIbKO Ha MOCTABIIMKOB JIAHHBIX, HO U Ha CEPBUCHI 00paObOTKU U aHaIM3a JaHHBIX,
KOTOPBIE TaKkKe JOHKHBI OBITh pa3pad0TaHbI C YYETOM paOOThI B MMyOJIMYHBIX CETSX.

Bcé »osro mpuBomutr k Tomy, uro Ha [IO, peamusyromiee CTpyKTypHO-
napamerpuueckuii cunte3 mozeneilt MHC, HakianpiBaroTCd HE TOJIBKO BHYTPEHHUE
OTpaHUYCHMsI, CBSI3aHHBIE C TPOIECCaMU TeHEpaIuu U 00y4YeHHUsI caMUX MOJieJied, HO U
BHEIIIHUE, KOTOPBIE TPEOYIOT OT CO3aHHBIX MOJICJIEH BO3MOKHOCTH (DYHKITMOHUPOBAHUSI
B pacnpenesi€HHbIX MHOTOKOMIIOHEHTHBIX cucTeMax. [loaToMy, HeCMOTpsi Ha TO 4YTO
BHYTPEHHHE ¥ BHEIIHHUE TPeOOBAaHUS TOPOXKIAOTCS MPUHLIMIHAIBLHO pPa3HbIMU
NPUYMHAMHA U HAMPSMYIO APYT OT JApyra HE 3aBUCAT, HA MPAKTHKE BCE OHU JIOJKHBI
00s13aTEIPHO BBIMOIHATHCSA. B TPOTHUBOIONIOKHOM ciiy4ae (€Ciu psii OTpaHUYCHUNA HE
BbINIONIHAETCS) co3fgaHHoe [IO Oynmer umeTh KpailHE Y3KO CHEeNHaTU3HUPOBAHHOE
MPWIOKEHUE, MO0 OyeT TpeboBaTh HAIMUMA creruaiucTa mo anroputMam MHC mos

MOCJIEAYIOIIEH JOBOAKN CO3IaHHBIX MOJICTICH U UX BHEAPCHMS Ha MPAKTUKE, YTO JIUIIIUAT
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CMBIC/Ia caMy KOMIUJIEKCHYIO aBTOMAaTH3AIMIO0 TMPOIECCOB TeHepaluu U OOy4deHHs
moaened MHC.

CTouT Takke OTMETUTb, YTO B OJAHO M TOXE BpEMs C MOMEHTOM Hayaia
IIPOBEICHHSI HCCJIENOBAHMM B paMKax JaHHOW JuccepTauued ObUIM pa3BEpHYTHI
CTOPOHHHE pPa3pabOTKH TPUKIAIHBIX NporpaMMHBIX Oubmuorex [1O, pemaromux
cxokue 3amaud. IlpumepaMu Takux OHMOIHMOTEK MOTYT CiIyXHTh auto-sklearn [36],
AutoKeras [32] u psn npyrux. OaHaKo, TaHHBIE CUCTEMBI JTUO0 MOTYT UCIIOJIb30BAThHCS
TOJIBKO Ha OJTHOM KOHKPETHOM miaTdopme, 1100 peICTaBICHbl HCKIIOYUTEIBHO B BUJIE
nporpaMMHO# OuOHMoTekH, kKak auto-sklearn u auto-Keras, uyto He mo3BoJseT
UCITIOJIB30BaTh MX KaK CaMOCTOSITENIbHbIE NMPOTPaMMHBIE pelieHusl. Takke, B Ka4ecTBE
aHajora MOXHO TPUBECTH M pacmupenue aias matdopmer Matlab [33], kotopoe
o0ecreynBaeT Kak aBTOMAaTH3alMIO MPOLECCOB 00yUYEHUsI MOAEIIEeH, TaK U KOMITHJISLIUIO
CO3/IJaHHBIX MoJjieNiel B ucnosHseMble ¢ainsl Ha C++. Ho Tyt mosiBisieTcst emie ogHa
npoOsiema, CBSI3aHHAs C CO3JIaHUEM MOJIENH, IOCKOJbKY i paboThl C JaHHOMN
wiatopMoli TpeOyeTcs HaIMuue CIelraincTa, MMeroriero onsit padorel ¢ MatLab. K
TOMY >K€, aBTOMaTHU3alIMsl Mpoliecca oOy4YeHHs Ha TaHHOU TutatgopMme OyeT Be€ eme He
MOJIHOM, @ TaKOM CIEUHUATUCT JIOJKEH OyAeT pa3ouparhbcs B 0a30BbIX KoHUenusax MO
JUIS. IEPBUYHOM HacTpouiku Mozaened. C apyrom CTOpPOHBI M KOMIWJISILMS MOJENINA Ha
a3pike C++ nmaneko He Bcerga sIBIseTCsl JOCTOMHCTBOM. Ecium i mpocThIX Mojelei
NHC kakux-To mpoOjieM Mpu pelIieHUH MPUKIAJAHBIX 3a7a4 HE OyJeT, TO MAaCCUBHbIC
cetu, Takue kak CHC, tpeOyrooT wucnoib3oBaHus CHEIUPUISCKUX aNMapaTHBIX
yckoputenei. Mlnade o0yueHne Takux MoJeNiel MOXKET 3aTSHYThCSI Ha MECSIIbI, a TO U
roasl. Pemrenne mmardopmel MatLab Ha cerogHsAIIHUEA JeHb HE UMEET MHTETPALUU CO
MHOruMU W3 HHUX. [loaToMy HecMoTpst Ha TO, uto C++ sBIsieTCS HU3KOYPOBHEBBIM
SI3BIKOM, CKOMIIMIIMPOBaHHbIe ¢ momorisio Matl.ab mogenu CHC moryTt oOyuaThest Ha
TIOPSIOK JOJIBIIE, YeM MOJISIIN CO3/IaHHbIe, K TPUMEPY, Ha si3bike Python, kotopsiii nmeeT
MPOTrpaMMHBIE HHTETPALIMM CO MHOTUMHU allllapaTHBIMU YCKOPUTEISIMH.

bnuszkum ananmorom I1O, mpencraBaeHHOro B JAHHOM JUCCEPTALMM, MOYKHO
cantath cucremy FEDOT [19], pa3pabotaHHyl0 B HCCICIOBATEIBCKOM IIEHTPE

yauBepcureta UTMO. HecmoTpss Ha TO, YTO LIEHTPOM JAHHOW CHUCTEMBI SIBIISCTCS
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nporpaMMHas Iatgopma, pemaromas 3agady aBToMaTu3aluuu co3aanus moaeneit MTHC
JUIS pa3iMuHBIX 3aja4, OHa UMEET U TpadUUecKuil MOIb30BaATENbCKUI HHTEp(deEiic, uTo
yopouaeT e€ sKcIutyatanuio. Takke, JaHHas MporpamMMHas rmiaTdopMa MmocTpoeHa Ha
NPUHLKINAX MaCHITA0UPYEMOCTH, TOATOMY MOXET OBITh pacCIIUpPeH pPa3IMYHBIMU
apxutekrypamu MHC B panbHeiimem. OgHaKo, NaHHAs cUCTeMa BCE €HIE SIBISIETCS
UHCTpyMEHTOM g mpodeccuoHasioB B obimactu MHC wu ¢ Tpygom Moxer
UCITI0JIB30BaThCA HE cnenuaiuctaMu. CTOUT OTMETUTD U TO, YTO, HA CETOAHSAIIHUI I€Hb,
pe3ynbTatoM paboThl ATOM CHCTEMBI SIBJIETCS IPOrPaMMHBIM MPOTOTHUII, KOTOPBIN
TpeOyeTcst nopabaTbiBaTh Al HHTErpauu B cropontee I10.

[logBons WMTOr, MOXHO CKa3aTb, YTO HA CETONHSIIHUNA JI€Hb YyX€ HMEITCS
pa3pabOTKU U HCCIEN0BaHUs, KOTOPhIE TOUEUHO PELIAIOT OMMCAHHbIE B noapasiene 1.2
npobsiembl. OHaKo, BCE €mI€ OTCYTCTBYIOT pa3pabOTKH, KOTOpPbIE Obl OCYILECTBIISUIM
KOMNJIEKCHbLIL NOOX00 K A8MOMAMU3AYUN PeuieHus BCEX ONMCAHHBIX BBILIE IPOOJIEM.
[ToaTomMy mpu pelieHue Bcex OMMCAHHBIX Mpo0seM B pamkax ogHoro I1O moxHo Oynet
TOBOPUTh O MPUHIUIHUAIBHO HOBBIX €r0 BO3MOXKHOCTSIX, IMO3BOJSIOIIUX JIFOOOMY
MOJIb30BATEINIO0, HE oOJafaroniemMy 3HaHusaMHu B obsactu MO, dopmupoBath MOJIETH U
QITOPUTMBbI,  OOECIEUMBAIONINE  pEIICHWE KOHKPETHBIX  NPUKIAAHBIX  3ajad,

IMMOCTABJICHHBIX IICPC/ OTHM I10JIb30BATCJICM.

1.4 TlocTaHOBKA 3a1a4H KOMILICKCHOW ABTOMATH3AIMH CHHTE3a MoJeJ1eil
HNHC IIP pa3iu4HBIX APXUTEKTYP

Ha copepxareiabHOM YpOBHE 3a/ladya KOMIUIEKCHOW aBTOMAaTH3allMd IMPOILIECCOB
redepanuu U obydeHuss moxaeneir MHC TIP pa3nuyHbIX apXUTEKTyp MOXKET OBITh
chopMyIMpoBaHa CIEAYIONIUM 00pa3oM: Jid MPEAOCTaBIECHHON Ha BXOJ oOydaromien
BBIOOPKHU JTOJKHA OBITh BEIOpaHa U oOydeHa (M0 MPUHIUITY OOYYCHHUS C YUUTEIIEM, T.C.
Ha OCHOBE HTAJIOHHBIX BBIXOJHBIX 3HAUEHUI) mMonesb Takon apxutektypsl MHC I1P c
TaKUMHU 3HAYEHUSIMH BapbHUPYEMBIX MapaMeTpoB (TUIEpHapaMeTpoB), KOTopas Obl Ha
IpeI0AKEHHON TECTOBOM BBIOOpKE IMOKa3aja Obl HAUIYYIIYIO TOYHOCTh PaboThl, JIMOO

TOYHOCTDB pa6OTBI HC HMKC 3aIaHHOI0 I10pora.
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[Tox BappupyembiMu napameTpamu (runeprapamerpamu) MHC nogpasymesatorcs
T€ MapaMmeTphl, KOTOPbIE MOTYT OBITh M3MEHEHBI Ha JTalax TeHepalud U OO0ydeHUs
moaeneit MUHC, ¢ 1enplo TOBBINIEHUS TOYHOCTH €€ paboThl. [lpumepoMm Takux
apamMeTpOB MOKET OBITh: KOJMYECTBO CKPBITHIX CIOEB, KOJIMYECTBO HEUPOHOB B
CKPBITHIX CJOSX, (DYHKIIMM aKTHBAIIMU B HEHPOHAX, PyHKIIMU MOTEPh U T.11. [lockombKy
JUISL KaKI0W KOHKpeTHOU apxuTekTypbl MHC npsimoro pacnpocTpaHeHus: KOJIMYECTBO U
Ha0Op TaKUX TUIEPIapaMeTPOB OyAET OTINYATHCS, HA YPOBHE aITOPUTMa KOMILIEKCHON
aBTOMAaTHU3allMKU TPOIECCOB TeHepauuu u oOyuenus mojenet MHC TP paznuunbix
apXUTEKTYp MOXXHO TOBOPUTH TOJIBKO O Habope eunepnapamempog. Jns Kaxion
KoHKpeTHOH apxutektypsl MHC Takoit Habop OyaeT oTiandaTbes.

[Ton TouHOCTBIO pabOTHI B JIAHHOM CIly4a€ TIOHMMAeTCs TOYHOCTH
MPOTHO3UPOBAHUS BBIXOAHBIX 3HAYEHUU MOJICTUPYEMBIX BEIUYHMH, MPEAOCTABICHHBIX
MI0JIb30BATEJIEM B TECTOBOM BbIOOpKE. [10OCKONBKY JJIs1 pa3iuyHbIX apXUTEKTYp hopmat
BXOJIHBIX U BBIXOJIHBIX JAHHBIX MOXET OTJIMYATHCS (OT LEJIOYUCIEHHOTO M OMHAPHOTO /10
TeKCTOBOro U  (oro-/Buaeodopmara) Ha YpPOBHE alropuTMa KOMIUICKCHOMN
aBTOMAaTHU3allMKU TPOIeCCOB TeHepauuu u oOydenus mojeneit MHC TP pasnuunbix
apXUTEKTYp, TO B 3TOM Ciydyae IeJecCO00pa3HO TOBOPUTH TOJBKO 00 aOCTpaKTHOMU
TOYHOCTH TPOTHO3UPOBAHUS BBIXOJHBIX 3HAUYCHUM MOACIUPYEMBIX  BEJIMYUH,
XapaKTepU3yIOIUX MCCICAYEeMbIH CIOXKHBIM OOBEKT WM mporecc. Ilpu stom, s
Kaxnon KoHkpetHou apxurektypsl MHC IIP moppa3dymeBaeTcs Haliuuume CBOETO
COOCTBEHHOT'O METOJIa OILIEHKHM TOYHOCTH IPOTHO3UPOBAHUS BBIXOJHBIX 3HAYCHHI,
pPE3YIbTAThl KOTOPOTO YUYUTHIBAKOTCS AJITOPUTMOM BEPXHETO YPOBHSI.

C yderoM BBILIEU3IIOKEHHOTO, (hopMasibHasi MOCTAHOBKA HAYYHO-TEXHUYECKOM

3aJlauu, penaeMoil B IUCCePTalU, MOKET OBITh MPECTaBICHA CIICTYIONTUM 00pa3oM:

imax = argmax A*(N?(p, L*(p, g%), t), (1.1)

i€[1,n]
rae p — oOydaromas BbIOOpKa (BKJIIOUAroas B ceOsl JTaHHBIC IS BaJIUJIAIMHU
MoJieJIe), MpeaoCTaBICHHAs T0Jb30BaTeIeM Ha BX0J[ co3aaBaemoro 10 komriekCHOH
aBTOMAaTU3allMM MpoueccoB reHepaunu U oOyuenus mogeneit MHC TP pazmuunbix

apXUTEKTYD;
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g* — mabop rumepnapamerpoB monenun MHC IIP apxXuTekTypsl ¢ HOMEpOM 4,
TEHEPUPYEMBIN CilydyallHbIM 00pa30M JJIsl KaXKJI0M OTIEJIbHOW MOJIETIH;

a — ungekc (Homep) apxurektypel MHC IIP, ucnonws3dyemoil nisi perieHus
ITIOCTABJICHHOM I10JIb30BaTEIEM 3a/1a4H;

L? — ¢pyskmus (anroputMm) aBToMaTudeckoro noadopa runepnapamerpos MHC I1P
apXUTEKTYPHI d;

N;? — i-w1it ax3emIusip mogenu MHC [P apxuTekTypbl @, KOTOphIid ObUT 00yUYeH Ha
BBIOOpDKE P M THUIepHapaMerpbl KOTOPOro OBLIM MOJIYyYEHbI B Ipolecce padoThl
COOTBETCTBYIOIIEH (PyHKIIMHU (aIrOprUTMa) aBTOMATUYECKOT0 I10/100pa rumneprapaMmeTpoB
apxurektypsl MHC,;

| — maaekc sx3emiutsapa moaenu MHC TP, Bapsupyercs ot 1 fo n;

N — KOJMYECTBO AK3EMIUISIPOB reHepupyeMbix u o0ydaembix moaeneir MHC I1P,
Cpelld KOTOPBIX MPOU3BOJUTCS MOUCK HanOoJiee TOUHON MOJIETH;

t — TecToBast BBIOOpKA, NMPEAOCTABICHHAS MOJIb30BATENIEM KAaK BXOJHBIC JTaHHBIC
st pazpabateiBaeMoro 110 koMIIeKCHOM aBTOMaTH3alMK MPOLECCOB T'€HEpALUHU U
ooyuenus moneneit UHC TP pa3nuuHbIX apXUTEKTYP;

A? —3ananHas QpyHKIMS, IpeJHAa3HaYEHHAas JJI pacu€ra KayecTBa (B TOM YHCIIE, U
TOYHOCTH) paboTHI i-oro 3x3emiusapa moaenu MHC TIP apxurextypsr a Ni* Ha TecToBOM
BBIOODKE t;

Imax — TOPSAKOBBIA HOMep (uHACKC) dk3eMiuisipa wmoxenmun WMHC TP,
00eCreurBaOIIEero HAWIYUYUIyI0 TOYHOCTh TMOJYYEHHsI BBIXOJHBIX BEJIWYUH MJIs
MPEIOCTaBIEHHOM MOIB30BATENIEM TECTOBOM BHIOOPKH t.

NubIMK c10BaMu, 3aj1a4ya KOMIJIEKCHOM aBTOMAaTU3AIMU IPOLECCOB TEHEPALIUU U
ooyuenust mojaeneit UHC TIP pa3nuuHbIX apXUTEKTYp OTHOCUTCS K KJAcCy 3aaad
CTPYKTYPHO-IIapaMETPUUECKOTO CUHTE3a MOJIENIEH CIIOKHBIX OOBEKTOB UJIU MPOIIECCOB,
KOTOPBIE HCCIEAYIOTCA M PEAKTCS C HCHOJB30BAHUEM METOJIOB M aJTrOPUTMOB,
pa3palbaThiBaeMbIX B COBPEMEHHOM TEOPUHM OLECHUBAaHUS KadecTBa MoOJeNeH WU

MNOJIMMOACIBHBIX KOMIIJIIEKCOB (KBaJII/IMCTpI/II/I MO,II@JIGI\/II H IMMOJIMMOACIBHBIX KOMHJ’I@KCOB)

[15].



35

AHanu3 mokaspiBaeT, uTo Hapsay ¢ 3amadeit (1.1) takke, TpeOyeTcs pemmTh
CIIEYIOIIYIO JOTMOJHUTENBHYIO0 TEXHOJOTMYECKYIO 3aJady, KOTopas CBsi3aHa C
pazpabateiBaecMbiM  [IO © cocToMT B  YHPOIIEHUM TIpollecca HHTErparuu
creHeprupoBaHHbIX 1 00yueHHBIX Mojenet MUHC T1P B croponnee I10. Jlannas 3amaqa B
JUCCEPTAINK HE onrcana (OpMalIbHO, MMOCKOIBKY HOCUT HUCKIIOYUTEIBHO MPUKIIATHON
XapakTep U e€ pelieHre 3aKI0YacTcs B CO3/IaHNU TPEOyeMBbIX POTPaMMHBIX 000JI0UEK

U IPOTPaMMHBIX HHTEP(EHCOB.

1.5 AHanu3 u 000cHOBaHUE MyTeil pemeHusi cOpPMYJINPOBAHHBIX 33124

Jlns pemienust copMyIMpOBaHHBIX 3a7a4 TpeOyeTcs, Mpexae BCero, pa3padborarh
[10, mno3Bonstomiee €aUHOOOpPa3HO B ABTOMATU3MPOBAHHOM pPEXHME Ha OCHOBE
MPEIIOKEHHOW YHUDHUIIMPOBAHHONW HMHQPOPMALIMOHHON TEXHOJOTUM TE€HEPUPOBATH U
oOyuarb Mozaenu pasznuuHbeix  apxutektyp WMHC IIP ¢ wucnosb3oBaHuem
MPENIOCTaBIEHHBIX IMOJb30BaTEIEM OOydYarome W TECTOBOM BBIOOPOK, a TaKkKe
o0OecreynBaoIllee aBTOMATHUYECKOE CO3/laHHe (T€Hepanuio) JUisi CHUHTE3HMpPOBAHHOMN
mozaenn MHC nporpaMMHO 00070UKH, YIIPOIIAOUIEH MOCIEAYIONIYI0 HHTETPAIUIO B
croponnee I10.

[TonpazymeBaercs, uto paspadbaTeiBaemoe 110 Oyner paborath ¢ pa3nUYHBIMHU
apxurexktypamu MHC ITP. J111 KOMIIJIEKCHOM aBTOMAaTHU3alliK MPOLIECCOB UX T€HEpPalUU
U o0ydeHusi JMOJDKEH ObITh pa3paboTaH yHUGDUIUPOBAHHBIM MHOTO(DYHKIIMOHAIBHBIN
QITOPUTM, C TIOMOIIBIO KOTOPOTO MOXKHO OBUIO OBl €IUHOOOPa3HO MPOBOJIUTH
TeHEePaINI0 U 00yUeHHEe MOICNICH Pa3TUIHBIX apXUTEKTYD.

[TockonbKy JUIsl pa3iMYHBIX APXUTEKTYp OTJIMYAETCS WU KOJIUYECTBO, M THII
TUIEPIapaMeTpoB, AJi1 aBTOMAaTU3UPOBAHHOTO 00YUYEHHUS MOKHO PaCCMaTPUBATh TOJIBKO
QITOPUTMBI  CIIOCOOHBIE paboTaTh C€ JAMHAMUYECKH pacIHIMpPSIeMbIM HabOpoM
nepemMeHHbIX. [Ipeanonaraercs, 4to nmpu BHeApeHUM B paszpabateiBacmoe [10 HOBOM
apxutektypel UHC TIP He moTpeOyeTcss BHOCHUTH Kakue-Tn0o Moau(UKaluu B
anroputm. [Iporpamma nomkHa OyAeT BOCHPHUHATH HOBBIM MAacCCHB MEPEMEHHBIX, BHE

3aBUCUMOCTH OT HX 4YHC]Ia M THUIIAa JAJaHHBIX, WM aBTOMATHYCCKH OCYHICCTBIISATH
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BapbUPOBAHUE ITUX MEPEMEHHBIX B MPOIECCE aBTOMATU3UPOBAHHOTO OOYUYEHHS MOJCIU
NHC.

VY 10BIETBOPSAIOINIMMU 3TOMY YCJIOBHUIO OKAa3alUCh AJITOPUTMBI, OTHOCSIIUECS K
TUMNAM 3BOJIIOLIMOHHBIX AJITOPUTMOB M QAJITOPUTMOB POEBOr0 HHTEIUIEKTa. JlaHHBIE
QITOPUTMBI OBLITH BBEIOPAHBI TIPEXKIIE BCETO MOTOMY, YTO 3(h(HEKTUBHO U HE PECYPCOEMKO
peanu3yroT CIy4YalHbIA MOUCK MPU PEUIEHUU 33a1a4d ONTUMHU3ALUUUA C JUHAMHYECKUM
HA0OpOM TIEpPeMEHHBIX. Tak)Ke, JOCTOMHCTBOM JTHUX TPYII aJTOPUTMOB ObLIa UX
YHHUBEPCAIIBHOCTD, ITOCKOJIBKY JJIsl ITOCTABJIECHHOW 3aJ1aud YCIOBUS ONTHUMAJIbHOIO
noucka OynyT BapbupoBaThcs B 3aBUcCUMOCTH OT apxutektypsl MHC TIP. HaubGonee
MOAXOMAIIMMH JIJII TIOCTABJICHHOM 33/1aud  OKA3JINCh. TEHETUYECKHU aJITOPUTM,
QITOPUTM TYEJIIMHOTO POSi U KIOHAJIBHBIA aJrOpUTM OTOOpa (OTHOCHUTCS K KIIAcCy
aJITOPUTMOB UCKYCCTBEHHOM UMMYHHOUM CHUCTEMBI).

Tabmuua 1.1 — CpaBHEHHE BO3BMOXHOCTEN alrOPUTMOB

XapakTepuCcTHUKa I'eneTnueckui Auroputm KitonanbHbIi
aJNropuTMa AJNTOPUTM ITYEIIMHOTO POst AJTOPUTM
otbopa
Bo3M0kHOCTB
+ OrpaHUYCHHas +

CIy4allHOTO OMCKa
B03MOXXHOCTh pabOThI

C JUHAMUYECKHUM + + OrpaHUYCHHAs
Ha0OpOM NEPEMEHHBIX

Bo3moxHOCTH

MacITabupoBaHuUs + + OrpaHUYCHHAas
aJIropuTMa

W3 npuBeiéHHOM TaOIHUIIBI BUIHO, YTO aJITOPUTMbI TUETUHOTO PO U KJIOHAJIBHOTO
oT0Opa UMEIOT ONpeesIEHHbIE OrpaHuYeHUs. B 4acTHOCTH, adropuT™M MYEIUHOTO POs
HaYyaJIbHYIO TOUKY MTOMCKA BEIOMPAET CIIy4ailHO, HO JaJIbHEUIINN MOUCK BEAET B 00JIaCTH
BOKpPYT 3TOM TOuYku (pucyHOK 1.3). B TOo Bpewms, Kak KJIOHAJIbHBIA U T€HETUYECKUM
QITOPUTMBl C CaMOro Hayana paboThl OCYIIECTBIAIOT MOUCK BO BCEM JOCTYITHOM

MPOCTPAHCTBE PEIICHUM.
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Pucynok 1.3 - CxemaTu4HOE U300paKeHUE CTPATETUH PA3BEIKHU IBYyMEPHOTO
IPOCTPAHCTBA AITOPUTMOM IMUETUHOTO POsi ((KUPHBIE IMHUU — BBIJIETHI PA3BEUMKOB,
TOHKHE JTUHUU — YTOYHEHUE PEIICHUN pabounMu muesiaMu)

C npyroi CTOpOHBI, KJIOHAJIBHBIA AJITOPUTM OTOOpA, B OTIMYHE OT AJITOPUTMOB
MYEJIMHOTO POSI U TEHETUYECKOTr0, 00JIee CII0KEH B MOJM(UKALIMY U MaCIITAOUPOBAaHUH.
[TockonbKy nnsi pa®OThl 3TOr0 ajJroput™Ma TpeOyeTcss ONMHMCHIBATH B3aMMOCHCTBUE
M3MEHSIOIMXCSl NapaMeTpoB (Ha 3Tare 0TOOpa, NpH BBIUKCICHUU «apOUHHOCTH K
AHTUTE€HY», T.C. NPU BBIYMCICHUHM CTENEHU BIUSHUS W3MEHEHHUS IapaMeTpoOB Ha
TOYHOCTh PabOThI creHepupoBaHHON Moaenw) [13]. KioHanmbHBIN anropuT™M SBIISETCS
YCIOXHEHHON MoupuUKauel TeHeTUYeCKOro, HO Il pacCMaTpUBAEMON 3aJladdl 3TO
YCJIOXKHEHUE MMPUHOCUT OOJIbIIEe POOIeM IPH peau3allii, YeM MOoJb3bl pu padbore. A
IpU TONBITKE PEUICHUS BO3HUKAIOUIMX NPOOJIeM, KIOHAIbHBIA airoputMm OyJeT
BBIPOXK/IATHCS B OOBIYHBIN T€HETHUCCKHUH.

ITonBoas wuToOr, 32 OCHOBY aJrOpMTMa KOMIUIEKCHOW aBTOMATH3allUHA IPOLIECCOB
reHepauuu u o0ydenus mozaeneit MHC TIP pa3nuuHbIX apXUTEKTYp MPEIIIOAKEHO B3STh
KJIACCUYECKUM T€HETUYECKUU anroputMm. [IOCKOJIBKY, ¢ OJHOM CTOPOHBI, AJITOPUTMBI
POEBOIr0 MHTEIJIEKTA UMEIOT OTPAHUYEHUS TP CIIy4YallHOM MOUCKE, a C APYTOll CTOPOHBIL,
Moau(UKAIMM CaMOro TEHETHUYECKOro allfOpUTMa, H3-3a CBOEH CHelHaiu3alu,

MPOUTPBHIBAIOT €MY B YHHUBEPCAIBHOCTU. B CBOI0O oOuepenb, YHHUBEPCAIBHOCTH B
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paccMaTpuBaeMoH 3aj1aue siBJsieTcst 00Jiee BaXKHOM XapaKTepUCTUKON, YeM TOYHOCTD MpU
pelnieHre KOHKPETHBIX TUIIOB 33/1a4.

Croutr OoTMETUTh W TO, 4TO B Ommkaimem ananore (cucreme FEDOT) mus
pelieHus 3a/1aun aBTomatusupoBannoro cunteza mojeneit MHC TP takxke mpumeHseTcs
Moau(UKaIKs SBOIOIMOHHOrO anroputMa monx HaszBanmem GPComp [99], uro
JneMOHCTpUpyeT 3(HEKTUBHOCTh JAHHOTO KJIacca aifOPUTMOB MPHU PellIeHUE MOJ00HON
3ajaud. TemM He MeHee, B JAaHHON JucCepTallid MOIUGUKALKA HSBOJIOLHOHHOTO
anroputMa GPComp He OblIa HCIOJIB30BaHA MO TOW MPUYMHE, YTO MMENAa MEHBIIYIO
YHHUBEPCAIbHOCTh, IO CPABHEHUIO C TPEOYEMOM.

Co CcTOpOHBI TPOTrPaMMHON YacTu TpeOOBaHME K €JUHOOOPA3HOMY MOAXOAY
MOKHO COOJIIOCTH JIMIIb B Cllydae MOAYJBbHOM CTPYKTypbl pa3padarsiBaemoro I1O.
[TockonbKy, IPUHIMUIBI FT€HEPAUU U 00yUYeHus: Mojenel pa3nuuHbix apxurektyp MHC
[1P MoryT npyHIMNHAIBHO OTJIMYAThCA, TPEOYETCS] MHKANCYIMPOBATH padOTy C HUMH B
OTJEJIbHBIE MOJYJIM, Yepe3 KOTOpPbIE MEXAHU3Mbl MEXMOIYJIBHOIO B3aUMOJEHCTBUSA
OyIlyT OCYIIECTBIISATh BCIO pa0dOTy C JaHHBIMU apXUTEeKTypamu. [10700HbBINH MOTYIbHBIN
NOJIX0J TpedyeTcsi cOONIIOCTH M MPH pealii3allii alrOPUTMOB OLCHUBAHUS TOYHOCTHU
mozenen paznuunbix apxutektyp MHC [1P, mo aHanmornyHeiM npudarHaMm.

MoaynpHasi CTPYKTypa, C JpPYyrod CTOPOHBI, TaKXe PEIHUT U Opodiemy
pacmmpsemocty u macimradbupyemoctu [10. Yro no3sonut, B Teopuu, pacmmpsats [10
HOBbIMHU apxuTekTypamu HMHC TIP, kotopble OyayT NOSBISATHCA B AaJIbHEHUILEM.
Wukarncynauus Bced JJOTUKU pabOThl ¢ HOBBIMU apXMTEKTYpaMH B MOJYJIM TO3BOJMT
n30exarh NEPeNnuChIBaHUs yXe HuMmeromieicss jorukua padotsl 10, yto yckopur u
YIIPOCTUT B JaJbHEHIIEM BBOJ B dKCIUTyaTalnnto HOBbIX apxutektyp MHC IIP.

3amaua  co3MaHMA ~ MHTETPUPYEMBIX  MPOrPaMMHBIX  O0OOJIOUEK  JUIs
crenepupoBaHubix Mozeneit MHC TIP moxxer ObITh pelieHa 3a CUYET UCIOJIb30BaHUS
gorukn COA B co3aaBaeMbix oOosioukax. [Ipu TakoM moaxoje, pe3ysibTaTtoM padOTh
cucteMbl OyJeT HEe TMPOCTO TOCTPOEHHAs AapXUTEKTypa, a CreHEepUpPOBAaHHBIN
ucnonHsembld  ¢daitnn, ¢ gononHUTeNbHBIMU REST u SOAP 006€pTkamu, KOTOpBIE
MO3BOJIAT 0€3 MpeABapUTEIIbHON YCTaHOBKH 3alyCTUTh co3faHHyro monaenbs MHC kax

cepBHC 1 oOpamiaThes K Hemy u3 Apyrux cuctem u [10. [Tpu a3Tom, mogoOHBIM MOAX0A HE
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UCKIIIOYAaeT M MWCIOJB30BAHMS CO3JAaHHBIX MOJEIEH B PEXUME HE3aBHCUMBIX
NPWIOKEHUN WM B KAdyeCTBE IMPOrpaMMHBIX OHMOIMOTEK. TakoWd MOAXO[ SIBISETCS
Haubosiee TMOKUM U TO3BOJIUT C IIOMOIIBIO CPEJCTB BCTPOEHHBIX B CTE€HEPUPOBAHHBIE

IPOrpPaMMHBIE PEIICHUS yIOBIETBOPUTH MOTPEOHOCTH OONBIIMHCTBA MOJIb30BATEINICH.

1.6 BbiBoabl mo paszgenay 1

1. IlpoBenéH aHamu3 COBPEMEHHOIO COCTOSIHUS MCCIENOBAaHUN MpodiieM
npaktuyeckoro npumeHeHus HWHC, koTopelid mokaszan, dYTO MOTPEOHOCTh B
pOrpaMMHBIX pemeHusx Ha 6aze MO B nenom u I'O B yacTHOCTH pacT€T ObIcTpee
KOJIMYECTBA CIIEUATUCTOB, CIIOCOOHBIX pEIIaTh COOTBETCTBYIOIINE MPHUKIAIHBIC
3a/1auu, UCHOJIb3ysl METOAbl U TexHosoruu MO. Bcé 310 mpuBOIUT K HEOOXOIUMOCTH
KOMITJIEKCHOM aBTOMATHU3AIIMH MPOIECCOB reHepanuu u ooyuenus mojeineit MO u 'O, a
TAKXK€ CO3/IaHUSI UHCTPYMEHTOB, YIIPOIIAIOIINX MTOCIETYONIY0 HHTETPALHIO CO3/TAHHBIX
pemenuid B croponHee [10.

2. OcymiecTBnéH 0030p MpooOsIeM, KOTOPBIM MOKa3ajl, YTO Ha JaHHBIH MOMEHT B
o0JlacTU aBTOMAaTH3AIlUU MPOIeCCOB reHepanuu u odyuenus: moaener MHC, nannbie
npoOJeMbl UMEIOT Pa3HOPOJHBIM xapakTtep. I[lpm sToM ecTb mpoOJIEeMBI  Kak
METO/IOJIOTUYECKOTO, TaK W TMPUKIAJHOTO Xapakrepa. Takum 00pa3oM, JIUIIb
KOMIUIEKCHOE pelleHue Bcex mpobsiem, B pamkax omHoro I[1O, moxeT obecreyuThb
MOJIHOIIEHHYI0 aBTOMAaTHU3AIlNH Mpoliecca renepaiuu u ooyuenus moaeneit MTHC.

CylecTByomme *e moAaxobl (METOI0JOTUN U METOJAUKHU) U COOTBETCTBYIOIINE
MHCTPYMEHTAJIBHBIE CPEJACTBA XOTh W MO3BOJISIIOT PEIIaTh TOYEYHO OTAECIbHBIC W3
MEePEUYNCIICHHBIX MPOOJIEM, OJTHAKO OHU HE O00ECMEUMBAIOT peaTn3alii0 KOMIUIEKCHOTO
noaxona. Mx ucnosib3oBaHue Bce emié TpeOyeT Haaudusl y CIEUaTIUCTOB 3HAHUU O
cneruduke renepanuu u ooydenus anroputMoB MO u 'O, cymecTByeT npuBsi3Ka K
KOHKPETHBIM T1aTdhopMaM WM K€ OTCYTCTBYET BO3MOXKHOCTh MacIITAOUPOBAHMS, U3-3a
cnenuduyHOM peanuzaruu. Tak 4To, HECMOTPS HA UMEIOIITUECS JOCTHKEHUS B PEIICHUN
OTIIETBHBIX 33124, HEIIb3sI CKa3aTh, YTO HA CETOTHSAIITHUN JIeHb MPoOieMa aBTOMATH3AITUN

nporieccoB reHepaiuu u ooyuenust moaeneit MHC pelrena B mosiHoM Mepe.
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3. B nuccepranuu npejioxkeHa (GpopMaiabHas MOCTaHOBKA 33/1a4l KOMILIEKCHOM
aBTOMATHU3alIUH CTPYKTYpHO-TIapaMmeTpuueckoro cuntesa moaeneid MHC TP, paznuynbix
apXUTEKTyp, a TAaKXK€ BCIOMOrarelibHas 3ajlada yIpOIICHUS  HWHTErpaluu
CUHTE3UPOBAaHHBIX Mojelel B cropoHHee 110.

[Tepeuniciienbl W 00OCHOBaHBI TpPEeOOBAaHUA K aJNTOPUTMY AaBTOMaTH3aIlUU
npoiieccoB reHepauuu v oOydenus mopenet MHC IIP pa3nuuHbIX apXHUTEKTYp.
ChopmymupoBano TpeOoOBaHHE K MOIYJIBHOCTH co3maBaemoro I10, 4To mO3BOIMIIO
pemuTh nMpodiieMy YHUPHUIIMPOBAHHOTO MOAX0/a K paznuyHbiM apxurekrypam MHC, ¢
OJTHOM CTOpPOHBI, M MpOOJIEMYy MacIITAOUPYEeMOCTH, C APYrol cropoHsl. OOOCHOBAHO
npuMeHneHue napaaurmMoel COA npu reHeparuu nporpaMMHBIX 000JI0UEK TSl CO3aHHBIX
MOJENEN, UTO MO3BOJINIO HA KOHCTPYKTUBHOM YPOBHE PELIUTH BOIIPOC UX UHTETPALlUU B

croponnee [10.
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2  MOIEJHA, MOIUPHUIIUPOBAHHBI TEHETUYECKHWHI AJITOPUTM U
WH®OPMAIIMOHHBIE TEXHOJIOI' MU, UCITIOJIB3YEMBIE ITPA
KOMILTEKCHOM ABTOMATH3AIIN CUHTE3A MHC ITPSIMOI'O
PACITPOCTPAHEHU S

IToCKOJIBKY Ha CETOOHAIIHHUN JI€Hb UMEETCS YK€ HE OJUH JIECSITOK Pa3IMYHBIX
apxutektyp MHC TIP, oxBaTuTh MX BCce B paMKax JaHHOW pabOThl HEBO3MOKHO.
[TosTomy, Oblla TMOCTaBiE€HA IME€db OTOOpaTh Haubojiee paclpoCTpaHEHHBIE U
YHUBEPCAIbHBIE APXUTEKTYpbl. FVIMEHHO TakoW TMOAXOA IIO3BOJIUT IPOBEPUTH
pa3pabatbiBaembiii  [IO Ha HauOoJsbllleM 4YHCIE MNPUHIMUIUAIBLHO  Pa3JIMYHBIX
NPUKIAIHBIX 3a7a4d. Ha OCHOBE ycCIENIHBIX ampoOaluii Takoro poja, MOXKHO OyJleT
MPOJIEMOHCTPUPOBATH MPAKTUYECKYIO 3HAYMMOCTh U MPUMEHUMOCTh MPEMIOAKEHHOTO
noaxona. Ilockonbky, paszpaboTka apxuTekTypbl [IO Oaszupyercss Ha MOIYJIBHOM
CTPYKTYpE, TO OHa B TOCJIEJICTBUA MOKET ObITh pacIIMpeHa HOBBIMU apXUTEKTypamMu
HNHC IIP. [loaTOMy, B pamMKax aHHOHM IJaBbl OyJIyT, MPEXAE BCEr0, PaCCMOTPEHBI U
NpOaHaNM3upoBaHbl  pasnuunble  apxutektypel HWMHC IIP um  oOocHoBaHa
11€71€CO00Pa3HOCTh X UCIOJIb30BaHUs B pazpadbarsiBaeMoM [10.

[Tocne sToro OyaeT npencrarieHa pazpadotanHast moaudukainus ['A, pemaromast
3a/1ady KOMILUIEKCHOIO CTPYKTypHO-mapamerpuieckoro cuHte3a moaenedr MHC IIP
Pa3TUYHBIX apXUTEKTYp. MoauduKkamus OTINYaeTCs TeM, YTO YUYUTHIBAET 0000IIEHHBIC
O0COOEHHOCTH Tox0/1a 00yueHus ¢ yuutenem Kk moaensm MHC T1P, yto nmo3Bossier, 3a
cu€T yHUUKAIUU, JTOOUTHCS E€IMHOOOPA3HOTO CHHTE3a MOJENICH MPEACTaBICHHBIX

apxurextyp MHC I1P.

2.1 Mmnorocaoiinblii nepuentpon Pymeanxapra (MIIP)

HecmoTtps Ha T0, yTo anroputm MIIP Obut onmicad yke HECKOIBKO JECATKOB JIET
Hazan [116], oH A0 cUX MOp HAXOAUT NMPUMEHEHUE MPHU PEIIeHHMH MHOTHMX 3ajad.
OCHOBHBIMM J1OCTOMHCTBaMHU JaHHOW apxuTekTypbl MHC sBistoTcs e€ mpoctota u

yHuBepcasibHOCTh. CxeMa MIIP npeacraBinena Ha pucyHke 2.1.
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Puc. 2.1 — CxeMa MHOTOCIIOWHOTO TiepuenTpoHa Pymensxapra

BXoIHbIe ITap aMeTphl
BBIXOAHBIE 3HAYCHIIA

MIIP, KOTOpBII TakKe HA3bIBAIOT «MHOT'OCIOMHBIM IIEPLENTPOHOM, MOSIBUJICS B
cepenune 80-x, ero aBropamu sBisOTCS J[3Bun Pymensxapt, xoppu XuHTOH U
Ponanpn Yuibsamc. UmenHo HaumHas ¢ nqanHon apxutektypsl MHC MO)HO yBepeHHO
roBopuTth 0 nosiienuu ['O. Ot Gosiee paHHUX aNTOPUTMOB (K IPUMEPY, TEPIENITPOHA
PozenOnarra) MIIP otnuuancs mpexae BCEro ajJropuTMoM oOydeHHs U (YHKUHSIMHU
aktuBaruu B HeiipoHnax. MIIP Ob11 HEe MpocTOo KOMOMHAIMEN MEPIENTPOHOB, T.€. OH HE
OBLT TOXIECTBEHEH CBsi3Ke mnepuentpoHoB Po3zendOnarra. MIIP cram Tem aaroputMom,
KOTOPBIN Mpeojolien KitoueBoe orpannuenue 6osiee panunx MHC — HEBO3MOXKHOCTH
pelaTh HEJIMHEHBIE 3aJa4H.

Hcnonb3oBaHue B HEHPOHAX HE MOPOrOBBIX (PYHKIMI aKTUBALMU, a HEIMHEWHBIX
(B 4aCTHOCTH, CUTMOMAAJIBHO ) TO3BOJIWIIO C MX MTOMOIIBIO PEIaTh HEJIMHEHHBIE 3aa4H.
[TockonbKy KOMOWHAIIUS JAHHBIX HEJIMHEHHBIX (PYHKIUK OblIa TaKkKe HEIMHEHHas
GyHKLHS, TO U3 MOCIEeI0BATEIbHBIX KOMOUHALIMNA MPOCTHIX CUTMOUJATBHBIX (DYHKIIMMA
CTaJI0 BO3MOXXHO CTPOUTH CIIOXKHBIE (DYHKLMHU anmpoKCHUMAIMH, YTO MOATBEPKAACTCA
teopemoit Koamoroposa [11]. Jlns oOydenust mogmeneir MIIP aBropaM mNpHILIOCH
UCIIOJIb30BaTh HOBBIM aJITOPUTM OOYYEHHUS! — aJITOPUTM OOPATHOTO PacHpOCTpPaHEHUS

omuOku [115].
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CyTh AaHHOTO aNTOpUTMa CBOAUTCS K ToMy, uTo Moaenb MHC momudummpyercs
UCXO/ISI U3 OIIMOKHU CBOEH paboThI, paccunTanHoi o popmyne (2.1):
E=05+* Y1k — ')’ (2.1)
rie M — KOJM4YeCTBO BBIXOJHBIX alMPOKCUMHUPYEMBIX MTApaMETPOB,
Yk — DTAJIOHHBIC 3HAYCHUS /IS 3aIaHHBIX BXOJIHBIX JaHHBIX,
Y’k —3HaueHue BeixoHOoM nepemerHoit MHC aiist 3ajaHHBIX BXOAHBIX JTaHHBIX.
BreruncnenHas TakuM 00pa3oM OImMOKa MPUMEHSETCS I MOAM(HUKAIMN BCEX

BecoB cBs3e B MTHC no gopmyie (2.2):

)]
Wij = Wij — 77% (2.2)

IZI€ Wij — BEC CBA3M MEXAY 1-bIM U j-bIM Heliponamu MHC,

N — ckopocTh o0yuenust MTHC.

Hannast popmyna nmo3possier MIIP ycrneniHo u ennHO00pa3HO anmpOKCUMUPOBATH
pa3HOpOAHbIE (PYHKIHUU U, TAKUM 00pa3oM, pelllaTh MPUHIIMIUAIBLHO Pa3HBIE CIIOMKHO
dhopmaIn30BaHHBIC 3a]a4H.

Takke, moOouyHbiM 3¢ dexkToM MHorocnoHo koHpuryparuu HNHC crana
BO3MOXXHOCTh (POPMUPOBAHMS CIIOKHBIX BHYTPEHHUX MPEJICTABICHUH, T.€. BO3MOXKHOCTb
CO3[IJaHHsI ~ MHOTOMEpHBIX  aNlpPOKCUMHUPYIOIIMX  moBepxHoctei.  Ilepcentpon
PozenOnarra u apyrue 0ojiee paHHUE aIrOPUTMbI HE 00JIaJaIM TAKOW CIOCOOHOCTHIO,
MOCKOJIbKY SIBJISUTUCH JIMHEHMHBIMU. VIMEHHO € TMOSIBIIEHHEM 3TOM OCOOEHHOCTH CTaJo
BO3MO>KHO TOBOPUTH O perieHnu ¢ moMoibio MHC Takux 3a1a4, Kak MHTEIIEKTyalbHbIN
aHaJIM3 €CTECTBEHHOTrO s3bIka, 00pabOTKa M aHajiu3 M300pakeHH, TPOTHO3UPOBAHUE
MOBEICHUS CIIOKHO (hOPMATM30BAaHHBIX 00BEKTOB U mporieccoB. MITP mo3Bossit yxe B
MEePBOM MPUOJMIKEHUM PeIlaTh TE€ KE 3aJaud, JJIs PElIeHUs] KOTOPBIX HCIOIb3YyeTCs
OMOJIOTMYECKUM MO3T, ITOCKOJIBKY UMEJT CXOXKYIO JIOTUKY (DYHKIIMOHUPOBAHMUS.

[Ipu 5TOM, aNTOPUTM OOPATHOTO PACIIPOCTPAHEHHUS OMIUOKH TTO3BOJISUT TTOJTHOCTHIO
aBTOMATU3UPOBATh caM Tpoiiecc oOydeHus otaeaprHo B3siTol Moaenu MHC. B MIIP ¢
HEJIMHEHHBIMU  (YHKIIUAMH aKTUBAIlMM B HEHUPOHAX, OOYYECHHBIMU C TOMOIIBIO
anroputMa oOpaTHOrO pacmpocTpaHeHus, Bcs Moaudukanus oO0yyaeMbIX MapaMeTpoB

CCTH IIPOU3BOJUTCA B IMOJHOCTHBIO aBTOMATHYCCKOM PCIKHME. HOCKOJIBKy HUMCHHO OT
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ATUX MapaMEeTPOB 3aBUCUT BUJ] alIIPOKCUMUPYIOIIEH (DYHKIIMHI, MOXKHO TOBOPUTH O TOM,
yTo MIIP B aBTOMaTHYECKOM peKUME TIPOU3BOIUT AMPOKCUMAITUIO IIEJIEBON (DYHKITHH.
MMeHHO mnpHUMEHEHHE alropuTMa OOpaTHOTO pacCHpOCTpaHEHUsS B KOMOWHAIUU C
HEJIMHEHHBIMM HEWPOHAMM CTaJO0 KPYIHBIM MpOopbIBOM B obsactu MO wu, o cyTH,
nopoauio I'O.

Hecmotps Ha T0, yto MIIP OBLIT OmuMcaH yXe JaBHO, OH JI0 CHUX IOP aKTUBHO
npuMeHsieTcss Bo MHoTHX obmactsax [37, 90, 97]. DT1o cBs3aHO, BO MHOTOM, C JIBYyMS
KJIIOYEBBIMU (PakTOpamu.

Bo-nepebix, MIIP kpaitHe mnpoct B peanu3auMd W UHTEPIPETALUU, T.C. B
MOCJEAYIONIEM AaHAJIN3€ CTCHEPUPOBAHHOM aMMpPOKCUMUpPYIONIEH (QYyHKIUH. ITO
MIO3BOJISIET UCIIOJIB30BATh €0 KAK B IPOTOTUIIMPOBAHUH, KOT/1a HHPOpMAIUK 00 00BEKTE
CJIMILIKOM MaJIo, i1 0OOCHOBAaHHOIO MPUMEHEHHMs 00Jee CIOXKHBIX apXUTEKTYp, TaK U
JUISL  aHaiM3a  LEJEeBbIX OOBEKTOB W MPOILECCOB, IOCPEACTBOM  aHaJIM3a
aNMpPOKCUMUPYIOIIUX (PYHKIINH.

Bo-Bropeix, MIIP onna u3 cambix yHuBepcanbHbiXx apxutekryp MHC IIP. Oto
MO3BOJIIET HCIOIb30BaTh €r0 B MPUHIMIHAIBHO PA3IMYHBIX O0JACTAX UYEIOBEUYECKOU
NesATeIbHOCTH, 0€3 HEeOOXOAMMOCTH BHECEHHS MOIU(UKalUUW, a Takke B KayecTBe
COCTaBHOM 4acTHh Oo0Jee CJIOXKHBIX aJIrOpUTMOB (K TMpUMEpy, B KadyecTBe
«xnaccudukanmonHoi Bepimunb (classification head) B cBEpTOUHOI HEMPOHHOI ceTH).

NmenHo 3ty ABa (pakTopa u cranu npuunHoi Beioopa MIIP B kauecTBe 01HOM U3
apXUTEKTYp, peanu3yeMbplXx B pamkax [IO KOMIUIEKCHOW aBTOMAaTH3alMy NPOLECCOB
redepanun, o0ydenuss u unrerpanuun MHC IIP paznuunsix apxutexktyp. [lockombky
nepea 11O He craBuiach 3ajaya O NMPUMEHEHHWHM B KAaKOW-TO KOHKPETHOM 00JacTu
YeJIOBEYECKOW JIeATEIbHOCTH, BO3HUKIO TpeOOBaHWE HaJIM4YMsl YHHUBEPCATbHOMN
apxuTekTypbl. MIIP TOJHOCTBIO YJIOBIETBOPSUT 3TOMY TpeOOBAaHUIO, TO3BOJISS
npuMeHsTh [10 ns pemenus pa3HOPOAHBIX 3a4ad.

[Ipu renepanuu M 0Oy4EeHHHM NAaHHOM apXUTEKTYpPbl MPOU3BOASTCS CIEAYIOLINE
TUTIOBBIE IIATU:

o 3a1a€TCs BXOJIHOM CJIOM, YACIIO HEMPOHOB B KOTOPOM PaBHO YHCITY BXOJHBIX

IIEPEMEHHBIX;
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o 3a4a€TCS BBIXOAHOM CIIOM, YHCIO HEMPOHOB B KOTOPOM PABHO YHCIY

MIPOTHO3UPYEMBIX IIEPEMEHHBIX;

o BbIOUPAETCS KOJIMYECTBO CKPBITBIX CIIOEB;
o BBIOMPAETCS KOJMYECTBO HEMPOHOB B CKPBITHIX CIIOSX;
o JUIS HEUPOHOB B CKPBITBIX CJOAX 337ar0TCS (PYHKIMH aKTHBAIUH

(BpIOMpaeTcss KOHKpeTHass (YHKIUS W3 CIHCKAa BO3MOXKHBIX (DYHKIMN aKTHBAIIHUH,
OJIMHAKOBas JIJIs1 BCEX HEMPOHOB BCEX CKPBITHIX CIOEB);

o BBIOMpAETCS AJNTOPUTM ONTHMHU3alUMKA HEWPOHHOW ceTu (M3 CIHUcKa
BO3MOYHBIX aJITOPUTMOB);

o BBIOMPAETCs KOJIMYECTBO 310X 00YUECHHUS;

o NPOU3BOAMUTCS OOyYEHHE 3aJaHHOE KOJHMYECTBO JIOX aJITOPUTMOM
O0OpaTHOTO pacHpOCTPAHEHUS OLINOKY.

IIpu aBTOMaTH3anuu oOy4yeHus Mojened paHHoM apxutektypst MHC 1P
IpeoiaracTcs BapbUpPOBaTh CIEAYIOIIME THIIEpHIAapaMeTpbl: KOJUYECTBO CKPBITHIX
CJIOEB, KOJIMYECTBO HEHPOHOB B CKPBITHIX CJIOSAX, KOJUYECTBO 10X 00yUYeHUs, PyHKIIUU
aKTUBALIMM CKPBITBIX CJIOEB, AJTOPUTM ONTUMHU3ALUU HEUPOHHOW CETH, CKOPOCTh
oOy4eHHsI, KOJMYECTBO I1aroB B 3TI0Xe 00yueHus. BapsupoBanue 6osiee cieliupuaecKkux
THIIepIIapaMeTpoB cetu (K mpumepy kodddurrent Gynkuuu akruBaun Leaky RelLU)
HE IpeoiaraeTcs, NOCKOJbKY 3TO SIBJSETCSA N30BITOUHBIM /JI TOCTABJICHHOM 3a4a4u.

Ha Ttexymem »sTame pa3paboTku BbIOOp HauOosiee TOYHOM Mojaenu Oyaer
OCYUIECTBJISTHCS HA OCHOBAaHME 3HAYEHUs CpeIHEeKBaapaTHyHOM omuOku. Ho B
JanbHENIIeM TMpearnonaraeTcss 0ojiee IHUPOKUI BBIOOP METOJOB OIEHKHM TOYHOCTH

MOJACIIN, B T.4. ITIOJIB30BATCIIbCKUC.

2.2 Caéprounasn HeiiponHas cetb (CHC)

CHC sBnsieTcst 6oJiee y3KOCTICIIHATM3UPOBAHHBIM HHCTPYMEHTOM, TOIXOISIIAM
TIPEXKJIC BCETO I pabOThI ¢ M300PKCHUSIMU U MHBIMH JaHHBIMH, KOTOPHIE BO3MOYKHO
MPEACTaBUTh B MaTpudHOM Bujae. OHON U3 MEPBHIX U HAMOOJIEE U3BECTHOU SIBIISIECTCS

Mozenb, paspadotanHas SIHom JlekyHom [84]. B ocHoBY noruku (yHKIMOHUPOBAHUS
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JAHHOT'O KJlacca Mozeliel ObUIM MOJIOKEHBI NCCIIEI0BAaHUS 3PUTEIBHON KOPBI TOJIOBHOTO
MO3ra JKMBOTHBIX [71] M co3maHHBIE HA MX OCHOBE AJTOPUTMBI pacro3HaBaHus [60].
JlaHHast apXUTEKTypa MpeAHa3HaueHa IJIs aBTOMATUYECKOT0 U aJJallTUBHOIO M3Y4YEHUS
MHOTOMEPHBIX 3aBUCUMOCTEN B MaccuBe BXOJAHBIX NaHHBIX. [Ipuuém CHC yuuThiBaeT
KaK HU3KOYPOBHEBBIE 3aBUCUMOCTH, TaK U BBICOKOypoBHeBble. Ha pucynke 2.2

npeacrasieHa cxema CHC flna JlekyHa.

10 output units @ —eeeme-

fully connected

» « ~ 300 links
layer H3 oooooooo
30 hidden units fully connected
~ 6000 links

layer H2 = /.

12 x 16=192 H2.1

hidden units ~ 40,000 links
from 12 kernels
5x5x8

layer H1

12 x 64 = 768

hidden units -
& ~20,000 links
from 12 kernels

MSXS

256 input units

Puc. 2.2 — Cxema CHC, pa3paborantoi SIHom JlekyHoM (3aumcTBOBaHO U3 [83])

CHC 00BbIYHO COCTOUT U3 TPEX TUIIOB CJIOEB: CBEPTOUYHBIX CIOEB, 00bEINHAIOIINX
CIOEB M NOJHOCBS3HBIX CIOEB. [lepBhie /1Ba TUIa CIOEB PEIIAIOT 3aJa4y W3BJICYEHHUS
MPU3HAKOB, a TPETUH THUIl 3aHUMAETCS MHTEpHpeTaIuell MPOMEKYTOUYHBIX JAaHHBIX U
pPacy€ToOM BBIXOJIHBIX 3HAYEHUH CETH.

B To Bpemsi, kak 00bEeTUHSIONINE U IOJTHOCBSI3HBIE CJIOU XapaKTEPHBI U TS JPYTHX
apxutektyp MHC, cBéprouHble ciiom sBIsOTCS KiItoueBoil ocobenHocthio CHC.
[TockonbKy B M300paKEHUSIX BCS MH(POPMAIUS XPAHUTCS B BUJC JABYMEPHBIX MATPHI]
(T.€. B BUJIE MUKCENEH ), Tpu paboTe ¢ HUMU TPEOYETCsl yUUTHIBATh HE TOJIbKO 3HAUCHUS,
MOCTYMNAIOIINE OT CaMHX HEHPOHOB, HO U CBSI3aHHBIE C HUMHU 3HAYEHUSI OT TPYIIIbI

OnmmKalIux HeWpOHOB. {7151 3TOr0 B CBEPTOUHBIX CIOAX, IOMUMO HEHPOHOB, UMEETCS
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el OQUH THUI 3JIEMEHTOB, KOTOPBIE TPUMEHSIIOT ONPEICIEHHBIC TMHEHHBIE ONEPALNH KO
BCEM BXOJHBIM JAaHHBIM Ka)KIOTO HEWpOHA CI0s — SApO CBEPTKU. SAOpo CBEPTKHU
MPE/ICTABIISICT U3 Ce0sl CETKY, KOTOPasl «CKOJB3UT» MO BXOJHOM JIBYMEpPHON MaTpuie
(umu o0 CBEPTOYHOMY CIIOI0 TPEBITYIIETO YPOBHS) W UIIET IAOJIOHBI U MAaTTEPHBI B
nauHbeiX. Ecm OyneT HaiiieHa Takas 4acTh MATPHIIhI, KOTOpas COBHAAET C IMIa0JI0HOM
s]ipa, TO OHO MEePeaCT PACUETHOMY HEHPOHY TEKYIIETO CJI0si OOJIBIIOE TIOJI0KUTEIIHHOE
3HaueHue. Ecim coBnageHus He OyJIeT, TO sApO MepenacT HEeOOJNbIIOE 3HAUCHUE WU
HYJIb.

N3-3a TOro, 4TO AAPO CBEPTKHU MOKET IPUMEHATHCS K KaXKI0M NO3ULIMN MAaTPHULIBI
JAHHBIX, Hanuyue cBEPTOYHOro cios mo3ossieT CHC ¢ BBICOKOM TOYHOCTBIO PEIIATH
3ajaul 00pabOTKH M300pa)KeHHUH, MOCKOJIbKY OCOOEHHOCTH WJIM 3aKOHOMEPHOCTH B
U300pKEHUSIX MOTYT MpPOSIBIATHCA B JIIOOOM ydacTke. T.e. B OTJIMYME OT MPOYMX
apxutektyp MHC CHC cnoco6Ha aHanu3upoBaTh KOHTEKCTHO-3aBUCUMBIE JTAaHHBIC.

IIpu 3TOM, cBEéprounble cion B CHC moryT BcTpeudaTbes HECKOJIBKO pa3. Torna
KKJIbIA MOCIEIYIOMUM CI0M o0pabaThiBaeT JaHHBIE OT MPEABIAYIIETO CBEPTOUYHOIO
CJIOSI, TAK)KE, KaK U OT BXOJHOI0, TIOCKOJIBKY CBEPTOUYHBIH CIIOH, B CBOIO O4YEPE/b, TAKKE
ABJISIETCS IBYMEPHBIM MacCUBOM. TakuM 00pa3om, KaKIbli MOCIEAYOMIHNI CBEPTOUHBIN
CIIOM MOKET HaXxoJUTh BCE Oosiee CIOXKHbIE MAOJOHBI M MAaTTEPHbl M3HAYAIBHOTO
BXOJIHOI'O MACCHBA.

[TogoOHast opranu3anus CBEPTOUYHOTO CJIOS MPUBOJUT K TOMY, UTO B OTJIMYUE OT
OOBIYHBIX TIOJTHOCBSI3HBIX CJIOEB, KOTOPbIE 00YUYarOTCs 32 CUET U3MEHEHUS BECOB CBA3EH,
B CBEPTOUHBIX CJIOSAX «oOydaroTcs» sipa cBEPTKU. [loaTOMy, MPUMEHSTH aITOPUTM
0o0paTHOTO pacnpoCTpaHEHUs! OLIMOKM MO aHAJIOTMM C MepuentpoHoM Pymenbxapra B
JTAHHOM CJIyyae He MOJY4YHUTCA. AJITOPUTM JOJDKEH OBITh COOTBETCTBYIOLIUM 00pazomM
MOAU(PUIMPOBAH. DTO MPUBOJUT K TOMY, YTO MPOrpaMMHAsl peajv3aius ajaropurMma
oOyuenus, B ciiydae CHC, OyneT oTinuyaThes.

Ucxons u3 onucanubix goctouHctB, CHC Obina BeIOpaHa Ui MCMOJIb30BaHUS B
paspabateiBaemoii cucreme. CHC mpeanaraercsi UCHoOJIb30BaTh MpPU PEIICHHUE 3a/1ad
aHanu3a M300paKeHM, Kak Hanbosee yHuBepcanbHy0 apxutekrypy MHC, cocobnyro

C BBICOKOM TOYHOCTBIO peuaTsb 3aga4 JaHHOTO KJIacca. C L[pyroﬁ CTOPOHBI, ITIOCKOJIBKY
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npouecc ooyuenuss mozeneid CHC cyniecTBEeHHO OTIMYAETCsl OT Mpoliecca 00ydeHUst
neprenTpoHoB Pymenbxapra, Ha mNpuMepe MaHHOW apXHUTEKTYphl MOXHO OyaeT
MPOBEPUTH BO3MOKHOCTh €IMHOOOPAa3HOTO 00y4YEHUSI MOJIEICH Pa3IuYHbIX apPXUTEKTYP
NHC ITP.

[Ipu reHepanmm u oOy4eHHWE MOJAENICH MaHHOW apXHUTEKTYPhl TPOU3BOISTCS
CJIEAYIOIIUE TUIIOBBIC IIATH:

o 3a4a€TCs BXOAHOM CBEPTOYHBIX CJIOM, Pa3MEPHOCTh KOTOPOrO paBHA
pa3penieHnIo BXOIHOTO U300paKeHMUS;

o 3a4a€TCS BBIXOAHOM CIIOM, YHCIO HEMPOHOB B KOTOPOM PABHO YHCIY

IIPOTrHO3UPYCMBIX KJIACCOB;

o BBIOUPAETCS KOJIMYECTBO CKPBITHIX CBEPTOUHBIX CIOEB;

o BBIOMPAETCS PA3MEPHOCTD CKPBITBIX CBEPTOUYHBIX CIOEB;

o BBIOMPAETCS KOJMYECTBO CKPBITHIX MOJTHOCBSI3HBIX CIIOEB;

o BBIOMPAETCS KOJMYECTBO HEMPOHOB B CKPBITHIX CIIOSX;

o JUIS. HEWPOHOB B CKPBITBIX CJOSAX 337ar0TCsl (PYHKIMM aKTHBAIUH

(BpIOMparOTCS ABE KOHKPETHbIE (DYHKIIMH M3 CIIMCKA BO3MOXKHBIX (DYHKIIMI aKTHUBALIUH,
OJIHA JUIsl BCEX HEUPOHOB BCEX CKPBITBIX CBEPTOUHBIX CIOEB, BTOpAs JUIsl BCEX HEUPOHOB
BCEX CKPBITHIX MOJHOCBS3HBIX CIIOEB);

o BbIOMpAETCsl aNropuTM ONTUMU3ALMM HEHPOHHOW ceTH (U3 CIUCKa

BO3MO>KHBIX aJITOPUTMOB);

o ONLMOHAJIBHO, IS CBEPTOYHBIX W/MIM CKPBITHIX CJIOEB BKIIIOYAETCS
GbyHKLHMS IpornayTa;

o BBIOMPAETCS KOJMYECTBO 30X 00YUEHUS;

o NPOU3BOAMUTCS OOyYEeHHE 3aJaHHOE KOJIMYECTBO JIOX aJITOPUTMOM

00paTHOTO pacnpoCTpaHEHUsI OMUOKH IS CBEPTOUHON HEUPOHHOM CETH.
Jlns aBTOMaTU3aIuu 00y4eHHUs] MOJIeNIeH JaHHOW apXUTEKTYpPhl MPeIoiaraeTcs
BapbUPOBATh. KOJIUYECTBO CBEPTOUHBIX CJIOEB, KOJHUYECTBO MOJIHOCBA3HBIX CIIOEB,

KOJIHNYECTBO HeﬁpOHOB B CBépTO‘IHBIX CJI0sAX, KOJIHYECTBO HCﬁpOHOB B IIOJTHOCBA3HBIX
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CIIOSIX, BKIIFOUEHUE/BBIKIIIOUCHUE JPOIayTa, KOJIMYECTBO JIOX OOY4YeHHS, CKOpPOCThH
oOydJeHwus.

Ha Ttekymem »stame pa3paboTku BbIOOp HamOoJiee TOYHOW MOAEHH OyaeT
OCYIIECTBIISATECS Ha OCHOBaHHWE 3HA4YeHWS MeTpuku F-mepel. Ho B mambpHelimiem
mpeanosaraercs OoJjiee MUPOKUH HAOOP METOJOB OINEHKM TOYHOCTH MOJACIH, B T.d.

IIOJIB30BATCIIBCKHUC.

2.3 CHC cerMeHTAMH ¥ CEMAHTHYECKOI0 AHAJIHU3a H300PaKeHHUsI

JIyist perieHust 3a/1adyl CETMEHTAIlMM U CEMaHTUYECKOT0 aHalin3a U300paxKeHus B
[1O 6puUTO MpeaokKeHO HCHoJb30BaTh apxuUTekTypy Mask Regions with Convolution
Neural Networks (MRCNN) [66]. MRCNN naubonee y3kocrnenuaaIn3dpoOBaHHAS W3
uMmeromuxcss B cucreMme apxutektyp HMHC mnpsmoro pacnpoctpanenus. [lannas
apxuTekTypa aBisiercss noaBuaoM kiaccuueckoit CHC. Opnako, 3a CUET yCIOKHEHHUS
apXUTEKTYphbl, OHa OoOJiee YCHEIIHO CIPaBIsETCA C 3aJadaMH CEMaHTHYECKOW W
00BeKTHOM cerMeHTaruu u3o0paxenuit [61, 144]. O6Go6ménnas cxema MRCNN

MPEJICTABICHA HA PUCYHKE 2.3.

Faster R-CNN

RolAlign

Mask Head

Faster R-CNN + MaskHead > Mask R-CNN

Puc. 2.3 — Cxema MRCNN (3aumcTBOBaHO U3 [66])

KiroueBass 0COOEHHOCTh JAHHOM apXUTEKTYphl 3aKIIOYA€TCd B COBMEIICHUH

apxutektypsl CHC mox nHa3zsanuem Faster Regions with Convolution Neural Networks
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(FRCNN), xoTopast oTBeuaeT 3a pelleHHEe 3aJadd Kiaccubukauuud, 1 mMomyis Mask
Head, xoTopslii 0TBeUaeT 3a pelieHre 3aaun CerMeHTaluu n3o0paxenus. PesynpraTom
pabotet MRCNN siBisieTcst COBMEIIEHHBIN OTBET ABYX JaHHbIX yacTeir MHC.

FRCNN sto CHC, xoTopast oCyIIecTBISET MOUCK Ha U300paXKeHUH OOBEKTOB,
1ociie Yero JAOMOJIHUTENbHO MPOU3BOIUT KIACCU(PUKAIUIO HaWJEHHOTO OOBEKTa.
PesynbraTtom pabotsl qanHoi CHC BISIFOTCS OrpaHUUYMBAIOIINE TPSIMOYTOJIBHUKH IS
KQKJ0T0 00beKTa (T.€. IPSIMOYTOJIbHAs TPAaHULA, KOTOPAsi OTPAaHUYMBAETCS HAICHHBIN
00BEKT) U METKa KJlacca HalWJIEHHOr0 00BEKTa C OLIEHKON JOCTOBEPHOCTH.

[TepBbrit sran paborsr FRCNN cocTouT M3 OJHOBPEMEHHOrO 3alycka IBYX
BtouéHHbIX MHC: maructpansHoii (ResNet, VGG, Inception nim aHamOrMYHbBIX ) U CETH
PErHOHAIIBHOTO MO3UIIMOHUPOBAHUS. DTU C€TH 00padaThIBAIOT KaXK0€ MOCTYIAOIIEe Ha
Bx071 FRCNN n300pakeHune 1 Ha BBIXO/I€ MPEAOCTABIISIOT TPEXMEPHBII MACCHB — MACCHB
IPEIIOKEHHBIX 0o0nacTell. B maHHOM MaccuBe coliepKaTcsi KOOpJAMHATBI PETUOHOB Ha
BXOJITHOM HU300pa’K€HUH, KOTOPbIE COAepKAT KaKOM-THOO OOBEKT.

Ha BTopom stane pabotst FRCNN mporao3upyer KoopArHATHI OTPAaHHYNBAIOIIINX
IPSIMOYTOJIBHUKOB M KJIACChl OOBEKTOB JJISi KaKJIOW M3 MPEasOKEHHBIX 00JacTei,
NOJIyYeHHBIX Ha mepBoM dTane. Kaxnas npennaraemas o0JacTb MOKET UMETh Pa3HbIN
pa3mMep, HO Tak kak cBEépTouHbie ciou B CHC Bcerga TpedyroT BekTopa GUKCHPOBAHHOTO
pasMepa s OPOrHO3MPOBAHMs, HAa JAaHHOM d3Tale TakkKe MPOU3BOJUTCS
MaclTaOMpOBaHUS HaWJIEHHBIX pPEruoHoB. Pa3Mep permoHoB Maciitabupyercs ¢
nomoltibto 6o anroput™a Rol, mu6o metona RolAlign.

MRCNN B cBoro odepenp sBisietcs pacmmpenHod Bepcueir FRCNN,
JIOTIOJTHEHHOM BETBBIO JIJIs1 TPOTHO3UPOBAHUSI MACOK CErMEHTAIMU JJIs KaXK10M 00J1acTH
untepeca. Ha Btopom stane paborsi MRCNN yxe ucnonb3yercss Tonpko RolAlign,
KOTOPBIA TIOMOTAeT COXPaHUTh OpPUTHHAIBHBIE MPOCTPAHCTBEHHBIE KOOPIAMHATEHI,
KOTOpbIE CMEMIAIOTCS B cllydae HMCrojb3oBaHus Rol. OT1o HeoOxoaumo 3aTem, 4TOObI
BbIXO/HbIE TaHHbIe RoIAlign MOXHO OBLIO COBMECTUTH C JaHHBIMH, MOTYYEHHBIMU HA
HepBOM dTare H, ¢ nmomoimsio Moaysss Mask Head (kotopsiii B cBOO ouepenh Takke
peann3oBaH Ha 6a3e CBEPTOUYHBIX CIOEB), CTEHEPUPOBATh MACKy JUIS Ka)XXIOTO OTBETa

RolAlign. Takue macku NpeaCTaBIISIIOT COOOM JIBYMEPHYIO MaTpHIy, C IOMOIIbIO
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KOTOPOM JIJIs1 KaXKJ0TO MUKCEJIsl, BXOJSIIETO B TPAHHUIIBI perMoHa 00beKTa, OnpeeseTcs
BEPOSTHOCTH MPUHAICKHOCTH ITOTO IMUKCENSI HKCKOMOMY OOBEKTY.

[TogoOHBIN MOAXO0M MO3BOJIsAET 00Jiee TOYHO OMPENENUTh TPAHMIIBI HUCKOMOIO
oowekta. B mmeambnbix cimydasx, MRCNN MoOXeT TOYHO BBIYHMCIUTH BCE IMHKCEIH
N300paKEeHMSI, HA KOTOPBIX HAXOUTCS UCKOMBIN 00BheKT. C APYTroi CTOPOHEHI, B TIPOIECCE
oOyueHHs, JaHHBbIC, TMoyydaemMbie B Mmoayie Mask Head, wucmonbsyrorcs s
nononauTenpbHOro 00yueHus FRCNN. Dto mo3BoiseTr TOBBICHTH TOYHOCTH
KJ1accu(UKauy 1 onpeeeHus TpaHull 00bEeKTOB.

Apxurektypa MRCNN Opuia BiitoueHa B paszpabateiBaemoe [IO mo aBym
npuynHaM. Bo-mepBbIX, OHA SIBJIsSETCS OAHOW M3 HamOoJyiee TOYHBIX HA CETOAHSITHUN
JI€Hb APXUTEKTYp, PEIIAIOIIMX 3a/layd CErMEHTAIMU. 3a/1ayd CETMEHTAIlMU, B CBOIO
ouepellb, MOSABISAIOTCS BCE dYalle, NOCKOJBKY YBEIMYMBACTCS POJIb KOHTPOJA 3a
Pa3IMYHBIMU IIPOLIECCAMHU YEJI0BEYECKOU NEATEIBHOCTU ITOCPEACTBOM
BUJICOHAO0MIOIeHNs. Bo-BTOpBIX, HAa MpUMepe JTaHHOM apXUTEKTYphl ampoOupyercs
BHEJIPECHHE B pa3pabaThblBAaEMyl0 CHCTEMY CJIOKHO OPraHU30BaHHBIX apXUTEKTYD,
TPEOYIOIMUX CHEUATU3UPOBAHHOTO TOJIX0/1a K MPOIIECCY 00yUYEHUSI.

[Ipoueccsl reHepauuu W oOydyeHHs: Mopened naHHoM apxurtektypel CHC
KOHIIENITYaJIbHO HE OTJIMYAIOTCS OT MPOIECCOB T'€HEpaIuu U 00y4YeHHUsl, OITMCAHHBIX B
pazmene 2.2. OpHako, mNOCKOJNbKY naHHas apxutektypa CHC sBisiercs yxe
(UKCUPOBAHHOW M ONTUMHU3UPOBAHHOM, MpPU aBTOMATU3UPOBAHHOM OOYYECHUHU HE
npeanojaraercss Moaudukanus caMod apXuTekTypel. [losTomMy nisi BapbUpoOBaHUS
OCTAIOTCSl TOJBKO CIEAYIONIME THIeprapaMeTpbl — KOJMYECTBO D3I0X OOydYeHHS,
KOJIMYECTBO LIArOB B 3M10XE, CKOPOCTh OOYUEHUS.

Tem He MeHee, M3-3a CIOKHOCTH OOYYEHUS TAHHOW apXUTEKTYyphbl, OHA WMEET
VHUKQJIBHYIO IS He€ OMNIHMI0 — BO3MOXHOCTH IpenoOydeHus. Takol mOAXOM
pacnpoctpanéH npu oOyuyeHue wmacmTaOHbix Mozeneit MHC u Hocur Ha3BaHue
«tpancheproe odydenue» [44]. B cinyuyae BhIOOpa JaHHOW OIMIUMH OOYYEHHE CETH B
paszpaboranroM 1O Oynet mpou3BOAUTHCS HE ¢ Hyls. BMecTo 3Toro 3a ocHOBY Oyjer
B3ata moaenb MRCNN yxe oOyuennas Ha maccuBe ganHbix Microsoft COCO Dataset

(Microsoft Common Objects in Context) [51]. [laHHbIi MacCHUB SBJSCTCS Ha
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CETOJHSUTHUM JIEHb CAMBIM KPYITHOMACIITAOHBIM HA0OPOM JTAHHBIX, UCTIOIB3YEMBIM JIJIS
oOyuenust mojeneit MO pelieHuIo 3a1a4 0OHapy>KeHusl U cermeHTarnuu. Jlanabiii Habop
JAHHBIX COCTOUT U3 328 Thicsy wu300pakeHUil. Bce paHHBbIE H300paKkeHHs yxKe
pasMedeHsl U chopmupoBaHbl B oOydaromue BbIOOpkU. [loaToMy wucmosib3oBaHUE
naHHOTO MaccuBa st 0azoBoro oOydenmss MRCNN mo3Bosisier 3amath s He€ Bce
OCHOBHBIE KOHIEIIIUN Pa3TUYHBIX KJIACCOB OOBEKTOB.

[Tocne Ga3zoBoro oOyuenuss Ha ocHoBanne MS COCO Dataset momydeHHyro
MOJieJIb MOKHO OyzeT Jau00 yK€ HCIHOJIb30BaTh, €CIU OOBEKTHI, KOTOpbIE TpeOyercs
pacrno3HaBaTh, BXOJWIA B JIaTaceT, JIMOO K€ AOOOYUMUTH JJIsl pElIeHHs KOHKpPETHOU
LEeJIeBOM 3amaun (T.e. s pacloO3HABAaHUS M CErMEHTAaluu OOBEKTOB, KOTOPBIE HE
BXOOWIM B Jartacer). B cimyuae nooOydeHuss mnoTpeOyeTcsi HAMHOTO MEHbIas
pPa3MEPHOCTh BEIOOPKH, YEM B CITydae, €CJik Obl CETh MPUIILTIOCH 00y4YaTh ¢ HyJIs (TEM He
MEHEE pa3Mep ATON BHIOOPKY WHANBUAYAICH JUISl KQXKI0M 3a7a4u U BBICUNTATh CpeHEe
3HAYCHHUE HE MPEJCTABISIETCA BOZMOXKHBIM).

Opnnako, JaHHas ONMUMs MOAXOJIUT JAjeKo He aJis Bcex 3anad. Crneunduueckue
3aJauM, K OpUMEpPY pacrno3HaBaHUE KOHTYPOB JIECHBIX MAacCCHBOB Ha CITyTHUKOBBIX
CHUMKAaX HWJIM KJIETOK Ha CHUMKax MHKPOCKOIOB, moTpedyroT ooydernss MRCNN c mys.

Ha texymem stane pa3paboTku, u3-3a cneuu@uku aaHHou apxutektypsi CHC,
BHIOOp HamboJiee TOYHOM MOJAENIM OyJeT OCYHIECTBISATHCS Ha  OCHOBAaHUU
MOJIb30BATEIHCKOTO AITOPUTMA OLIEHKH TOYHOCTH MojieH. [[0CKOIbKy yHUBEpCATbHBIE

MCTOJbI OIICHKHN AJIA ,Z[aHHOﬁ MOACIIN OTCYTCTBYIOT.

24 MoaudunupoBanublii ['A KoMIJIEKCHOH AaBTOMAaTH3aLMU CTPYKTYPHO-
napamerpudyeckoro cunresa moaesaeid MHC IIP pa3inyHbIX apXuTeKTyp

ITocne BwIOOpa apxutekryp HWHC TIP, xortopwle TpeOyeTcs BKIIOYUTH B
paspabatsiBaembiii [10, 3aKOHOMEPHBIM IIATOM SIBJISIETCS MEPEXO]] K 3a7a4e BhIOOpa U
uHrerpaiun = B [IO  anropuTtMa KOMIUIEKCHOM  aBTOMATU3allMd  CTPYKTYpPHO-
napameTtpuueckoro cuutesza moaeneit MHC T1P pasnmuunsix apxutektyp. TpeGoBanus

JaHHOMY aJITOpUTMY (OPMUPYIOTCS UCXOS KaK U3 LIeTU camoro paspadbaTsiaemoro 10,
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Tak u ¢ yuétoMm ocobennoctert apxutektyp MHC I1P, koTtopbie OyayT reHepupoBaThCs U
00y4aThCsl JAHHBIM AJITOPUTMOM.

Takke, B mpolecce HWHTErpalMyd JaHHOTO alIroOpuTMa CTOUT YYHUTHIBaTh U
IMPUHIUIBI MOYJIBHOCTH, KOTOPBIM JIOJKHO YAOBIETBOPATH pazpadarsiBaemoe [10 npu
peleHns MOCTABIEHHBIX MIEpe]l HUM 3aa4.

B nanno#t rmaBe paccMmaTtpuBaercs pa3zpaOdoTaHHBIM MoAubUIMpoBaHHBIN ['A,
KOTOpBbI OBLI BBIOpaH JJIsi KOMIUIEKCHOW aBTOMATHU3alMU IPOLIECCOB I'€HEpaluuu M
ooyuenust UHC I1P, paznuunbix apxutektyp. OO0CHOBBIBAIOTCS MPUYUHBI €70 BHIOOPA,
a TaKKe OMUCHIBAIOTCS pPeaTN30BaHHbIE MOIU(MUKAIIMU JTAaHHOTO aJIrOpUTMa, KOTOpPbhIE
HEOOXOAMMBI /11 KOMIUIEKCHOM aBTOMaTH3allMd NPOLECCOB T'€HEpalud U 00y4YeHus
moaenent MHC TTP. Taxxe, o6ocHoBbiBaeTcs mpuMenenue COA nipu pazpabdotke [10 ans
YAOBJIETBOPEHUSI TPeOOBaHM K MOAYJIBHOCTH M [Js YOPOUIEHUS MOCIETyIOUEn
uHTerpauuu B croponnee [10 crenepupoBanHbix 1 00yueHHbIX Moaeneit MHC.

Ha nanHbplii MOMEHT Ha MPAKTHKE B Pa3HBIX O0JACTAX HAYKH U TEXHUKH YacTO
UCIIONB3YETCSI  NOAXOJ,  3aKIIOYAKOIIMICA B CO3JAHHM  WHAWUBHUIYAJIbHBIX
mynbTu3zagadneix MHC, crmocoOHBIX pelnath Heiaslid Kiaacce 3amad [56, 91, 107, 137].
JIaHHBIN TOXOT UMEET PsJl MPEUMYIIECTB, B YACTHOCTH 00JI€€ BHICOKYIO TOYHOCTD IS
pacuéra BHIOpaHHBIX LIENEBbIX MOKa3aTene. OgHako pa3paboTKa KaXKa0i TaKoW MOAEIN
NHC siBnsietrcs kpaitHe pecypcoéMkoil u TpeOyeT ydacTust NpoUIbHBIX CIICIIHAUCTOB,
CIIOCOOHBIX CITPOEKTUPOBATHh YHUKAJIbHBIE apXUTeKTypbl Takux MHC. AnbTepHaTUBHBIM
pelieHreM, mpeajaraeMbiM B JaHHOW paboTe, SIBISETCS KOMIUICKCHAsT aBTOMATH3allus
npoiieccoB reneparuu u ooyuenus mozaenet MHC T1P paznuunbix apxutektyp. JlanHoe
pelIeHne mopazyMeBaeT 0JJHOBpeMeHHOe oOydueHue Heckosbkux mozeneit MHC 1P, na
3apaHee MOATOTOBJICHHOM BBIOOPKE MAHHBIX, AJS TMOCJIEIYIOMIET0 CUTYallMOHHOTO
BbIOOpa HanboJiee TOUHON MOZeNH. Takoi MoaXo ] MPUBOAUT K TOMY, YTO JJIs PELICHUS
Pa3IMYHBIX 33]1a4 U3 pa3HbIX 00JACTEN UCOIB3YETC OJHU U Te ke apxutekTypbl MHC,
YTO YMEHbIIIaeT BpeMs HeoOxoaumoe Ha pa3padbotky 10 na 6aze MHC. Ognako, Takxke
JAHHBIN MOIX0/ TPUBOAUT U K HEOOXOJIMMOCTH PEILICHHUS 3a/1a4l OLIEHUBAHUS KayecTBa
napameTpudecKkon amanrtanun Mmozenei. [Ipu stom, 3agada popmupoBanust oOydaroriei

BBIOOPKH, B 0011IeM ciTydae, He TpeOyeT npoduibHbIX 3HaHui [118].
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Jns cTpykTypHO-niapaMmetpuueckoro cunre3a mozgeneit MHC IIP pasnuunbix
apXUTEKTYp B JTAHHOW paboTe MpeaiaraeTcsl MCIOIb30BaTh MOAubUIupoBaHHbI ['A.
JIaHHBIN AJITOPUTM SIBJISIETCS 3BPUCTUYECKUM aJrOPUTMOM MOHCKa. Ero kmaccmueckas
BEPCHsI MCIIONB3YETCSI B TOM UHCIE JUIA PEIIEHUSA 3374a4d ITapaMeTpU4YeCKOu
ONTUMU3ALMN MOJIETIC TTOCPEICTBOM MOCIEI0BATENbHO M0100pa, KOMOMHUPOBAHUS U
U3MEHEHHSI BapbUPYEMBIX IapaMETPOB C TMOMOIIBI0 MEXAHU3MOB CXOXKHUX C
MEXaHU3MaMH OuoNormdyecko sBoyonuu. ['A  sABIgeTcs MNOABHIOM — Kjacca
HBOJIIOLIMOHHBIX ~ QJITOPUTMOB U €r0  OTJIMYMUTEIBHOM OCOOEHHOCTBIO SIBIISIETCS
UCITIOJIB30BAHUE OIEpaTOpa «CKpEIIMBaHMs». B pencTaBieHHON nuccepTaluy TaHHbIA
omepatop KOMOMHHMpPYET HOBbIe pelieHus (MojJenu), mnoadupas 3HAYCHUSA
TUIEPIIAPAMETPOB U3 HECKOJIBKUX YXKE CYIIECTBYIOIIMX pemeHuil (moxenen). Ilpuuém
runepnapaMeTpbl BBIOMPAOTCs CIy4ailHbIM 00pa3oM.

B tepmunonornn ['A — «dpeHoTun» npencraBisger coOOH KOHKPETHBIE
runeprnapamerpel MHC, a «reHoTum» mnpeacTtaBieH B BUAE B BHJE PACIIAPAEMOIO
MacCuBa, DJJEMEHThl KOTOPOrO MOTYT OBITh Kak LEJNOYHUCICHHBIMU, TaK U
BEILIECTBEHHBIMU. Otn DIIEMEHTHI COOTHECEHBI c COOTBETCTBYIOIIUMU
runeprnapamerpamu  «peHotuna». Bpibop onucaHHoro @opmara = «re€HOTHIIA»
0OyCIJIOBJIEH TE€M, YTO, BO-TIepBbIX, runepnapamerpbl MHC B cBoto ouepenb MOryT ObITh
KAaK LEJIOYMCICHHbIMM, TaK M BELIECTBEHHBIMU. BO-BTOpBIX, H3-3a 3asBIEHHBIX
TpeOOBaHUN K YHHMBEPCAJIIBHOCTH M MPOCTOTE PACIIUPEHUs MPEINOJIaraeTcs, 4yTo B
nanpHeiem B pazpadoranHoe 10 6ynyT nobaBnsatbes HoBbie apxutekTypsl MHC I1P.
B stom cnydae TpeOyercss m30exaTh MOAU(MUKAIIMU CO3JAHHOTO ajiTrOpUTMa, Yero
CIIOXHO ObUIO OBl J00UTHCA (B MPOrpaMMHOM peanu3alvu) Opu WHOM (popmate
«reHotuna». KpoccoBep (omepaTrop CKpELIMBaHHS) SBISIETCA  CIy4YallHBIM MU
MHOTOTOYEYHBIM (TPU KaKJIOM CKPEIIMBAaHUM I'eH pa30MBaeTCAd Ha KOJUYECTBO YaCTEH
paBHOE KOJUYECTBY 3JeMEHTOB MaccuBa). [logoOnass monudukanusa I'A  saBisercs
celu(pUUHON Il TOCTaBJICHHOM 3aJauM, MOCKOJbKY 3apaHee HE H3BECTHO, KakKue
rUrneprnapaMmeTpbl U KakuM 00pa3oM HY>KHO H3MEHSTh, YTOOBI MOBBICUTH TOYHOCTH
mozaenn MHC koHKpeTHOW apXHUTEKTyphl. ['unepnapaMerpsl OOJIBIIMHCTBA apPXUTEKTYP

NHC He umeroT IMHEWHON 3aBUCUMOCTH JIPYT OT JIpyra, MO3TOMY 3aJladyd FeHepalu u
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oOyuenust moneneit MHC wacto cBomsATcs kak pa3 K moaOOpy KOMOMHAIUMN 3THUX
runeprnapamerpoB. [loaToMy renepupys, ¢ MOMOLIBI0 MOAUPHUIIMPOBaHHOTO ['A, HOBBIE
mozaenu MHC nisi KOTOpBIX HMCHOJB3YIOTCS 3HAYEHUSl TUIEpIIiapaMeTpoB Hauboliee
TOYHBIX M3 YyXE€ HUMeEKIIuxcsi B oOydaemol BbiOOpke Mozened MHC, MoxHO
JEHCTBUTENHHO TOOUTHCS emI€ 6oJiee BBICOKOM TOYHOCTH PEIICHUS 3a/1a4H.

Ucnons3zoBanne moauduiupoBanHoro ['A B paspabateiBaecmom  I1O
NOJIpa3yMeBAaeT OJHOBpPEMEHHOE o0yueHue Heckoiabkux Mmozener MHC, na 3apanee
HOJIFOTOBJICHHON BBIOOPKE JaHHBIX, JUISI IOCJIEAYIOIIEr0 CUTYallMOHHOTO BbIOOpa
Haubosee TouHOM Mozenu. TakuMm o0pa3oM, UMEHHO B 3TOM CUTYallMOHHOM BBIOOpE U
IIPOSIBIIAETCS 3a/1a4a OLICHUBAHUS Ka4eCTBA MMAPaMETPUUECKON afanTalllud MOJEIIEH.

Anroputm ot6opa moaeneit MHC Op11 peain3oBaH clieyomuM 00pa3oM:

[Tar 1. B mepBoil poAUTEILCKOM MOMYJSIIIUU TeHepupyercs (UKCHPOBAHHOE
yucino (M) moaeneii MHC gukcupoBaHHON apXUTEKTYphl (BBIOpAaHHOW aBTOMAaTUYECKU
Ha OCHOBE IPEJCTABJICHHBIX IIOJb30BAaTEIEM BXOJHBIX JaHHBIX), CO CIIy4alHO
3aJIaHHBIMU TUIEepIIapaMeTpamMu.

[Mar 2. Tenepupyercs Ny nouepnux wmojaeneit HMHC  duxcupoBanHoit
apXUTEKTYpPhbI, TUIIEpIIapaMETPbl KOTOPBIX BBIOMPAIOTCS PABHOBEPOSITHBIM CITyYalHBIM
o0pa3oM W3 TUIeprnapaMeTpoB ABYX CIY4YalHO MOJO0OpPaHHBIX POAMUTEILCKUX MOJeNeH
NHC (n1s nByX poAMTENbCKUX MOJIENEH — OJHa AOYEpHss), a Takke reHepupyetcs N,
mozeneid MHC ¢ukcupoBaHHON apXUTEKTypbl, TUIepHapamMeTpbl KOTOPBIX 3aJar0TCs
IOJIHOCTBIO  CIy4YailHO, C Y4€TOM 3aJlaHHBIX [JMalla30HOB 3HAYEHUW JUIS O3TUX
runepnapamerpoB. Omneparop MyTauud (MHBEPTUPOBAHUS TE€HOB) I JIOYEPHUX
mozeneit UHC ne mpuMeHnsieTcst u3-3a crnenuduueckoro opmMara «reHOTHUIIa.

[ar 3. Hanee ocymectBusiercs cenekuus moaenein MHC mo meromy pyneTku

(bopmyna 2.3).

_ fi
pl - Z?’:lfj' (23)

TJI€ Pi — BEpOSITHOCTH BhIOOPA 1-01 Moxenu MHC,
fi — 3HaueHMe PYHKIMK IPHUCITOCOOICHHOCTH IS 1-0k Moaenu MHC,

N — kommuectBo mozeneit UHC B momyssituu Ha Tekymem mare (popmya 2.4).
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N=M+Ny;+N,, (2.4)

Meton pyneTku BbIOpaH M3-3a €r0 YHHBEPCATBHOCTH U MPOCTOTHI MPOTPAMMHOMN
peanu3aiiy, MOCKOJIbKY alTOPUTM MOJpa3yMeBaeTCs UCIOIb30BATh IS pa3HBIX KJIacCOB
3agad. Mcnonp3oBanue crnenn@uyeckux ajaropuTMOB XOTh U MOBBICKIIO ObI CKOPOCTH
paboTHI 17151 OTHUX KIJIACCOB 3aj/lad, HO HEM30EKHO MOHU3MIO ObI CKOPOCTH PAOOTHI JIs
Ipyrux KiaccoB. B oCHOBY (yHKIMHM NPUCHOCOOICHHOCTH TOJO0XKEH pacuér
HOTPELIHOCTH 3HAYEHMs LIEJEBOr0 IMapamerpa, pacCUMTaHHOIO C MOMOUIbIO MOeNeil

WMHC, 0THOCUTEIBHO peaibHOTO 3HAYCHHsI TECTOBOM BbIOOpKH ((opmyia 2.5).

fi=—7= (2.5)

IZI€ €jj — BBIXOJHOE 3HAYEHHE LEJIEBOIO IapaMerpa CIPOTHO3ZUPOBAHHOE 1-0M
mozenbio MHC B oTBeT Ha j-blif BXOJAHOW TECTOBBIM BEKTOP,

®j — pea’bHOE 3HAYE€HUE TECTOBOW BBIOOPKH B OTBET HA j-bIii BXOAHON TECTOBBIN
BEKTOD,

X — KOJIMYECTBO TECTOBBIX BEKTOPOB.

PesynpTaToM pacyera 1O JaHHOW (QopmyJie SBISETCS 3HAYCHHE «YPOBHS
MPUCTIOCOOJICHHOCTHY, 00PAaTHO MPOIMOPIIMOHATIFHOE CPETHEKBAAPATUIECKOMN OINOKH 1-
oit mogenu MHC na TectoBoii BeiOOpKe. B pesynbpraTe cenekium, B TEKyIee MOKOJICHHE,
3 N wmogmeneit MHC, otbupaercs M wojmeneil, ¢ HauOOJBIIUM 3HAYCHUEM Di
(BeposTHOCTH BhIOOpa i-0¥ Moaenu NHC).

[ar 4. {nsa Bcex moneneid MHC, Boraucisiercs (1o criennpuyeckKom Aisi Kaxaou
apXUTEKTYpbl (opmyJie) omnOKa PaCCUMTAHHOTO UMHU 3HAUYEHMs LIEJIEBOTO MapaMerpa
OTHOCHUTEJIHHO PEATIbHOTO 3HAYEHHUs TECTOBOW BhIOOpKU. Ecnmu xoTs Obl ogHA MOJETh
NHC nokaspiBaeT OMIMOKY HMXKE 3aJlaHHOTO 3HAUYEHMS, LIUKJ TpepbiBaeTcsa. Mojenb
MHC c¢ mnHauMmeHblield OMMOKONH NPUHUMAETCS B KadyecTBE «moOeauBiieii»y. B
MPOTUBOIOJIOKHOM Cilydae, IPOUCXOAUT Bo3Bpar K mary 2. [lpu sTom, momynsius
MOJEJIEN KaXJIOW WTEpallMd OTHAEJIBHO 3allOMUHAETCS. Eciu monmymnsuus MOAENeu

TEKYLIEH UTEPALIMU TTOJTHOCTHIO COBIIAAET C MPEABIIYILIEH MOIMYJIALMUENA, ITO O3HAYAET,
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YTO 3a BCIO WUTEpalMI0 He ObUIO HaiaeHo KoHpurypanuu moxaenu MHC c Gonbueit
TOYHOCTBIO M OCYIIECTBIIAETCS 0€3yCIOBHBIN MEpeXo K mary 5.

[Iar 5. Ecau ne Hatinena moaeiab MHC ¢ ommOKoH MeHbIIIe 3aJaHHOTO 3HAUECHUS,
LIMKJI 3aITyCKaeTcs ¢ | mara ¢ HOBOM pOAUTENBCKOU MOITYJIALUEN MOAEIIEN, 111 KOTOPOU
3a1aI0TCS HOBBIE CIIy4alHbIE 3Ha4eHUsA NapaMmeTpoB. Eciu 3a | urepanuit pemienue He
HalJeHO, 3aJada IpU3HAETCS HEpellaeMod, IIpU 33JaHHbIX HACTpPOMKaxX, U
OCYILECTBIISIETCS BBIXOJ U3 aJITOPUTMA.

OO06001mEHHas CTPYKTypHas CXeMma OIMCAaHHOTO alropuTMa Ipe/cTaBieHa Ha

pucyHke 2.4.
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Puc. 2.4 — CtpykrypHas cxema MoauduiupoBaHHoro I'A koMIieKCHOM
aBTOMATHU3alMKU CTPYKTYpHO-MapameTpuueckoro cuuresa moaeneit MUHC I1P
Pa3IMYHBIX APXUTEKTYP
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B mnpouecce cBoeit paboTel paszpaboTaHHBIM MoauduiupoBanHblii ['A OyjaeT
otOupaTh cpeau psaa ooydaemeix moaeneit MHC Hanbosee TouHbIe, MOCIEA0BATEIIHEHO
MOJICTpanBasl MapaMeTphl CeTel ISl MOBBIMIEHUSI TOYHOCTH UX padoTel. KonmnuecTtBo u
THUII MTAPAMETPOB UHAUBUYaTbHBI 1J1 pa3indHbix apxutektyp MHC.

[IprMeHeHne ONMMCaHHOIO AJIrOpUTMAa K 3aJad4e KOMIUIEKCHOM aBTOMAaTH3aLUHU
npoliieccoB rerepanuu 1 00yuenust moaeneit MHC TP paznuuHbIX apXUTEKTYpP MO3BOJIUT
pELINTD ABE KIKOYEBBIE 3a/1a4i. Bo-1iepBbIX, JTaHHBIN AJITOPUTM ITO3BOJIUT €IMHOOOPA3HO
oOyuarb paznuunbie Mojenu WMHC TIP, mockonbky myn TumeprnapaMeTpoB HeE
(bUKCUPOBAH 1 MOKET ObITh aJJTAITUPOBAH MO/T PA3HbIE APXUTEKTYPhI 0€3 HEOOXOUMOCTH
MOAM(PUKALMK CaMOro anropuTMa. Tak Kak Bcs JIOTMKa paOOThl ¢ KOHKPETHBIMHU
apxutektrypamu MHC TIP Oyner wuHKancylvpoBaHa, ajlrOpUTM B  IOJHOCTBHIO
ABTOMATUYECKOM PEKUME CMOXKET NEPEKITIOUATHCA MEXKIY PA3IMYHBIMU aPXUTEKTYpaMU
B mpoluecce cBoeil paboTel. Bo-BTOpPHIX, MOIX0 C PEKOMOMHAIIMEN TUIlepIapaMeTPOB
II03BOJIAT YCKOPUTH CaM IPOLECC CTPYKTYPHO-ITApAMETPUUECKOro cuHTe3a. I10CcKonbKy
runeprnapaMmerpsl HOBbIX Mozeneit MHC OyyT koMOMHHpPOBAThCA ¢ rUNeprapaMeTpaMu
yK€ CyIIECTBYIOUIMX MOJEJEH, 3TO TMO3BOJMT ObICTpee TMOIy4daTb MOJAEIH,
oOecIeynBaroIlre PelIeHre NOCTaBIEHHOH 3aJ1a4M C 33JaHHOW TOYHOCTBIO.

Hcnonb3zoBanue pazpadOTaHHOTO MOAUPUIMPOBAHHOTO I'A TIpH penieHuu 3a1auu
KOMITJIEKCHOM aBTOMAaTHU3alMK TPOIlecCOB TeHepanuu u odyuenus moaeneit MHC I1P
pa3NUYHBIX ~ ApXUTEKTYp aKTyaJbHO B TeX clydasX, Korjga pa3paboTka
cnenuanusupoBanHoi moaen MHC, obecnieunBaroiieii pemeHue mocTaBICHHON 3a1a9u
C MaKCHUMaJIbHO BO3MOXHOW TOYHOCTHIO, SBJsIETCS HepeHTabenbHOoW. C MOMOIIBIO
pazpaboranHoro moaudurpoBaHHoro ['A BO3MOXXHO JelIeBie M OBICTpee CO3AaTh
mozaenbs MHC, ciocoOHyt0 pemaTth NOCTaBICHHYIO TUTIOBYIO 33/1a4y HE ¢ MAaKCUMAJIbLHO

BO3MOKHOM, HO C 3aJIJaHHOM MOJIb30BATEJIEM TOUYHOCTBIO.

2.5 BuiBoabI o paszaeny 2

1. Ilpennoxensl apxurektypsl MHC IIP, ucrons3oBaHue KOTOPBIX ONpPaBIaHO B
pamkax paspadarteiBaemoro I1O. [Ins kaxxnoi apXUTEKTyphl, BO-TIEPBBIX, 0OOCHOBaHA

npuyuHa e€ MCroNb30oBaHus B pa3padaTteiBaeMoM [10 u ykazana o0iacTh mpuMeHEHHUs,
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BO-BTOPBIX, ONMHUCAHBI OCOOCHHOCTHU €€ TeHepaluu, 00ydyeHus U PyHKIIMOHUPOBAHUS, B-
TPEThUX, MPEACTABICHBI METOMBI €€ MHTerpanuu B paspadartsiBaeMmblii 10, ¢ yuérom
ONMHMCAHHBIX oOcoOeHHocTel. [lpeacTaBieHHble B JAHHOM TIJaBe apPXUTEKTYpPHI
NPENOCTABISIOTCS  MOJB30BATEN0 Ha BBIOOp, MNpPU MNOTPEOHOCTH B  PELICHUU
COOTBETCTBYIOIIMX 3a7a4.

2. [Ins mpoueccoB TeHepaluu U 00y4eHUs] BBIOPAHHBIX apXUTEKTYp, MPEII0KeH
HOBBIM TOJXOJ K aBTOMAaTU3ALMM CIEIYIOUIMX 3TAlOB CO3JaHHS MOJENEH: MoAdop
runepnapamerpoB renepauun moxaenert MHC IIP, renepanmusa monenen MHC IIP,
ooyuenne mojeineit MHC IIP. Ilpu paGote ¢ paccCMOTPEHHBIMH aApXUTEKTypaMu OT
M0JIB30BATENSI TPEOYETCs MPEAOCTaBUTh PA3MEUECHHYIO0 00YUaIOIyI0 BEIOOPKY M YKa3aTh
MUHHUMAJIbHYIO II€JEBYI0 TOYHOCTh co3fgaBaemoil moaenn MHC, npu moctukeHun
KOTOpPOH 00y4YE€HHE CYUTAETCS YCIEIIHBIM, YTO MO3BOJISET PEATM30BATh KOHLIETIHIO NO-
Code pa3pabotku B co3gaBaemom [10.

3. PasgpabGoran wMoaudunupoBaHHblii ['A KOMIJIEKCHOW aBTOMaTH3allUU
CTpPYKTypHO-TtapameTpuueckoro cuHresza monened MHC IIP pazmuuHbIX apXHATEKTyp,
KOTOpBIN MpeaHA3HAuYeH IS HWCIOJIb30BaHUsI B pa3pabareiBaeMoM [10 B kauecTBe
OCHOBHOTO ajroputMa reuepauuu u ooyuenusi moaeneit MHC. Mukancynsius J0TUKu
dbyukimonupoBanus mojaeneit MHC 1P pa3nuuHbIX apXUTEKTYp U MOJIyJIbHAs CTPYKTYypa
[10, mnpemnoxeHHbIE B JIUCCEPTAIMOHHOW pabOTe, TO3BOJISIIOT €IUHOOOPA3HO
oOpamarbcsi K pa3IdyHbIM apXUTEKTypaM M 00ydaTh HMX C TIOMOIIBIO OJHOTO

IIPOrPaAMMHOTO MOJTYJIS.
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3 COCTAB, CTPYKTYPA U TEXHOJIOI'HU, UCTTOJIb3OBAHHBIE B
PASPABOTAHHOM ITPOI' PAMMHOM OBECINEYEHWU KOMILIEKCHOI
ABTOMATU3ALIMU CUHTE3A UHC ITPAMOI' O PACITPOCTPAHEHUSA

[Tocne BwiOopa apxurextyp MHC IIP, xotopbie TpeOyetcs Bkimouuth B 110, a
TAKKE€ PEIICHUS 3a4a4d  CO3JAaHUs aJIrOpUTMA KOMIUIEKCHOM aBTOMAaTHU3ALUHU
CTPYKTypHO-T1apameTpuueckoro cuntesza monenein MHC [IP pa3nuuHbIX apXUTEKTYp,
3aKOHOMEpHBIM OyJeT Mepexoj K 3ajayaM, CBSI3aHHBIM C MPOTrpaMMHON peanu3anuein
BBIOPAHHBIX AITOPUTMOB. JlaHHbBIE 3a1a4u (POPMUPYIOTCS HCXOAS KaK U3 IIaHUPYEMOTO
npennaszHadeHus camoro 1O, Tak u ¢ yuérom ocodennocteit apxurextyp MHC I1P, na
OCHOBAaHHMH KOTOPBIX pa3pabOTaHHBIN alropuT™ OyI€T FreHEPUPOBATH U 00YYaTh MOJIEIIH.

Taxxe, npu paszpadbotrke IIO cTOWUT yuuTHIBaTP WM MNPHUHLMIBI MOAYJIBHOCTH,
KOTOPBIM OHO JIOJKHO YAOBJIETBOPATH ISl PELICHHMS ITOCTABJICHHBIX 3a1a4.

B 1aHHOI riaBe ONMCHIBAIOTCS OCOOEHHOCTH pa3pa0OTaHHBIX MPOTPAMMHBIX
MOJyJIEH, COBOKYITHOCTh KOTOPBIX II0O3BOJIIET peanu3oBark mapaaurmy No-Code
pa3paboTKH, a Takxke OOOCHOBBIBaeTCs HeoOxoaumocTh mpumeHeHuss COA mnpu
pa3zpadotke [1O myst ynoBieTBopeHus: TpeOOBAHUNM K MOJYJIBHOCTH U IS YIPOIIECHUS

nocJyenytomiel naterpanuu B croponnee 110 crenepupoBaHHBIX U 00YYEHHBIX MOJIENIEH

NHC.

3.1 CepBuc-opuenTupoBannas apxurekrypa (COA)

COA »10 mapagurma pa3pabOTKH MPOrPAaMMHOTO O0ECTeUeHHUs, MPU KOTOPOU
MpOTrpaMMHBIE MOJYJIM TIPEAOCTABISAIOT BO3MOXKHOCTh PaboTaTh ¢ peain30BaHHBIMU B
HUX METOJIaMH U (PYHKITUSMH JPYTUM ITPOTPaMMHBIM MOTYJISIM ITOCPEICTBOM CEPBUCHOM
000JIOUKH uepe3 MPOTOKOJIbI CBs3U 10 ceTh UuTtepHet. [lapanurma COA He 3aBUCUT OT
HCIIOJIB3YEMBIX MPOrPaMMHBIX OMOJIMOTEK M KOHKPETHBIX MPOTOKOIOB cBsizu. B COA
HECKOJIbKO CEPBHCOB B3aWMOJIEHCTBYIOT APYT C APYrOM OJHHM M3 JIBYX CIOCOOOB:
HETOCPEJCTBEHHO TMepeaBas JaHHbIC JIPYr IPYry 4epe3 CEePBHUCHBIM MPOTPaMMHBIM
uHTEeppEeiC WM C MOMOIIbIO CEPBUCOB-aAMUHUCTPATOPOB, KOTOPbIE KOOPAUHHUPYIOT

ACATCIIbBHOCTDb BCCX OCTAJIBHBIX CCPBHCOB.
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COA moapasymeBaeT MOIyJIbHBIN moaxod K paspabotke [10. JlaHHBIN moaxon
0asupyeTcs Ha MPUHIMIAX MPO3PAYHOTO JAOCTyNa K GYHKIHUIM U MaCIITaOMpPyeMOCTH,
YTO TO3BOJISIET PACHIMPATh (PYHKIIMOHAIBHOCTh TMPOrPaMMHOIO MPOJIYyKTa HE
Moau(pUKAIMEH yKe CYIIECTBYIOIINX MOAYJIEH, a Jo0aBIeHHEeM HOBBIX CcepBHUCOB. [1of
MPO3pPaYHBIM JIOCTYIIOM (WJIA TPO3PAYHOCTHIO) 3/1€Ch U Jajiee MOHUMAETCS TAKOU JOCTYTI
K 00BEKTaM U (PYHKIUSM Pa3IMYHbIX MOAYJIEH, KOTOPBIN OCYIIECTBIIAECTCS C MOMOIIbIO
OJIHUX U TEX € ONepaluid, He3aBUCUMO OT TOTO, SIBJSIIOTCSI JIM OHM JIOKAJIbHBIMU WJIU
yaaneHHbIMU. To ecTh mporpaMMHBbIi HHTEpdEiic s JoCcTyna K KOHKPETHOMY OOBEKTY
Wi QYHKIMH JOJIKEH OBITh COTJIACOBAHHBIM JIJIsl 9TOTO 00BEKTa, HE3ABUCUMO OT TOTO,
rae OoH (DaKTUYECKH XPAHUTCS B CUCTEME M KaK OH MOJIUDUIIUPYETCS B Mpoliecce
pa3pabOTKK WM COIPOBOXKACHUS porpaMMmHoro npoaykra [29]. Taxxke, COA ciemyer
koHuenuuu Mureprera 2.0, YTO SBISIETCA CYILIECTBEHHBIM JOCTOMHCTBOM Ha
CETrOIHSIIHUN 1CHb.

Hnst cnenoBanus 3aganHoit COA mapanurme, Tpedyercs, yToObl TeHEpUpPYEMBIE
porpaMMHbie 000J04KH 151 co3aanHbIx Moaeneit MHC umenu TunoBoi nporpaMMHbIN
Wi BeO-uHTepdeiic U NCIOIb30BAIH PACIPOCTPAaHEHHBIC IPOTOKOJIBI 0OMEHA JIAHHBIMHU.
B pa3paborannom I10 renepupyercst aBTOHOMHBIN cepBUC, coaepkamuii moaens MHC
[IP, co3maHHy0 W OOYYEHHYIO [JIsl pElIeHUs KOHKPETHOW 3aJauyd MO 3aJaHHbIM
nojs3oBaresieM JaHHbIM. CepBuc coctouT u3 camoit momenu MHC IIP, a Ttakke
porpaMMHBIX 00oJouek, peanusyrommx uHrepperic REST u SOAP. [lannsblil cepBuc
KpPOCCIUTAT)OPMEHHBIN U MOXKET ObITh 0€3 MpeABapUTEIbHON YCTAHOBKU U HACTPOUKHU
JOTIOJTHUTEIFHOTO TIPOTPAaMMHOTO oOOecreueHrs 3alylieH Ha psje OIMeparuOHHBIX
cucteM (4TO BO3MOXKHO Ojarojapss KpoccriaTpopMeHHOCTH s3bika  Python, ¢
WCITOJIb30BAaHUEM KOTOPOTO ObLTH CO37aHbl JaHHBIC MOaysH). Kpome Toro, peanu3sarus
HECKOJIBKUX MPOTPAMMHBIX 000J104YeK Mo3BoJisieT oopatmiarskes k Mojenu MHC I1P kak k
CepBHUCY, uepe3 HanboJiee pacnpocTpanéHHble BeO-unTepdeicsl. [Ipu 3ToM, co3gaHHyI0
monenb MHC TIP Bcé emé MOXHO HCHOJIB30BATh KaK MPOCTYI0 MNPOrPaMMHYIO
OoubnuoTeKy, o0palasch K Hell yepe3 COOTBETCTBYIOIIME MPOrpaMMHbIE UHTEP(HENCHI.
Taxoke, creHepupoBaHHbIe pa3padotanHbM [1O cepBUCH HE 00513aTETHLHO TOJKHBI OBITh

YCTAaHOBJICHBI HA OAHOM U TOM K€ KOMIIbIOTCPLI. Onu MOI'yT OBITH pacnpeaciCHbl MCXKIY
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pa3IMYHBIMM KOMIIBIOTEpAMU WJIM K€ pacrojararbcsi B OOJAYHBIX XpaHUJIHUIIAX.
COOTBETCTBEHHO, TMOJO0OHBIE CEPBUCHI MOTYT OBITh HCIIOJB30BAaHBI B CHCTEMaX,
noaaepkuBaroInx kak napagurmy COA, tak u koHuenuuto NB.

Camo ITIO BHyTpu ceOs Taxxke noctpoeHo no npunnunam COA. DTo sBisiercs
HEOOXOJMMBIM  YCJIOBHEM, YyYHMTHIBasg, YTO KOMMEPYECKOE  HCIIOJIb30BAHUE
pazpaboranHoro IO morpebyer OONBIIUX BBIYUCIUTENBHBIX pecypcoB. Hauboiee
MIPOCTHIM M YAOOHBIM B TAKUX YCJIOBHSIX OYIET paclpeAeIEHHBIN TTOIX0T K apXUTEKTYPe
ITO. JomonHuTenbHbIM JO0CTOMHCTBOM COA sBIs€TCS U TO, UYTO PACIHIUPEHUE
dbynkuuonansHoct [1O mocpenctBoM noGaBieHusi HoBbix apxutektyp HMHC I[P
MPOUCXOJUT OBICTPO U YJIOO0HO, 0€3 MOoAU(pUKAIUKA CYIIECTBYIOIIETO MPOrPAMMHOIO
koza. O00O0IIeHHAs CTPYKTypa TEXHOJIOTMH KOMIUIEKCHOW aBTOMATH3aIMK IMPOIIECCOB
reHepauuu, oOydenuss u uHTerpauun mojeneilt MHC IIP pa3nuuHbIX apXUTEKTyp

MpEICTaBICHA HA pUCYHKeE 3.1.
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3.2 Cocras u apxurektypa [1O komnjiekcHO# aBTOMAaTH3alMU NPOIECCOB
reHepanuu, ooyuyenus u unrerpauuu moaesnaeis MUHC IIP pa3in4HbIX
APXUTEKTYP

3.2.1 OOuwuit cocraB pazpadoranHoro [10

Kak Obu10 onucano B npenplayliei riase, pazpadborannoe [10 nmeer Moy ibHYIO
CTpyKTypy. Takas CTpyKTypa OpHEHTUPYETCS Ha MAKCUMAaJIbHO BO3MOXKHYIO
UHKAICYJIAIMI0  (PYHKIMOHAIBHOCTH, YTOOBI, BIOCIEACTBHM, MOXHO OBUIO C
MUHUMAaJIbHBIMH 3aTpaTaMu pecypcoB U BpeMeHu Maciirabuposats [10.

[Tomumo pazduenuss Ha Moayiu otaenbHbiXx apxutektyp MHC IIP, I1O Ttaxxke
YCJIOBHO JIEJINTCS HA BHEIIHIOK M BHYTPEHHIOIO 4acTW. BHEIIHsSS 4acTh OTBEYaeT 3a
B3aMMOJICHCTBHE C MOJIb30BaTENIEM U (POPMATUPOBAHUE BXOAHBIX U BBIXOJIHBIX JaHHBIX.

Buemnss vacts 110 noapasaensiercs Ha ClieAyrOmuye MOYJIN:

o MOJYJIb MPeI0OPaOOTKH BXOAHBIX JAaHHBIX;

o MOJyJIb T€HEpaIlMU UCTIOJIHSIeMOTO ¢aiina crenepupoBanHoit moaenu MHC
I1P;

o moayib reHepannu REST u SOAP o6oodex 11t CreHeprupOoBaHHOM MOJIETTH
HNHC I1P;

o MOAYJb (hOPMHUPOBAHUS TTAKETa MPOTpamMM JUIsl CTeHEPUPOBAHHOM MOJIETH
HNHC TP,

° peKOMeHaTeIbHbIA MOTYJIb (OTBEUAET 3a MPEAOCTaBICHUE PEKOMEH AN

MOJIL30BATEIII0 B cllydyae HEBO3MOKHOCTU co3fanus moaenu MHC TIP nns 3amaHHBIX
BXOJIHBIX JIaHHBIX);

o MOJI30BaTEILCKUM HHTEPEHC.

Buytpennsiss uyacte [IO opueHTHpOBaHa HWCKIIOYUTEIBHO Ha TEHEPALUI0 H
obyuenue wMopeneit MHC TIP Ha oOCHOBE BXOJHBIX [IaHHBIX, MPEIOCTABICHHBIX
nosib3oBaresneM. BuyTpenuss yacts 110 nogpaznensiercs Ha CleIyoIe MOy JIu:

° MOJTyJIb MHUIIMATIN3AIMH (OTBEUAET 32 MHUITUATU3AINIO UCXOIHBIX YCIIOBUM
pelraeMoii 3a7a4u, B T.4. pOAUTEIbCKOro mokosnenus moaeieit UHC I1P);

° MO/JTyJIb TEHEPALIMY UTEPATUBHOTO MTOKOJICHUS MOJENIEH;

° MOJTYyJIb BaIUAAIIMU U 0TOOpa MOJIETIeH;



66

° MOJIYJTh UTOTOBOW BAJIUIAIIMN 1 BepUDUKAITUN MOJICTIH;

. Moayiu onuchiBaromue apxutektypst MHC TIP (B T.4u. Bce QyHKIuu
HEOOXOJMMBIC JUIsl B3aWMOJICHCTBHS C MOJIETBI0O KOHKPETHOW apXUTEKTYyphl U

BapbUPOBaHUS €€ TapaMeTpPOB).

JletanpHas cxema paspadorannoro [10 n3obpaxkeHa Ha pucyHke 3.2.

IIporpamMmmHoe odecriedeHre KOMILIEKCHOM aBTOMATH3allMU NIPOLecCOB reHepanuu, o0yyenuss 1 marerpauuu moaeieii UHC I1P
Pa3IMYHBIX APXHTEKTYP

Monynb apxurektypsl MITP Moayns apxurextypst CHC Moaynb apxurektypsl MRCNN

| I |

ITporpammuslii uHTEpEiic HocTyna K MoayJisim apxutekTyp MHC

— I

Moynb HHHITHATH3ATHI Moznynb Banmuaanuy 1 oréopa

A [

A A Y

| Mony:b urorosoit Baaunanuu u
Moyinb reHepaiui HTepaTHBHOIO MOKOJICHHs
BepH(HKAIHA MO

A

Monyns renepanuu
HCTIONHSAEMOT0 (haiina -« >
creHepupopanHoii MTHC

Mozynb hopmHpoBaHHuS TIaKeTa
TIPOTPaMM JUJIsl CTEHEPUPOBAHHOM

SOAP obomnouek st
crenepupoannoii THC PexomennaTenbHbIH MOITYITh

A

Moxnynb npeno6paboTKi BXOAHBIX
JIaHHBIX

I l A
TTonb3oBatensCkuii HHTEPd eiic

C
Moxyns renepaunu REST u A Y

TTons3oBarens

Pucynok 3.2 — JletanpHas cxema [1O KkOMIUIEKCHOM aBTOMAaTU3allUK TIPOIIECCOB
reHepanuu, ooydenus u unrerpauu mozeneit UHC TP pa3nudHbIx apXUTEKTYP

3.2.2 Monynb npeno0paboTK BXOAHBIX JAaHHBIX

JlaHHBIH MOJIYJIb MOJHOCTBIO OTBEYAET 3a BCIO MPEA00Pa00TKY BXOTHBIX JaHHBIX

" 1apamMceTpOB. Crmmcok peuracMbIX JaHHBIM MOAYJICM 3a/ia4, CJ'ICI[YIOHII/II‘/JII
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L4 OLI€CHKa BXOJHOI'0O MacCCHMBa JAaHHBIX Ha HaAJINW4YHUC OIMOOK B JaHHBIX
(HCCOOTBeTCTBI/IH Q)OpMaTOB W/MIN THUIIOB JaHHBIX, HCCOIJIaCOBAHHOCTb JA4daHHbIX,

MPOIMYCKHU W/WIIK MyCThIe 3HAUCHUS U T.I1.);

o OLICHKA COOTBETCTBUS BXOJHOIO MAacCHBA JIaHHBIX 33JaHHOUN apXUTEKType
HNHC I1P u e€ TpeboBaHusIM;
o B Cllydae TPOXOXKJIEHUS TPOBEPOK, JaHHblE (HOpMATUPYIOTCS B

COOTBETCTBHHM C TpeOoBaHUSIMU KOHKpeTHOM apxuTektypsl UHC ITP.

JU1st ocy1IecTBIIEHHs] BCEX HEOOXOAUMBIX MPOBEPOK MOJYJI0 HEOOXOJIMMO 3HATh
TpeOOBaHMsI, KOTOPBIE CTABAT MEPE BXOJHBIMU U 00YYaIOIIMMHU TAHHBIMA KOHKPETHBIE
apxutektypsl MHC IIP. IloatoMy s KOppEeKTHOTO (DYHKIIMOHMPOBAHUS JTAHHBIN
MOJAYJb JTOJDKEH oOpamarbesi K MOAYJIAM cooTBeTcTByrommx apxurektyp MHC IIP,
BXOJAUIMX BO BHyTpeHHIOW 4dacTh [10. JlanHoe oOpalieHue OCyIIECTBISETCS 4epes3
yHU(MUUIUPOBAHHBIN mMporpaMMubiii  uHTEepdeiic. [Ipu BbIOOpe mMonp30BaTeNeM Ha
uHTepdeiice koukpeTHor apxutekrypsl MHC I1P, B Hauane paboThl JaHHOTO MOMIYJIS
VHULMAIU3UPYETCST COOTBETCTBYIOLIEW ASTOM apXUTEKType Kiacc. Jlaiee mnpusenén

IIpUMEpP TaKOW HHULMATU3ALUY:

curModelClass = None

if (inputSelectedModel == "DNN") :
curModelClass = SelectedModel.DNN

elif (inputSelectedModel == "CNN") :
curModelClass = SelectedModel.CNN

elif (inputSelectedModel == "MRCNN") :

curModelClass = SelectedModel.MRCNN

[Tocne BBIOOpa apXHUTEKTYphl BCE JAIBHEHUININE MPOBEPKA M 00PaOOTKH JaHHBIX
OCYIIECTBISIOTCA ~ €UHOOOPa3HO, TIOCKOJBKY BCS JIOTMKA TaKUX  IPOBEPOK
WHKAINCyJupoBaHa B (QYHKIMAX Kjacca KOHKPETHOW apXWUTEKTyphl. Bo3BpammaroT 3Th
byHkmuu 1u60 OyNieBy mepeMeHHYH0 (B ciiydae (YHKIIUHA TPOBEPKH), OO THUIIOBOU

MaccHB 00paOOTaHHBIX JAHHBIX (B CIIydasx GyHKIHH GopMaTUPOBAHUS).
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3.2.3 Monynb reHepanuu ucnoiaHseMoro ¢aina creuepupoanHoit mogenu MHC 1P

JlaHHBI MOAYJb OTBEYAET 3a TEHEPALMIO HCIHOJHSAEMBIX (DalijioB HAa OCHOBE
co3ganHoi u 00yuenHoit mogenu MHC I1P. Ota 3aga4a BeIHECEHA B OTAEIBHBIA MOIYJIb
10 TOM MPHUYMHE, YTO JUIsl TEHEPaLUU UCTOIHIEMBbIX (PailyioB TpedyeTcsl NOAKI0UEHHE
psaa CTOpOHHUX OMOIMOTEK, KOTOPBIE HE TPEOYIOTCSA BO BCEX OCTAJIBHBIX MOYJISAX.

Htorom paboThl 3TOr0 MOAyINs SIBISETCA .€Xe (¢aiiin 6e3 MoIb30BaTeIbCKOTO
uHTep(derica. [IpuHIUOBI U TEXHOJIOTMM OOMEHA JaHHBIMM JUIsl CT€HEPUPOBAHHOTO
UCIIOJIHSEMOro (ailla ONUCHIBAIOTCS B JIOKYMEHTalMW, TE€HEpUPYEMOW MOAYJIEM
dbopmupoBaHus makera nporpamm (cMm. gaiee noanaparpad 3.2.4). [lonoOHbII npUHIUIT
paboTel OOBSCHSETCS TEM, YTO IMPOLECC TEHEepaluu HUCHOJHSAEMBIX (ailioB
yau¢uuuposas. [loakntouenne moaynei apxutrektyp MHC TP Tonpko s nomyyeHus
TEKCTOBOM NIEPEMEHHOM N30BITOYHO, YUUTHIBAS HATMYUE MOTYJIE (POPMUPOBAHUS MTaKeTa
IpOrpamm.

Takke, B nanpHelIEM, INIAHUPYETCS paCIIMpEeHHe (PYHKIIMOHAIBHOCTH TaHHOTO
MOJyJIsl BO3MOKHOCTBIO T'€HEpAIlUU UCIIOJIHAEMBIX (paillioB JJIsl ONEPAMOHHBIX CUCTEM

Unix.

3.2.4 Mopynb rerepanuu REST u SOAP o6osouek ajisi CreHepupoBaHHON MOJIETTH
NHC I1P

Hanueiii Moaynb otBeuaeT 3a reHepanuio REST u SOAP ckpuntoB Ha si3bIKe
python mns co3pannoi moxenu MHC TIP, koTopble MOTYT OBITh 3aITyIIICHBI aBTOHOMHO.
CreHepupoBaHHbIE CKPUNTHI TMO3BOJSIOT OOpalaThCs K IMPOrpaMMme, peau3yloulei
noruky pabotsl moaenu MHC I1P uepe3 BeO-unTepdeiichl Mo JTOKaTLHOW CETH WA CETU
WuTepHet. DTa 3a1aya BEIHECEHA B OTJEIBHBIN MOIYJb MO TOH XK€ MPUYUHE, YTO U IS
cllydass MCIOJIb30BAaHUSI MOJYJI T€HEpalMd HCIOJHSAEMBIX (aillloB — MOCKOJBKY Ha
JTAHHOM 3Tare paboThl TpedyeTcs MOAKIIOYEHUE MPOrpPaMMHBIX OUOIMOTEK, KOTOPbIE
Hurae Oosiee He HCHoONb3ylOTcs. OmHAaKo, Takke MpU reHepaluu BeO-uHTepdencoB
TpeOyeTcst 3HaTh crenupuky padboTel KoHkpeTHo apxutektypsl MHC IIP w,
COOTBETCTBEHHO, TpeOYyeTCs BBIIPYKaThb JOMOJHUTEIbHYIO HMH(OpMaLMio (IOCTyn K

KOTOPOH OCYIIECTBIISIETCS Yepe3 MOAYITh (OPMHUPOBAHUS TTAKETA TIPOTPAMM, OMTMCAHHBIN
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B noamnaparpade 3.2.4). IlosToMy maHHBI MOAYJh OTAENEH OT MOJIYJS TEHEpaluu
UCITOJTHSIEMBIX (haiijIoB.

Hrtorom pabOThl JAHHOTO MOIYJIS SIBISIOTCS JBa CTEHEPHPOBAHHBIX CKPHIITA.
Crnenndukanus JaHHBIX BeO-MHTEp(]EcOoB omucaHa B JOKyMEHTAIIUU, TEHEPUPYEMOIt
MoayieM GOpMHUPOBAHUS MTaKeTa MporpaMm (cM. moamaparpad 3.2.4).

[TockonbKy  s3bIK  TporpamMmupoBanusi  Python  kpoccriaThopMeHHBIH,
CTCHEpUpPOBaHHBIC HA HEM CKPUNTHI MOTYT OBITh 3aIlyIICHBl KaK HAa OMEPAIIMOHHOMN
cucreme Windows, tak u Ha Unix. [IporpaMMbl yCTaHOBKH MHTEPIIPETATOPa, KOTOPBIH
HEO0OXOUM IS 3aIyCKa CKPHUIITOB, TaKKe MPEAOCTABIISIOTCS MOIYJIeM (POPMUPOBAHUS

MaKeTa MporpaMm.

3.2.5 Monayns hopMupoBaHUs MaKeTa MporpaMm AJis crenepupoBanHoit mogenn MHC
[1P

JlaHHBIi MOJYyJIb OTBEYAaeT 3a (POPMUPOBAHUS BCEX COMPOBOAUTEIBHBIX
MaTepHaoB U IPOrpaMM YCTaHOBKH HEOOXOAUMBIX MPUIOKEHUH 1 OnbnroTek. Cucok
dbaiinoB, GOPMUPYIOMIMX BBIXOTHOM MAKET, CIE Y OIITHI:

° CKPHIIT, peau3yIoNnii CreHepupoBaHHyto u o0yuernyo moaens MHC TIP,
Ha s3pIKe python;

o ucnonusiembid aitn monenu MHC ITP dopmara .exe;

o cKpunThl peanusyromue BeO-uHTepdeiickl REST n SOAP nmns co3manHOMN
monean MHC T1P, HanmcanHbie Ha s3bike python;

o HaOOp TpeOyeMbIX MporpaMM YyCTaHOBKH HHTepmperaTopa python u
COMMYTCTBYIOIIUX OUOIMOTEK, HEoOXomuMmbIx st paborel Mozenmu WHC TIP (B
COOTBETCTBUM C KOHKPETHON Cr€HEPUPOBAHHOMN apXUTEKTYpPOM);

. WHCTPYKIMM Ji pa3BopaunBanud u 3anycka mojenu MHC TP (otnensHO
mit Windows u Unix cuctem), a Takke crernu(uKaiii MTPOrpaMMHBIX W BeO-
uHTEp(EeiCcoB (B COOTBETCTBUM C KOHKPETHON CT€HEPUPOBAHHOMN apXUTEKTYPOM).

ITockonbky, pazubie apxutektypbl MHC TIP qyis cBoeit paGoThl TpeOYIOT pa3Hbie
HaOOPBI IPOTPAMMHBIX OMOJIMOTEK, TAHHBIM MOIYJIb JOJKEH MOIydaTh HHHOPMAITHIO O

ToM, Kakas apxutektyp MHC BbiOpana. OiHako, Bce mporpamMmbl yCTaHOBKH CTOPOHHETO
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ITO xpaHsTCS B JAaHHOM MOJyJie U NpU (HOPMHUPOBAHUM BBIXOJHOIO MAKETa MPOrpaMM
Cpeld HUX BbIOMpaeTcs HyXHas KoMOuHanus. IloaToMy, B MOCIEACTBUH, NpPH
MaciTabupoBanuu paspaboranHoro I1O naHHBIE MOAy/Nb BO3MOXKHO HOTpeOyeTcCs
Moau(UIKUPOBaTh, JOOABUB B HErO0 HEOOXOAMMBIE MPOTPAMMBbl YCTAHOBKH CTOPOHHETO
[10.

Pe3ynbpTaTom paboThl JaHHOTO MOJYJIS IBJIIETCS. apXUB CO BCEMH HEOOXOIUMBIMU
daitmamu. JlaHHBIA apXWB BBIKJIAABIBACTCS HA CEpPBEpPE B OTKPBITHIM AOCTYN H
M0JIb30BATENI0 MPEIOCTABIISECTCSA CChUIKA JJIs €ro ckauuBaHud. [[ist Toro, yTtoObl HE
[Ieperpy>Karhb CEPBEP, APXUB BBIKIAAbIBACTCA BPEMEHHO. [Ipy 5TOM BHE 3aBUCUMOCTH OT
TOr0, CKayaJl IO0Jb30BaTENb €r0 WM HET, Yepe3 3aJlaHHOE BpeMs OH OyneT YHOaJIEH C

cepBepa.

3.2.6 PexomeHaaTenbHBIA MOAYITH

[lockonbky He s Bcex curyauuid co3gaHHoe I[IO MoxeT creHepupoBarth
pelIeHre, NpeyCMaTpUBAETCSl TAK)KE CIlydail OTPULIATEIBHOTO OTBETA MOJIB30BATEIIIO.
Ecnu crenepuposats moaens MHC I1P ¢ TpeGyemoii ToUHOCTBIO paboThl HE BbILLIO, 10
oOpalaeTcsi IMEHHO K PEKOMEHJATEIbHOMY MOJIYJIO0 U NepedaéT eMy KOJ OUIMOKH.
Omubku MoryT ObITh Kak obmue aist Becex apxurektyp MHC I1P, Tak u cnenuduyanbie
JUTSl KOHKPETHOM apXUTEKTYPHI.

B nepBom ciyuae pekoMeHAATeIbHbIA MOYJb [0 KOy OIIMOKM HAaXOJUT TEKCT
PEKOMEHIallMU CPEeIU XPaHIIIMXCsl y HEro 3aroToBok. Bo BTopom ciyuae oOpaiaercs 3a
TEKCTOM PEKOMEHIAIMU K MOAYIt0 cooTBeTcTBYIOMIEeH apxutekTypbl MHC TIP. B o6oux
CIIy4asiX, IOJYYEHHBIN TEKCT BBIBOJUTCS MOJIb30BATEIIO.

B 3aBUCUMOCTH OT CUTyallMH, MOJb30BATENI0 MOXKET OBITh PEKOMEHJIOBAHO KakK
nepe3amnycTuTh OO0ydyeHHe ¢ JAPYTMMHU HacTpolkamMHu, Tak U CPOpPMHUPOBATH HOBYIO
oOyuyaronyto BbIOOpky. K 1maHHOMYy MoOays0 HampsiMyro oOpamaercss MOAYJIb
npenoOpadOTKU BXOJHBIX AaHHBIX (cM. moamaparpad 3.2.2), B ciyyae eciid He ObUIn

MPOIICHBI KAKKE-TH00 MPOBEPKH.
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3.2.7 Tlonw3oBaTenbCkuii HHTEpGEHC

Hnst pazpaboranHoro [1O Obul peasin3oBaH HMCKIIOYUTENBHO BeO-UHTEpQEIiC.
[Tockonbky manHoe I1O mpeamnosaraeTcs 3alyckaTh Ha CepBEpax, a HE HA KIMEHTCKHUX
KOMITbIOTEPAX, HAJIMUKE JECKTOMTHOTO HHTep(deiica He onmpaBaaHo.

Be6-unTepderic ObLT peann3oBaH Ha CBA3KE U3 sA3bIKa porpaMMupoBanus python
(¢ ucnonp3oBanuem Oubmmorekm Flask) w s3wika JavaScript (mist reneparum BeO-
CTpaHHuIL).

Hcnonp3oBanne oudbmmoreku Flask o0ycnoBneno TeM, yTo reHepamus u o0ydeHue
HekoTopbix Mojenet MHC TP (B yacTHOCTH CBEPTOUYHBIX ) MOKET 3aTSAHYThCS HA IECATKU
MUHYT, & TO ¥ Ha 4ackl. B cBsA3U ¢ 3THM, OTpeOOBaIOCh CO3AaTh COKETHI, KOTOpbhIE OyayT
OTCIJIC)KMBAaTh M XPAaHUTh CECCHUM PA3JIUYHBIX ITOJb30Barenei. B 3ToMm ciydae mnpum
OKOHYaHMU co3aaHus KoHkpeTtHor mojaenu MHC I1P, creHepupoBaHHBIM Ha €€ OCHOBE
naker (QaizioB Oyner MpeAoCTaBlIeH HWMEHHO TOMY IMOJIb30BaTENI0, KOTOPBII
VHHUIMAPOBAJ CO3JJaHUE ITON MOJEIIH.

Tem He MeHee, CTOUT OTMETUTD, UTO Ha JAHHBII MOMEHT MHTepdelc peaTn3oBaH
Ha ypoBHE pabouero mporotuna. OH He mpopabaThiBasics TTyOOKO W HE YUYUTHIBACT
MHOTHE HETPEABUIACHHBIC CUTYAIMH, KOTOPbIE MOTYT BOSHUKHYTh B MPOIECCE PAOOTHI.
Taxke, Ha maHHbld MOMEHT B [IO OTCYyTCTBYyeT BO3MOXHOCTH 3aBOJUTH MNPOGUIU
nosb3oBateneil. [1oaTomMy, ecii KOHKPETHBIM MOJIb30BaTENIb 3aKPOET OKHO Opay3epa ¢
3allylIEHHOW IPOrpaMMOM, CChUIKA HAa CreHEPUPOBAHHBIM NAKET IPOrpaAMM EMY
npenocTaBiieHa He OyaeT.

Kpome Toro, Ha nanHbIi MOMEHT pa3paboranHblil [10 HHUKak He peniaeT BOIpPOCH
ceTeBOoil Oe3omacHocT ® 3amuThl OT DDo0S-atak. [Ipumep paspaboTaHHOTO

MOJI30BaTENILCKOT0 UHTEpdelica MpecTaBlIeH Ha pucyHke 3.3.
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Pucynox 3.3 — [Ipumep nosb3oBatenbekoro uHTepdeiica paspadorannoro 110

3.2.8 Monynb HHHITHATU3AITT

[Tockonbky st manuuanuzanuun MHC TIP paznuuHbIX apXUTEKTyp Tpedyercs
COBEPIINTH Pa3IMYHbIA HAOOp AEHCTBUM (711 pa3HBIX apXUTEKTyp OyAeT OTIMYaThCS
JaXKe KOJIMYECTBO HEOOXOAMMBIX OMepalnii), JaHHBIM MPOIECC BHIHECEH B OTAEJIbHBIN
Moysb. OCHOBHas 3a7jaua MOYJIsl MHULIMAIU3alUH 3aKJII04YaeTCsl B TOM, YTOOBI BbI3BATh
MOIYJb BBIOpaHHOM mosib3oBaTesneM apxutektypsl UHC T1P, 3agath Bce HeoOxoaumbie
CTapTOBbIE HACTPOMKHU U CTEHEPUPOBATH POJAUTEIHLCKOE MTOKOJIEHNE MOoIeNel 1Sl pabOoThI
paspaborannoit mogudukanuu ['A. [Ipuduém, creHepupoBaHHBIN POIUTETHCKAN MAaCCUB
mozeneid MHC IIP nomxeH uMeTh YHUPUIIMPOBAHHBIA BUJ, BHE 3aBUCUMOCTH OT
BBHIOPAHHON apXHUTEKTYpbl. DTO HEOOXOAMMO KakK Il MPO3pavyHON pabOThl CaMOTO
mMonupuuupoBanHoro I'A, Tak u Mmo3BossieT U30€KaTh €ro M3MEHEHHs MOJ KaKIyIo
KOHKPETHYIO apXUTEKTYPY.

Wuunmanu3anus v reHepanus MojeNeil pouTeNnbCKOW BEIOOPKH MPOUCXOIUT IO
TOMY K€ NMPUHIUILY, KOTOPBbIN ObLT onucaH B noAnaparpade 3.2.2. B aTom ciayuae uepes

YHU(ULIHUPOBAHHBIN MpOrpaMMHBII HUHTEpdEc NPOUCXOIUT OOpalleHHe K MOIYIIO
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KoHKpeTHOH BhIOpaHHOM apxuTekTypsl MHC I1P u Bb3oB TpeOyeMmbix dhynkumii. Jlanee
IIPUBEIEH IPUMED peATN3ALMN NTPOLECCA HHUIMATU3ALMHU KJIacCa-TeHepaTopa 1 BbI30Ba

ero ¢pynkuuu reneparuu Beioopku moaenen MHC I1P:

SelectedGenerator = { 'DNN' : DNNGenerator(),

'"CNN' : CNNGenerator(),

'MRCNN' : MRCGenerator () }
workGenerator = SelectedGenerator[inputSelectedModel]

workGenerator.startInit ()

curGen = workGenerator.generation (inputGenerationNum)

[Tockonmbky kaxapii u3 Moxynen apxurektyp WHC IIP wnacmenyercs ot
abCTPakTHOTO  POAMTEIBCKOTO KJIacca, KOTOPBIA COAEPKHUT OINKUCAHUE BCETrO
HEOOXOJAMMOro MPOrpaMMHOIO HWHTepdeiica, paboTa ¢ KIACCOM-TEHEPAaTOpPOM
OCYUIECTBJISIETCS 32 CUET BbI30BA YHHU(PUUMPOBAHHBIX (QYHKUMN (KaKaash U3 KOTOPBIX
nepeonpenensercs B Moayisix apxurekryp MHC T1P).

Taxxe, MHULMATU3UPOBAHHBIN KJIACC-TEHEPATOp NEpPenaéTcss B MOCIEAYIOIINE

MOAYJIK, B KOTOPBIX C €TI0 ITIOMOIIBIO OCYHMICCTBIIACTCA I'CHCpAlIA JOYCPHHUX MMOKOJICHUI.

3.2.9 Monaynb reHepanuy UTePaTUBHOTO TTOKOJICHHUSI

[TosmyyeHHBI OT MPEABIAYLIETO MOMYJS KIJIACC-TEHEpPATOp 3aJICUCTBYETCS B
nanpHeie pabore anroputma. ECTh 1Be 0OCHOBHBIE (DYHKITHH, KOTOPHIE B 0053aTEIILHO
MOPSIJIKE HCTOJIB3YIOTCS Ha KaXXIOW uTepanuu paspadotaHHor Momubukamuu ['A —
reHepauuss mozaenen MHC nouepHero mnokoneHus Ha ocHoBe wMojaened HMHC
POJUTENBCKOTO MOKOJICHUS, @ TAKXKE cllydaiiHas reHepauusi HoBeix moaeneid MHC.

J{ns pelieHus 3TUX ABYX 3aJa4 OTBOJAMTCS OTAEJIbHBIA MOAyJb. OH OTIAENEH OT
MOIyJIsl HHUIIMAJIA3AIINH, TTIOCKOJIBKY B JIAaHHOM ClTydae He TpeOyeTcs BEIOOP KOHKPETHOM

apxutektypel MUHC TIP. JlaHHbIi MOAyJdb OCYIIECTBISIET pPadOTy C KIIACCOM-
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reHepaTopoM, B paMkax peanuzanuu Mojudukaimmu ['A, U He 3aBUCUT OT
WHKAIICYJIMPOBAHHOMN JIOTUKH (PYHKIIMOHUPOBaHUs KOHKpeTHBIX apxutekryp MHC IIP.

O06a BH1a TeHepali HOBBIX MOJICJIEH TaKKE PEaTU3yI0TC MOIYJISIMU apXUTEKTYP
NHC TIIP, moCKOJIbKY JOTHKA TEHEpAlMU Ppa3INYHBIX apXUTEKTYp CYLIECTBEHHO
otnuyaetcs. Tem He MeHee, UMeeTCs HEKUI OOIIUi ClieHapHUid TAKOW FeHEPALIH.

ITpu renepanuu moaeneid MHC nodepHero nokosieHusa Ha ocHoBe mojaeneit MHC
POIUTENBCKOTO TOKOJCHHS BBI3bIBACTCS (DYHKIHSA, C MOMOIIbI0 KOTOPOH HAa OCHOBE
IPEIOCTABIIEHHOI0 MacCUBa MoNapHo ocyuiecTisiercst Bbioop moaenu MHC u coznanue
HOBBIX, TUIIEpIIapaMETPbl KOTOPHIX OYIyT B3ATHI CIIy4ailHBIM 00pa30M y OJHOTO U3 ABYX
«poxutenein». [I0CKOIbKY THITBI K YMCIIO THIIEPIIAPAMETPOB OTJIIMYAOTCA I Pa3JIMYHbIX
apxutektyp MUHC TIP, sToT BRIOOp MHKAICYIMPYETCS B MOJIYJIAX COOTBETCTBYIOIIEH
ApXUTEKTYPHL.

IIpn cnywaiiHou reHepauuu HOBbIX Mozenenn MMHC IIP Bei3biBaeTcst Takas ke
(GyHKIMS, KOTOpasi UCIOJIb30BAJIaCh Ul TeHEpallud pOAUTENbCKOM BbIOOpKH. ToabKO B
JAHHOM CITydae 3aa€TCsl MEHBILIEE YUCIIO TEHEPUPYEMBIX MOJIEIIEH.

JIBa momyueHHbIX MaccuBa 3k3emiuiipoB mogneneit UHC IIP o6benuusioTcs B
OJIMH, KOTOPBIA CTAHOBUTCS HOBBIM POJAUTEIIBCKAM ITOKOJIEHUEM B CIIEAYIOIIEH UTEPALIUN

paboThl pa3padboranHoi Moaudukamu I'A.

3.2.10 Moayns Banuaamuu U 0TOOpa

C nomomnipi0 TaHHOTO MOAYJIA ocylecTBisieTcs: ouennBanue monenet MHC 1P,
BXOJSIIUX B TEKYIIYIO POIAUTEILCKYIO BBIOOPKY, M OTCEMBAHUE HAMMEHEE TOYHBIX.
[Tockonbky oneHka ToyHocTH Mmogaened MHC TIP pa3nuuHbIX apXUTEKTyp TaKkKe
CYIIECTBEHHO OTJIMYAeTCs, JJIsi pEIICHUs JaHHOW 3aJayd BBI3BIBAIOTCS (PYHKIIUU
moayneit apxurexkryp MHC IIP.

Ha nanHbIi MOMEHT JIJ1s1 K&XKI0U apXUTEKTYPbl UMEETCS JIMIIb OJJUH METO]T OLICHKH
TOYHOCTH MOJIeTU. TeM HE MEeHEE, B JJaJIbHEUIIIEM MIaHUPYETCSI BBIHECTH METObI OLICHKHU
TOYHOCTH MOJICJICH B OTACIBHBIN MOIYJIh. DTO 00YCIaBIMBACTCS TEM, UTO IEPUOTNUECKA

B IIPUKIAJAHBIX 3a/Jadax TpC6y€TC}I CH@HI/I(i)I/I‘IeCKaSI OLICHKa TOYHOCTH, IMPHUBA3aHHAA K
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KOHKPETHBIM TpeOOBaHUSAM JaHHOW 3adauu. Ilostomy, st pemieHus: 310 npoOaeMbl
TpeOyeTcss Kak pacHIMpuTh HaOOp METOJOB OLEHKH, TaK M J00aBUTH BO3MOKHOCTD
(OopMUPOBAHHUS MTOJI30BATEIBCKUX OLEHOK.

Onnako, npu paszpadotke 110 3agava peanuzanuu 1mogoOHOW BO3MOXKHOCTH HE
CTaBWJINCh B paMKax JaHHON JuccepTarMoHHON paloThl. [loaTomy, noGaBienue 3Toi

BO3MOYKHOCTH MpEJIoyiaraeTcsi Ipu JajabHeieit paspadorke [10.

3.2.11 Moaynb UTOrOBOM BaJIUJIAIIMK U BepUDUKAIIUU MOJIETTU

JlaHHBI MOJyJIb OTBEYAET 3a BHIOOP MTOTOBOM MOJENH, KOTOpas 00ecIeuynBaeT
HauOOJIBIIIYI0 TOYHOCTh PEIICHHUS] TOCTaBJICHHOM MPUKIAAHONW 3amadyr. Breioop
OCYILIECTBIISIETCS C TOMOIIBIO TOTO K€ METOAa OIEHKH TOYHOCTH MOJEJEH, 4TO U B
npeasiayieM noamaparpadge (cM. mommaparpad 3.2.9). Mogenb, obecrnedyuBIias
HauOOJIBIIYI0 TOYHOCTh, CYUTAETCSI HauOoJIee MPEANOUYTUTENHHON (BAIMIUPOBAHHON) U
nepeaaéTes B MOCIEAYIONIUME MOIYJIU 1JI1 TeHEpaIli BCeX HE0OXOUMBIX MPOTPAMMHBIX
000JI0UEK.

Takxe, JaHHBIA MOJIyJIb OTBEYAET 3a BepuduKaiuo nooeausiieid moaenu. Bo-
MEPBBIX, IPU pabOTe MOYJIA OCYIIECTBISACTCS OIEHKA KOPPEKTHOCTH alpOKCUMAITUU
MOJENbI0  MCKOMOM  (QyHkimu. B dyacTHocTH, OCyIIECTBISIETCS  MPOBEpPKA
CTCHEPUPOBAHHON MOJEJIM Ha MPEIMET ee nepeolydeHusi. Bo-BTophix, onpenensercs
JIOCTUTAET JIM MOJIEJIb 3aJaHHOM MOJIb30BATEJIEM TOUYHOCTH.

B 3aBrCUMOCTH OT pe3ybTaTOB BepU(PUKAIINHU, TaHHBIM MOJYJIb BBI3BIBACT JTMOO
MOJYJIM, OTBEUAIOIINE 3a TeHEpaAlUI0 MCIOJHSAEMbIX (aillioB U JOKyMEHTaluu, JH0o

pCKOMeHI[aTeHI)HBIfI MOIYJIb.

3.2.12 Mopynu apxurexkryp UHC ITIP

Hnst  obecmeuenuss Tmpo3padyHocTH U Macmrabupyemoctu [1O  kmacchl,
peanu3ytomnye (GyHKIUA, HEOOXOAMMBIC IJIsi TEHEpamuu W OOyYeHHs] KOHKPETHBIX
sx3emiuisipoB MHC TIP paznudHBIX apXUTEKTYp, OBLIO PEHICHO HHKAICYJIHUPOBATh B

OTJACJIBHBIC MOJAYJIN, B COOTBCTCTBHHU C BBI6paHHBIMI/I APXUTCKTypaMHu.
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Pabora ¢ nanupiMu mMonynsamu B [1O Obuta peannzoBaHa ¢ MOMOLIBIO 1IA0JIOHA
npoektupoBanus @Pacan [58]. B nmanHom mabnoHe oOpaiieHHe K MOAYJISM
OCYILIECTBIISIETCS Yepe3 OOIMMI MPOrpaMMHBIN MHTEpQeic, KOTOPBI MEepeHarpaBisieT
BBI30B, B 3aBUCUMOCTH OT BXOJHbIX mnapameTrpoB. B IIO mnepeHnamnpaniieHue
OCYULIECTBJISIETCS B 3aBUCUMOCTHU OT BBIOpaHHOM nojb3oBareseM apxutekrypsl MHC T1P.

O6o06ménnas cxema peanusanuu dacaja nmpeacTaBieHa Ha pucyHke 3.4.

AbcTpakTHblii Ki1ace Moy apxutekrypbl MIHC

AbcrpakmHblii MeTon 1 . AGC‘l‘paKﬂ’;l‘bm veron

o S

ApXHUTEKTY pa N " p a
WHC N Peammsauus merona 1 . Peammsanus metoga N

S o

ITporpamMmHbIif mHTEp petic

ApXHUTEKTypa
VHC 1

Peanmsauus metona 1 ‘ Peammanns metoga N

‘ Hnrepdeiic meroza 1 ‘ Hurepdeiic merona N

Pucynok 3.4 — O0o6ménnas cxema peanuzaiuu 1adjaoHa npoexktupopanus dacan B
paspaborannom [10

Kak BHIZHO u3 gaHHOM cXembl, MOAyJib Kaxnaou apxutekrypel MHC [IIP
HacJeMayeTcss OT OOIIero aOCTPaKTHOTO Kjacca M peau3yeT BCE METObl, KOTOpPbHIE
HEOOXOMMBI JJIsi KOMIUIEKCHOM aBTOMAaTH3allMU MPOLIECCOB TeHepaluu U oOydeHUs
moaenu MHC ITP cootBeTcTBytOIIEH apxuTekTypbl. Buenmaue moaynu [1O obparatorcs
K MOJIYJISIM 3THUX apXUTEKTyp uepe3 OOIui MporpaMMHbIA WHTEpdeEnc, KOTOPhI B
3aBUCUMOCTH OT BBIOpDAHHOW apXMUTEKTYpPhl, BBI3BIBAET KOHKPETHYIO peaTu3aIiuio
COOTBETCTBYIOIIETO METOA.

[TogoOHas opranu3zaius Mo3BoJIsAET Jerko Macmtaduposats 110, 1o0aBiisst B HETO
HOBBIE apXUTEKTYphl. Beb B cityuae 1006aBieHusi HOBOM apXUTEKTYPhI JOCTATOUHO JIUIIb
co3aaTh A He€ KJacc, HacJleayeMblid OT abcTpakTHOTO Kiacca apxutektyp MHC TIP
nannoro I1O, u peanu3zoBaTh Bce HeoOxoaumbie MeTonbl. Ha mnpakTuke ObIBaeT
JOCTaTOYHO  JIMIIh  TOAKIIOYHTH  CTOPOHHIOK  MPOTPAMMHYIO  OUOIHOTEKY,
peanusyonlyro HoByr apxutekrypy MHC TIP, u mnepeonpenenuTs BbI3bIBAEMbIC

(GyHKLIMH, MOCKOJBKY 3a4acTyl0 Takue OMOTMOTEKH YXKE COAEpk aT BCH TpeOyeMylo



77

dbyHKIMOHATBHOCTh. B wurtore, Bca uHTerpanus HoBou apxutektypst MHC IIP B
pa3pabotannbiii [10 MoxeT cBeCTUCH JHIIb K aJalnTaldd CTOPOHHUX MPOTPaAMMHBIX
OMOIMOTEK 101 COOTBETCTBYIONINM MporpaMMHbIN nHTEpdeiic. IMeHHO Takum o0pa3zom

B 10 Obina unTerprpoBana apxurekrypa Mask R-CNN.

3.3 Hcnosab3yemble MIpOrpaMMHbIe OMOJHOTEKH U IPOTPAMMHO-ANNAPATHbIE
YCKOpHTEIH

OnucsiBaemoe B gucceprauuun [IO  Obuto  pa3paboTaHo Ha  sA3BIKE
nporpammupoBanus Python [26], ocHOBHBIE HOCTOMHCTBAa KOTOPOTO CBS3aHBI C €TO
KpPOCCIUTAT)OPMEHHOCTHIO, PACIIUPSIEMOCTBI0 M OOJBIIMM KOJMYECTBOM CTOPOHHHX
IPOrpaMMHBIX OMOIMOTEK, UCTIOIB3YEMBIX JIJISl PELICHHUS] KOHKPETHBIX 3a/ad.

Python sBisieTcss BBICOKOYPOBHEBBIM SI3BIKOM IPOIPAMMHPOBAHUS  OOILIErO
HazHadeHus. OCHOBHBIMU ocoOeHHOcTAMHU Python sBisitOTCS: HalMyMe NMHAMUYECKOU
CTPOrOoM THUIW3ALMH; aBTOMAaTHUYECKOE YIPABICHUE NaMAThIO; OPUEHTUPOBAHHOCTh Ha
MOBBIIICHUE MPOU3BOAUTEIILHOCTH pa3pabOTUMKa 3a CYET MOBBILIEHUS YHUTAEMOCTHU
IpPOrpaMMHOr0 Koja; oOecrnedyeHue IMEePEeHOCHMOCTH MPOrPpaMMHOTO KOAAa MEXIY
pa3IUYHBIMU MIPOrPAMMHBIMM cpefamu U miatopmamu. Python siBisercs oObekTHO-
OPUEHTUPOBAHHBIM W HWHTEPIPETUPYEMBIM SI3bIKOM IporpammupoBanus. C ogHOM
CTOPOHBI, 3TO IPUBOJUT K TOMY, YTO IPOIPAMMBI, HAITUCAHHBIE HA HEM, 3a4aCTYH0 UMEIOT
HU3KYIO CKOPOCTh pabOThl U 00Jiee BBICOKOE MOTpeOJeHUEe MaMsITH, MO CPABHEHUIO C
KOMIIWJIMPYEMBIMHU s13bIKaMu nporpammupoBanus. C gpyroit croponsl, y Python umeercs
BO3MOKHOCTh HCIIOJIB30BaTh MpOrpaMMHbIE OMOJMOTEKM HamMCaHHbIE Ha S3bIKAX
nporpammupoBanust C u C++. IlpumeHeHune OHOIMOTEK, KOTOPBIE PEATU3YIOT
HU3KOYPOBHEBYIO BBIYMCIIUTENBHYIO JIOTUKY U paboTy ¢ annapaTHoM miatdopmoi u npu
TOM HANHMCAaHbl HA KOMIIMJIMPYEMBIX fA3BIKAX MPOTPAMMHUPOBAHUS, MO3BOJSIET
MUHUMHU3UPOBATh PA3JIMYUE B CKOPOCTH pabOTHI IJii MHOTMX 3agady. B Tom uwmcie,
nonoOHbIe OnbMMoTekn Ha Python mmeroTcs u juist pemeHusi MPUKIAIHBIX 3a7a4, TIe
ucnoneszyrorcs MO u COA.

Taxxe, Python siBnsieTcst MynbTUNIapaurMEHHBIM SI3bIKOM MTPOTPaMMHUPOBAHUSA,

4TO IIO3BOJIACT 3(1)(1)CKTI/IBHO p€aln30BbIBATL HaA HEM Kak JIOTUKY CCETCBOI'O
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B3aUMOJICUCTBUSL MEXIy cepBucamMu, B pamkax napaaurmbl COA, Tak u
byHKIMOHATBHBIE BEIucIeHus, cBs3anHbie ¢ MO. [loatomy B pa3padareiBaemom [10 on
UCIIOJIb30BAJICS KakK JJis HAllMCaHUS CEPBUCHBIX O0O0JOYEK I CreHEPUPOBAHHBIX U
oO0yuennsix mojeneir UHC I1P, tak u mist peanuzanuu pazpadoTaHHOW MOAU(DUKAIIIH
['A, KOTOpBIN 1 3aHUMAJICA CO3IaHUEM STUX MOJIEIEH.

Jnst pemieHuss 3adad, CBs3aHHBIX C uHTerpamued mnapaaurmel COA B
pa3pabateiBaemblii 110, ucronb3oBanack mporpammHas onommoTeka Flask [129].

Flask siBnsiercst mporpamMmmHoi OubiamoTekoit sizpika Python, koTopas peanusyer B
ceObe KOHLENIHMI0 MHKpO(dpeiiMBOpKa, MOApa3yMEBAIONIIyl0 O]l CO0Oi co3aaHue
MUHUMAJIUCTUYHBIX  KAapKacoB BeO-CEPBHUCOB, pEATU3YIOMIMX JIMIIL  0a30BbIC
BO3MOKHOCTH, HO KOTOPbI€ BIOCIEACTBUU MOTYT JIETKO OBITh PACIIMPEHBI Pa3IMUYHBIMU
CTOPOHHUMU OMOIMOTEKAMU U HUHCTPYMEHTAMH.

ITo ymomuanuto Flask He BkitouaeT B ce0s1 00pabOTKy Ha ypoBHE adcTpakuuu 0a3bl
JAHHBIX, HE OCYIIECTBIISIET MPOBEPKY (POPMBI WM APYTrHE CIENHATM3UPOBAHHbBIC
(GyHKIIUU BEO-TIPUIIOKEHHUS, KOTOPHIE PEaju30BaHbl B paMKax yKe CYIIECCTBYIOIIMX
nporpamMmHubeix OuOmmorek Ha Python. Ho Flask mpenocraBnser mnporpaMMHbIi
uHTepdeiic 1 MOAKIIOYEHHUs MOJOOHBIX MPOrPAMMHBIX OMOJMOTEK K CO3/1aBaeMOMY
[IO u ga€t BO3MOXKHOCTH OOpaIIaThCsi K HUM €AMHOOOpa3Ho, 0e3 HeoOXOIUMOCTH
BHECEHMUSI IOTIOJIHUTEILHBIX MOAN(UKaIMiA B padpadaTeiBacmoe [10.

Bri6op Flask nns ucnons3oBanus B pazpadbatsiBaeMoM 110 00yciioBiieH kak pas
€ro TMPOCTOTOM, YHHUBEPCATBLHOCTBIO, PACIIUPSEMOCTBI0O U MAaCIITa0UPyEMOCTHIO.
[Tockonbky mpenamnonaraercs renepaius u ooydenuss moaened MHC ITP s pemenus
3a/lady B COBEPILECHHO PAa3HbIX MPHUKIATHBIX O0JACTIX HENb3s 3apaHee ONUCATh BECh
CIIUCOK TPEOOBAHMI K pean3allii CEPBUCHOMN MPOTrpaMMHON 000JIOUYKHU JIJISi CO3JJaHHOM
MOJENU. ITOT CHOUCOK, KOTOPOMY JOJDKHA OyJeT YAOBIETBOPATH CO3/JaBaeMasi
nporpaMmHasi 000Ji0uKa, OyIeT OTJIMYAThCS KakK sl pa3HBIX MPUKIAAHBIX 3a]a4, TaK U
JUTSL pa3NIMYHBIX 3a/1a4 JJa)Ke B OJTHOM MpUKIIagHON obmactu. Be€ 3To mpuBOauT K TOMYy,
YTO MCIOJIb30BAHUE HEPACIIUPSEMBIX MPOTPAMMHBIX OMOIMOTEK MPOTUBOPEUUT OJIHOMN
U3 TJaBHBIX 3a7ad4, MocTaBieHHBIX nepen 10, naxe ecnm mogoOHBIE HEpaACIIUPSICMbIE

OMOJIMOTEKH TTOKA3bIBAIOT OOJIBIITYI0 CKOPOCTh PabOoTHI, 10 cpaBHeHMIO ¢ Flask.
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Ha cerogusammumii neHp uMeercs psg  npumepoB  peanmsanuu [0,
nonepkuBatonero napagurmy COA Ha si3pIke niporpammupoBanus Python [68, 146].
OTH TpuMEpbl IEMOHCTPUPYIOT KaK KOHUENTYalbHYI0 BO3MOYKHOCTh pealv3aluu
napagurmMbl COA Ha Python, Tak 1 3¢ (eKTHBHOCTh JaHHOW peanu3aliu AJis psaa 3a/1ad.

s peanuzanuu anroputMoB MO B nieniom 1 MTHC B 4acTHOCTH UCTIOJIB30BATIUCH
nporpammubie 6uoaunorexku TensorFlow [131] u Keras [25].

TensorFlow  sBisercs  OTKpBITOM  OpOrpaMMHOM  OMOMMOTEKOM  sI3bIKa
nporpammupoBanus Python, xotopas peanusyer anroputmel MO. BryTpeHHuE
GbyHKIMM TporpaMMHON OMOIMOTEKH HamucaHbl Ha si3bike CH++, 4TO Jenaer e€ KpaiiHe
3¢ ()EeKTUBHON B MHOTOIPOLIECCOPHBIX MATPUYHBIX BbIUMCIEHUSAX. [lepBoHayanbHas
Bepcusi TensorFlow Owuia paspaborana xomangoi Google Brain st BHyTpeHHETo
ucnosb3oBanus B Google, oqnako B 2015 roay k mporpamMmHoii OM0IuoTeKe ObLT OTKPBIT
cB0OOAHBIN ocTyn o aunen3uu Apache 2.0.

VY oubnuoreku TensorFlow nMerorcs cinenyroniye 0COOEHHOCTH:

. JanHast OuOaMoTeKa peanusyer OOJbIIoe KOJIMYEeCTBO anroputmoB MO,
nomumo MHC. 310 mo3BOMSET MCHOJIB30BaTh €€ HE TOJBKO JUISl peain3alid CaMUX
moneneit MUHC TIIP, renepupyembix u oOywaembix [1O, HO W nanma peanuzanuu
pa3zpadoTanHoi Mogudukamuu I'A.

. bubnuoreka uMeeT MUPOKUN MHCTPYMEHTApHU Jisl pabOThl ¢ MOJACIISIMHU
MO. 3Ot1o no3BoyisIeT Kak TOHKO HacTpauBaThb MOAU(PUIIMPOBAHHBINA ainroput™m ['A
(uconp3ys YK€ ONTHUMHU3UPOBAHHBIE MPOTPaMMHbBIE (YHKIIMA COOTBETCTBYIOIIUX
apxutektyp MHC), Tak u 0Gojee TOHKO HacTpaWBaTh TEHEpUPYEMbIe U OOydaeMbIe
mozaenu MHC T1P. Takxe, 3T0 MO3BOJIIET aBTOMATU3UPOBATh NIepeOop OO0JIBIIEro uncia
napameTpoB, B nporiecce cuutesza mojeneit MHC TIP ¢ momoisio MoauduimpoBaHHOTO
I'A.

. B nononnenue k peanuzanuu ainroputMoB MO, TensorFlow Taxke
BKJIFOUAET COOCTBEHHYIO CHUCTEMY paOOThl ¢ MAaTPUYHBIMH JaHHBIMH, YTO MO3BOJISET
peann3oBaTh €IUHOOOPa3HbIN MOAX0 K padoTe ¢ MaCCMBAMM JIAHHBIX, UCIIOIb3YEMBIX

kak B o0yuenun mozeneit MUHC [P, Tak u B mporiecce ux mociaeayoIiei SKCIuTyaTaIuu.
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. bubnuorexka HMeeT HWHTErpalui0 C PSJIOM MPOrpaMMHO-AIIAaPaTHBIX
w1at(opm, TOBHIIAIIKX 3 (PEeKTUBHOCTH 00yUeHHs U paboThl anroputMoB MO. B Tom
yucie TensorFlow numeet nunTerpanuto ¢ mporpammuo-annapatioi miaatdopmoit CUDA,
YTO SBJISIETCS TONOJIHUTEIBHBIM JOCTOMHCTBOM B paMkax pa3padateiBaemoro I10.

. [Iporpammuas 6ubnuoreka peanuzyer MHOxkecTBO apxutektyp MHC I1IP B
cBoeil 6azoBoit Bepcuu. [lpu 3TOM, ¢ OJJHOM CTOPOHBI, KOJIUYECTBO MOIIEPKUBAEMBIX
IpPOrpaMMHOM OHOTMOTEKON apXUTEKTYP PACIIUPSIETCS C KXKIBIM T'OJI0OM, C IPYTOil cama
nporpamMmHasi OUOJIMOTEKAa HMMEET NPOrpaMMHBIA HHTEpQeiic, MO3BOJISIOMUNA Ha €€
OCHOBE PEaN30BbIBATH MOJIb30BaTeNbCcKUE apxuTekTypbsl MHC.

Takxke, y TaHHOH OMONMOTEKH €CTh U Psii HEOOJBIIMX JOCTOMHCTB, KOTOpPbBIE
BBIIETISIOT €€ Ha (JOHE KOHKYpPEHTOB, K mpumepy Ha ¢one toro xe PyTorch. Jlns
TensorFlow Ha ceromHsmHUN [E€Hb HaNKMCaHa W BBUIOKEHA B OTKPBITHIA JOCTYII
HauOoJsiee NoApoOHas TOKyMEHTaluss U OOJbIIE€ BCEro PYKOBOACTB OT CTOPOHHUX
cnermanuctoB. [lpu stom, nporpammubsii uHTepdeiic TensorFlow mnomnepskuBaet
MHOXECTBO CTOpOHHUX paszpabotuukoB MHC, uyTo m03BOJsSET HMHTErPUPOBATH
pa3paboTtannbie UMu apxuTeKTypsl B [10, paboraromiee Ha TensorFlow.

Bce nepeuncieHHble JOCTOMHCTBA, KaK U B CIIy4ae ¢ IPOrpaMMHONW OMOIHOTEKON
Flask, nemator TensorFlow Haubosee noaxoAsuuM KaHAUAATOM JUISl pEIICHUs
MOCTaBJICHHBIX Tiepen pa3zpadbarsiBaembiM [10 3amau. He siBnsisacy camoii adpexTuBHOM
BO MHOTHUX CJIy4asix MPOrpaMMHOMN OUOIMOTEKON, OHA TIPU ATOM SIBJISIETCS CaMOM THOKOM,
MacmrTadbupyeMon W pacrpoctpaHéHHOH. Bc€ 3To ympocTuT kak pa3paboTKy yke
BbIOpanHbIX apxuTekTyp MHC I1P, Tak u BHenpeHrEe HOBBIX apXUTEKTYP BITOCIICICTBHH.

Bropas BeiOpanHast nporpamMmmHas 6ubamotexa Keras siBnsieTcss HaACTPOUKOM Hal
nporpammubiME TIaTdopMmamu Deeplearning4j, Theano u, B Tom uncine, TensorFlow.
KonnentyansHo Keras siBisieTcsi He aBTOHOMHOUM mporpamMMHoi oubnunorexkoit MO, a
porpaMMHBIM (acajioM HaJl CYIIECTBYIOIIUMU OuOInoTekamu. JlaHHas mporpamMMHas
OnbnuoTeKa nMpeHa3HaveHa JIJIsl peajn3alii BBICOKOYPOBHEBOTO HA00Opa MPOrPaMMHBIX
abcTpakiuii, KOTOpble Ha O0ojiee HHM3KOM YPOBHE pEaTu3yIOTCsl KOHKPETHBIMU
nporpaMmMHbIME  TIaTdopmamu. OcHOBHOUM 1enbio Keras sBIsSeTCS WHKAIICYIISITUS

JIOTUKH pabOThl C KOHKPETHBIMHU MpOrpaMMHbIMU Oubiamorekamu MO, 4TO TOJKHO



81

ynopocTuTh (GopmupoBaHue pazianuHblx apxutektyp HWHC, BHe 3aBucMMOCTH OT
BbIOpaHHOW TPOrPaMMHOM MIATPOPMBI.

Keras siBisieTcst mporpaMMHbIM HHTEp(eicoM, KOTOPbIN ObLT pa3paboTaH Mpexe
BCEro JJI UCHOJb30BaHue NobMU. OH OPUEHTHPOBAH HAa YJOOCTBO HCIIOJIb30BAHUS
IporpaMMHUCTaMH, Ha aBTOMaTu3aluio ux paboTsl ¢ Mmoaensimu MO. Keras peanuzyer
COTJIaCOBaHHBIN U MPOCTOM B UCIIOJIb30BAHUU MPOTPAMMHBINA HHTEPPEIiC, YTO MO3BOJISET
MUHHAMH3UPOBATH KOJMYECTBO JEUCTBHI pa3padOTUMKa, HEOOXOAUMBIX JIJIsl HOCTPOEHUS
mozeneit MO. B kontekcte paspabartsiBaeMoro I[1O 3TO JOCTOMHCTBO YNpoOIIaeT
co3faHue MofyJieH, peanusytonmx padoty ¢ apxutekrypamu UHC T1P, koTopsie Ob11u
BBIOpaHbl B paMKax paccMaTpuBaeMoul amcceprauuu. Takke, B JalIbHEHMIIEM 3TO
YHPOCTUT pa3paboTKy U BHeApeHue HoBbIX apxutektyp MHC.

Taxke Keras umeer MOAYJIBHYIO pacIUPAEMYIO CTPYKTYPY, KOTOpast MPOAOJIKAET
napaaurMy pa3pabotku 3anokeHHyro B TensorFlow. B Keras peanmnsoBan HaOop
aBTOHOMHBIX, CKOH()UTYPUPOBAHHBIX MOAYJEH, KOTOpbIE€ MOTYT OBITh MOAKIIOUEHBI K
pazpabateiBaecmMomy I[IO 6e3 kakux-1ub0 OrpaHUYECHHUM. DTU MOAYJIU TAKXKE MOXKHO
KOMOMHHUPOBATh MEXTy COOO0M pa3TuyHbIM 00pa30M, YTO MO3BOJISET TOHKO HACTPANBATh
cozmaBaempie moxenmun WHC. bmarogaps »3TomMy peanusyercss 3alloKEHHas B
pa3pabatbiBaemblid 11O uaess MOAYJIBHOCTH M MHKAINCYISUUU PabOThl C pa3IMYHBIMU
apxurexktypamu MHC ITP.

OTnenpHO CTOMT OTMETHTH pacmmupsieMocTh Keras, KkoTopass mO3BOJIUT
BITOCJIEZICTBUH JIETKO HHTETPUPOBATh B pa3padaTsiBaeMblil [10 HOBbIE MOy, KJIACCHI U
dbyHKIIMH, U, CIEA0BaTENbHO, paboTaTh ¢ HOBbIME apxutektypamu NHC. Bo3MoxHOCTH
J00aBJsATh HOBBIE MOJYJIH, peaju3oBaHHas B OuOnuoreke Keras, mo3BojuT Hamboliee
MOJIHO PEIINUTh 33Jauy YHHBEPCAIbHOTO M €AMHOOOPAa3HOro MOAXO0/a K IeHepaluu U
oOyuenuto moaeneit MHC I1P paznuunbix apxutektyp. U, mockosbky pazpadborka Keras
NPOJ0IDKAETCA, M JaHHasi OuOiInoTeka pacmupsercs HoBbiMU apxutektypamu MHC, eé
WCIT0JIb30BAHUE MTO3BOJIUT U B TAJIbHEHIIIEM paciiupsTh pazpadbareiaemblii [10 nanbosnee
OBICTPBIM U TIPOCTBIMH OOPA30M.

Bri6op omucaHHOro creka TEXHONOTHH OOBscHseTcs TeMm, uto mepen [1O He

CTaBUTCI 3aga4a pCain3allvid HC THIIOBBIX CIICIHHAJIUM3HPOBAHHBIX pemeHm”I. HaHPOTI/IB,
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TpeOyeTcss ObICTpasi peaiu3aiusl y>Ke€ HM3BECTHBIX apXUTeKTyp. Mcmonb3oBaHue yxke
pa3pabOTaHHBIX, MPOTECTUPOBAHHBIX M ONTHMHU3MPOBAHHBIX OHOIMOTEK MOJHOCTHIO
YAOBIIETBOPSIET MOCTABJIEHHOM 3a7aude. Takke, KIIOYEBBIMU TPEOOBAHUSMHU SIBIISIOTCS
pacmmpseMocTh u Macmrabupyemoctb. CooTBeTcTBeHHO, peanusanus [0 Ha Oasze
MOCTOSTHHO J0pabaThIBa€MBIX M PACHIMPSAEMBIX MPOTPaMMHBIX OHOIHMOTEK IMO3BOJIHT
no6asiaTh HoBble apxuTekTypbl MHC 1P u cpenctBa paboThl ¢ HUMU, 32 CUET €TUHOTO
nporpamMmmHoro uHtepdeiica. [Ipu s3TomMm KpoccrmaaTpopMEeHHOCTh OMUCAHHOTO CTEKAa U
nomnepxkka mnapaaurMbl COA  mo3Bosmut MacmtabupoBath [10 Ha pasznuyHbie
anmapaTHble TIaTOPMBI.

B pa3pabateiBaecmom 110 npeanonaraercst aBToMaTu3upoBaTh 00y4eHHE MOJEIei
pasmuunblx apxurektyp MHC IIP, B TOM 4uncine u CBEPTOUYHBIX, MO3TOMY CIEAYET
YUHUTBIBATh M BBICOKHE TPEOOBAaHUSA K BBIYMCIUTEIBHBIM CHUCTEMaM, Ha KOTOPBIX 3TO
oOy4eHHs] JOJDKHO Oyner npoBoAuThCsA. Pa3zpaboTka COOCTBEHHBIX MPOrpPaMMHO-
anmapaTHbIX YCKOpPUTEJIEH [JIs TOCTABJIECHHOM 3aJayd HE SBIAETCS OIPaBIaHHOM.
[Ipeanonaraercst co3AaHUE€ YHHMBEPCAJIBHBIX MPOrPAMMHBIX PEIICHUN, [MO3TOMY
noTpedyeTcsi HCMOJIb30BAaHUE COOTBETCTBYIOLIUX YHUBEPCAJIBHBIX MPOTPaMMHBIX
OMOIMOTEK, KOTOpbIE Obl HE HAKJIAABIBAJIM HUKAKUX TOMOJHUTEIbHBIX OIPAaHUYEHUN Ha
MpoLIeCC AKCIUTyaTallud CO3JaHHbIX pemieHuid. Mcxons 3 3TUX MPEeanochuioK, ObLIO
peIIeHO MCITOJIb30BaTh IporpaMMHO-anmaparHyo miarpopmy CUDA (Compute Unified
Device Architecture) [52], co3nannyto u pacnpocTtpanseMyto kommnanueir NVidia.

CUDA sBnsgercs mOporpaMMHO-aIapaTHOW  TuiatgopMoil, peanusyrolen
pacrnapajuleIiBaHUE BBIYMCICHUN MOJb30BATEIbCKUX MpOrpaMM Ha ammnapaTHOM
YPOBHE, YTO TO3BOJISIET CYIIECTBEHHO YBEIUYHUTh CKOPOCTh BBIYUCICHUH 3a CUET
ucrnosib3oBanus rpapudeckux mnpomeccopoB NVidia [63, 104]. CUDA npencrasiser u3
cedst HaboOp MpOrpaMMHBIX OHUOJIMOTEK, MMEIOUIUX HU3KOYPOBHEBYIO pEajU3alUI0 U
CIOCOOHBIX HaNpsMyI0 padoTaTh ¢ rpaduueckumu npoieccopamu kommnanuu Nvidia.
Hcnonp3oBanue 3THX OMOIMOTEK MO3BOJISIET MPOTPAMMHBIM MOAYJISIM HANPSAMYIO
oOparmiarbcs K anmnapaTHoil miaatdopme, B 00X0]1 ONEepallMOHHON CUCTEMBI, HA KOTOPOM
BBIMIOJHSETCST mporpamma. llpu 3ToM, camu mnporpammusie Oubamoreku CUDA

PCAIN3YIOT HauoOoee 3(1)(1)CKTI/IBHOC BBIYHCJICHUC 3aJI0KCHHBIX B HUX AJITOPUTMOB U HUX
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pacmapamnenuBanue. Taxke CUDA mo3BossieT 4epe3 CBOM MporpaMMHbIE OMOITHMOTEKU
HarnpsaMyto oopamarbes K HHCTpyKusM GPU u yripaBnsats ero namsteio. [I[porpamMmMubie
oubmmoreku CUDA mopnepxuBaroT oOpalieHue K HHUM IOCPEJICTBOM HECKOJIBKUX
SI3BIKOB TIPOTPaMMHPOBaHus, B ToM yrciie u Python. Ba3ossrit npunim padotsr CUDA

IPEJICTaBJICH HA PUCYHKE 3.5.

IIponecc padoTer
AMIAPpATHOTO
yvexopureas CUDA

Pucynok 3.5 — bazoserit npuanun padotst CUDA (3amMctBoBano 13 [98])

Kak BUIHO U3 pUCYHKa, OCHOBHOM NPHUHIUI PaCIapaJJIETMBAHNS BIYUCICHUN U
YCKOpPEHHUsI pabdOoThl C TMPUIIOKEHUSIMH 3aKII0YaeTCs B TOM, YTOOBI MHCTPYKLHMH U
KOMaH[bl, KOTOpbIE JOJDKHBI  BBINOJHATBCA Ha  LEHTPAIbHOM  IPOLECCOPE,
00padaThIBAINCH HA MHOTOSAJIEPHOM TpaduyeckoM nporeccope. [Ipu rTom HauboIbIINiA
IPUPOCT B CKOPOCTU BBIYMCIEHUI OYyIeT NpH BBHIMNOJIHEHUH MacCUBa OJIHOTHUITHBIX
KOMaHJI, MOCKOJIbKY cama apXUTEKTypa rpauuecKkoro mpoieccopa, u3-3a cueuuuku
paboThl ¢ HW300paKEHUSIMU, OpPUEHTHUPOBAHA TIPEXKIE BCEr0 Ha NapajlieibHbIC
OJTHOTHUITHBIE BBIYUCIEHHUS. JIoruka paboThl MOIH30BATENBCKUX MTPOrPaMM ¢ IIaTHOPMOit

CUDA npencrasneHa Ha pucyHke 3.6.
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lNporpammHoe
obecneyeHuwe

Pucynox 3.6 — Jloruka B3anmMoIeCTBHS TIOJ30BATEIbCKUX MPUIIOKEHUI C
miatdopmoit CUDA

Ha pucynke BUIHO, YTO B3aUMOJCHCTBHE C MPOIECCOPOM OCYIIECTBIACTCS
uckmounteasHo ¢ moMoribio CUDA, HO mpu 3TOM TOJIB30BATENbCKOE MPHUIIOKEHUE
MOKET OCYIIECTBIISTh TO B3aMMOJICHCTBHUE HAa TPEX YPOBHIX a0CTPAKIUU.

CUDA Libraries 5T0 0CHOBHBIE TPOTrpaMMHbBIE OMOTUOTEKH, aJalITUPOBAHHBIC JJIS
WCITOJIb30BAaHUS BBICOKOYPOBHEBBIMH SI3BIKAMH TporpaMMupoBadus. OHU MOJTHOCTHIO
WHKATCYJIUPYIOT JIOTUKY pabOThI ¢ IpaiiBepamMu U MPEJOCTABISIIOT TOTBKO (DYHKIHH JJIS
KOHKPETHBIX BICOKOYPOBHEBBIX BbIUUCICHUH.

CUDA Runtime siBisieTcst mporpaMMHON 00EPTKOM Hal apaiiBepamMu BUACOKAPThI
U TPEAOCTaBIIICT BO3MOXXHOCTH CO3/IaHMsI TOJIb30BATENbCKUX (GyHKIMHA. JlaHHBII
YPOBEHb TMO3BOJIAET TMOJIb30BATENsIM M3 0a30BbIX (YHKIMI JOpaliBepoB cO3AaBaTh
cOOCTBEHHBIC BBHICOKOYPOBHEBBIC (DYHKITUH JJI CIEIIU(PUICCKUAX BHIYUCICHUN, KOTOPHIE
OTCYTCTBYIOT B CTaHJApTHBIX OuOIMOTEeKaX. [laHHBIN ypOBEHb YK€ HE MHKAICYJIUPYET
JIOTUKY paboThl ¢ JpailBepamu, a JHIIb NPEAOCTABISIET MPOrPaMMHbBIA UHTEpPEIC ams

paboOThI C HUMH.
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CUDA Driver sBisiOTCS HENOCPEJACTBEHHO BHJICOApaliBepaMu, KOTOpPbHIC
3aHMMAIOTCSA BCEM HU3KOYPOBHEBBIM B3aUMO/ICHCTBUEM C TpahUIECKUM MPOIIECCOPOM H
BHyTpeHHUI Tpaduueckoin BuaeonamsTbio. CUDA Runtime, u CUDA Libraries
OCYIIECTBISIOT B3aUMOACHCTBHE C BUACOKAPTON UCKIIOYUTEIHHO C TIOMOIIBIO (PYHKIIHNHA
nparBepoB. Ilpu 3TOM camMm npaiiBepa peann3yroT B3aUMOJIEMCTBUE C BHACOKAPTOU
HanOosee 3¢ HEKTUBHBIM 00pa3OM.

PeanmzoBannoe, B pamkax miatdpopmel CUDA, yckopenune mnapamieabHbIX
BBIUMCJICHUH MTO3BOJIAET HEMOCPEICTBEHHO TOBOPUTH O MOBBIIIEHUH CKOPOCTH 00YUECHMUSI
mozeneit MHC. ITockonbpKy napajuieIbHBIMHU SIBJIIFOTCS TE€ BBIYUCICHUS, KOTOPBIE MOXKHO
pa30uTh Ha MHOKECTBO HEOONBIIMX, OAHOTUIIHBIX 33]a4, BBINOJHEHUE KAXIAOW W3
KOTOpPBIX HE 3aBUCUT OT JApyrux, pabory OombmmHcTBa Mozeneit MHC MoxHO
MOJIHOCTBIO PEAIM30BaTh HA JAHHOM BHJI€ apXuTeKTyp. [loutn Bce onepamuu, KOTOpbIe
BBINOJIHAIOTCS mporiecce padboTel Moaenu MHC nerko pazbuBaroTcs Ha Oosiee MENKue
aCUHXpOHHBIE onepauuu. CaMbIM 3aMETHBIM MPUMEPOM, paboTa KOTOPOro Haubosee
YCKOpSIETCS 3a CYET MCIOJIb30BAaHUS MapajlIeIbHbIX BBIUMCICHUH, SIBISETCA MPOLECC

ceéptku B CHC (pucynok 3.7).
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Pucynox 3.7 — Mnmoctparus npouecca cBéptku B CHC

Ha sTOM puCyHKE CMHHMM LIBETOM OTMEYEH BXOAHOW KaHal CBEPTKHU (KOTOPBIN
MOJKET OBITh KaK UCXOJHBIM H300paKEHUEM, TaK U MPEIbIIYIIUM CBEPTOUHBIM CIOEM),
3eJIEHBIMU BBIXOJHOM KaHall CBEPTKHU (TEKYLIUH CBEPTOUYHBIM CKPBITHIA CJIOW), CEphIM
OTMeueH CBEPTOYHBIN (QUITBTP, TaK ke HA3BIBAEMBII «CKOJIB3SIIIM OKHOMY [84].

JIis KaXKaoi si9eiKu BXOJHOro KaHaja (KOTopasi XpaHUT UH(OpMaIIHMIO O TUKCEe
BXOJHOIO H300paXCHUs] WM SBJIAETCA BBIXOJOM HEHWPOHA TNPEBITYIIErO CIIOs)
CBEPTOUHBIN (UIBTP TPOU3BOIAUT ONEPALUN CYMMHUPOBAHUS U MpeoOpa3oBaHus, s UX
nocieayrouein o0paboTKH B HEHPOHE BBIXOJHOTO KaHajla, KOTOPbIE HUKAK HE 3aBUCST
apyr ot gpyra. Ilpuw sToM, BBIYUMCIEHMS CBEPTOYHOrO (QuIbTpa UIsl KaXKIOro
KOHKPETHOTO HEMPOHA BBIXOIHOI'O KAHAJIA HUKAK HE 3aBUCAT OT BBIYMCIICHUH IS IPYTUX
HeupoHoB. [loatomy B cinydae cBéprounHoro ciosi CHC pacnapamiennuTs MOXKHO Kak
BBIUMCJICHHS B paMKaX OJHOM UTepaluu CBEPTKU CBEPTOUHOTO (HUIIBTPA, TAK U B LIEJIOM

BBIUKCIICHHS CBEPTOUHOTO (PUIIBTPA JIsl BCEX HEHPOHOB OAHOTO CBEPTOYHOIO CIIOS. DTO
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OpUBOAUT K  OOJNBIIOW  BOCTPEOOBAHHOCTH  Pa3HOOOpa3HBIX  MHCTPYMEHTOB
napauienbHbIX Bhrarciienni B mesiom 1 CUDA B wacTHOCTH.

[Tpu stom, mis nanHou miaardopmel kommanus NVidia co3nana u HaaCTPOWKY,
KOTOpass TMOBBIMIAeT dS(PPEKTUBHOCTh pabOTHl C pa3IUYHBIMH  OUOIHMOTEKaMH,
cesazanHbiME ¢ MO — CUDA-X Al [102]. [lanHOe paciiMpeHHe HMEeT IIyOOKYIO
MHTErPallI0 C OJHUMHU OHOJMOTEKaMHU W TPOrpaMMHBIN HHTEepdeiic s padoThl ¢
npyrumu [101].

Hcnonb3oBanne maHHOTO pacHmMpeHus B pazpabareiBaemoM [1O mo3BoiauT
YOPOCTUTh  B3aUMOJCHCTBHME C PA3IUYHBIMU MPOTPAMMHBIMU  OHOJIMOTEKAMU,
peanusyonmmu paznuunbie apxuTekTypsl UHC TIP. Takue OuOIMOTEKM MMEIOT Kak
YHUKAJIbHBIE apXUTEKTYPbl, TAK U MOAUGUKAIINY, TTOBBIIIAIOIINE TOYHOCTh U CKOPOCTh
paboTHI YK€ CYIIECTBYIOUIUX apXUTEKTYpP, YTO JAENAeT UX MPUMEHEHHE ONpaBIaHHBIM
MIPU PEIICHUU PA3IUYHBIX creruduueckux 3aaad. [loaToMmy BO3MOXHOCTh paboTaTh C
pa3IMYHBIMU OMOIMOTEKaMHU M 00ECIIEYeHHE UX JIOCTyNa K MPOrpaMMHO-aNnapaTHOMY
YCKOPEHHIO IOMOTAET 10CTUYb Lieau pazpadaTtsiBaemoro I10 - ennHo00pa3HOro noaxoaa
K TeHeparuy U 00yueHuto Mojeneit paznuunbix apxurektyp MHC T1P.

C npyroii croponsr, CUDA-X Al Tak ke peannsyeT U BO3MOXKHOCTh PabOTHI C
Pa3JIMUHBIMU aIMapaTHBIMU U OOJIAYHBIMU TUIAaTGHOpPMaMHU, YTO B MEPCHEKTHUBE MOXKET
OBITH UCITOJIB30BAHO B MPOIIECCE IKCILTyaTanuu pazpadarsiBaemoro [10.

JIOTIOJIHUTEIBHO CTOUT YYHUTHIBaTh, uTo ¢ 2017 rona kommanus NVidia BHenpsieT
B CBOM BHJICOKAPTHI TEXHOJOTHIO TEH30pHBIX simep [123], koropas emé Oosbiie
MOBBINIAET CKOPOCTh paboThl u 00yuenus moneneit UHC. TenszopHbie siapa SBISIIOTCS
BBIYUCIUTEIBLHBIM OJIOKOM Tpaduyeckoro mpoieccopa, KOTOPbIA 3a OJUH TaKT
BBIYUCIISIET HE OJIHY ONEpalvio, a MPOU3BOJIUT BbIUKCICHUE MATPUIlbl. T.e. TEH30pHOE
SAIPO TMPUMEHSET OINMEepaTop MAaTPUYHOTO BBIUMCICHHS K MAcCCUBY JaHHBIX, MOITOMY
HCIIOJI30BaHNE TEH30PHBIX SJIEp TMO3BOJIIET B pa3bl YMEHBIIUTH BPEMSI MaTPUUYHBIX
BblunciaeHud. [lpm »>TOM BBITOJIa OT WCHOJIB30BAHUS TEH30PHBIX SIAEP PaCTET
HKCIOHEHIIMATIBHO, B 3aBUCUMOCTH OT Pa3MEpPOB CaMUX MaTPHIL.

C npyroii CTOpOHBI, KaK y»€ TOBOPUJIOCH BBIIIE, BCE BBIYMCIICHUS, CBSI3aHHbBIE C

Heiiponamu B MHC, HOCAT TUMOBOM XapakTep W HE 3aBUCAT APYr oT apyra. Ilpomre
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rOBOpsI, BeCa HEMPOHOB KaXKJIOTO CJIOS MOYKHO MPEACTaBUTh B BUJIE MATPUIIbl U Jajiee
MOCJIEIOBATEIbHO MPOU3BOAUTh MATPUYHBIE BBIYKMCICHHUS HAJ BCEM CIIOEM, a HE
paccuuThiBaTh  OTIAEIBHO  3HAYEHUS I  KaXIOro  HekpoHa. Bwmecre ¢
pacnapajuIeIMBaHUEM BBIYUCIEHHUI, HMCHOJIb30BAaHUE TEH30PHBIX SJI€p IO3BOJUT
JIOTIOJTHUTEIHHO YMEHBIIUTD BPEMs, 3aTpaurBacMoe Ha 00ydeHne U paboTy pa3InIHbIX
mogaeneit MHC IIP. K npumepy, BpeMs Beruucienus: onepauuiit CHC yMeHbIaercs: Ha
OOJIBIIYIO JI0JIIO, ITO CPABHEHHUIO ¢ BbIuHcieHueM onepauuid MIIP, mockonbeky ciiou CHC
UMEIOT O0JIBIIYIO PA3MEPHOCTD.

[IpencraBieHHblEe BBIINIE JOCTOMHCTBA MPOTrpaMMHO-aIapaTHON IU1aT(HOpPMBbI
CUDA 1103BOJIIIOT TOBOPUTH O HEOOXOIMMOCTH €€ MCTIONh30BaHMSI B pa3padbaTbIBacMOM
[10. Benp, moMHMO YHUBEPCAIBHOCTH WU BO3MOYKHOCTH pabOTaTh C pa3iIHMYHBIMU
apXUTEeKTypamu, paspabarbiBaembiii IO Takke [ODKEH JaBaTh BO3MOXKHOCTH
napajiebHOM pabOThl B CHUCTEME HECKOJIbKUM Mojb3oBarensM. llpu pocre umcna
M0JIb30BaTENIe 3KCIOHEHIIMAIBHO PacTyT TpeOOBaHUs K BBIYUCIUTEIbHBIM PECYpCaM.
VYuutsiBas, yto OonbmmHcTBO MHC TIP MOXHO mpencTtaBuTh B BHJAE MaTpull, NpU
YBEJIMUYEHUH KOJIMYECTBA MATPULl, KOJIUYECTBO BHIYMCIEHUH HA OOBIUHBIX HEHTPAIbHBIX
npoleccopax OyJeT pacTu SKCIOHEHIIMAIIBHO, a HE TMHENHHO. [Ipy 3TOM CTOUT OTMETHUT,
YTO TPOTrpaMMHO-aIMapaTHRIX perieHnil aHagorudasix CUDA Ha cerogHsmHuil 1eHb
HET, I03TOMY IPOBOJIUTH CPABHEHUE HE C YEM.

OTaenbHO CTOUT OTMETUTh, 4YTO B paspadartsiBaemMoMm I[IO wucnosb3yercs
nporpammuas 6ubnamoreka CUDA SDK, kotopas mo3BosisieT npu oOy4eHHH MOJeNen
WMHC wucnons30BaTh anmapaTHOE yCKOpeHHe BuaeokapT kommanuu NVidia [64, 126].
JIaHHO¥ TEXHOJIOTUM OCOOCHHO CYIIECTBEHHO ycKopsieT ooyuenne CHC [128].

KonkpetHo, B pa3padareiBacmom 10 rcnonb3oBangack nmporpaMmmHas OudanoTeka
NVidia CUDA Deep Neural Network (CuDNN) [103]. cuDNN sBnsieTcst OuOIMoTeKoi
npumMuTuBoB MHC, yHKIMM 02a30BbIX BHIYUCICHUI KOTOPBIX PEATU30BAHBI C TIOMOIIbIO
nporpammHo-ammapatHoit  miargopmer  CUDA, d9TO TMO3BOJISAET YCKOPSATH OTH
BBIYMCIICHUS 3a CU€T paboThl rpaduueckoro nporeccopa. cuDNN peanusyer paboty
MHOTHUX CTaHAAPTHBIX (PYHKIUN U aITOPUTMOB, IpUMEHsIeMbIX B o0nacTtu ['O, Takux Kak

QITOPUTMBI TIPSIMON M OOpaTHOM CBEPTKU, METOAbl OOBEIMHEHUS M HOpMaJIU3allUs
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BEKTOPOB JaHHBIX, a Takke (pyHkuuil aktuBauuu. [lockonbky cuDNN nHkancynupyer
BCIO JIOTHMKY paOOThl C ammaparHoil miaaTgopMoil, €€ HCIOJIb30BAHHE DEIIAeT BCE
BONPOCHI, CBSA3aHHBIE C ONTUMHU3ALMEN NPOrPaMMHOIO KOJa JJsi BBINOJHEHHS Ha
KOHKPETHBIX alMapaTHBIX PEIICHUSX.

ITo cytu, cuDNN siBiIsieTCa TPOrpaMMHBIM HHTEPPENCOM TOCTYIIAa K TEXHOJIOTUSM
CUDA-X Al, xotopsie ObUIM OMNHUCaHBl BbIIe. I OCHOBHAs NMpUYWHA HCIIOJIb30BaHUS
ATON OMOIMOTEKH 3aKII0YAETCS] UMEHHO B BO3MOXKHOCTH JIOCTYIIAa K 9TUM TEXHOJIOTUSIM
U UX IpUMEHEeHus B pa3padaTteiBacmoM [10.

[Ipu »TOM [faHHas mnporpaMmHas OHOIMOTEKA TaKXke HUMEET INIyOOKYIO
uHTerpaunio ¢ Oubnuorekoir TensorFlow. Cmeicn 3TOl MHTErpanuu 3akitodaercs B
peLICHUH CIICAYIONMIeH MPOOJIEMbI - TMOCKOJBbKY 00€ OHOIMOTEKH HCIOJB3YIOT IS
OCHOBHBIX BBIYHMCICHUN MOIynu HamucaHHble Ha C++, HauOombIIMe 3aTpaThl IO
BPEMEHH, TPU MX B3aMMOACHCTBHM, 3aHUMAET MPOLIECC IMEpeAadd aHHBIX MEXIY
IpOrpaMMHBIMH OMOIMOTEKaMU. {151 yMEHbBILIEHUSI 3TUX 3aTpaTr MEXIY STUMH JABYMsI
NpPOrpaMMHBIMM  OMONHMOTEKaMH pealr30BaH MPSMOM MPOrpaMMHBIN HHTEpdENic,
KOTOPBIN MO3BOJISIET UM HAIPSIMYIO 00palaThCsl K HU3KOYPOBHEBBIM BbIUNCIUTEIbHBIM
MOJYJISIM IPYT IpyTa.

[TonBoast WTOr MO OMUCAaHHOMY CTEKY TEXHOJIOTHMiA, MOXXHO CKa3aTh, YTO BCE
BBIOpaHHBbIC OUOIUOTEKH YK€ UMEIOT TECHYIO MHTETPAIHIO JIPYT C IPYTroM, KOTOpasi BO
MHOTOM OOYCIIOBJICHA JOCTOMHCTBaMH BBIOPAHHOTO s3bIKa MporpammupoBanus. [Ipu
3TOM, BCE€ TPEACTABICHHbIE OMOJMOTEKH MCIONb3YIOT [JIsl BBIYMCICHUNH Kak
HU3KOYPOBHEBbIE NPOrpaMMHBIE MOJYJIM, HamucaHHble Ha s3bike C++, Tak U
IPOrpaMMHO-AINIAPATHOE YCKOPEHHUE 3a cu€T ucnoiibzoBanus miargopmel CUDA. Beé
3TO NPUBOIUT K PEHICHUIO MHOXECTBa MPOOJEeM, KOTOPhIE MOTYT BO3HHKHYTH MpH
sKcIUTyaTauu pazpadarsisaemoro 110, 3a c4€T MHKANCyIsUMU BCEH HU3KOYpPOBHEBOMU
JIOTUKH B BRIOPAHHBIX MTPOTPaAaMMHBIX OMOJIMOTEKAX.

I[Ipu »>TOM 32 Cc4y€r KpoccIIaTPOPMEHHOCTH  KaK  CaMOro  s3bIKa
IPOrpaMMHUPOBAHUSA, TaK U BCEX MCIOJIb3YEMbIX IMPOTrPaAMMHBIX OMOJIMOTEK, MOMXHO
TOBOPHUTh U O KPOCCIUIaT(OPMEHHOCTH TE€HEPUPYEMBIX MPOTPAMMHBIX O0OJOYEK IS

cozmaBaembix wmozenedn WMHC IIP. Bce 5310 pacmmpsier Kpyr pemaeMmbix
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p33pa6aTBIBaCMLIM I10 3aJa4 U ITO3BOJIACT 0oJs1ee MOJHO COOTBETCTBOBATH BBI6paHHOI>’I

napaaurme COA.

3.4 BsiBOabI 0 pa3zaeny 3

1. PazpaboTtanbl 1 000CHOBaHBI COCTaB, CTPYKTYpa U TEXHOJIOTUHU UCIOJIb30BAHUS
cozganHoro I10 koMIIEKCHOM aBTOMAaTU3alMM NPOLECCOB TI'E€HEPALMH, OOydYeHUs U
unrerpanuu Mozeneit MHC TIP pazmuunbix apxutektyp. [lpu sTom pazpabotana u
peann3oBaHa Kak 001as apXuTeKTypa crnpoekTupoBaHHoro 10, Tak U cocTaBisomue
ero monynmu. B cocraB [0 kKoMIuIeKCHOM aBTOMAaTH3allMU IIPOLIECCOB T'€HEpaLWU,
oOyuenust u wuHrterpanuun wmojenedt MHC [IP  pa3nuuHbIX apXUTEKTyp BOIUIO
OJMHHALATh IPOIPAMMHBIX MOJIYJEH, PEATU3YIOIIUX HAa KOHCTPYKTUBHOM YPOBHE
cymectByromue mnapaaurMmbl COA u  MoOaynbHOU CTpPYKTyphl. Pa3paboTaHHble
IpOrpaMMHBIE MOJIYJIM HCIOJb3yeT MIA0JOH NpoekThupoBanus Dacag, KOTOPBIN
MO3BOJISIET CBOOOJIHO MAacIITadMpOBaTh U pacmivpATh co3gaHHoe 110, B ToM uucie 3a
cuét nodasnenust HoBbIX apxutektyp MHC ITP.

2. [IlpunnunuaneHas OTJIWYUTEIbHAS OCOOEHHOCTH paszpaboranHoro I[1O
3aKJII0YaeTcsl B KOMIUIEKCHOM aBTOMAaTH3allMM BCEX ATAloOB T€Hepaluuud U OOy4EeHHS
mozeneit MHC TIP paznuyHbIX apXUTEKTYP, a TAKKE 3TANOB T€HEPALIMU NPOrPAMMHBIX U
CEpBUCHBIX 000JI0YEK A1 CO3AaHHBIX Mozeneid. Co3gaHHble MPOrpaMMHbBIE MOIYJIH B
aBTOMATU3WPOBAHHOM pEKHMME, COTJIACHO YKAa3aHHBIM II0JIb30BATEJIEM HACTPOUKaM,
00eCneunBalOT pealn3alMio MOJTHOTO IUKJIa MPOSKTUPOBAHUS M T€HEpaluu MoJenen
HNHC: ot 6a3oBoii HOpMasiU3aluu OOyYaroOIIMX JAHHBIX U BBIOOpa TUIEpHapaMeTpoB
MOJIENIA [0 HACTPOWKH TMapameTpoB mporiecca oOyueHus. B pesymnbrate padotsr 110
dbopmupyeTcst TakeT KPOCCIUIATPOPMEHHBIX MPOTpaMM, KOTOPBIM MO3BOJIIET CBOOOTHO
MCIIOJIB30BaTh co3aaHnyto moaenb MHC nis pemenns npakTHYecKux 3aad HanpsiMyo
WM MHTETPUPOBATh €€ B cymiecTBytomiee [10 u oOpamarbes kK Hel yepe3 mporpaMMHbBIN
untepdeiic. Ilonap3oBatenbckux wuHTepdeiic I[IO mnpenocraBisieT HEOOXOIUMBIM
MHHUMYM HMHCTPYMEHTOB JJIsi aBTOMaTH3aluM mnpouecca co3ganus moxaenein MHC 1P

pPa3TUYHBIX ApPXUTEKTYp. TakuM 00pa3oM, BCS CIIOXKHOCTh MPOIECCOB TCHEPAUHA U
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oOyuenust mozeneit MHC ckpbiTa OT mosnb3oBaTens 3a CUET aBTOMATU3AIMM JTAHHBIX
nporeccoB. 3a cuér sroro B co3maHHoM I1O peammsyercs konmenmus NoO-Code
pa3paboTku, Oyaronapsi KOTOPOH MOJIb30BATHCS UM CMOTYT HE TOJIBKO CHEIUATUCTHI C
BBICOKMM YpOBHEM 3HaHMil B oOsactu MO, HO U CHEHUATUCTHI W3 Pa3IUYHBIX
MPUKJIATHBIX 00J1acTel, HE MMEIOIUEe KOMIIETEHIINI Mo BOMpocam ucnoiib3oBanus MO
u 'O, a Takke apyTrHe Mojabp30BaTeNH, 3auHTepecoBaHHbIC B co3nanuu moaenein MHC T1P.

3. Bbun pelieHsl 3a7a4M, CBA3aHHbBIC C YIIPOIICHUEM MHTETPALUA CO3JaBAEMbBIX
Mojenet MHC B ctoponnee 110 Ha ocHoBe ucnoib3oBanusa napaaurmMbel COA. JlaHHbIN
MOIX0/1 He puBsi3aH K KoHKpeTHOMY [1O 1 ceTeBoMy OKpY>KEHHI0, TOITOMY MOKET ObITh
peaau30BaH C MOMOIIBIO PA3IUYHBIX TeXHOJOTUU. [Ipyu 3TOM K CO3/IaHHBIM MOJIETSM
HNHC TIP moxxHO OyzieT oOpamiaThCsi eAMHOOOPA3HO U3 PA3IMUHBIX MPOTPAMMHBIX CPEJI.

4. B pazpaboranHoe IIO ObUIM HHTErPUPOBAHBI CTOPOHHUE MPOrPAMMHbIE
OMOJIMOTEKH M MPOTPaMMHO-ANINapaTHBIE YCKOPUTENH, MO3BOJISIONIUE Peau30BaTh
BBHIOpaHHBIE BO 2 TJaBe alTOPUTMbI U METOJbI, KOTOpbIE TpPeOyIOT OOJBIINX
BBIYUCIIUTEIBHBIX pecypcoB. be3 HCHoNb30BaHUS MPEAJIOKEHHBIX MPOrPAMMHBIX
OMOMMOTEK M MPOTPAMMHO-ANTAPATHBIX YCKOPUTENEH pEIICHHEe MPAKTUYSCKUX 3a]1a4
MOIJIO OBl 3aHUMATh MECSIIbI, YTO TMOJHOCTHIO JIUIIAIO Obl CMBICJIA HCIOJIb30BAHUE
npenacraBiaeHHoro [10. Bc€ 53To0 TNOBBIIAET YHUBEPCAIBHOCTH  CO3/1aBAEMOTO
MPOrPaMMHOTO O00ECTeUeHUs] W CYIIECTBEHHO YMPOIIaeT NPolLecC HHTEerpaluu
cuHte3npoBaHHbIx Moaenein MHC I1P.

5. HoBbIM mpakTHUeCKMM pe3yibTaTOM, IOJYYEHHBIM B JAaHHOW IJIaBE, CTAJIO
KOHKPETHOE JI0Ka3aTeJIbCTBO PEATM3YEMOCTH KOHIIENIIUU KOMIUIEKCHON aBTOMATH3alluH
MPOIIECCOB TeHepaluu, oOyueHuss u wuHTerpamuu wmoxaene MHC TIP pazmuunbix
apXHUTEKTYyp, MPEUIOKEHHOWM B  MPEAbAyLIIMX TIJaBax JAUCCEpTaluu.  bbulo
IIPOAEMOHCTPUPOBAHO, YTO 34 CYET MCIIOJb30BAHUS MOIYJIBHOW apXUTEKTypbl U
napagurmel COA moxxkHO coznath I1O, xoTopoe Obl €AMHOOOPA3HO OCYIIECTBIISIIO

B3aMMO/ICHCTBUE C TPUHIUITHAIBHO pa3inuHbiMu apxutekTtypamu MHC T1P.
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4 METOIUKA UCITIOJIBb30BAHUS PASPABOTAHHOI'O ITPOT'PAMMHOI'O
OBECHEYEHWS ITPH PEHTEHVUH ITPUKJTAZTHBIX 3AJTAY 3 PA3JTMYHBIX
IHPEAMETHBIX OBJIACTEHN

bnaronaps 3anoxeHHoi B pazpadateiBaemoe [10 yHHBepCcanbHOCTH, OHO YCIEIIHO
MCIIOJIB30BAJIOCHh HA ITPAKTUKE JUIsl PEIICHUs] IIUPOKOIO CIEKTpa MPUKIAAHBIX 33134 U3
COBEpIIIEHHO Pa3HbIX MPHUKIaIHBIX obmacTeil. C momonisio qanHoro 110 6bu1H co3nansl
u o0yuens! Mmojenu MHC, koTopele ObUIM yCHEIIHO UHTErpupoBaHbl B cropoHHee [10.
KonmuuectBo Momudukanuil, KOTOpbl€ MPULOUIOCH BHECTH B aBTOMAaTHYECKHU
CT€HEpPUPOBaHHbIE MPOTPAMMHBIE OOOJIOUKH, OTIMYAIOTCA JUIsl KaXXAOW KOHKpPETHOU
npukiagHon 3amaud. [Ipu sToM mx Moau@ukanuu ObUIM BbI3BaHbI HCKIIIOUUTEIBHO
O0COOEHHOCTSIMU KOHKPETHBIX MPUKIAIHBIX oOsacted. OqHaKko, HU B OJTHOM CJIy4yae He
IPUILLIOCH BHOCUTh MOJU(UKAIIMKM B caMy MOJEIb U PEIaKTUPOBAHUIO MOJBEPIIINCH B
Pa3IUYHON CTENEHU TOJIBKO MPOTrpaMMHBIE HHTEP(EICHI.

OTaenbHO CTOUT OTMETUTh, YTO Ha CErogHsAHUN neHb uHrepdeiic 110 emé
HaXOAMUTCA B IpoLEcce pa3pabOTKH, MOATOMY KOHEUYHBIM MOJIb30BATENSAM MTOKA YTO eUlé
TpeOytoTcs 3HaHUsa B oOsactu MO, uyToObl MOXHO ObLIO padotath ¢ ganHbiM [10. K
HACTOALIEMY MOMEHTY BPEMEHHM 4YacThb NPUKIATHBIX 3ajad Oblja pelleHa Ha YpOBHE
CO3JIaHUsI OTHENBHBIX MTPOTPAMMHBIX MOIyJeH, coaepxkamux co3nannele MHC. Takxke
€CTh MpUMEp MPAKTUYECKOrO0 HCIHOJIb30BaHUsl paspadoranHoro 1O anga co3ganus
aBToHOMHOTO 10, KOTOpOE OBUIO BBEAECHO B KCILTYyaTallMIO U YCIEIIHO MCIONb3yeTCs

CTOPOHHHUMH OpPraHmu3alvsiMH.

4.1 ba3zoBas MeTOAUKA HCNO0Jb30BaHUA Pa3pa00TaAHHOI0 MPOrPAMMHOIO
o0ecrieyeHust

[Tockonbky B pazpadoranHoMm [10 peanuzoBana kontenius No-Code pa3paboTku,
caMa MeToJuKa paboThl ¢ HUM He TpeOyeT HamucaHusl MpOorpaMMHOro kKozda. Takke
BBICOKAsi CTEMEeHb aBTOMATHM3AIlMM HE TpeOyeT HEMOCPEACTBEHHOTO YYacTHs
MOJIb30BaTEIsl B reHepaiuu u ooyuennu mojeneit UHC. Tem He MeHee, B 3aBUCUMOCTH
OT TOCTaBJICHHOM Iepej] MoJib30oBaTeleM 3ajauyu, mnpoiecc pabdorsl ¢ [0 moxer

otimuaTtbes. Ha ocHoBe PE3YyJIbTAaTOB BLIIIOJIHCHHBIX I/ICCJ'ICILOBaHI/Iﬁ 1 MHOT'OYHCJICHHBIX
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MalIMHHBIX SKCIIEPUMEHTOB Obl1a chopMHUpoBaHa 0000IEHHAs MeTo1uKa padoThl ¢ 10
KOMIUIEKCHOM aBTOMAaTHU3allUuU ITPOLIECCOB F'e€HEepaIK, 00YUEeHHS U UHTETPaIly MOJIeJIeH
HNHC T1P paznuunbix apxuTekTyp. OHa BKIIOYAET B CEOsl CIIEYIONINE ITAIbI:

Oran 1. [lonb3oBarens qomxkeH chOpMUPOBATh BXOJIHYIO BHIOOPKY JaHHBIX, Ha
OCHOBAHHE KOTOPOW OYyJIeT OCYIIECTBIATHCA O0yYEHHUE U TECTUPOBAHUE CO3/IaBAEMBIX
Mojenelt (pa3OueHrue Ha OOydYarollyl0, TECTOBYIO M IPOBEPOUYHYIO BBIOOPKY OyJleT
ocymiecTBiIeHO paspabotanasiM [IO aBTomMaTmdecku). Tem He MeHee, MOCKOJIBKY B
paMKax JWccepTalMM HE CTaBWIAch 3ajJadya aBTOMATHUYECKOM  IMOATOTOBKH,
HOPMAJIM3AIMM U PA3METKU OOYYalolIUX JAHHBIX, BCE ATH OMNEpPAIMH IOJIb30BATEIIO
TpeOYyeTCsl OCYIIECTBUTh CAMOCTOSTEIBHO.

Oran 1. ITonp3oBarens goixkeH 3arpy3uth B [1O MOATOTOBIEHHBIE U pa3MEUEHHbIE
JlaHHbIE, BBIOpATh KJIacC peliaeMoi 3aa4uu U 1aTh Ha3BaHUE MOJIEIH.

Otan 2. JlaHHBIN 1Iar sBJISIETCS ONMIIMOHATLHBIM. J[J1s1 BRIOpaHHOTO Kjlacca 3ajiad
aBTOMATHYEeCKW  OyayT BBIOpaHBI 1O  YMOJYAHUIO  HayajbHble  3HAYCHUS
COOTBETCTBYIOIIMX TuUIieprnapamMerpoB. OQHAKO, MOJb30BATENb, MIPU JKEIAHUUA, MOXKET
BBIOpaTh 3HaueHUs camMocTtosTenabHo. Jlns pasaeix apxutektyp MHC TIP waGop
BapbUPYEMBbIX TUIIEPIAPAMETPOB U UX 3HAYEHUSI OYyT OTINYATHCS.

Oran 3. Ilocine BbIOOpa BCeX HAYaJIbHBIX HACTPOEK IMOJb30BATEIb JOJKEH
3alyCTUTh Ipoliecc aBroMarnueckoro cuare3a moaenu MHC I1P.

Oran 4. [locne oKOHYaHMS CUHTE3a MOJIeJIM 0TOOpakaeMbIii Ha TTOJIb30BATEIILCKOM
uHTepdeiice craTyc 3aJayd U3MEHHUTCS, M TI0JIb30BaTEb CMOXKET CKadaTh apXuB,
COJIep Kallliii MPOrPaMMHYIO peaau3aliiio roToBoi Mojaenu u conyrcrByromiee [10.

Ortan 5. [lomyyuB mporpamMMHyro peanuszanuto co3ganHort moxenu MHC IIP,
M0JIb30BaTENIb MOXKET HHTErPUPOBATH €€ B cTopoHHEe 110 min ucnoab30BaTh HAMPSIMYIO.

ITockosibKy OmMCaHHash METOJUKA SIBIsieTCS 00OOMIEHHOM, Ha TMPaKTHUKE HaOop
NecTBUM Ha 3Tamax | u 6 MOXET OTAMYaThCA IS PA3IUYHBIX MPUKIAAHBIX 3ajad.
[Tpumepsl Takux cUTyanuid OyIyT pacCMOTPEHBI Jajiee PHU PEIICHUH TPEX Pa3IMYHBIX

MMPUKIIAIHbIX 3a1a4.
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4.2 Mopeab 1 NPpOrpaMMa NpoOrHo3MpPoOBaHUs YPOBHSA BOAbI IPH
BO3HUKHOBEHHH JIeIOBbIX 32aTOPOB

B Hacrosiiee Bpemsi, HECMOTpsi Ha JOCTHXKEHUS B 00jacTtu (HOpMabHOTO
OTMKCaHUSl ¥ MCCIETOBAHUS CIOKHBIX 00BEKTOB, OCTAETCS OONBIION KiIacC OOBEKTOB U
IIPOLIECCOB, KOTOPBIE BCE €€ KpalHE CII0KHO MOJEIMPOBATH C LENbI0 AAIBHEHIIETO
pELIEHHs] COOTBETCTBYIOIIMX 337ay aHajiu3a M NPOTHO3UPOBAHUSA WX TIOBEACHUS.
[Iponiecc BeCEHHEro BCKPBITHA JIbJIa U IOCIEAYIOIIErO IOJIOBOJbS HA PEKax KakK pas
ABJIIETCSI TPUMEPOM MOJOOHOro Kjacca mpoieccoB. [loMMMO 3aBUCHUMOCTH OT
METEOPOJIOTUYECKUX U THIPOJOTHUYECKUX APAMETPOB, CYIIECTBEHHOE BIUSIHUE HA ATOT
IIPOLIECC OKA3bIBAIOT U Teorpapuueckue 0COOEHHOCTH caMuX peK. st IpOrHo3upoBaHUs
noBeZieHUs: peku B mosioBoabe coTpynuukamu CIIMUPAH Owuta paspadorana MC
«ITPOCTOP» [141]. Vcnionb3yeMble B 3TOM cUCTEME MOAECIN U METOJIbI MPUMEHSIOTCS
JUISL OIIEPATUBHOTO IIPOTHO3UPOBAHUS COCTOSIHUSI PEYHOTO pyClIa.

B xone paspabotku gannoit UC ctano sicHo, 4To mJis obecreueHus TpedyeMoro
YPOBHS aJICKBATHOCTU YKa3aHHBIX MOJIeJIel He0o0X0IuMa UX aJanTaius K JMHAMUYEeCKU
U3MeHAIMMcs ycioBusaM. [IpenBaputenbHblii aHAIU3 MOKa3all, YTO HCIIOJIb30BaHUE
JIOCTOMHCTB CYHIECTBYIOIMNX aITOPUTMOB MO TO3BOJISET YCIEMIHO NPUMEHATh UX IS
pelIeHUs] 3aJadyd MPOTHO3UPOBAHMSL [JIHS BCKPBITUS JbJa H  MOCJIEAYIOUIETO
nporuo3upoBanus yposss Bojsl [30, 95, 139].

[TockonbKy  THIOPOJIOTHYECKHE U METEOpPOJIOTHYECKHME  HaAOIIOACHUS
IPUMEHUTENIBHO K KaXA0u peke PD mpoBOIATCSA yKe MHOIO JIECSATUIICTHM, UMEETCS
00JIbIIION 00BbEM UCTOPUUECKUX CTATUCTUUECKUX JAaHHBIX, UCTOJB3Yysl KOTOPhIE MOXKHO
MPOAHAIM3UPOBATH MPOLECCHI JIEA0X0/1a B PA3JIUYHBIX YCJIOBUAX, U YK€ HA OCHOBAHUU
ATUX JAHHBIX TMPOBECTH TeHepanuio U oOyuenue monenun MHC s pemenust 3amay
MPOTHO3UPOBAHUSI HABOIHEHU.

B mnocnemnue roapl co3mano MHOXKecTBO kpymHbix HMC wa 6aze WHC,
MMPOTHO3UPYIOIIMX YPOBEHb BOJBI HA PEKax, KOTOPbIE IMPOAEMOHCTPUPOBAIN CBOKO
onpeneneHHyo 3p@pexkTuBHOCTb. OHAKO BCE 3TH CUCTEMbl HCHOJB30BAIMCH IS
MIPOTHO3WPOBAHUS YPOBHS BOJIBI HA PEKax, KOTOPBIE INOO HE 3aMeP3aroT, MO0 YPOBEHB

uX MpoMep3aHusi 3UMON HezHauuTesneH. KparkoBpeMeHHOe MPOTrHO3WPOBAaHUE YPOBHS
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BOJIbl HA peKax C IIyOOKMM MpPOMEpP3aHUEM U MPOTHO3UPOBAHME JHS BCKPBITHS JIbAa
ABJIAETCSI HAa JIaHHBIA MOMEHT YHHUKaJIbHOW ocoOeHHocThi0 Mmonenedn WMHC,
CTCHEpUPOBAHHBIX U OOYYEHHBIX C MoMoInbio pazpadoranHoro I[1O. B kadectBe
npuMepa, WUTIOCTPUPYIOLIET0 BO3MOXKHOCTH co3/lanHbix Mojened MHC, mpuBoasrcs
pe3yibTaThl PEIICHUS C UX MOMOILBIO 33/1a4 IPOTHO3UPOBAHMS 1aThl BCKPBITHA JbAA U
YPOBHS BOJIbI Ha yuacTke peku CeBepHas [[BuHa, Bo3ie ropoaa Benukuit YcTior.
Monenn HMHC renepupoBasiiich ¥ 00yyanuch Ha JAaHHBIX, KOTOpbIE OBLIH
MOJy4eHbI ¢ yuacTka peku CeBepHas [[BuHa B paiione ropoja Benukuii Y crior Ha 1 aTane
METOJMKHA HCIOoNb30BaHus pa3padboraHHoro [1O. JlaHHBIM ywacTOK, H3-3a OCOOBIX
XapaKTEPUCTHUK pyciia, UMEET MOBBIIIEHHYIO OMMaCHOCTh 00Pa30BaHMUSI JIEJOBBIX 3aTOPOB.
TpeboBasioc co3mate J1Be otTaenpHble Mojenun WMHC: qnsg monarocpoudHoro
IIPOTHO3MPOBAHUS JTHS BCKPBITHS JIbJA U ONPEIETICHUS MAKCUMAJIbHOTO YPOBHS BOJbI B
TEYEHUE BECEHHEr0 CE30Ha, a TaKXkKe JUIsi KPATKOBPEMEHHOTO MPOTHO3UPOBAHUS
BEPOSITHOCTH BCKPBITHS JIbJIa U YPOBHS BOJIbI B OJIvKalIue 3 JHS OTHOCUTENBHO 1aThl
pacuéra nporno3a. Jlanusie 1151 o0yduenust mozeneit UHC O6bu1n mostydeHbl U3 OTKPBITBIX
UCTOYHUKOB. Bp1OOp mapaMeTpoB npeacka3zaHusi BEPOSATHOCTH 3aTOPOB 00yCIIaBIUBaICS
U3BECTHBIMH CYIIECTBYIONIUMH 3aKOHOMEPHOCTSIMH 3a)KOPO- U 3aTopooOpasoBanms [1].
Hanee, nyist pemieHust 3aa4l 1OJITOCPOYHOTO MPOTHO3UPOBAHUS JTHS BCKPBITHS
JbJa 1 MAaKCUMAJIbHOTO YPOBHS BOJIBI 32 BECHY, Ha 2-5 3Tarmax METOUKH UCIIOJIb30BAHUS
pa3paborannoro [10O, Obuta crenepupoBansl mogenu MHC, apxutektypa u HacTpoilku
KOTOPBIX MOJOMPATIUCh UCXO/As U3 3HAUEHUI apaMeTpoB 00bEKTa MPOTHO3UPOBAHUS, B
paMKax aBTOMAaTHM3MPOBAaHHOTO 0OyueHus. PazpaboranupiM [10 KoMIUIeKCHOU
aBTOMAaTU3allMd TMPOLECCOB reHepaiuu, oOydenuss u unrerpanuu moxaened MHC TIP
pPa3TUYHBIX apXUTEKTYp OblIa aBTOMATU3HPOBaHO co3nana moaenb MHC apxuTektypsl

MIIP, nmeromas cienyromme XapakTepruCcTUKH .

° BXOJIHOM CJIOW — 8 HEUPOHOB;
o NEPBBIN CKPBITHIN cil0il — 50 HelipoHOB, PyHKIMS akTUBaLMK softsign;
° BTOPOI CKPBITHIN ciioi — 50 HeMpOHOB, (DYHKIMS aKTUBAIMU Softsign;

o BBIXO/HOM CIIO¥ — 3 HelipoHa, PyHKIMS aKTUBALMU Softsign;
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J ¢ynkuus noreps — logcosh;

o aJIrOpUTM ontumu3aiuu — adaptive moment estimation (adam);

o KoJinuecTBo 31ox ooydenus — 900.

JIns  pemieHus 3amaud  KPATKOBPEMEHHOTO MPOTHO3MPOBAHUSI  BEIMYHMHBI
NPOIICHTHOW BEPOSTHOCTH BCKPBITUS JIbJa U YPOBHS BOJABI B OJIMIKAWIIKE TPU JIHS
OTHOCHTEJBHO JIaThl pacuéra MPOrHO3a, MO0 TEeM e IMPHUHIMIAM, Obla MOCTPOCHA

caenyromas Mmoaens MIIP:

° BXOJIHOM CJIOW — 16 HEHPOHOB;

o MEPBBIN CKPBITHIN €10 — 66 HEMPOHOB, PYHKITUS aKTUBAIMK softsign;
o BTOPOU CKPBITHIN CJI0M — 66 HEHPOHOB, (DyHKIIMS akTUBaluu softsign;
o BBIXOJTHOM CJI0i1 — 6 HEMPOHOB, PYHKIMS aKTUBAMU sigmoid;

. ¢ynkuus noreps — logcosh;

o aJIrOpUTM ontumu3anuu — adaptive moment estimation (adam);

o KoJm4ecTBo 31ox ooyuenus — 1200.

Pe3ynbTaThl TECTUPOBAHMS CO3JaHHBIX MOJENICH MOKa3aldu, YTO MPOTHO3 JAThI
BCKPBITHS JIbJIa, PACCUMTaHHbIN ¢ ucnonb3oBanueM MHC, okazalics He Xy»Ke MporHo3a
Pocruapomera (¢ TOUKM 3peHUSI KOHEYHOTO pe3yJibTaTa MPorHo3upoBanus). OqHako Ha
JnaHHbIX 3a nepuoj ¢ 2000 rona, mporHo3, BRIMOJHEHHBIM ¢ nmoMoupo Moaenu MHC,
uMeeT OOJIBIIYyI0 TOTPEIIHOCTh, T.K. OH HE YUYUTHIBAT CYOBEKTHUBHBIA (HaKTOp,
BBI3BAHHBIN BIUSHUEM YEJIOBEKA HA €CTECTBEHHBIN JIEI0X0/1 (B YACTHOCTH MOJIPHIB JIbJA).
[TosTomy Ha ganHbIX B nepuoj ¢ 2000 roma ¢ ucnons3zoBanueM MHC ocymectBisics
MIPOTHO3 €CTECTBEHHOTO JIEI0X0/1a, KOTOPHIN ObLI Obl B OTCYTCTBUE BIUSHUS YEJIOBEKA.

Taxke cozmanHas mozaenb MHC, moMuMo AaThl BCKPBITHS Jibja, PACCUUTHIBACT
MPOTHO3 BEPOATHOCTH 3aTopa. [IporHo3bl JaHHON BEPOSITHOCTH B CBOJHOM BHJIE
Pocrugpomer He naér, a TOJIBKO MPEIOCTaBIISIET CBEJACHUS O TMIPEArnojiaraeéMoM
3aTOIUICHUH, TPU HACTYIUICHUH 3aTOPA, B CBSI3U C YEM CPABHUTH UX HE MPEJICTABISETCS
BO3MOXXHBIM. Pe3ynbTarbl KpaTKOBPEMEHHOTO MPOTHO3UPOBAHUS YPOBHS  BOJIBI,
noJiy4eHHsle ¢ ucnonb3zoBanuem mojnenu MHC, ornuyarorcst 6osiblieit TOYHOCTBIO, 10

CPaBHCHHIO C AOJITOCPOYHBIM IIPOIrHO30M JAHS BCKPBITHA JIbJA. B cBoro oucpcinb,
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AHAJIOMYHBIC LOCHTPAIN30BAHHLIC CHCTCMBI OIICPATHBHOI'O ITPOTHO3HUPOBAHMA HAThI

BCKPBITHS U XapaKTEPUCTHUK Jie10xo1a y Pocrugpomera OTCYyTCTBYIOT.

Pesynbratel TectupoBanua mozeneii MHC moarocpoyHoro m KpaTKOCPOUHOTO

IIPOTHO3UPOBAHUS XapaKTEPUCTHK Jiegoxoaa (pucyHku 4.1 — 4.8) 1eMOHCTPUPYIOT, 4TO

CO3JaHHBIE B paMKaxX JJaHHOW auccepTanmoHHOW pabdoTer moxenu HMHC wmmeror

COIMIOCTAaBUMYIO C ITPOTHO30M POCI"I/I,Z[pOMCTa TOYHOCTB, a4 TAKXKC O6J'IaI[aIOT IMUPOKHUM

CIIEKTPOM MNPOTHO3UPYEMBIX MAPAMETPOB U BO3MOXKHOCTBIO MOJYUYEHHUS YTOUYHEHHOTO

IIPOrHo3a B TCUCHUC BCEH BECHBI.
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nmaHHbIX 32 1937 — 2015 roxga

5 man
30 anp /\
= PeanbHan Aata
& 25 anp /\ BCKPLITUA /b3
2 20 anp
€ 15anp
g_ 10 anp MporHosupyemasn
§ 5 anp [aTa BCKPbITUA
& 31map e
= 26 map MporHo3supyemas
21 map Pocrmapometom
16 map AaTa BCKPbITUA
2007 2008 2009 2010 2012 2013 2014 2015 Lo

log

Pucynok 4.4 — CpaBuenue npornosa moaenu MHC ¢ nporuo3om Pocruapomera, Ha
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Pucynox 4.5 — KpaTkocpouHblii MPOTHO3 pacxojia BOJIbI 3aBTPa B MEPHO]I BECEHHETO
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PucyHnok 4.6 — KpaTkocpOo4HbIii IPOTHO3 pacxoJa BOJbI Ha MOCIE3aBTPA B IEPUOJ

BeceHHero Jenoxona 2017 roaa
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Pucynok 4.7 — KpaTkocpo4HbIil MPOTrHO3 pacxo/ia Boibl Ha 3 THS BIEPE B MEPUO]T
BeceHHero Jenoxona 2017 roma
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Pucynoxk 4.8 — Kpatkocpo4HbIi TPOrHO3 BEPOSITHOCTH BCKPBITHS JIbJIa B CIEAYIOMINE 3
IIHS B Tiepuo]1 BeceHHero Jienoxona 2017 roga

OCHOBHOE € TPEUMYIIECTBO MPEACTABICHHBIX MOJIENIEH 3aKITI0YAETCSI B TOM, YTO
MIPY CYIIECTBEHHBIX U3MEHEHUSIX PycClia peKH Uin pexxuMma jenoxoaa, 3tu MHC MoxHO
nepeoOy4YnTh Ha HOBBIX JIaHHBIX, C TOMOIIbIO co3ganHoro [IO kKomruiekcHOU
aBTOMAaTH3allMKM TIPOIIECCOB TeHepaiuu, ooyueHus u uHterpauuu mozeneit UHC TIP
Pa3IMYHBIX aPXUTEKTYP. DTO SIBJIAETCS BAXKHBIM OTIIMYUEM OT UCIOJIb3YEMbBIX B JAHHOE
BpeMs MOJIEJICH, KOTOphbIE MPUXOAUTCS pa3pabarbiBaTh 3aHOBO. JlaHHBIA MOAXOM, B

NEepCreKTUBe, MOTpeOdyeT MeHbllle BpeMeHH H pecypcoB i anantanuun  MC
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MOHUTOPHUHTA U MMPOTHO3UPOBAHUS CIIOXKHO (POPMaATU3YEMBIX TUHAMUYECKUX 0OBEKTOB,
B T.4. HABOJHEHUH, TIPU €CTECTBEHHBIX M MCKYCCTBEHHBIX M3MCHECHHIX XapaKTEPUCTHUK
00BbEKTa MPOTHO3UPOBAHUS.

Ha 6 stane metonuku npumenenus pazpadborannoro [10 cozpanubie mogemu MHC
HCITOJIB30BAJIMCH HE aBTOHOMHO, a ObuTH BHEAPEHBI B caM C «[TPOCTOP» kak ogHa u3

nojcucteM nporHosuposanus [8]. Cxema MC mpocTop mpeacTaBicHa Ha pucyHke 4.9.

w13 Ceponc wcnonbIosa s NPOrpasas wse ITePSeRCLs

1O CRPINCHAN Wnha — PRINOPOANMX Aasniex [133 o HOCTYTIA K CTOPOM M CHC TE MM
W Ol Pt
I | ORI TADOR Ssaan e
| - ) “ 3 s Tra — L3 Copanc oapymena W
. Dewndpossa o 3 ITOPHLEE RISen Pernomanuiee
> ‘ — | MRTOOPOAOTIGOCKM i NPOCTPIRC TBeHLse
™ o Koaoe K1, 0415 A
1 — ‘ ) ‘ b . Copanc avamia L3 Cepenc goctyns
@ PHOWOS RTONNCHME K peraciarmaium -
COBEKTON WdPICTRYKTY POl P B

Rines ONACdemn
Cptrapwrs
NI WS v

ACTANDMAS GEYMCDHAR (s Xpawannye

a map AMIEC KAN o | YRECANMMD pesynbYaTon

B00K MORONH NOROTS A TODPUTORHID | AckTpmas s MORENHPORAMIA
FOPOACKON JACTROMO T
ORMOMEpIIH AEIMENGA -2
RADARHMIMVUECKIN EMDOAMHAMMSECK N Nsarard "3 .
MOfenL MOREAD 13 SECH a0 s — L Cepninc nyGRakaLs pesynsTaTos MOACAMPOBAHIA
YVRCTOK MORRNRPORAHNA -
Fre. ‘ H ‘
RAL MO 13 MCRYCTREHIX
HOPNIROAIIAA MHERDOMMMX CeTRX
1O
Yopasnesss
AMOTTY I MIOCOR Do T EWAAMMOND IO WO e Cantad aaed »
W08 TP TEVNOOKON AT (OOt Y,
‘ leonopran wa Wmoa CMC COeumaninInpoaaiomio
Q COPanc OTCNEMMBINMN PETYMIatos MODIWMMLX YCTRORCTRAX ONOSCUIEH A CHCTeME CO0BCUeN
= }
o
T Posctp copamion
L3 Cepawc meaepnperagme 3 P
NPOCHORE W SOPMUPOBIHME =i == % Cepeep ST Cepaep MOMNTOPUHIA
o
KOMTYPOS JITONNEHIA NIMUHICTDHPOBAHNA WP PICTRYKTY Pt

Pucynok 4.9 — Jleranbnas cxema UC «ITPOCTOP» ¢ ykazaHueM MeCTOINOI0KEHUS
pazpabdorannoi mogenu MHC B o6ielt cTpykType

Kakx Bugno u3 cxembr, MC Obuia pazpadoran Ha ocHoBe COA. Ilostomy
CreHepupoBaHHbIe 1151 co3nanHbix Mozenei MHC cepBucHbie 000710YKH MPAKTHYECKU
0€3 U3MEHEHHI ObLIIN UCIIOIb30BaHbI B HEH.

TectupoBanue mojeneir MHC B coctaBe MC npoBoIMIIOCH BO BpeMsi BECEHHETO
nenoxonaa 2018 roga. Bo BpeMs 3TOro TeCTUpOBaHUs MOJIENIA TTOKA3aJId CBOKO TOYHOCTD
u 3G(}EKTUBHOCTh, a MporpaMMHas OO0O0JIOYKA YCIENIHO TMpolia MPOBEPKYy Ha
Han&xHocTh. [Ipumep untepdeiica UC «ITPOCTOPy ¢ pesynbraTamu paboThl Moaenen

NHC npeacrasnen Ha pucynke 4.10.
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Pucynox 4.10 — mpumep unrepdeiica UC «ITPOCTOP» ¢ pesynbraTamu
KPaTKOCPOYHOTO MPOTHO3UPOBAHHUS YPOBHS BOJIBI JUIsl KOHKPETHOTO THAPOIIOCTA
(paBbIit BEpXHUI yrol uHTEpdeiica)

4.3 Moaeab 1 IporpaMmMa NpoOrH03MPOBAHNS JTUHAMUKHU U3MEHECHUS
(puToMacchl pacTUTEJbHBIX COOOIIECTB TYHAPbI

[IpoOnema oleHMBaHUS 3aMacoB HAA3eMHOW (UTOMACCHl  PaCTUTETHHBIX
COOOIIECTB Pa3HbIX MPUPOJTHO-KIMMATHUYECKUX 30H U MIPOTHO3UPOBAHUE UX U3MEHEHUN
B 3aBUCUMOCTH OT (haKTOPOB CPEIbI ABJISICTCS BAXKHOU MPAKTUYECKOM 3a/1aueid B 00J1acTH
CEJIbCKOTO Y MPHUPOJIOOXPAHHBIX XO3SUCTB. 3HAHUA O 3amacax (PUTOMACChI MO3BOJIIOT
OIICHUTh KOPMOBYIKO E€MKOCTh MAacTOMIIl M pPacCUUTaTh MPEACIbHYI YHCIEHHOCTH
JOMAIIHUX  WIM  JUKAX  KUBOTHBIX  JUISI  JUIMTEIBHOTO  YCTOMYUBOIO
MPUPOJIOIOIb30BAHUS.

C HayuHbIX MO3ulMiA HHpOpMaIus O ¢uTOMacce BakHA Il MCCIEIOBAHUS
KPYTOBOPOTOB OMOTEHHBIX OJJEMEHTOB W YCTAHOBIICHWS TPAHUI] TMPUPOJHO-
KIUMAaTHYECKMX 30H B  YCJIOBHUSAX  MPOUCXOISAIIETO  TMOTEIJIECHUS  APKTHUKH.
[Iporno3upoBaHue MO3BOJIAET OIICHUTH BEIWYMHY 3aMacoB (PUTOMACCHI M CMEIIECHUE
rpaHull MPUPOJHBIX 30H B MEPCHEKTUBE B YCIOBUSX HU3MEHsoOLIErocs: kiumara. [Ipu

pelIeHnH MoI00HBIX 3a71a4 BOZHUKAET IpodieMa co3aaHus Mojienei, 3ppeKTUBHOCTh U
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MOJIE3HOCTh KOTOPBIX BO MHOI'OM 3aBHCHUT OT MPUMEHSEMBIX MATEMAaTUUECKUX METOJIOB
ux nocrpoenus. Ciaenyer TakKe yUUThIBaTh JOCTOBEPHOCTh, TOYHOCTh, 0OBEKTUBHOCTb,
HEYETKOCTh, OJJHOPOJHOCTh WJIM HEOJHOPOJHOCTh, OOBEM U JIPYTUE XapaKTEPUCTUKU
aHATM3UPYEMBIX TaHHBIX U WH(DOpMAIUH.

PemaemMasg B JaHHOM HCCIIEJOBAaHUM 33Jladya MCXOJHO OIpEAENIeHa Kak cjiado
dbopmanuzoBanHas. Takas QopmynupoBKka cBsi3aHa € TEM, 4YTO ISl HPUPOIHBIX,

OOIIECTBEHHBIX U TEXHOCPEPHBIX CHCTEM XapakTepHsI [18]:

o B3aMMO3aBHCHUMOCTb CBOWCTB M OpTaHU3aIlNH;

o OecrepCIeKTUBHOCTh MPUMEHEHHS JIMTHCWHBIX allpOKCUMAIIHH;

o CTOXACTUYECKOE (HeIeTEPMUHUPOBAHHOE) TTOBECHUE;

° HE BBEIBOJUMOCTH CBOMCTB CUCTEMBI KaK I[€JIOT0 U3 CBOMCTB €€ JIEMEHTOB;
o HE BOCIIPOU3BOJAMMOCTH TTOBEICHUSI TI0 HA4YaJIbHBIM JIAHHBIM;

o HEOTPEICTUMOCTh M JIOTHYECKasi HETI0Ka3yeMOCTh 3aKOHOB IPUYNHHOCTH;
° CaMOII0J00H¢;

o caMOpa3BUTHE.

J11st 3a1a4 OTIEHUBAHUS TUHAMUKA (PUTOMACCHI PACTUTEIBHBIX COOOIIECTB TYHIPBI
XapakTEepHbl BCE TMEPEUYHCICHHbIE OCOOCHHOCTSIMU C TMPUCYIIMMH BHYTPEHHEH
HEONPEIETICHHOCTHIO, IMIUPUUESCKIM 0TOOPOM (HaKTOPOB, OMIMOKAMH MX OTIPE/ICTICHUS,
HETOJIHOTOM YYUTHIBAEMBIX BHEIIHMX BO3MYIIAIOIMINX BO3JCHCTBHHA, HATUINEM
JIOKAJTBHBIX MUKPOKIMMATHYECKUX U MMOYBEHHBIX YCIOBUN MTPOU3PACTAHMS COOOIIECTB U
MHOTHX JPYTUX NpHYHMH. TakuMm 00pa3oM, MOXHO KOHCTaTHPOBATh, YTO IS TaKOTO
cnabo (GopMalM30BAaHHOTO MPUPOJHOTO OOBEKTa MOCTPOUTH aJCKBAaTHYIO MOJICIb
METOIaMH JIETEPMUHUPOBAHHOM MaTEeMAaTHKN HEBO3MOXKHO.

[Ipyu 3TO WMEIOTCA MCXOTHBIC SMIIMPUUYCCKUE JaHHBIC, KOTOPBICE MOXKHO
WCIIOJIB30BATh JIJIs1 pa3pabOTKU MOIeIel MPOTHO3UPOBAHUSI. DTO CBEACHUS O CE30HHOU U
MEXTOJIOBOM JUHAMUKE (PUTOMACCHI BUJOB U COOOINECTB PACTUTEILHOTO MOKpoBa. J[is
OIICHWBAHUS CE30HHOW W MEXKTOJIOBOH JWHAMUKH TIPOAYKTHBHOCTH PACTHTEIIBHBIX

COO6H_ICCTB qaCTO HCHOJIB3YIHOTCS Pa3JIMYHBIC BCTCTAMOHHBIC HMHJCKCHI, TAKHUC, KaK:
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NDVI (Normalized Difference Vegetation Index), yayudiieHHbII BereTallOHHBINA HHICKC
EVI (Enhanced Vegetation Index) u nucroBoit manexe LAl (Leaf Area Index) [24].

Jlyist pelieHus 3aa4il MIPOTrHO3UPOBAHUS COCTOSIHHMSI OITUCAHHOTO O0BEKTa OBLIO
CO3/1aHO HECKOJIbKO MOJIeiel, 00eCIeunBalOIIMX MPOTHO3UPOBAHUE 3aMIaCOB HAI3EMHOIM
dbuTtomMaccel (MaKCUMallbHOM  BENMYMHBI  (PUTOMAacChl B TEPUOA  BETETAIUH)
PacTUTENBHOTO COOOIIECTBA TYHIPHI KaK CIOKHOM c1abo hopMan30BaHHOW CUCTEMBI,
B 3aBUCUMOCTH OT MOTOJHO-KJIMMATUYECKUX yclIoBHil. [Ipu 3TOM HCMONb30BaH MmpueM
NepeBO/ia CTATUCTUYECKH CJIa00 MPEACTaBICHHOT0 MaTepraia Ha3eMHBIX HAOIO/ICHUH B
o0nmacTh 0OoJieeé TOYHBIX M CTATHCTHYECKH JIOCTOBEPHBIX IO OO0BEMY JIaHHBIX
KOCMHYECKAX CHUMKOB OZJHOTO M TOTO € palloHa UccienoBaHui. Moaenu co31aBaIicCh
Ha OCHOBE JIaHHBIX O PAaCTUTEIBHBIX IrpynnupoBkax octpoBa Koiuryes. Mcnonb3oBanuch
apxuBHbIE AaHHbIe 00 NDVI, pe3ynbrartel HAa3eMHBIX U3MEPEHHUI (PUTOMACCHI, a TAKXKE
00o0mieHHble gaHHbie 0 cBsi3u NDVI ¢ ¢utomaccort ams O6moma tyHmpsl [112].
Hcnons3zoBanne NDVI kak npomexyTO4HOTO nmapaMerpa CBsI3aHO C HEBO3MOKHOCTBIO
MOCTPOCHUSI TMPSIMON CBSI3M MEXKIY BXOJHBIMU JaHHBIMH U TPOTHO3UPYEMBIMU
napamMeTpamMu  u3-3a  OOBEKTUBHOMW  HEBBIMOJHUMOCTH  YCJIOBUM  CO3JaHUSA
peNpe3eHTaTUBHOM BBIOOPKH (KaK MO 00bEeMy, TaK M IO OJHOPOJHOCTH Ha3eMHBIX
UCCJICIOBAHMIA).

[Ipu pemiennu 3aga4u UCMOJIB30BAINCH TPH HE3ABUCHUMbIE MOJIETHU: KIACCUYECKAS
perpeccuoHHas MOJAENb, HEUETKO-BO3MOXKHOCTHBIN ntoaxon u MHC, cunTe3snpoBanHas ¢
nomotibo [10 KoMIIeKCHOM aBTOMAaTU3alUK MTPOIIECCOB T'eHEpaIuu U O0yUeHHUS.

B kauecTBe KOHKPETHOTO OOBEKTAa MOJCIMPOBAHUS MEXKTOJOBONU JHUHAMHUKU
3amacoB (uTOMAaCChl BEIOpaH apkTuueckuit octpoB Konryes (o 30Ha TUTMYHBIX TYHAP),
pacnoyio)keHHbIi B bapenuneBom mope. Ha octpoBe B 2005-2013 rr. mpoBOAUIUCH
reo0oTaHnueckue uccienoBanus [14], 6narogapst KOTOpsIM ObLT HAKOIJIEH OOUIMPHBIN
MaTepuall Mo KapTUPOBAHUIO 30HATBHBIX U MHTPA30HAJIBHBIX PACTUTEIBHBIX COOOIIIECTB
C UX T€00OTAaHMYECKUM ONHUCAHUEM Ha TUIOMIAKaX, CIIEKTPATLHBIMU XapaKTePUCTUKAMHU
U TOYHOU reorpaduueckoil npuBsizkoil. IMEHHO 3TH JaHHBIE U KCIONB30BAIUCH Ha |

ATare METOJIMKHU UCIOIb30BaHus1 pazpadoranHoro [10.
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Ha 2-5 »Ttamax MeTONMKHM UCHONb30BaHUsl paspadboranHoro [IO Obuia
cuntesupoBana mojiens MHC apxurextypst MIIP pemaromias 3agady MoOAeIUpPOBAHUS
B3auMocBs3u NDVI pacturenbHOro coodmiectBa ¢ daktopamu cpensl [16]. Onenka
touHoctn Mojenn MIIP mpoBogWiace mo CpeaHEKBAaAPATUUECKOMY OTKIIOHEHUIO
PACCUMTAHHBIX HA CETHU W MOJIYYCHHBIX IO CIIyTHUKOBBIM JAaHHBIM 3HaueHUsM NDVI.
Oo0yuenue npoucxoawio Ha 1000 snoxax, B kadectBe QyHKIMM moTeps (regression 1oss
functions) nmpumensutace ¢ynkmus logcosh (logarithm of the hyperbolic cosine of the
prediction error), B KauecTBe aJropurMa onTHUMu3anuu (Optimizer) wucmnosib30Baycs
anroput™ adam (adaptive moment estimation). B coctaB BapuaHTOB 00yUYCHHS BXOIMJIO:

o oOy4eHue Mo MOJTHOMY HaOOpy apryMEHTOB JIJisi BCETO C€30HA BETreTaluu U
JUTsl YKOPOUEHHOT'O MHTEpBaja (0T Havajia BereTaluu 10 MoMeHTa onpeaenenus NDVI);

o oOyueHue Mo pacHIMpeHHOMY Ha0Opy C 100aBJIICHUEM B COCTAaB ApTyMEHTOB
3HaueHne NDVI npeapinymiero roaa;

o oOy4eHHe 10 OrPaHUYEHHOMY HA0Opy € yJIaJEHUEM OJTHOTO U3 ApTYMEHTOB.

Pe3ynbrarhl cpaBHEHUS MMOKA3aJIH, YTO HAUBBICIIEH TOYHOCTHIO 00JIaJaeT MOJIEINb
NHC, oOyuyeHHast Ha MOJHOM Habope aprymeHToB. IMEHHO 3Ta MOJIeb ObllIa IPUHATA B
KaueCTBE OCHOBHOM MNPH PELIEHWH 3aJa4d MPOTHO3UMpOBaHWs IuHamMukun NDVI

Briopannas monens MHC nmena cnenyromyro KoHpHUrypamuro:

o BXOJIHOW CJIOM CETU COCTOUT U3 6 HEHPOHOB, COOTBETCTBYIOIINX BXOJHOMY
BEKTOPY;

° CKPBITBIN CJIOM ObUT CO3/1aH OJIUH U COCTOST U3 19 HEHPOHOB;

° byHKIMEH aKTUBAIMH JUISI CKPBITHIX CJI0EB ObLTa BhIOpaHa linear;

o BBIXOJTHOM CJIOM cOCTOsUT U3 3 HEHPOHOB ¢ pyHKIMEeH akTrBanuu selu (scaled

exponential linear units).

[Tockonpky pesynbTaT pabotrsl momenu MHC s maHHOM 3amgadd  CIOMKHO
MPEACTABUTh AHATUTUYECKH, OLIEHKA aJEKBATHOCTU MOJAEIHMPOBAHUS IPOBOAMIIACH MO
KOppensauuoHHbIM ~ TosisiM  (pucyHok  4.11). Ha pucynke 4.116 oT4ernuBo
IIPOCMATPUBAETCS  CHCTEMATUYECKass IMOIPEIIHOCTh, NPUYMHY KOTOPOW MOKHO

O0OBSICHUTh MaJILIMU 00beMaMHU Kak 00ydarolien, Tak 1 TECTOBOM BBIOOPOK.
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Pucynok 4.11 — KoppensuroHHbI€ MMOJIs TOUEK: a — 10 o0y4aroiel BeIOopKe 3a 16 jer,
0 — 10 TECTOBOM BBIOOPKE 32 8 JIeT

Pe3ynbTaThl 3KCIEPUMEHTOB IMOKa3ald, 4yTO ommbka oneHuBanus NDVI mo
mozaenu MHC, o0y4yeHHOI Ha TaHHBIX, YCPETHEHHBIX JUISl CE30HA BEre€Taluu, COCTABIISET
okoiio 5%. Pesynbrarel TectupoBanus moaenu MHC mo BennunHe ommOKM OKa3aauch
BBIIIIE OKUIAAEMBIX ISl HCXOAHBIX PSJIOB JAHHBIX JUIMHOU 25 JIET, MOCKOJbKY CUUTAETCS
[65], uTo TakoW 00BeM uWHPOPMAIMKM MOXKET OKAa3aThCS HEAOCTATOYHBIM IS
s dexruBHoro obOydyenus wmoxaenun HMHC TIP. Ilpu oOyuenmm wmomenu HMHC 1o
YKOPOUYEHHOMY psIly JIaHHBIX OIIMOKa OLIEHMBAHUs BOo3pacTaeT moutu B 1.5 paza. Yuer
MPEABICTOPUH ITyTEM BKJIIOUYEHHS B COCTAaB aprymeHToB ND VI nipenpiayiiero roga noutu
HE BJIUSET HA BEJIMYHUHY OIIUOKH.

DKcrepuMeHThl ¢ 00ydYeHHEM Ha OrpaHMYEHHBIX BbIOOpKAaX MPOBOJIMIMCH IS
OLIEHKH BJIMSHUS BHEIIHUX (PaKTOPOB Ha aJ€KBaTHOCTb MOJENU. Pe3yabTaThl mokasanu,
4yTO HauOoJblIyl0 poiab B u3MeHeHusix NDVI wurpaer cymma temmeparyp. Ilpu
UCKJIIOYEHHH 3Toro (hakTopa ommobka yBenuuuBaetcs ¢ 5 10 8.3%. 3aTem uager cymma
OCaJ/IKOB — YBEJIMUCHHE OITUOKH 110 7.6%, Iepro 1 BereTauu U BpeMsi Hayajia BereTauu
— yBenuyeHue omuoku a0 6.6%. Ilpu uckioueHnn BeTpa U 00JIAYHOCTH M3 COCTaBa
oOyuaroleil BbIOOPKM OIIMOKAa HE YBEIUYMBACTCA, YTO MOXHO OOBSICHUTH ClIa0oi

MEXIOJJOBOM HM3MEHYUBOCThIO 3TUX ¢akTopoB. Takoe pacnpeneneHue (HakTopoB
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COOTBETCTBYET PAHKUPOBAHUIO UX 3HAYMMOCTH COIJIACHO MMEIOIIMMCS UCCIICIOBAaHUSIM
[9, 42].

Takum 00pa3oM, ucnojb3oBanue mojaenau MIIP mpu permeHuy naHHOMW 3aj1ayuu
MOATBEPAUIO TMPUHIHUIIUAIBHYI0 BO3MOXHOCTh MX MPUMEHEHHS JJIsl pelieHUst ciaado
dbopMaM30BaHHOW 3a7a4¥l TPOTHO3UPOBAHUS JUHAMUKH W3MEHEHHS (DUTOMACCHI
pacTUTENbHBIX coo0I1IecTB TyHIAphl. Ho, mockonbky MIIP oTHOcuTCcs K MojeinsMm
OOyYaroIIMMCS C YIUTETIEM, TOYHOCTh PE3YJIbTATOB TPOTHO3UPOBAHUS IIETUKOM 3aBUCUT
OT pa3Mepa M PEeJIEBaHTHOCTH OOydaromiel BbIOOpKH. [lockonbKy B AaHHOM cCiy4ae
oOy4Jarommx JaHHBIX OBLJIO CIIMIIKOM MaJio, NMPOTHO3WPOBAHMUE ITOKa3aTeaed MHOTHUX
aHOMAJILHBIX JIET 0Ka3aJ10Ch KpailHe HeTOYHBIM. OTHAKO, TaHHAsI MOJIEJIb B OOJIBIITMHCTBRE
CIIydaeB BCE e pacCUMThIBaJlla pe3yJibTaT OoJiee OJU3KHI K pealbHOMY, TI0 CPAaBHCHHIO
C JpYyTMMH JBYyMS MOJEISMH. Pe3ynbTarbl NPOTHO3UPOBAHUS PEANTBHBIX JAHHBIX

MPEJICTABJICHBI HA pUCYHKE 4.12.
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NDVI

Pucynok 4.12 — I'paduku pakTHUECKUX U PACCUMTAHHBIX IO MOJENSIM 3HAYEHU N
MmexxroaoBoit nuHamuku NDVI. Kpusas NDVI — daktuueckue 3HaueHUust HHACKCA,
kpuBast MTHC — monens, noctpoeHHas ¢ noMouisio pazpadorannoro I10; kpusas HBII —
MOJENb, MIOCTPOECHHASI HA OCHOBE HEYETKO-BO3MOXKHOCTHOTO MOAX0/1a; KPUBas
Perpeccust — nuHeHas perpecCuOHHAast MOAEb.

[TockonbKy paccmaTpuBaemasi paboTa HOCHIIA UCCIEA0BATEIbCKUN XapaKTep U Ha
JTAHHBIT MOMEHT TOKa HET MPAaKTHYECKOTO MPUKIAJHOTO BHEAPEHUs, MOTPEOHOCTHh B
pa3paboTaHHOW MPOTpaMMHOM 000J109Ke He BO3HUKIA. [ToaTOMYy Ha 6 ATame co3maHHOM
METOJIMKH, CT€HEPUPOBAHHOE MpPOrpaMMHOE oOecrieueHrne Ha 0a3e CHHTE3UPOBAHHOMN
monenu MHC IIP nmpuMmeHsuioch aBTOHOMHO Uil PELICHMS IMOCTABIEHHOM Hay4YHO-
HWCCJIEIOBATEILCKON  3aJayl. C  ngpyrou CTOPOHBI, JTaHHAas ampoOarus
IPOJAEMOHCTPUPOBAJIa BO3MOXKHOCTh MpUMeEHEHHs pazpadboranHoro 1O He ToabKO 1St

PCUICHUA MMPHUKIIAAHBIX, HO U UCCICAOBATCIILCKUX 3a/iay.
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4.4 MojeJsib M IPOrpaMMa Pacro3HABAHUS U MOACYETA YHCJIA CEBEPHBIX
0JIeHeHd 10 a3po(OTOCHUMKAM

Hcnonb3zyemass B HacTosliee BpeMsl METOAMKA YYETOB YHCICHHOCTH JHKHUX
CEBEPHBIX OJICHEW TYHAPOBBIX MOMYJIALMKA (TAUMBIPCKOM, IKyTCKUX HOITYJISIUM, OJIEHEN
UyKOTKH, a TakKe MUTPHUPYIOIIMX CTaJ CEBEepHbIX oJieHeW Kanaapl u  AJsICKM)
OCHOBBIBAETCS Ha YKOJOTMYECKONH OCOOCHHOCTH BHUJIOB, COCTOSIICH B TOM, YTO OJICHH B
JKApKyI0 TIOrOJly BO BpeMs BbLJIETA KPOBOCOCYIIMX HACEKOMBIX COOUpAIOTCsS B
MHOTOTBICSIYHBIE CKOIICHHUSI HA OTPAHUYEHHOW TEPPUTOPUU B CEBEPHOM YaCTH JIETHETO
apeana (IMOA30HBI APKTHYECKUX W TUNMUYHBIX TyHAp) [10, 12]. Crama B CKOIUIEHUAX
dboTorpadupyrOTCs U KOJIUYECTBO KMBOTHBIC B HUX IMOJCUYUTHIBAIOTCS BPYUYHYIO «IIO
rOJIOBAM).

[IpeumyiiiecTBO TaKOro MOAXOJIa MEPE]l YUCTO ANIPOKCUMAIIMOHHBIMU METOIaMU
OILICHKU YUCJIEHHOCTU [23] COCTOUT B CYIIECTBEHHO OOJIbIIEH TOYHOCTU PE3yJIbTaTOB,
MIOCKOJIbKY TOJABJISIIONIEE KOJIMYECTBO KUBOTHBIX B mnonyysamuu (o 90%)
MOACYUTHIBAIOTCS HAMpsMyr Ha Qororpadusx crag U JIUIIb HEOOJBIIOE YHUCIIO
OIICHMBAETCS TMYyTEeM ammnpoKcuMaruu 1o tepputopuu. OmHako pydHas oOpaboTka
pPE3YJbTaTOB ChEMOK JJIsI KPYMHBIX MOMYJISIIIUNA 3aHUMAET OKOJO TPEX MECAIeB, B TO
BpeMsl Kak JJIsl DKOJIOTUYECKH OOYCJIOBJICHHOTO yIpPaBiICHUS TUHAMUKOW YHUCICHHOCTH
MOMYJISIINAU, 111 HEUCTOUTUTEIHHOTO UCIIOJIb30BAaHUSI OMOJIOTHYECKUX PECYPCOB BUAA U
OTpEeNIeSICHUs] HOPM MPOMBICIIOBOTO HM3BATHUS OJICHEH TpeOyeTcsi, 4TOObl JaHHBIE O
YHUCJICHHOCTH OJIEHEH MMEJNCh Obl BO BTOPOI MOJOBUHE aBTyCTa, TO ecTh yepe3 10-15
JTHEW Mocjie OKOHYaHUs aBuaydeta. B cBs3u ¢ 3TUM 0Cc00YI0 aKTyaabHOCTh MPUOOpETaeT
3a/laya aBTOMATU3allMd Mpoueayp oO0paboTku a’po(POTOCHUMKOB Ji COKpalleHUs
BPEMEHU MOJIyYEHUS PE3YJIbTATOB ABUAYYETOB.

B xauecTtBe Mojienu pacnio3HaBaHus MPU PELICHUE TaHHOM 3a/1auu Oblia BEIOpaHa
CHC (xonkpetno apxutektypa MRCNN) [17]. [TockoabKy AaHHBIX I OOydYeHHS B
BBHIODAaHHOW TPHUKIAAHONW 00JIaCTH OKa3aJloCh HEIOCTAaTOYHO, OBUIO TIPEIJIOKEHO
HCIIOJIB30BaTh MOJAX0A TpaHC(hepHOro oOydeHHs HAa MAacCHUBE JaHHBIX, BKIIHOYAIOIIEM
M300paKEeHNE APYTHX JKUBOTHBIX. JTO ObUIO0 HeoOxomumo mist Toro, utoosr MRCNN

Hay4MnJIaChb PACIIO3HABATH KMBOTHBIX KadK KJIACC o0nekToB. Ilocie 9TOro, Ajd pCiicHuA
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KOHKPETHON MPUKIATHON 3a7aud, CETh 1000y4alloCh Ha CHENM(PUIECKOM MAaCCHBE
JaHHBIX, BKIIIOUYAIONIEM a3po(OoTOCHUMKH cTaj oneHed. Crenuduka 3aqauu COCTOUT B
TOM, 4TO (pororpadupoBaHue CTaja MPOU3BOAUTCS C PA3HOIO PACCTOSHMS, HAa PAa3HBIX
JaramadTax, Ipyu pa3IndHBIX YCIOBUAX OCBEHIEHHOCTH, CAMH KUBOTHBIC HA CHUMKAX
UMEIOT Pa3NIUYHYIO0 OKPAaCKy M MOTYT HAXOJIWTHCS TMOJ Pa3HbIMU YIJIaMU K Kamepe, a
TaK)ke€ MOTYT MEPEKPhIBATh APYT Apyra. 3T 0COOEHHOCTH a3pO(POTOCHUMKOB CO3aI0T
JIOTIOJTHUTEIBHBIE CIIOKHOCTH MPHU PEIICHUH 33/a4u paciio3HaBaHus oneHei. [loatomy
Ipe/cTaBlICHHAs 3aa4a sipisieTca HeTpuBraibHoU U mpuMeHenrne MRCNN oOydenHon
TOJIBKO Ha PacipoCTpaHEHHBIX MACCUBAX JAHHBIX HEBO3MOXKHO.

Ha 1 sTane meToauku ucnoiab30Banus pa3padboTaHHoro I10 0CHOBHBIM MacCHBOM
ooyuenus mani MRCNN cran maccuB uzobOpaxkenuit MS COCO dataset (Microsoft
Common Objects in Context). /laHHbIN MacCUB SIBJIIETCS HA CETOMHSIIHUN JI€Hb OJHUM
U3 CaMbIX KPYITHOMACIITaOHBIX HAOOPOB JAHHBIX, KOTOPBIN UCIIOIB3YETCS 711 00yICHUS
mozeneit MO pemenuto 3aad oOHapy X eHusl U cerMeHTanuu. Habop naHHBIX COCTOUT
u3 328 Teicsy u300paxeHui. Bce nzoOpaxkeHuss pa3MeyeHbl U CPOPMUPOBAHBI B
oOyuyarommue BbIOOpKH. [lo3TOMY HCHONB30BaHME AAHHOTO MaccuBa Il 0a30BOTO
oOyuenus moaenu MRCNN no3Bossier 3aaaTh Uil He€ BCE OCHOBHBIC KOHIIEIIIUU
pa3IMYHBIX KJIACCOB OOBEKTOB, B TOM UKCJIIE M )KUBOTHBIX. OAHAKO, N300paKeHUS OJIeHEH
He BxoasaT B MS COCO u monens MRCNN 1o ymogaHuto He CriocOOHA OTIUYUTH UX
OT psAa OpPYyTrUx >KUBOTHBIX (OBEL, Tra3esieil, KOpoB, Jomajaeil). ITo Takxke ObLIO
MPUYUHON TOTO, YTO JUISl PEIICHUS 3a/1aud PacliO3HABaHUSI CEBEPHBIX OJICHEH MOJEIb
MRCNN  ngomkna Obpuia  OBITH  JTOOOyY€HA C  HCIOJIB30BAHMEM  MacCHBOB
a’3p0o(hOTOCHUMKOB C U300PAKEHUEM 3TUX KUBOTHBIX. [IpriMep paboThl HETO00OYUEHHOM

moaenu MRCNN mpencrasnen Ha pucysake 4.13.
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Pucynox 4.13 — Pacnio3naBanue oneneti ¢ momompio moaenn MRCNN oOyderHoM
toapko Ha MS COCO dataset

Hist noo6yuenust moaenu MRCNN ObL1 TOATOTOBJIEH BXOJIHOM MAacCUB JIaHHBIX,
comepxarmuii  oOydaronryro BBIOOpPKY W3 100 a’podOTOCHMMKH CTaa W TECTOBYIO
BBIOOPKY U3 30 UCXOIHBIX CHUMKOB CTaJl.

Ha 2-5 sramax mertonuku ucrnoiib3oBaHus paspadoranHoro 10 monens Oblia
obOydena Ha 20 smoxax, ¢ 60 maramMu 00y4eHHs B 3110Xe, CO CKOpocThio 00yueHus 0,0058
U C IOpOTOM Tporrycka oOHapyskenus 0.7. OOydeHHast MoJienb A ToM ke doTorpapuu
KOppeKTHO pacrno3Hana 70 oyenen u3 93 (KOJIMYECTBO paClO3HAHHBIX OJIEHEW COCTABUIIO
75% ot o0miero 4uciia) U MpyU 3TOM HE COBEPIIMIA HU OJHON OMMOKH BTOPOTO pojaa

(pucyHok 4.14).
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Pucynox 4.14 — Pesynbrat pacno3znaBanust mojiean MRCNN noo6yuenHnoit Ha
a’pooTOCHUMEKAX

Ha BcéM TecToBOM MaccuBe JaHHBIX 00yUYeHHAs MOJIeTTh KOPPEKTHO paclio3HaBaia
B cpenHeM 82% oneHeill. TOYHOCTh pacrio3HaBaHUs OJICHEH MOXKET OBbITh IOBBIIIECHA
nyTtem nooOyuenust mojenn MRCNN nHa pacmmpennoMm Habope o0ydaroliero Maccuna
TaHHBIX. JlOTIOHUTENBHBIE IPUMEPHI PAOOTHI CTeHEPUPOBAHHONW U 00YYEHHON MOAETH

MRCNN mo>xHO yBuAeTh Ha pucyHkax 4.15 —4.17.
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Pucynok 4.15 — IIpumep pacno3HaBaHUs BBICOKO JETaTU3UPOBAHHOTO CHUMKA
Ha pucynox 4.15 Bugno, uro momens MRCNN coseprmiia 4 ommmbku — 2 0JIeHS
OBLITM pACIO3HAHBI JBAXKIBI U 2 TEJeHKa He ObUTM pacmo3HaHbl. Bcero uz 41 onens
KOPPEKTHO ObLIO pacno3HaHo 35 ocobeit. Ommnbka nojacuera coctaBuiu Bcero 15%, uto
SIBJSICTCS  BBICOKMM PE3yJbTAaTOM JUIi ABTOMATHYECKMX CHUCTEM pPaCIO3HABAHMS
JKUBOTHBIX B €CTECTBEHHBIX YCIOBHSX. [[pUUMHON 3TOTO SBISIOTCS BBICOKOE KAa4E€CTBO
CHUMKa M BBICOKOE pa3pelleHNe CaMUX OJCHEH, a TaK)Ke CHIIbHAs KOHTPACTHOCTH (hoHa

¢ 00bEKTaMM pacO3HABAHUS.



Pucynok 4.16 — [Ipumep pacrio3HaBaHUSI CHUMKOB CTa]l BBICOKOU MIIOTHOCTH

Ha pucynke 4.16 Buano, yto moaenb MRCNN xopomio paboraer ¢ 00ibIIUMH
cragamu. [lo CHUMKY 3aME€THO, YTO HECMOTpPS Ha TO, YTO HA CHUMKE €CTh OJICHU Ha
pa3HOM ynajeHuu oT ¢oTorpada, Mpu yBEIMYEHHM PACCTOSHUS /10 HUX TOYHOCTh
pacrmo3HaBaHHs TaJaeT HE3HAYUTEeNbHO. TakuMm oOpa3oM, ceTh HE MpHUBsA3aHAa K
KOHKPETHOMY MaciTaly 0ObEeKTOB U CIOCOOHA paboTaTh C HCKAXKEHHOM MEePCIEKTUBOM.

Ommbka pacno3HaBaHus Ha JaHHOM CHHUMKE COCTaBuia 0KoJo 3%



Pucynok 4.17 — IIpumep pacrno3HaBaHus 3allyMJIEHHOTO CHUMKA

Ha pucynke 4.17 Bunno, yto Moaeiab MRCNN moxeT paboTath CO CHUMKAMH,
KOTOpbIE 3allyMJIeHbl (DOHOBBIMU OOBEKTAaMU — Jy)KalKamu, 03epaMu, OyropKaMu,
MOJIMTOHaMH | T.I. Takke, 3aMEeTHO, YTO MOJIEJb MPOJIOJDKAET XOPOIIo padoTaTh U CO
cTaaMu, B KOTOPBIX OJICHM COOMPAIOTCS B OYCHb IUIOTHBIC TPYNIbL. TOYHOCTH
pacro3HaBaHUs HA JAHHOM CHUMKE COCTaBHIIa OKOJIO 83%.

OTaenpHO CTOUT OTMETHUTh, UTO JJaHHAs pa3paboTKa UMEET MPUKIAIHON XapaKkTep
U y)Ke HaUMHACT MPUMEHSATHCS Ha MPAKTUKE MPOo(UILHBIMEU opranu3anusmu. Ha 6 srarme
CO3JJaHHOW METOJMKH Ha OCHOBE pa3pabOTaHHOW MOJENM ObUIO CO3JaHO aBTOHOMHOE
[1O. OHo mpeamnonaraeT CepBEpPHOE pa3BEPTHIBAHWE W ISl PaOOTHI C HUM OTACIBHO
coznan BeO-uHTepdeiic. K tekymemy Bpemenu I[IO BBeneHO B OTrpaHUYEHHYIO

sKkcrutyaTanuto. [Ipumep unrepdeiica npeacrapieH Ha pucyHke 4.18.



116

Pucynok 4.18 — IIpumep Be6-unTepdeiica pazpaborannoro [10 aBTomaTnyeckoro
pacro3HaBaHUs U NMOACYETA KOJIMYECTBA CEBEPHBIX OJICHEN

st pabotel ¢ co3manueiM [IO aBTOMaTHYecKOro pacro3HaBaHUs M MOJCYETA
KOJIMYECTBA CEBEPHBIX OJICHEH MOIBh30BaTENhb JODKEH 3arpy3uTh B MpPOTpamMMmy depes
BeO-unTepdeiic cuumku cran B dopmarax JPEG (jpg) wm GIF (.gif) u 3amyctuth
pacuér. [locne toro, kak oOpaboTka CHHMKa OyZeT 3aBepllieHa, MOJIb30BATEN0 OyIeT
npeaocTaBieHa HHPOPMAITUS O KOJTHYECTBE OJICHEH Ha CHUMKE U BO3MOXKHOCTh CKa4aTh
caM pa3MEUEHHBIH CHUMOK.

Be6-unrtepdetic 10 compepkut HaOOp OKOHHBIX (GOPM, 00ECTICUNBAIOIITUX

o 3arpy3ky a’poOTOCHUMKOB C KOMIIBIOTEpA TIOJIb30BATENd IS HX
00paboTKH,

o 3anyck mojenu CHC pacrno3HaBaHus U NOJICUETA OJIEHEW Ha CHUMKAX,

o npencTaBieHue pesynbratoB padotsl Moaenu CHC c¢ otoOpaxeHuem Ha

JKpaHe CHHUMKA, Ha KOTOPOM IMOMEYEHBI PacIiO3HaHHBIE H300paKEHHUs OJICHEH, U olIee
YHCJIO MTOJACUYNTAHHBIX )KUBOTHBIX,

o CKa4YMBaHUE PE3yJIbTATOB HAa KOMITBIOTEP MOJIH30BATEIIS.

[Tocrme mpocMoOTpa CKauaHHOTO Pa3MEUYEHHOTO CHUMKA, €CIIM TOJIh30BaTENlsd HE

YAOBJIETBOPUT TOYHOCTH paboThl [10, OH MOXET MPOAOIKUTE JaTbHENITYI0 00paboTKy
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CHUMKA BPYYHYIO B JIFOOOM TpaduuecKkoM pelakTope, NOAEp>KUBAIOIIEM PACIIUPEHUE
daiina c m3o0paxeHuem .jpg.

Ha nanubiii momeHT pazpaboranHoe [IO aBTOMaTH4ecKOro pacro3HaBaHUS U
IOACYETA KOJIMYECTBA CEBEPHBIX OJICHEN HAXOAUTCSA B OTPAHMYECHHOW HKCILTyaTalllX 110
TON mpuumHe, 4To pabota naxe oOydenHour moaenmn MRCNN Ttpebyer Oombimx
BBIYMCIIUTEIBHBIX PECYPCOB, KOTOPBIE HA CETOJHAIIHUN JE€Hb HE MOXKET IPENOCTABUTH
ammapaTHas dYacTb HMeromerocs cepsepa. llostomy o0paboTka paxe OJHOTO
a’poPOTOCHUMKA MOXKET 3aHUMaTh OoJsiee 5 MUHYT. M3-3a 3THX OrpaHWYeHHi ceifuac ¢
IpOrpaMMoOil MOKET paboTaTh TOJIBKO OJIMH MOJIb30BaTENb B OIUH MOMEHT BPEMEHH.

B nmaneneimem, s BBoga gaHHoro 11O B pexuM IITaTHOW SKCIUTyaTallWH,
noTpedyeTcsi ero IepeHOC Ha BBICOKONPOM3BOAMUTEIbHBIE cepBepa. Kommepueckoe
UCIoJIb30BaHue pazpadoranHoro I10 nogpaszymeBaet napasienbHoe paboTy HECKOIbKHUX
MOJIb30BATENIEH, UYTO MOXET CYIIECTBEHHO Harpy3uTh cucteMy. HecMoTps Ha
3a0KeHHYI0 B apxutekTypy [1O mapamiensHocTh Bhrumcienuit (mocpeacrsom COA),
Opy TOCIHEAYIOIMIMM €ro COBEPIICHCTBOBAHMM MOTPEOyeTCs TakKe MPOBECTH
JIOTIOJIHUTEIbHBIE HCCIIEJOBAHUSI U CTPECC-TECThI, YTOOBI OMPEIECINUTh KOHKPETHbBIE
TpeOOBaHMS K anmapaTHOMy OOECIEYEHUI0, HeOOXoAUMOMY ISl (DYHKIIMOHUPOBAHUS

paccmatpuBaemoro [10.

4.5 BbiBOABI 110 pa3aeny 4

I. B rmaBe paccMOTpPEHbl NIPUMEPBl MPAKTUYECKOTO  HCIIOJIb30BaHUSA
pazpabotannoro [10 koMIuIeKCHON aBTOMAaTHU3aIMK MPOLIECCOB Te€HEpAIK, 00YUCHHS U
unterpaunn moaeneit MHC IIP paznuunbix apxurektyp. Ha naHHbeix npumepax Oblia
IIPOAEMOHCTPUPOBAHA HE TOJBKO KOHUENTyaJlbHAas YHUBEPCAJIBbHOCTb, HO W
IIPOTPAaMMHO-MHKEHEPHAS PEaJIu3yeMOCTh MCIOJIB3YEMOI0 MOAXOAAa K KOMIIJIEKCHOU
aBTOMaTHU3alIMU MPOIECCOB renepanuu u ooyuenust moaeneit MTHC I1P.

2. brina pa3zpaboTaHa METOMKA UCIIOJIb30BaHUs pa3pabOTaHHOTO MPOTPaAaMMHOIO
oOecrieyeHus: KOMIUIEKCHOM aBTOMAaTU3allMM MPOILIECCOB TeHepaluu, OOydeHus u
unrerpanuu Mozeneit MHC TIP pa3nuuHbIX apXUTEKTyp, ¢ MOMOIIbIO KOTOPOU ObLIH

pelieHbl  KOHKPETHbIE 3aJad M3 NPUHIUIHAIBHO  pas3HbIX  obOnacteil. B
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aBTOMATU3UPOBAHHOM PEXHME ObUTM CUHTE3UpOBaHbl paznuuyHbie moaenu WMHC TIP,
KaXJas U3 KOTOPhIX OTJIMYAJIaCh Kak MpoIllecCaMU TEeHEpaluu U OO0ydeHHs, TaK U
npoliieccoM ux uHTerpanuu. [Ipu 3ToM Bce 3TH MOJIENH T€HEPUPOBAIIUCH U 00yUYauCh €
nomonibio ogHoro u Toro ke I1O, Ha ocHoBe pazpaboranHoi Mmoaudukanuu ['A
KOMILJIEKCHOM aBTOMAaTHU3ALMH CTPYKTYpHO-TIapaMmeTpuyeckoro cuureza moaenein MHC
[P paznuunbix apxutekTyp. Kaxkmas w3 co3maHHBIX Mojelied ToKasaja BBICOKYIO
TOYHOCTh PabOTHI, a JBE M3 HHUX ObUIM BHEIPEHbl B MPUKIATHBIE MPOTrPaMMHbBIC
KOMILJIEKCHI U B HACTOsIIee BpeMs 3(PPEKTUBHO UCIIONB3YIOTCS HA MTPAKTUKE.

3. Pe3ynbTaThl 3KCHEPUMEHTANBHBIX HCCIEIOBAHUI MOATBEPAMWIIA TOBBIIICHUE
onepatuBHocTH co3ganuss moxaened HMHC IIP, nmocturaemepie mpu MCHOIb30BAHUU
pazpaboranroro I1O. Ilockonbky ydacThe dYeloBeKa NpHU TeHEpaluu U O0yudeHUU
moneneit MHC IIP Obulo HCKIIOYEHO, AaHHBIE MPOIECCHl OBbUIM  TMOJTHOCTHIO
aBTOMATU3UPOBAHBI, UYTO, TI0 CPABHEHUIO C CYIIECTBYIOIIMMHU MOAXOAaMH, MPUBEIO K
COKpallleHno o0miero BpemeHu paspadbotku Mmojaenein MHC IIP jgns  pemenus
KOHKPETHBIX MPUKJIAIHBIX 3a/ad. Takxke ObUIM CYIIECTBEHHO CHM)XEHBI TPEOOBaHUS K
CHieIuaibHOW KBaTU(UKAIMKU MMOJIh30BaTEEH 32 CYET aBTOMATU3UPOBAHHOTO pEXKUMA
pabOThI CUCTEMBI.

[Ipu cozmanuu Mojielei MpOrHo3uPOBaHUs YPOBHS BOJIBI, 32 CUET UCTIOIb30BAHUS
paspaborannoro [10, 6110 CHUXKEHO 001IIee BpeMs UX pa3pabOTKH ¢ HECKOJIBKUX HEIeIb
JI0 HECKOJIBKUX CYTOK (TI0 pe3yJibTaTaM dKCIEpUMEHTaIbHON OlleHKH ). [IpakTruuecku 10
HYJISE OBLJIO CHMKEHO BpeMs He0OXOAMMOE /I MHTErpaluu co3aaHHbix mojeneit B UC
«ITPOCTOPy, mockomnbky ¢ momoisto pazpadorannoro [1O cpasy ObLH CreHepUpOBaHBI
CEpPBUCHBIC 000JI0YKU HEOOXOIUMBIE JIJIs MOJIKIIOUeHUS K 001ei cepBucHoi mune MC.

[Ipu pemieHun 3amgauud MPOTHOZMPOBAHUS JIMHAMHUKU HW3MEHEHHUS (DUTOMACCHI
pPaCTUTENIBHBIX COOOIIECTB TYHIPHI OBUIO COKpAIIEHO BpeMs HeoOXoauMoe Ha
MPOTOTUNMPOBAHUE MOJIETU. bbIT  OCYIIECTBIEH aBTOMATU3UPOBAHHBIN Tepedop
runeprnapamerpo moaeneit MHC TP, 6narogapst uemy pa®ounii IpOTOTHN OBLT MOTYYEH
32 CYTKHM, BMECTO HECKOJbKHX pabouux AHel (mo pe3yibTaTaM SKCHEpPUMEHTAIbHON

OIICHKH ).
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IIpu cuntese monenern MHC IIP pacno3HaBaHus M MOACYETA YKCIIA CEBEPHBIX
oneHel mo a’podorocHUMKaM pa3padotanHoe I[IO mo3Bommno OoJblIe BCEro
COKOHOMHUTHh BpeMsi Ha ykazaHHbld cuHTe3. [lockonpky momenu CHC B mponecce
oOyueHusi ABIAIOTCA OJHUMH U3 HauOosee TpeOOBaTeNbHBIX K  3arparam
BBIYMCIIUTEIBHBIX PECYPCOB, NIPEIOKEHHBIA MOAX0A K KOMIUIEKCHONM aBTOMAaTH3aLUH
npoiiecca 3Toro oOydeHus mo3Boius coszfaHHomy [1O HagexxHO (YHKIMOHUPOBATH
KpyTJble CyTKu 6e3 octaHOBKH. [Ipu 5TOM BpeMs Ha co3aHue MOAETH ObLIO COKPAILIEHO
C HECKOJIbKUX MECSIEB IO HECKOJbKUX CYTOK (IO pe3ysibTaTaM 3KCIEPUMEHTAIBHOU
OIICHKH ).

4. B rnaBe HarBIIHO NPOAEMOHCTPUPOBAHO KOHCTPYKTHUBHOE HCIIOJIb30BAaHUE
COA mpu reHepaiyii MporpaMMHBIX 00osiodueKk aiisi co3fgaHHbix mojeneit UHC TIP.
Pesynbratel uaterpanuu B UC «ITPOCTOP» naubonee sipko nokazaiu HEOOXOIUMOCTh
Y ONPABJAHHOCTH BBIOPAHHOTO TOJAXOJA ISl YHPOUIEHUS Mpoliecca HHTErpanuu

co3nannbix moaeneii MHC 1P B croponnee I10.
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3AK/IIOYEHUE

B mpexacraBnenHoi auccepranuu chopMyJIUpOBaHa W peIlleHAa HOBask HAy4YHO-
TEXHUYECKas 3aJja4ya KOMIUIEKCHOW aBTOMAaTH3allMU MPOLIECCOB TeHEpaluu, O0y4eHUs U
unrerpauuu mozaeneit MHC IIP pasmuunbix apxuTekTyp. PeméHHas 3agaya nMMeeT
BAKHOE  3HAQUYEHWE I COBEPUICHCTBOBAaHUS  METOAOB M alTOPUTMOB
aBTOMATHU3UPOBAHHOTO MAITMHHOTO OOYYEHHMs, WCIOJIB3YEMbIX Uil YHIPOIICHUS |
ycKopeHus Tporiecca pazpadborku moaeneid MHC TIP, uto B cBOrO ouepear MPUBOJIUT K
YACHIEBICHUIO U YCKOPEHUIO pa3pabOTKU MPOTrpaMMHBIX KOMIUJIEKCOB Ha 0a3e mMojelnei
MHC, pemammux NOpuUKIagHble 3aJadyd B PAa3JIMYHbIX OOJACTAX YEIOBEYECKOH
nesteabHOCTH.  Pesynbrarel  ampoOanuu — paspadoranHoro [IO  moxarBepxkaaroT
JIOCTUKEHHUE 1IEIU TUCCEPTALIMOHHON PabOThl — COKpalleHrne OOIUX 3aTpaT BpEMEHU U
VIIPOIICHUE MPOIECCOB COo3JaHus, oOydeHus W wucnojibzoBanus mojaenern MHC IIP
Pa3JIMUHBIX aPXUTEKTYyp 3a CYET KOMIUIEKCHOW aBTOMAaTH3allMu UX pa3paboTKw,
0a3upylolIeicss Ha IeJICHANPaBICHHOM BBIOOpPE apXUTEKTYp M THUIIepIapaMeTpoB
co3gaBaeMbix Mozeneir WHC TIIP ¢ wucnonbp3oBanueM MOAUGDHUIIMPOBAHHOTO
FEHETUYECKOr0 aJITOPUTMA, a TAKKE aBTOMATHUYECKOW TE€HEpaluu MpOrpaMMHBIX
obomnouek nnsi cunresupoBaHHbix Mozener MHC TIP. Ha mpumepe pemienus Tpéx
pa3MUYHBIX TMPUKIATHBIX 3a7a4 (PacCMOTPEHHBIX B riaBe 4) ObUIO IMOKAa3aHO, YTO
COKpallleHWe 3aTpaT BPEMEHH ObUIO JIOCTUTHYTO 3a CYET TMOBBIIICHUS YPOBHS
aBTomMaTu3ainuu paspadbotrku u BHeApenus mojeneit MHC ITP. [TosTomy KOHKpeTHbIE
YUCJIOBBIE MOKA3aTEIM 3TOTO COKPAICHUS MHAWBUAYAIBHBI 1A Kaxaou 3amadd. [Ipu
CO3JaHMM MOJICJIM PACMO3HABAHUS W TIOJCYETA 4YHCJIAa CEBEPHBIX OJICHEW Ha
a’po(OTOCHUMKAX HCIOJIb30BaHUE cO3/MaHHOTO [IO MO3BOMMIO COKOHOMUTH OOJIBINE
Mecsiia padoThl (MO pe3ysibTaTaM dKCIEpUMEHTAIbHOU olieHKku). C Ipyrod CTOPOHBI
nporiecc wmHTerpanuu cozpanHor Moaenu B HMC «I[TPOCTOP» Obu1 MOTHOCTBIO
aBTOMAaTHU3UPOBAH, YTO CHU3UWJIO 3aTpaThl BPEMEHH Ha ATOT Mpoiiecc 10 Hys. [TockobKy
NPSIMBIX AHAJIOTOB CO3/1aBa€MOM CHCTEMBI HE CYILECTBYET, MPSIMOE CpaBHEHHE OBLIO
HEBO3MO>KHO ITPOBECTH.

OCHOBHBIC HAaYYHBIC PE3YJIbTAaThl, COCTABJIAIOINE HTOI'N UCCIICIOBAHUS:
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1. Pazpaborana momudukamnus ['A KOMIUIEKCHON aBTOMAaTH3allMU CTPYKTYpHO-
napamerpuueckoro cunteza mojeneid MHC I1P paznuunbix apxutektyp. [Ipeaioxennas
Moaudukamuss ['A  obecneurBaeT YHU(PUUUPOBAHHBIM TMOAXOJ K CTPYKTYpPHO-
napameTpuueckomy cuHtesy moaeneid MHC IIP pa3nuuHbIX apXWUTEKTYyp, KOTOPBIA
OTJINYAETCSI OT CYLIECTBYIOIIMX IIOAXOJAOB K pPELICHHI0 paccMaTpUBAaEMOW 3aJadu
CUHTE3a TE€M, UYTO NpPH €ro peaiu3aludd OTCYTCTBYET HEOOXOJIUMOCTh BHECEHUS
Moau(dUKaIMii B caM alTOPUTM MpHU padoTe ¢ Kaka0i KOHKpeTHOoM apxutektypoit UHC
[IP. DTa BO3MOXHOCTH JOCTHUTHyTa 3a cuér BHeceHus B ['A Moaudukammii,
YUUTHIBAIOIIMX 0000IIEHHBIE 0COOEHHOCTH 10 1X01a o0yuenus ¢ yuutenem k MHC I1P.

2. Pazpaborana apxXuTeKTypa MNPOrPAMMHON  CHCTEMBI  KOMILJIEKCHOM
aBTOMATHU3allUK CTPYKTypHO-nIapameTpudeckoro cuaresa moaeneit MHC I1P paznuynbix
APXUTEKTYP, OTIMYAKOMIASACS MOIYJIBHOM PAaCIIMPAEMON CTPYKTYpPOH, YTO MO3BOJSAET
MCIMOJIB30BaTh €€ ISl PEIIEHUS IIIMPOKOTO CIIEKTpa MPaKTUYECKUX 3anad. [IporpamMmmuas
cuctema B coctase [10 Obu1 anpoObupoBaH HA psJie MPUKIATHBIX 3a7a4 U TTOKa3all CBOIO
BBIYMCIUTENBHYI0  3((PEKTUBHOCT W  yAOOCTBO TOpH  €ro  HUCHOJIb30BaHUU
HEMPOrpaMMHUPYIOIIIMMH MOJIb30BaTeNIsIMU. biaronaps peanusanuu konteniuu No Code
B pazpaboranHoMm [IO, KOHEYHBIN MOJB30BATENL CIIOCOOEH CO3/1aBaTh IMOJHOCTHIO
paboTocmocoOHble TporpaMMmubie  peanuzauuu  monened MHC TIP  paznuunbix
apXUTEKTYp, 0€3 HEOOXOJUMOCTH CAMOCTOSITEILHO MUCATh MPOTPAMMHBIN KOJI.

3. Pa3paboTaHa apXUTeKTypa MPOrpaMMHOM CUCTEMbI ABTOMAaTUYECKOUN TeHepaIuu
MIPOTPaMMHBIX 000JIOUEK IS CO3JJaHHBIX Mojielel, ¢ yuétom mapaaurMel COA. JlanHas
MporpaMMHasi CUCTEMa MO3BOJSIET YCKOPUTh M YIPOCTUTh HMHTErPALMIO CO3AaHHBIX
moneneit B crtoponnee [1O. bnaromaps peamusamuu konueniuu No Code B
pa3paboTaHHON MPOrpaMMHOM CHCTEME, KOHCUHBIN I0JIb30BaTEb CIIOCOOCH CO3/1aBaTh
WHTETPUPYEMBIE TPOrpaMMHBIE MOAYJIM g co3gaHHbix Mogenedn HMHC IIP
peanu3yIomux pa3anyHbie, 6e3 HE00X0IMMOCTH CAMOCTOSITEIBHO MUCATh TPOTrPAMMHBIN
KOJI.

4. Jlna paspaboranHoro IO Obuia co3maHa METOMKA €ro HCMOJIb30BAHMUS.
[IpuMeHeHne METOAMKUA ObLIO MPOJAEMOHCTPUPOBAHO TMPU PEUICHUH PA3TUYHBIX

NPUKIAAHBIX 337a4. Bbl10 MpoAeMOHCTPUPOBAHO, YTO € MOMOIIBIO pa3padoTanHoro 110
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MO’KHO YCHEIIHO aBTOMATHU3MpOBAaTh MPOLIECCHl I'eHepalny, OOyUYeHUs: U MHTETPALUU
mozaened MMHC IIP pa3nuuHbIX apXUTEKTyp NpH PELICHHH NPUKIAAHBIX 3a7ad.
PeanuzoBannas B IIO monynbHas CTpyKTypa IO3BOJMT B JAJBHEWIIEM €ro JIErKO
pacmpATh Kak HOBbIMU apxutektypamu WMHC IIP, Tak ¥ HOBBIMM METOJAaMHU HX
oOyuenusi u oueHku TouyHocTu. [Ipumenenne napagurmel COA mpu cozmanuu [10, B
CBOIO O4Y€pellb, MO3BOJISIET PA3BOPAYMBATE €0 B PACIPEACIIEHHBIX CPElaxX, TEM CaMbIM
noBbIIas 3PPEKTUBHOCTD PEIICHUs PecypcoEMKHX 3a1ad. Kpome Toro, ucmnonbp3oBaHue
COA mpu reHepaivu cepBUCHBIX 000J04eK Il cuHTe3upoBaHHbIX moneneit MHC T1P
IIO3BOJISIET ¢ MUHUMAJIBHBIMU 3aTPAaTaMH BPEMEHU MHTErPUPOBaTh UX B ctopoHHee [10,
TEM CaMbIM YCKOPSS BHEAPEHHUE AAHHOTO Kiiacca moaenei. C mOMOMIbIO Yero, B CBOKO
ouepenb, YHAeTCsd Ha IPAKTHKE KOHCTPYKTMBHO ONKMCaTh MW PEIIUTHh CIIOXKHO
(dbopmaii30BaHHbIe TMPUKIAAHbIE 3a7add. OCHOBHOM 3(P(EKT OT HCHOIb30BAHMS
npemyaraemoro 1O 3akimrouaercs B COKpAIlEeHUU CPOKOB Pa3padOTKH IMPOrpaMMHBIX
y/unm anmnapatHeix cucteMm Ha 6aze MHC I1P, 3a cuét peanusamuu konnemniun No-Code
pa3pabOTKH, a TAK)KE€ B YCKOPEHUM PELICHUS Pa3IMYHbIX MPUKIATHBIX WM HAYYHBIX
3aJ1a4, Py OTCYTCTBHM B 1ITare cnenuanucta no I'O.

5. Tlo pesynbratam amnpobaiuu paspadoranHoro 11O mpu pemieHun 3amaydu
OLICHMBAHUSl 3aMacoB HAJI3€MHOM (PUTOMACCHI PACTUTENIBHBIX COOOLIECTB pa3HBIX
IPUPOAHO-KIIMMATHYECKUX 30H U MPOTHO3UPOBAHUS WX U3MEHEHHMI B 3aBUCUMOCTH OT
(bakTopoB cpebl ObLT CAENAaH BBIBOA, YTO npemioxkeHHoe [10 MOXHO HCTIOIb30BaATh 1S
reHepaiuu 1 o0y4eHus Mojiesiel HHTEUIEKTYyallbHOT O aHaIn3a JaHHbIX. JJaHHbIi M0aX0
MO>KET MPUTOJNUTHCA JUISl PELICHUs Pa3JIMYHBIX KJIACCOB MPUKIAAHBIX 33]1a4, B PAMKax
KOTOPBIX PEIIalOTCA BOMPOCHI 00pabOTKM W aHaiu3a OosblIoro o0béMa cinabo
(dbopManM30BaHHBIX SMIIMPUUECKUX AAaHHBIX. Takxke, cozganHoe [1O mpumenumo asns
pemieHust 3amgad nporotunupoBaHus cucreM ['O u nns BeiOOpa MOAXOASIIMX TOJ
KOHKPETHYI0 NpuKIaaHyro 3anady apxutektyp MHC IIP. Manbsle matepualibHble U
BPEMEHHBIE 3aTpaThl Ha reHeparuio U obydenue moxeneir MHC TIP mo3BossroT 3a
OTHOCHUTEJILHO HEOONBIIOE BpPEMSI MPOTECTUPOBATH PA3HOPOAHBIE APXUTEKTYphI 0€3
HEOOXOJMMOCTH JETANIBHOTO M3y4deHMs Kaxaou u3 Hux. [JomomaurensHo, I1O mMoxHO

UCIIOJIb30BaTh B KauecTBe oOydaroniei miatdopmbl. Ha nmpumepe creHepupoBaHHBIX U
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oOyuennbix moneneir UHC I1P moxHo pa3douparh npuHIMIBI pabOThI, TOCTOMHCTBA U
HEJIOCTATKH PA3JINYHBIX aPXUTEKTYP.

IepcnexkTnB najgbHelIe pa3padoTKU TeMbl HECKOJIBKO. [Ipexkae Bcero cTout
BOMNPOC pPAa3BUTUS TOJIB30BATEIIBCKOTO MpOorpaMMHOro uHTepderica, KOTOpbId Obl
no3Bom paborathk ¢ co3gaHHbiM [1O Hecmenmmamuctam B oOmactu ['O (B maHHBIN
MOMEHT peajn30BaH Jullb padounil npototun uHTepdeiica). [locne atoro Tpedyercs
BBeCTH pazpaboranHoe I[IO B OrpaHWyYeHHYIO OJKCIUTyaTaluio, JJis OLICHKU
BBIYHCIIUTEILHBIX PECYpCOB, HEOOXOIUMBIX NJiIsi €r0 IITAaTHOM paboThl, a TakXkKe IS
IIPOBEIEHHUS CTPECC-TECTOB U TECTOB IIPOU3BOIUTEIBHOCTH.

[Tocne npoBeneHus Bcex HEOOXOAMMBIX TECTOB M OLUEHKH pazpadoranHoro [10,
IUIAHUPYETCSA €ro JaJbHEWIas IIOJHOLEHHAs OJKCIUIyaTalus, C IOCIEAYIOLUM
pacuupenueM Habopa apxutektyp MHC T1P, koMIekcHy10 aBTOMaTHU3aluI0 MPOIIECCOB
reHepalyu, 00y4YeHUs U UHTErPALMA KOTOPBIX OH CMOXET 00€CIEeUUTh.

Orpanunuenus paszpadboranHoro IIO, Ha CErOAHSAIIHUN J€Hb, CBSI3aHBI C
HEOOJIBIIIMM KOJIMYECTBOM peanin3oBaHHbIX B Hel apxutektyp MHC IIP. Hecmotpst Ha
TO, YTO Ha JaHHBIA MOMEHT paszpaboranHoe [1O oOecrieunBaer permieHue HamOoJee
BOCTPEOOBAHHBIX Ha NpPaKTUKE NPHUKIAJHBIX 3a]ad, NpHU JajJbHEWIIed pa3padoTKe
HE00X0AUMO OyJIeT YBEIMYUTh KOJMYECTBO NOCTyNHbIX apxutektyp MHC I1P.

IMosyuyeHHBbIEe Ppe3yJbTAaThl COOTBETCTBYIOT cHemuajibHoctH 2.35 —
«Marematrueckoe W MPOTPaMMHOE OOECHEYEHHE BBIYMCIHUTEIBHBIX  CHCTEM,
KOMIIJIEKCOB U KOMITBIOTEPHBIX CETEN.

Pa3paboTanHoe aNropuTMHUYECKOE U MPOrPaMMHOE OOECIeueHUE peaIn30BaHo B
psane opraHuzaumii: ['OoCylapCTBEHHBI NPUPOAHBIA OUMOCHEpHBIA 3aNOBEAHUK
«Taiimpipckuity,  «Cankt-IlerepOyprckuii  rocyJapCTBEHHBIM — TEXHOJIOTHYECKUI
UHCTUTYT (TexHuueckuil ynusepcurtet)» CIIOITU (TY), 8 CIIMMPAH u C3UIIIO
Bxoasamux B CI16 ®UIL] PAH.
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CIIMCOK COKPAIIIEHUIA

I'A TEHETUYECKUN AITOPUTM

o riyookoe o0yueHue

B WHTEPHET BELIEH

nn VCKYCCTBEHHbBIN MHTEJIEKT

NHC MCKYCCTBEHHAs! HEUPOHHAS CETh

ncC uH(pOpMaMOHHAs CUCTEMA

MO MAaIIMHHOE 00yUYeHHe

MIIP MHOT'OCJIOMHBIN ITepuentTpoH Pymensxapra

I10 IpOrpaMMHOE 0OecTIeYeHHUE

[1P IIPsAMOE PaCIPOCTPAHEHUE

CHC CBEPTOYHAS HEUPOHHAS CETh

COA CEpPBUC-OPUEHTUPOBAHHAS apXUTEKTypa
AutoML automated machine learning

CUDA compute unified device architecture

cuDNN CUDA deep neural network

FRCNN faster regions with convolution neural networks
MRCNN mask regions with convolution neural networks

NDVI normalized difference vegetation index
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