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B crarne ucciaenoBan MeTO T ONIPeie/IeHNs BEKTOPA JIBUYKEHUS TI0 THIIEPILIOCKOCTSIM, OTPAHUIUBAIOIINM JIOILY~-
CTUMBI MHOIOIPDAHHUK MHOI'OMEDHOI 33/1a1! JIMHEHHOTO [IPOrPAMMHUPOBAaHUsI HA OCHOBE BU3YaJIbHBIX 00pa30B, IO~
aBaeMbIX Ha BXOJ, HEMPOHHON CETU MPSIMOro PACIPOCTPAHEHUs. AJIFOPUTM BU3yaIM3alii CTPOUT B OKPECTHOCTHU
TOYKHY, PACIIOJIOKEHHOM Ha OTPAHNINBAIOIIEN TUIIEPIIOCKOCTH, PEIIEITUBHOE ToJTe. [IjIst KarXK0# TOUYKY pPerenTnB-
HOTO TIOJIST BBIYUC/ISIETCSI CKAJISIPHOE CMEIeHNEe JI0 MOBEPXHOCTU TUIEPILIOCKOCTH. Ha OCHOBaHWM BBIYMCJIEHHOTO
CMEIIeHUs] KaK/[0lf TOYKE PEIEeNTUBHOIO II0JIsl IPUCBAMBAETCS CKAJIsipHAs BejuduHa. [loydeHHbI BU3yasbHbII
0bpa3 mozaeTcsa Ha BXOJ HEHPOHHON CETH MPSIMOTO PACHPOCTPAHEHUsI, KOTOPAasi BBIYUCIISAET HA OTPAHUINBAIONIEH
TUIEPILIOCKOCTH HAIMpaBJIEHNEe MaKCUMAJBLHOTO yBEJIUYEHUs 1eJIeBOi (PYHKIMU. B crarhe mpesjiokeHa ycoBep-
[IIEHCTBOBaHHAasi (pOpMa KPecTOOOPA3HOro PenenTuBHOro mojst. Onmucano nmocrpoeHre 0b6yIaionero MHOXKECTBa Ha
OCHOBE CJIy9ailHO CreHEPUPOBAHHBIX OIPAHUYUBAIONINX TUIEPIUIOCKOCTEH U HEIeBbIX (PYHKIUI B MHOTOMEPHBIX
mpocTpaHcTBax. Pazpaborana macrrabupyeMasi apXUTEKTypa HEHPOHHOM CeTH C M3MEHSIEMBIM YHCJIOM CKPBITHIX
cnoes. [Ipoussesien nmombop rumeprnapaMeTpoB HEHPOHHON ceTH. B BBIYMCIINTENBHBIX IKCIEPUMEHTAX IIOATBEP-
K7eHa Boicokas (6osee 98%) ToUHOCTH PABOTBHI KPECTOOBGPA3HOIO PENENITUBHOrO noJis. VcceoBana 3aBUCUMOCTD
TOYHOCTH PE3yJIbTATOB HEUPOHHOM CETH OT UMCJIA CKPBITHIX CJIOEB M MPOIOJIKUTETLHOCTH 00y IE€HUSI.

Karoueswie caosa: aunetinoe npoepammuposaHrue, mMemod noeeprHocmmozo 08UNCEHUA, UCKYCCMEEHHAA Hell-
POHHAA cemb, 2AYb0K0E 0bYUeHUe
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BBenenue

Omuoit n3 pyHIaMeHTAIbHBIX 3a/1a9d COBPEMEHHON MPHUKJIAIHON MATEMATHKU ABJISIETCS 3a-
Jada juHeliHoro nporpamvuposanus (JIIT) ¢ 6osbmmm uciaom napamerpos [1]. OnruMuszauon-
HBIE MOJIEJIH, OCHOBAHHBIE Ha MHOTOIIApaMeTputeckoii (MroromepHoii) 3amatde JIIT Berpegaorest
B CHCTeMax MOJJIEPXKKH IPUHSATUSI PellleHnit B SKoHOMuKe [2, 3|, B cucremax ynpasienust Gecru-
JIOTHBIMU JIeTaTeJIbHBIMU alaparamu [4], B ynpaBieHnn TeXHOJ0rnIecKuMu mporeccamu |57,
[PU [IOCTPOEHUH JIOTUCTUYECKUX 1enodek [8—10|, B omepaTwBHOM ylIpaBIeHUH U ILJIAHUPOBA-
aun 11}, 112].

Ho cux mop omHmM u3 HamboJIiee PaCIPOCTPAHEHHBIX CIIOCODOB pemreHust 3aga4d JIIT Obur
KJIACC AJITOPUTMOB, pa3pabOTaHHBIX Ha OCHOBe cHMIUIeKc-Merona [13|. Bbeuio ycramosieHo,
YTO CHMILIEKC-MeTo ] 3P deKTUBEH JJIsi pelleHust 0oJibinoro Kiacca 3aga4d JIII. B gacrrocrn,
CHUMILTIEKC-METO, 9P (MEKTUBHO MCIOJIb3YeT IIPEUMYIIECTBa JI000M T'UIIeppas3pesKeHHOCTH B 3a-
nagax JIIT [14]. Oxsako cumiieke-meros obiajaer HEKOTOPbIME (DYHIAMEHTATBLHBIMI OCOOEH-
HOCTSIMU, KOTOPBbIE OIPAHUYINBAIOT €r0 MCIOJIb30BaHue Jjisi pemrenus OoJbimux 3aga4d JIIT. Bo-

IIEPBLIX, B OIIPEACJICHHBIX CJAy4YadX CUMIIJIEKC-METO/ AOJI2K€H BBIIIOJIHATH UTEPAIUU II0 BCEM BEP-
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[IMHAM CHMILIEKCA, YTO COOTBETCTBYET SKCIIOHEHINAIbHON BpeMeHHOil ciioxkuocTu |1517]. Bo-
BTOPBIX, B OOJIBIIUHCTBE CJIy9aeB CHUMILIEKC-METOI yCIemHo perraer 3agadn JIII, comepxxkariue
710 50000 mepeMeHHBIX, OJIHAKO IIPU PENIEHUU 3ajad OGJIBIINX Pa3MEepHOCTEN acTo HabJII0/1a-
ercst morepst TogHocTH |18, KOTOpast He MOXKeT OBITh KOMIIEHCHPOBAaHA JIayke IPUMEHEHUEM Ta-
KHMX MOIIHBIX BBIYUCAATEIbHBIX MPOIENYP, Kak «adduaHOoe MaCITaONpOBaHUE» WU <UTEepa-
tuBHOE yTouHeHue» [19|. B-rperbux, B 0011eM Cilydae 1MOC/IEI0BATEIbHBIN XapaKTep CUMILIEKC-
MEeTO/Ia 3aTPYAHSIET paclapaJsiie/IMBAHHEe B MHOTOIPOIECCOPHBIX CHCTEMAaX C PACIpPeaeeHHO
naMsiThio [20|. Bpuim npeanpuHATEl MHOTOYKMC/IEHHBIE TIOIBITKHE CO3/aTh MaCIITabUpyeMyto Ia-
paJlIeJIbHY 0 PeaM3allnio CUMILIEKC-METO/Ia, HO BCe OHM OKazasnch GesycnenubiMu [21]. Bo Beex
cilydasix TPaHUIa MacIITabMpyeMoCTH cocrapisiiaa oT 16 10 32 mpoIeccopHbIX y3J10B (CM., Ha-
upumep, [22]).

Xaunsin jrokazan [23|, uCmosb3ysi BapuaHT MeTO/a SJUINICOUI0B (IpeiozkeHHblil B 1970-x
rogax Illopom [24], FOuuabiM n Hemuposckum [25]), uro 3amaun JIIT moryr 6bITH perieHb 3a
oJIMHOMHKAaIbHOe BpeMsa. OIHAKO HOIBITKA IPUMEHHTH STOT IOJAXO0J Ha IPAKTUKE OKa3aJIMCh
6e3yCIeNHbIMU, TIOCKOJbKY B IOJABJISIONIEM OOJIBITUHCTBE CJIYYAEB METOJ SJIIUIICOUIA JTEMOH-
CTPUPOBAJI FOPA3I0 XYAIIYIO 9P PEKTUBHOCTD 10 CPABHEHMIO C CUMILIEKC-MeToioM. 1Tozxke Kap-
Mapkap [26| mpeozKuI aIropuT™M BHYTPEHHEH TOYKH C TOJIMHOMUAJIBLHBIM BPEMEHEM, KOTOPBIi
MOKHO OBIJIO HCITOJIb30BATH Ha IIPAKTUKE. DTOT aJITOPUTM HOPOIUI IETYI0 00JIaCTh COBPEMEHHBIX
MEeTOJIOB BHyTpeHHel Toukn 27|, KoTopble criocobHbI perarh Gostbiiue 3aaaan JIIT ¢ Mmumonamu
[IepEMEHHbIX U MUJUIMOHaMU ypasHenuil [28—32|. Bosee Toro, a1 MeTObI SIBJISIFOTCS CAMOKOP-
PEKTUPYIONUMHUCSI, & CJIEI0BATEBHO, 00ECIIEINBAIOT BBICOKYIO TOYHOCTH BhIUHCJIeHUNH. OOmmm
HEJIOCTATKOM METOJIOB BHYTPEHHEH TOUKU SIBJIAETCA HEOOXOIUMOCTD HANTH HEKOTOPYIO JIOMYCTH-
MYIO TOYKY, VIOBJETBOPSIONLYIO BeceM orpanudenusiM 3ajaqu JII1, mepesm HatuaaoMm BbIYuUC/IeHUH.
Haxoxxienne Taxoit BHyTpeHHEH TOUYKH MOXKET OBITh CBEICHO K PEIECHUIO JOIOJHUTEILHON 3a-
qaan JIIT [33).

B pabore [34] npesioxken HOBBII 110/1x07 K peniennto 3aaaun JIIT, Ha3BaHHBIN «MeTOJ 110-
BEPXHOCTHOT'O JBM2KEHUsI». B OCHOBE MeTOJa JIEXKHUT HIes O TOM, UTO TOYKA MAKCUMAJbLHOTO
3HaYEeHUs IeJIeBOI pyHKIIN OPUHAJJIEXKUT Tpanuile Jornycrumoii obsactu I'(M), u onpese-
JINTH €€ MOYKHO, JIBUTasICh 110 [IOBEPXHOCT MHOI'OTPAHHMUKA IIOCTOSIHHO B CTOPOHY MaKCHMAJILHOTO
yBeJnvIeHus 1mejieBoil pyHknnn. B o0mux geprax aJropuTM IIOBEPXHOCTHOIO ABUKEHHSI COCTOUT
U3 CJIEAYIOMUX IIaroB. B Hadaje 6epeTcs MpoU3BOJIbHAS TOYKA Ha TPAHUIE JIOIMyCTUMON 00ja-
cru 3aga4u JIII. Cuemarsh 970 MOXKHO, B 4aCTHOCTH, HPU OMOIIH (helepOBCKUX OTODparKeHmil
cr1ocoboM, ONUCAHHBIM B cTaThe |35|. 3aTeMm BbIUHC/IsSETCS BEKTOD JABUXKEeHUS d 110 OBEPXHOCTU
JOITYCTUMOM 00JIACTH, COOTBETCTBYIONINI HAIPABIEHUIO MAKCAMAJHLHOTO BO3PACTAHUS I1€JIEBOM
dbyukiuu. [locie yero mponcxoauT ABMKEHNE B 33 JAHHOM HAIIPABJIEHUN 10 OIPAHUINBAIONIETO
pebpa. B 9T0i1 TOUKe BBIYHUC/IIETCS HOBBIHM BEKTOD d, 1 yKa3aHHbIE IIArU IOBTOPSIOTCS JI0 TeX 0P,
1oKa BeKTOp d He okaxkercsi HyJsieBbIM. Crarbst [34] cosepkuT 10Ka3aTesbeTBO, Y4TO CIEeJIaTh 9TO
MOXKHO BCEI/Ia 332 KOHEYHOE YHCI0 maros. [1pobiema MeToma moBepXHOCTHOTO JIBUKECHUS COCTOUT
B TOM, 4TO HE IIPEJICTABJCH KOHCTPYKTUBHBIN CIIOCOD HaXOXKIeHUsi BeKTopa d.

Pemennem nipobiiembl ¢ ompejiesienrneM BeKTopa d MOXKET CTATh COYETAHME MCKYCCTBEHHBIX
neiiponnbix cereil (MHC) ¢ opuruHajbHBIM METOJOM BU3yaJM3aliuid MHOTOMepHBIX 3ajad JIIT,
npeiokeHHbiM B [36). VI3BecTHO, 9TO HEHPOHHBIE CETH MPSIMOrO PACIPOCTPAHEHHSI JIEMOHCTPH-
PYIOT BIEYATISIIONINE PE3Y/IbTATHI B 3aa49aX, CBA3AHHBIX C PACIO3HABAHNEM CJIOXKHBIX BU3YaJIb-
ubix o6pasoB. C npyroii croponbl, B [36] mpuBeser Xopormo MacirabupyeMblii mapaJiieabHbIi

aJICOPUTM, ITO3BOJIAIONINI 38 KOHEYHOE, 3apaHee IIPOrHO3UPYEeMOe BpeMd, CTPOUTH BU3yaJlbHbIE



00pasbl, JIOCTYIHBIE JJisi 00pabOTKU HEPOHHBIMU ceTsIMU. B HACTOsIIIEN cTaThe UCCIeI0BaH MO/l
X071, 00'bEIMHSAIONINI TEXHOJIOTHIO TVIyDOKUX HEHPOHHBIX CETE ¢ BOSMOKHOCTSIMU MAPAJLICTbHBIX
BBIYUCJIEHUN JIJIs HAXOXKJIEHUS BeKTopa d, YKa3bIBAIOIIEr0 HAIIPABJIEHNE MAKCUMAJILHOTO yBEJIU-
YeHUs IeJIeBON (DYHKIUH.

CraTbsi UMeeT CJeAyIONnlylo CTPYKTYpy. B pasmesne [l| KpaTKo M3JI02KEHBI OCHOBHBIE I10OJIO-
JKeHus MeTojia Budyasusaiun 3aa4d JII1 u MeTosa noBepxHoCTHOrO JiBHKeHUs, (DOPMUDYIOIITHE
TEOPETUYECKyI0 OCHOBY HACTOSAIIEro ucciejoBanus. B pazmeie |Z| ollMCaHa HOBagd CTPYKTypa pe-
IENTUBHOIO 110JIsl, NOJIYIMBIIAasi Ha3BaHue «KpecroobpasHasi». Pasnen [3] onnceiBaer paspaborky
apXUTEKTYPhl PYHIAMEHTAJTHLHON HEHPOCETEBON MOJIE/IN, BHIYUC/IAIONIEH BEKTOD ABuKeHud d 1o
TUIIEPILIOCKOCTSIM, OIPAHUYUBAIONIUM JOIYCTUMYIO 001acTh. B pasnese 4| npuseiensr pe3yibra-

Thl BBIYUC/IUTEIBHBIX 9KCIIEPUMEHTOB. B pasnene [3ak/0oueHne] CyMMUPYIOTCsT IOy IeHHBIE Pe-
3yJAbTaThl U PACCMATPUBAIOTCA BO3MOXKHbBIE HAIIPABJIEHUA JIAJbHENIIINX UCCJIECJOBAHUMA.

1. TeOpeTI/I‘IeCKI/Ie OCHOBBI

PaccMoTprM OCHOBHBIE MOJIOXKEHUsT METOJa BU3yaJau3anui MHOroMepHbix 3a1ad JIIT [36] u
MeTOJIa TIOBEPXHOCTHOTrO nBrzkenust [34]. B obieM Buje 3a1ady JUHEHHOIO IPOrPaMMUPOBAHMS

MOKHO IIPEJICTABUTH CJIELYIONIM 00pasoM:
Z = argmax {(c,z)|Ax < b,x € R"}, (1)

e c € R?, b e R™ AcR™"uc¢=#0. [Ipuuem orpannyenue & > 0 Bxojar B cucremy Ax < b
B dopme —z; < 0 jyist Beex ¢ € {1,2,...,n}. 31ech BeKTOpoM ¢ 06O3HAUEH I'PAJIMEHT IEJIeBOI

dbyHKIMN, MAKCIMYM KOTOPOil HEOOXOMMO HANWTH:
f®)=ciz1+ ...+ cpzp. (2)
O6o3Ha1nM depe3 P MHOXKECTBO HHJIEKCOB, HYMEPYIONUX CTPOKH MaTpPHUIBl A:
P=A{1,---,m}. (3)

IIycts a; € R™ obosHaUaeT BEKTOp, IIPEJCTAaBJISIIONIUN i-TYI0 cTpoKy Mmarpuilbl A. Mbr mnpes-
nojtaraeM, 9to a; # 0 s Beex ¢ € P. ObosnaunM depe3 H; 3aMKHYTOe IOJIYIIPOCTPAHCTBO,

onpeJie/isieMoe HepaBeHCTBOM (@, &) < b;, a uepe3 H; — OrpaHUIMBAIOIILYIO €r0 TUIIEPILIOCKOCTh:

A= {w € R'{ai @) < b} @)

[lesneBas poekiyst ToUKK z € R™ Ha runepiiockoctb H; Buraucssercs 1mno gpopMmyJie
vi(2) = z + Bi(2)c, (6)

rue
(al-, Z> — bl

<a'iv C>

Pi(z) = - lell - (7)

[Ipu srom runepusockocts H; He poskHa OBITH MapaJuie/bHON K BeKTOpy . CKajsgpHas Besu-

qnHa [3;(2) HA3BIBAETCS IEJEBBIM CMEIIEHIEM TOYKH Z OTHOCHTEJIHHO IHIEPIIOCKOCTH Hj.



OripejiesiuM JIOMyCTUMBIN MHOTOI'PAHHUK

M= (i, (8)
1€P

IIpeJICTABILIONINIT MHOZKeCTBO jomycTuMbix Touek 3aan JIIT (). Bamerum, uro M B 9TOM CI1y-
Jae OyJIeT 3aMKHYTBIM BBIILYKJIBIM MHOKeCTBOM. Mbl Gyjem npeanosnarars, aro M # (), To ecth
sagaga JIIT (1)) umeer pemenne. O6o3naunm depes I'(M) MHOXKECTBO IDAHUYHBIX TOUYEK MHOIO-
rpannuka M. [lox rpannanoit Toukoit muoxkectBa M C R™ monumaercs Touka B R™, mj1st KoTopoit
Jirobasi OTKpBITast ee OKpeCTHOCTH B R™ mMeeT HellycToe repecevdeHne Kak ¢ MHOXKeCcTBoM M | Tak

U C €ro JOIOJTHEHUEM.
[eneroit runepmtockoctbio H.(z), mpoxopsrieil depe3 TOUKY 2z, HA3bIBACTCS THIIEPILIOC-

KOCTb, 3ajaBaeMasi (POPMYJIOif

He(z) = {z € R"|(c,x) = (¢, 2)} . (9)

[Mosynpocrpancrso H; HasbiBaercsi pereccuBHbIM [37], eciu
(ai,c) > 0. (10)

Oupenenum
Z={iePlaic)>0}, (11)

TO ecTb L opeacTaB/deT MHOXKECTBO MHJICKCOB, [1JIsI KOTOPBIX ITOJIYIIPOCTPaHCTBO HZ ABJIAETCs
perecCuBHBIM. HOCKOJIbe ,ILOHyCTHlVIbIﬁ MHOI'OT'DaHHUK M apejcTraBJisaeT coboit OorpaHn4ieHHOe

MHO2KECTBO, UMEeEM

) (12)

OrpejiesiuM pereccuBHbI MHOIOIDAHHUK

M= () H. (13)
€L

O‘{eBI/I,ZLHO, qro M saBisercs BBIIIYKJIBIM, 3aMKHYTBIM, HEOI'DaHNYICHHbBIM MHO2KECTBOM. s

u ciaenyer
M C M. (14)

O6o3naqnm gepes I'(M) MHOXKeCTBO TPaAHMYHBIX TOYEK perieccuBHoro Muororpanaunka M. Co-

IJIACHO yTBEp2KIeHuIO 3 B [37] mMeem

& c (M), (15)
TO ecTh pemenue 3aaaqu JIIT JIEXKUT Ha TPAHMIE PELECCUBHOIO MHOrOrpaHHuKa M.
Leneast npoeknust v(z) Toukn z € R™ Ha rpanuity F(M ) PEIeCCMBHOIO MHOTOIDAHHUKA M
BBIUHC/ISIETCS 110 POpMyJIe
¥(2z) = z + B(2)c, (16)

rie B(z) = min{B;(2)|i € T}. Cxanspuas semmuuna 3(z) HASHIBAETCS LEJEBBIM CMEIICHIEM
TOYKH Z OTHOCUTETHLHO TPAHWIIBI PEIECCUBHOTO MHOTOTpAHHUKA. Ha OCHOBe Ie/IEBBIX CMeETeHu i
crpoutcs nudpoBoit obpas 3agaqn JIII.

MeToz TOBEpXHOCTHOTO JIBUKEHUsI, OMUCAHHBIN B [34], CTPOUT HA TOBEPXHOCTH JIOITYCTHMOTO
MHOI'OI'DAHHUKA IIyTh U3 IIPOU3BOJIbLHON 'PAHUYHON TOYKU u® e M NI'(M) mo Touku &, sABJISIIO-

mietics perrenuem 3agaqn JIT1 . [Tepemerrienne 1Mo MOBEPXHOCTH PEIECCUBHOTO MHOTOT'DAHHUKA



[POMCXOUT B HAIIPABJICHUN HAUOOJIBINETO YBeJUUYeHUs 1esieBoit pyukiuu. Peaymsarus meTona
[OBEPXHOCTHOTO JIBUYKEHUsI [IPUBEJICHA B BUjie ajropur™a 1 B [34].

Kimi01eBbIM yHKTOM aJIrOPUTMa SIBJISIETCS IOCTPOEHHE BEKTOPa ABMKEeHUS d I TeKYIIEro
nputmxenns uk) € M N I'(M). Pacemorpum ero mojgpobuee. CHadasia CTPOUTCS N-MEpPHBIi
nuck D, gpiisiomuiicd IiepecedeHneM IeJIeBoil rumepiiockoctu H, (u(k)), TPOXOJIAIIECH Yepe3

TOYKY u(k), U n-MepHOoro mapa Vi (u(k)) MaJIOI'O paauyca r ¢ OEHTPOM B TOYKE u(k).
D = H.(u™) 0V, (u®). (17)

Ha TUIIEPAUCKE BBIYUCJIACTCA TOYKa U C MaKCHMAJIBHBIM CMEIIEHHEM OTHOCHUTEJILHO I'DaHHWIIbI

DEIECCUBHOrO MHOTOrpanunka M.
v = argmax{f(z) | ¢ € D}. (18)

ﬂaﬂee BBITUC/IAETCA TOYKa W, ABJIAIOIIAACA IleJIeBOfI HpOQKHI/Ieﬁ UV Ha I'paHully penecCuBHOI'O

MHOTOTDAHHUKA.
w =4 (v). (19)

Ormernm, 9TO, CONIACHO yTBepKIeHuo 4 u3 [34], MbI Bcerja MoxkeM 110106paTh Takoil pajuyc r
ansg Vi (u(k)), 10651 Hexouas Touka wk) u nenesas IIPOEKIUs W IIPUHA/JIEIKAJIN OJHON U TOM
2Ke TUIePIJIOcKocTu. BekTop d JABUKEHUS 10 MOBEPXHOCTU MHOTrOrpanuuka M, cOOTBETCTBYIO-
Uil HAITPABJIEHUIO HAMOOJIBIIIErO yBEJIUUIEHUs 1eJ1eBOi (DYHKIINU, ONPE/IEISeTcs KaK Pa3HOCTD

IeJIEBOI ITPOEKIINN W W TOYUKHU u®),

d=w—u®. (20)

st mpakTudaecKoil peaansaliny MeTO/1a ITOBEPXHOCTHOIO JIBUKEHUsT HeOOX0omnuM 3P PeKTUB-
HBIH crtocob Beraucenust Bekropa d. W mest 3¢bhekTUBHOIO pelrenust 9Toi IpodIeMbl, IPeIIoKe-
Hasi B pabotre 36|, cocrour B ciesyiomeM: IIOCTPOUTEH HA CYIIEPKOMIIbIOTEPE BU3YAJIbHBIH 00pa3
OKPECTHOCTHU TOYKU u®) u mmepeiaTh €ro Ha BXOJ IJIyOOKOM HEHpOHHOI ceTu, 0OyIeHHON BBIIa-
BaTh KOOPJAMHATHI BEKTOpa d.

st mocrpoenns: BusyasibHoro obpasa 3aaa4an JIII B |36] crpourcs runepkybuyaeckoe perer-
TuBHOe T10Jisi. ['mnepkybudeckoe perentusHoe 1ose Geype(z,1,9) C H, miorHoctn § € Ryg ¢
eHTpoM B Touke z € H. u panrom 1 € N mpescrasiiger coboil MHOXKECTBO TOUEK, ABJISIONINX-
csl y3JIaMU THUIIEPKYOHMYECKO pelmeTKn pPasMepHOCTH 1 — 1 ¢ (PUKCHPOBAHHBIM PACCTOSIHUEM O
MEXK/Iy Y3JIAME, KOTOpast UMeeT 21) s9eeK 10 KaxkJoMmy usMmepenuto. Obiee KOJIMIecTBO TOYEK B

TUIEPKYOUIECKOM PENENTUBHOM I10JI€ BBIYUCISETCs 110 hopMyJIe
Kewpe = (20 + 1)1 (21)

IIpuMep rUnepKy6rTIecKoro perenTHBHOrO 10 B IIpocTpancTBe R? npuseien na puc. .



G®cupe(z,1,6) ®ross(z,m,0)

¢ Yoo o o M

e e I
SRR R S S

i i V Z i i

I

SRR RIS S S

O U A S :

a) rumnepkyonueckoe 6) KpecToobpasHoe

Puc. 1. JIge cTpyKTYpBI PEIENTHBHOIO 10l B IIPOCTpaHcTBe R3

O6paszom J(z,7,d), MOPOKIEHHBIM perenTuBHbIM tosieM &(z,7,d), sABIseTCs yHOPsII0YeH-

HOE€ MHOXKECTBO BCIICCTBCHHBIX YHNCEJI

3(z,m,0) = {Blg)|g € B(z.n.0) }. (22)

[Monyuennsiit 06pas nomaercst Ha BxoJ riiybokoit Heiipornoii ceru (DNN). ITpasuwibno DNN Bbi-

YUCIISeT KOOPJUHATHI BeKTopa d.

d = DNN (’J(u(k), 7 5)) . (23)

OcHoBHast TpobJ/IeMa TUIIEPKYyOUIEeCKOr0 PEIENITUBHOTO MOJIsi COCTOUT B TOM, UTO C YBEJIMYCHUEM
Pa3MEpHOCTH MPOCTPAHCTBA, YHCIO0 TOYEK PENENTUBHOIO T0JIsi B COOTBETCTBUU ¢ (hopmy.noii (21
pacTeT SKCIIOHEHIMAJIbHO. B cireyiomnem pazjese mpejiaractes apyrasi KOHMUTIYypaIus perer-
TUBHOTO 110JIs1, Ha3bIBaeMast KpecToobpasnoii. KosimiecTBo TOUeK B TaKOil KOHMUHYPAIIUU PACTET

JIMHEITHO C POCTOM Pa3MeEPHOCTH.



2. Kpectoobpas3Hoe pernenTuBHOE MOJe

[TocTponm HAGOP B3aMMHO OPTOTOHAJIBHBIX BEKTOPOB, BKJIIOUAIONINX B CeOsT €, CJIETYIONINM
obpa3zom:

= (c1,C2,03,C4y ..., Cn_1,Cn);
1 noo2
<_E E o ci,02,03,64,...,cn_1,cn> , ecau c1 # 0;
(1,0,...,0), ecm ¢; = 0;
1 noo2
(0, - E g Cin €3y Cls e ,cn_l,cn> , ecaun cg # 0;

c
c? —
(0,1,0,...,0), eciu cg = 0;

1N 2 :
) 0,0, — i, CinCay e ,cn_l,cn) , ecan ¢z # 0; (24)
(0,0,1,0,...,0), eciu c3 = 0;
n
n2) _ 0,...,0, —Cnl_2 Zi:nq c?, Cn_1, cn) , €CJIU Cp_o # 0
0,...,0,1,0,0), ecsu ¢;,—2 = 0;
1) O,...,O,—C:—’il,cn) , €CIH C¢p—1 7 O;
(0,...,0,0,1,0), ecau ¢,,—1 = 0.
Jlerko BUiETDH, 9TO
Vi, j € {0,1,...,n—1},i#j: <c(i),c(ﬂ>> —0
B Tom uncite
vz':l,...,n—1:<c,c(i>>:o. (25)

Yreepxaenne 4 u3 [36] mokaseiBaeT, YTO JIMHENHHOE HOAIPOCTPAHCTBO padmepHocTH (n — 1), mo-
POKIaeMO€e OPTOTOHAIBHBIMU BEKTOPAMU C1, . . . , Cp—1, ABJISETCI THIEPILIOCKOCTHIO, MapaJIIesb-

Hoit runiepriockoctu H.. Obo3nauum 1depe3 F. CIeIyIommii OpTOHOPMUPOBAHHBIM Ha3HC:

o _ <V
E.=qe"=—lie{l,....n—1};. (26)
]l
Ounpenesienne 1. KpecroobpasubiM perenTuBHbIM 1H07eM Beposs(2,7,0) C H, mwiorHOCTH
0 € Ryg ¢ nearpoMm B Touke z € H. u panrom 1 € N OyjeM Ha3bIBATH KOHEYHOE YITOPSIIO-
YEHHOE MHOXKECTBO TOYECK, PACIIOJIOZKEHHBIX Ha OCAX OPTOHOPMHWPOBAHHOI'O 6&31/1(3& EC C IEHTPOM
KoopauHaT B TOYKE Z, OIIPCACJIAIONUIETO JINHEITHOe MHOFOO6pa3I/Ie H67 C d)HKCI/IpOBaHHbIM pac-
CTOAHUEM 5 MeEXKJy COCEJHUMU TOYKaAMMU. Ha Ka}K,HOfI II0JIyOoCH 6a3I/IC3 pacnoJjiaraercd n TOYEK.

Hentp KoOpAUHAT TaK)Ke BKJIIOYAETCS B KPECTOOOPA3HOE PEIENTUBHOE IIOJIE.

KpecToobpasHoe penenTuBHoe 1osie MOXKeT ObITh HOCTPOEHO ¢ moMomnipio anroputma [I} IIpo-
KoMMeHTHUpyeM ero tmaru. Ha mmare 1 cosmaercst mycroe maoxkectBo Todek &. Ha mrarax 2-19
nukJ for Ha KaXkoil uTepanuu 3amoHIeT TOYKaMu OJHy och 6a3uca F.. Ha marax 3—18 muxi
for cozmaer ogny Touky. Ha mrare 4 mHUITMAIN3UPYETCs TOYKA S, BCE KOOPJIUHATHI KOTOPOI 3a-
[OJTHEHBI HyJIIMU. 3aTteM 1ukJl for Ha marax 5-16 BeIMHCIISET 10 OYEPEIU KaXKLYI0 KOODIUHATY
sj B Gasuce E, u coxpangeT ee B S. Ecam HoMmep KOOPJMHATHI He COBIIaJIaeT ¢ HOMEPOM obpaba-
TBIBAEMOIl 0CH, TO Takast Koopannara pasaa 0 (maru 6-7). Mnade s; npucsanBaercst KOOpAHHATA

1o ocu el (mmarn 8-14). Ecin Touka pacrosiozkena Ha OTPHUIATETBHON MOIYOCH, TO KOODINHATE



Anroputwm 1 ITocTpoerne KpecTooOpa3HOro PeIenTHBHO-
1o 1107151 Beross(2,1),0)
Require: z€ H., ne N, § € Ry

1: :=0

2: fort=1...n—-1do

3: fori=1...2ndo

4: s:=0

5: forj=1...n—1do

6: if j #t then

7 Sj = 0

8: else

9: if + <7 then

10: sji=>{—-n—1)9

11: else

12: sj:=(i—n)o

13: end if

14: end if

15: s:=s +sje(j)

16: end for

17: G:=6U{s+z}

18: end for

19: end for

20: B:=6U{z}

21: stop
II0 Oepe/H IPUCBANBAIOTCA 3Hadenus {—7, ..., —1} (marn 9-10); Ha HOJIOKUTEIHHON MOIyOCH
KOODJIMHATE IpHCBauBaioTcs 3Hadenus {1,...,n} (maru 11-13). Ha mare 15 Bbrauciennas Ko-

opauHaTa nobasisieTcs K S. [1o okoHYaHnm 3ammcn Bcex KOOPIAUHAT B S, Ha Iare 17 HOBas TOYKa
CO CIBUTOM 2z H00aBJISIETCS B MHOXKECTBO TOUek pernentuBHOro nossa &. Ilociie Toro, kak MHOXKe-
cTBO ToUek cpopmupoBano, Ha mare 20 K Hemy jgo0aBisieTcs MeHTpaibuasg Touka mojs. [Tlar 21
3aBepiraeT paboTy aJrOpuTMa.

[IpuMep KpecTooOpasHOro PEelNeNTUBHOIO HoJis B mpocTpaHcTee R3 npusenen ma puc. |1p.

Ob11iee KOIM4ecTBO TOYEK KPecToOOPasHOro I10Jsl BbIYUC/IsgeTcs 110 popMyIe
Keross = 2n(n— 1) + 1. (27)

HeitcrBurensro, anroputum (1| B mukiie for va marax 2—-19 cTpouT ToUKM Ha Kaxki0i u3 n— 1 oceii,
3ajiaBaeMbIx BekTopamu u3 .. Ha kax1oit ocu Bo BiiozkenroM 1ukJie for (maru 3—-18) or HyseBoii
TOYKHU CTPOUTCS 7) TOUEK B MOJIOKUTEJLHOM U 1) TOUYEK B OTPHUIIATEHLHOM HAIpaBiieHusax. Bcero
nostygaercs 2n(n — 1) rouek. B 3aBepiienne K moJy9IuBIIEMycsi MHOKECTBY TO4YeK Ha mmare 20
J106aBIIsieTcs IieHTpaJibHast Touka. B cymme nostygaem 2n(n — 1) 4 1.

[TockobKy XpaHUTD TOCTOSTHHO BECh MACCUB TOYEK Hereiecoo0pa3Ho, Ha MPAKTUKE KOOP/IU-
HATBI TOYKU MOKHO BBIYUCJIATD JUHAMUYECKHU 110 ee HoMePY. VIMEHHO 9TOT 10JIX0J1 UCIIOJIb3YEeTCs

IIPH [OCTPOEHNH 00pa3a PeNeNTUBHOIO MoJis B ajgropurme [2}



AsropurMm 2 Ilocrpoenne KpectoobpasHoro obpasa Jeress(2,17,0)
Require: z € H,,n €N, § € Ryg

1: J:=0

2: fork=1...2n(n—1) do

3: l'=[(k—=1)/2n] +1

4: p:=(k—1) mod 2n+1

5: g =z

6: if p < n then

7 g=g+(p—n-1)e?

8: else

9: g:=g+ (p—mn)se?

10: end if

PRV PR C/ ) R Y
<alvc>

12: fori=2. .<.a7?§l>0_ b

13: Bi ::_W ]l

14: if 3; < 3 then

15: B:=B;

16: end if

17: end for

18 J:=3U{B3}

19: end for

20: J:=7U {0}

21: stop

JlaguMm KpaTkue KOMMEHTAPHUH 110 maram 3toro ajaropurma. [Ilar 1 uauImaIn3upyeT mycroe
MHOXKECTBO J, KOTOpoe OyJIeT COJEPKaTh Ie/I€Bble CMEIEeHUsI TOYeK PEIENTUBHOIO MOJIsT. 3aTeM
k1 for nepebupaer (maru 2-19) Bce TOUKE PEIENTUBHOTO 110JIsI, KpOMe HeHTpaJibHOi. Ha mma-
re 3 BBIYMCJISIETCSI HOMEP OCH, Ha KOTOPOIl pacrojioykeHna Todka. Ha mare 4 BbIYuC/IsieTcst HOMED
TOYKH Ha ocu. Ha marax 5—10 BEIMHCIISIIOTCS KOOPAMHATH TOYKHU. Ha 1mare 5 B KauecTBe HCXOIHBIX
IPUHIMAIOTCST KOOPAUMHATHI IIEHTPAJIbHON TOYKM PEIENTHBHOrO I0JjsI. B 3aBHCHMOCTH OT TOrO,
PACIIOIOKEHA BBIYHUCIsIeMAast TOUKA HA OTPUIATEILHON NI MOJIOXKUTEIbHOMN mosryocu (mar 6), K
HCXOJIHBIM KOOPJAMHATAM JI00aBIISIETCST IEPEMEITEHIE B OTPUIATEIbHYIO CTOPOHY (mmar 7), ambo B
nostoxkuTeapHyo (mmar 9). Ilenrpanbaast Touka Ha 9TOM STarne He 0O6pabaThIBaeTCs, TaK KaK OHa
71 Beex oceit obrmast. Jlaee na marax 11-18 ¢ momomibio popMyIb BBIYHUCJISIETCS 11€JIEBOE
CMeIleHre TTOJIy YeHHON TOUKU PEIENTUBHOIO MOJIsi OTHOCUTEIBHO MPAHUIIBI PEIleCCUBHOIO MHOI'O-
rpaaHuKa. Ilocyie BRIYNCIEHNsT BCEX TOYEK PEIeNTUBHOIO MOJIsI, KpoMe IeHTPaIbHO, Ha mare 20
K 0bpa3dy m00aBJIsieTcsl elle OJHO CMEIeHNe, PaBHOe HYJII0, TaK KaK IeHTpajbHasl TOUYKA pellell-
THUBHOTO TI0JIsI BCETIa PACIIOJIATaeTCsT Ha MOBEPXHOCTHU JOITYCTUMOTO MHOrOrpaHHuKa. CJiemyoree

yYTBEp2KJACeHUE JacT OIECHKY Bpel\leHHOﬁ CJIOZKHOCTHU OIIMCAHHOI'O aJIl'OpHuTMa.

Vreepsxkaenue 1. Anroputw [2 mveer Bpemennyto ciroxnocTbio O(n?m).



Zoxazameavcmeo. Pacemorpum amroputw |2} Hlarm 5, 7, 9, 11 u 13 uMeer BpeMeHHYIO CJIOXK-
Hocth O(n). OcrasbHble IArd, 3a UCKJIIOYEHUEM OlepATOpPOB IHKJIa for, nMeror BbraucnTe b
ayto ciaoxkuocts O(1). Kommaecrso nreparmii BuyTpentero mukia for (mar 12) MoXKHO OeHUTD
kak O(m). CiuenoBarenbHo, maru 12—17 uMMeIOT CyMMapHYIO BPEMEHHYIO CI0KHOCTH O(nm).
KommiecrBo urepanuit Brentaero nukia for (mar 2) moxker 6biTh oreneno kak O(n). Takum

00pa30oM, BpeMeHHasl CJI0KHOCTH aJITOPUTMA [2| B IIeJIOM MOXKeT OBIThH OIeHEeHa Kak O(nzm). 0

3. IlocTrpoenme HeilipoHHOIT ceTn AJisi ABUXKEHUS 10
T'ANePILIOCKOCTH

[Tycts B R™ 3amannl caydaiiHbIil BEKTOP @ U TUNIEPILIOCKOCTL Hy, OpTOTOHAIbHAS BEKTODPY Q.
Be3 orpanuvenust oOITHOCTH MBI MOXKEM II0JIAraTh, UTO THUIEPIIOCKOCTh Hg mpoxoauT depes
HYJICBOII BEKTOP:

Hy ={x e R" | (a,z) = 0}. (28)

3a/1a/1uM IPOM3BOJILHBINH BEKTODP € TaKoOii, 9TO
(a,c) > 0. (29)

INunepiockocts Hg mpezcTaBisier coboii caydaiiHyio IpaHb HEKOTOPOI'O JOMYCTHMOIO MHOI'O-
rpanauka M, a BEKTOp ¢ — TPaIUEHT CAydaitHoOl 1emeBoit pyukiun. [Ipu sToM mosrynpocTpan-

CTBO H’a, 3ajaBaemMoe (hOPMYJIOit
Hy = {x e R"| (a,z) < 0}, (30)

SIBJISIETCsI PEIECCUBHBIM 110 OTHOIIEHUIO K BeKTOpY c¢. OueBu/HO, 9TO B KOHTEKCcTe 3amaqan JII1
M C Hqu Hy,NT(M) # (.
s moctpoenus 1udpoBoro odbpasa runepiiockoctu Hg, HCHIoIb3yeM MeIeBY0 TUIEPILIOC-

KocTb B Touke 0:

H:(0) ={z € R" | (c,x) = 0}. (31)

Bocnomnbzosasmucs (24) u (26)), chopmupyem 6azuc E. C Hq(0). C momommpio amropurma 4
u3 36| nocrponm runiepry6udeckuii 06pas Jeube (0,7, 9), U ¢ TOMOIIBIO aHI‘OpI/ITMa OIMMCAHHOTO
BBIIIIE, TIOCTPOUM KPeCTO0Opas3Hblit 06pa3 Jeross(0, 7, 0). daree mbr 6yaem obo3HaIaTh 9T 06pa3HI

KaK Jeube M Jeross. C TOMOIIBIO (DYHKITUT
w3(p) = 511(p — min(J))/(max(J) — min(J)) — 256 (32)

BBITTOJTHIM HOPMAJTU3AIIUI0 000X 00PAa30B:

QU

cube = {‘P:im,be (P) ‘ pE jcube} ) (33)

Q1

cross — {‘Pﬁcmss (p) ‘ pE jcross} . (34)

L1t TocTpoeHnst 00y Iaioero MHOYKECTBA HEOOXOINMO COTIOCTABUTH HOPMATH30BAHHOMY 00-
pa3y HPaBUIBHBIN BEKTOD JIBUKEHUST dg 10 TUIEPIIOCKOCTH Hy. O603HaYMNM 1Uepes mq(c) opro-

TOHAJIBHYIO IPOEKIINIO BEKTOPA € HA TUIEPIIOCKOCTb H:

Ta(€) = c— <”(Z|T2> a. (35)



BXOIHOMI IIepBBIT cpemHui II0CJIETHUM BBIXOTHOM

CJIOH CKPBITHIN CKPBITBIN CKPBITHIN CJIOH
— 1
4 R\ 4 N\
Dense Dense Dense Dense
input: K [2048, 4096, [2048, 4096, [1024, 2048,
N J 1\ 8192] ) 8192] \ 4096] )
l T ?’ﬁ
[relu, tanh, [relu, tanh, [relu, tanh, [relu, tanh, Dense
sigmoid] _ sigmoid] 2 sigmoid] | ' | sigmoid] output: n — 1
s * N | l ~ T T
Dropout Dropout Dropout Dropout
(0., 0.15, 0.30, (0., 0.15, 0.30, (0., 0.15, 0.30, [0., 0.15, 0.30,
S 0.45] PR RN 0.45] ) 0.45] 0.45]
e s [ S B —
\ v J
learning_rate = [0.01, 0.005, 0.001,  umcO cI0EB =
0.0005, 0.0001, 0.00005, 0.00001] [0,1,2,3,4,5,6,7,8,9,10]

Puc. 2. ApxurekTypa rumnepMmomiesn

()‘{eBI/I,ZLHO7 YTO OPpTOroHaJibHasd ITPOCKINA WG(C) YKa3bIBa€T HallpaBJ/IeHUE MaKCUMaJIbHOT'O yBe-

JINMYEHNA SHAYCHUA L[eJIeBOﬁ Cl)yHKLLI/II/I Ha T'UIIEPIIJIOCKOCTH Ha,- TaKI/IM 06pa30M
da = 7a(c). (36)

B kadecTBe mpaBmIbHOTO OTBETA BMECTO 1 KOOPAUHAT BeKTOpa dg B R™ Oymem ykaspiBarh n — 1
koopauHaTy B Oasuce F.. O6o3HaunM uepes gq € He OPTOroHAIBHYIO MPOEKIHIO BeKTopa d, Ha
TUTIEPILIOCKOCTD H:

(¢, da)
9a = dq — el (37)
Ucnons3ys u , JIaHHYT0 (DOPMYILY MOXKHO 1peobpa30BaTh K BUILY
c,a

KosdpuupmenroM yria HaKJIOHA BEKTOPa gq K Gasucnomy BexTopy el?) mazsoBem Kocmimyc yria

MeKJLy BeKTOpaMu gq 1 e():

(%)
e b
cos oy = w (39)
1gall
Bsareie BMecTe, K03(DMUIMEHTHI YITIOB HAKJIOHA 00pPa3yIoT BEKTODP NPABUILHOIO OTBETA
1) (n-1)
e e
yo = ((90)  (e"Voga) (40)

gall gall

s HacTPOMKY ONTUMAJIBHBIX TUIIEPIIAPAMETPOB HEHPOHHOI ceTu ObLiIa pa3zpaboTaHa IUIep-
MOJIEJIb, TIpeJICTaBJIeHHas Ha puc. 2} Dra rumepMosess BKIIOUaeT BXOIHOI C10il, 60K CKPBITBIX
CJIOEB U BBIXOMHOU CJION. BJIOK CKPBITBIX CJI0EB COCTOUT U3 MIEPBOTO CKPLITOTO CJIOsI, IEPEMEHHOTO

qucJjia CpeaJHNX CKPBITBHIX CJIOEB M ITOCJIEJHEro CKPBLITOI'O CJIOA. Bce ciion gaBiistioTcss OJIHOCTBIO



Tabuauia 1. [lapamerpsl perenTUBHOTO MOJIS

ITapameTp CemaHTuKa 3uagyeHue
n pPa3MepHOCTh ITPOCTPAHCTBA 10

n PaHT PEIENTUBHOTO IIOJIS )

1) pacCTOsTHIE MEXKy COCEeIHUMHU TOYKaMu | 1

Keube YHUCJIO TOYEK PELEIITUBHOIO II0JIS 91

cesazanHbiME (dense connection). Boibop dhyHKIMM aKTHBAIIUY JIJIsi BCEX CJIOEB OCYIIECTBIISLICS U3
nabopa {ReLU, sigmoid, tanh}. Bxomuoii cjioii umeer K HeiipOHOB, COOTBETCTBYIONIMX TOYKAM
HCIIOJIB3YEMOTO PEIENITUBHOTO 10JIs. BhIXomHO# ciioit nmeer n — 1 HEHPOHOB, COOTBETCTBYIOIIUX
qucy K03 MUIMEHTOB yTJIOB HAKJIOHA BEKTOPA Jq -

[Tonbop runeprapamMeTpoB BBIIOJHAJICS Ha ODyYalonieM MHOXKECTBE, Cr€HEPUPOBAHHOM B
npocrpanctse RV ¢ kondurypanueii perentusHOro 1o, npeacTaBaenuoil B Tabr. |1l s reme-
paIyy CJIyYallHbIX KOOP/IMHAT BEKTOPOB @ U C UCIIOJIB30BAJIOCH CTAHIAPTHOE HOPMaJIbHOE PACIIpe-
Jesienne. Yucsio HefipOHOB JIIsi CKPBITHIX CJI0€B T100upasiock u3 nabopa {1024, 2048, 4096, 8192}.
KosmmvecTBo cpejiHUX CKPBITBIX CJI0eB noabupasoch u3 vabopa {0, 1,...,8}. 3amerum, 4T0 Mak-
CUMAJILHO BO3MOXKHOE UHCJIO CKPBITHIX CJIOEB IIPU TaKOM BBIOOPE IapaMeTpoB paBHSLIOCH 10, aTo
COOTBETCTBYET 38 JaHHON pasMepHOCTH IpocTpaHcTBa 1 = 10.

OcCHOBBIBasICh Ha MPEJICTABJIEHHON TUIIEPMO/IE/IN, ObLI BBIIOJHEH 0afleCOBCKUIl ITOMCK OIITH-
MaJIbHOIO Habopa rutepiapaMerpos ¢ ucrosb3oBanneM iardopmbsl W&B [38]. [Ipu o6y 4ennn
6b11 ncnosb3oBal onrumuzaTop RMSProp [39]. Pasmep 6i0ka obyuatonux npenegentos (batch
size) pasusuicsa 128. B kadectse dyukiuu noreps (loss) 6blL1a ncnosib3oBana KOCUHYCOBasi Mepa

(cosine similarity)

\/Ek 1O \/Ek 1yk

3/ech o, — 3TO 3HavdeHusi KoIMMUIMEHTOB HAKJIOHA, IIPEeJICKA3aHHble HEHPOHHOW CEeThIO, Y —

K03 PUIMEHTHI HAKJIOHA, PACCANTAHHBIE HA OCHOBE (DOPMYJIBI . Habop obyJaronux TaHHBIX
u3 100 000 mperieeHTOB OBLT pa3/Ie/ieH CIEIYIONNM 00Pa3oM:

e oOyuaroras Beioopka: 80000 3/1eMeHTOB;

e TectoBasd BeIOOpKa: 15000 3/1eMeHTOB;

e BasmmannonHas Beioopka: 5000 s1eMeHTOB.

Jl1st 00y UeHus U TECTUPOBAHUS HEPOHHBIX CeTell MCII0Ih30BaJICs KoMILIeke « HefipokoMmiibio-
rep» FOxkHO-Ypasibekoro rocygapersenaoro yausepeurera [40], obopyrosanHblil rpadudecknmu
nporeccopamu nVidia Tesla V100. Ob0ydenune nmpousBoAMIOCH IIPHU IIOMOIIM O6UOINOTEK keras u
TensorFlow. B pesysbrare ObLia nosydena riybokas VIHC, apxurekTypa KOTOpOIl IpejcraBiie-
Ha Ha puc. 3| st orenkn Kadectsa paboThl HEHPOHHBIX ceTeil OblIa NCIOIb30BAHA OPUTHHAIIb-
HasT MOIM(DUKAIIS cpeaHeil abCOTIOTHON OITUOKY, TIOJIY IUBIIAsI HA3BAHUE «CPEITHsISI aDCOIIOTHAS

HopmasinzoBanHast ommbka> MANE (mean absolute normalized error):

n

1 Yi (%
MANE = — . — . 42
- ;_ (42)

[yl el

Coznanne 00ydJaroniero MHOXKeCTBa U 00yYeHHe UCKYCCTBEHHON HEHPOHHOW CeTU ITPOU3BO-
JIJIOCH TI0 CXeMe, TpejcTaBienHoil na puc. [4l Chavasa nmporpaMma reHepanun CrydaiiHbIX IH-

[EePIJIOCKOCTEH, NIPUHSB B KadeCTBe BXOJHOIO Iapamerpa dmcio (), renepupyer () nap {a,c},



BXOJTHOM TIepBBIT cpenHUM TIOCJIETHUH BBIXOJTHOM
CJIOT CKPBITHIN CKPBITHIN CKPBITHIN CJI0TA

( Dense W ( Dense w ( Dense W ( Dense w
L J L J 1L J

L input: K J
: * - Dense

(RetU ) | [ tamh ) | [ tanh ) | [ tanh ) e

v ] 3 ,
( Dropout W ( Dropout W ( Dropout W ( Dropout w
o J |l o4 J | 015 J | | 045

[ [ [ | [ |

learning_rate = 0.00005 JHCJIO0 CJI0eB = 1

Puc. 3. Apxurekrypa HelipOHHOI ceTu

ITapameTps! pereITUBHOTO II0JIS:
1 — paur

6 — IJIOTHOCTh

cube/cross — KoHUTYpaITUs

[TapameTpsr reHEepaTopa
@) — uucyo 3amav

'/
1
1
1
1
1
1

\
~ N ~

______________ [mmmmmmmmmmmnee R T
1
’ A 4
T'enepato
parop . a € R" — mopmaJib
TUIEPILIOCKOCTEMH, Buayamisarop
TUTIEPILIOCKOCTH s
BEKTOPOB B n ViLiPP
. ¢ € R" — BekTOp
MPOEeKITHit
y
O0pas perenTUBHOro
HcryccreenHasa moJtst: J
HEMPOHHAS CeTh BexTop mpaBuIBHBIX
OTBETOB: Y,

Puc. 4. ApxurekTypa IporpaMMHOINO KOMILIEKCa JJIsl TIOCTPOEHMST 00y YatOIIero MHOKECTBA

rje KaxKk/asi apa COCTOMT U3 CJIyYaifHOrO BEKTOPA @, ONPEJIE/ISIONIEro TUIePIIOCKOCTh (28]) un
caydaifiHOTO BeKTopa IeeBoil pyHKIuu c. MaccuB CreHepUpPOBAHHBIX JAHHBIX ITOMEIAETCH B
daiis, epemaBaeMblil IporpaMMe BU3yaan3anuu. Busyajan3aTop NPUHUMAET BXOJHbBIE [TapaMeT-
PBI, OIIPEJIEISIONINE TIOJIOXKEHNE TOYEK PEIENTUBHOIO TIOJIsI:

® DAHT PEIENTUBHOTO TOJIs 1);

® IJIOTHOCTH PENENTUBHOTO MOJIsS ¢

e dopma penenTuBHOrO MoJjst cube (runepkyomueckoe) mwin cross (KpecroobpasHoe).
B pesynbraTte paboThl BugyaansaTopa (opMUpYeTCs (haiisl MpereeHToB, coepKamii () CTpoK.
B kaxxmoit crpoke 3ammcanbl K HOPMAJIH30BAHHBIX 110 (POPMYIIE K03 PUIUEHTOB, POPMU-
pytomux o06pas J, u n — 1 koabumenTos yria HakIoHa, (POPMUPYIONMX BEKTOP HPABUILHOTO

OTBETA Yq.
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99.8 99.8
96— 99.6
99.4 * o —o 99.4
@ 99.2 @ 99.2
2 99.0 g 99.0
98.8 98.8
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98.4 98.4
98.2 98.2
98.0 98.0
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Panr Panr
a) rUmnepKyomIecKoe 6) KpecToobpasHoe

Puc. 5. 3aBUCHMOCTH TOYHOCTH OT KOH(DHUIYPAIIAH I PAHTa PENENTHBHOro mouist B R4

4. BpraucanrenabHbIE IKCIIEpMMEHTbI

B mepBoit cepun 3KCIIEPUMEHTOB HCC/IEI0BAIOCh BINSHUE KOH(MUTYPAIIMUH W UNUC/Ia TOYEK
penenTuBHOro 1oJist Ha TouHoCcTh paborbl MHC. Ha ocHOBe apXuTeKTyphl, IIpeICTABIEHHONR Ha
puc. Bl, ObLIH TTOCTPOEHBI 10 HEHPOHHBIX ceTell, OTIMIAIOIINXCST INCJIOM BXOAHBIX HEIpoHOB. Yuc-
JIO BXOIHBIX HEHPOHOB COOTBETCTBOBAJIO TMIIEPKYOMIECKON 1 KPecTOOOpa3HONW KOH(MUTYPAITHSIM
penienTuBHOTO T0J1. JJ1s1 KaxK 101 KOHUrypaiuu nepedbupaJsiock 3Hadennue paura 1 or 1 10 5. Pe-
3yJIBTaTHI IIpeJIcTaBjeHbl Ha puc. [5 Ha rpadpukax BuHO, 9TO0 KpecToOOpa3HOE PEIENITUBHOE T10JIe
HE3HAYUTE/ILHO YCTYIIAeT B TOYHOCTHU Tunepkybmdeckomy. [Ipu sTom mjis pasmepunoctu n = 4
HAWJIYYIIAe PEe3yJIbTaThl KPECTOOOPA3HOEe II0JIe JIEMOHCTPUDYET, HadhHasi ¢ paHra 2 (puc. )
M'unepkybuyeckoe pernenTUBHOE II0JIE JJjisl 9TOH pa3MEPHOCTH JAEeMOHCTPHUPYET HAWIyYIIuil pe-
3yJIBTAT TAaKXKe IPHU paHre 2, OJHAKO JaJibHEilee yBeJIndeHne paHra MPUBOIUT K YXYAIICHUIO
rouHocTu (puc. [Hp). OCHOBBIBasICh HA MOJIYYEHHBIX DE3yJbTaTaX, JJIsl JIAJbHEHIINX IKCIepPH-
MEHTOB C 3aJla9aMM OOJIBIINX PasMepHOCTell ObLIO BEIOPAHO KpecTooOpa3HOe PEIENTUBHOE I0JIe
paHra 5.

Bo BTOpOIil cepun BEIMUCIUTEIBHBIX SKCIIEPUMEHTOB ObLITa NCCIEI0BaHA 3aBUCUMOCTH TOIHO-
cru MTHC ot uncia ckpouiteix cioes. st npocrpancrs R0 i R30 6b11 mocrpoen nabop Heiipon-
HBIX CeTell Ha OCHOBE apXUTEKTYDbI, IPEJICTABICHHON Ha PHC. [3], st KOTOPBIX 9HCIO CKPBITHIX
CJI0EB BAPbUPOBAJIOCH OT 2 J10 n. Pesynbrars! npejacrasaenst Ha puc. [6] s pasmeproctn 10 quc-
JIO CKPBITBIX CJIOEB IPAKTHYECKU He BJusieT Ha TouHocTb padorsl IHC (puc. |§|a) OpHako st

pasmeproctu 30 Jsiyummuii pesysnbrar nokassiaer THC ¢ usTbio cKpbIThIME C10siME (DHC. Eb)
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99.20 99.20
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98.50 98.50

[
S
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YHCII0 CKPBITHIX CII0EB YucI10 CKPBITHIX CII0EB

a) B mpocrpancrse R0 6) B mpocrpancrse R30

Puc. 6. 3asucumoctsb Tourocts MHC oT 1uncsia CKpBITBIX CJIOEB



B Tperbeil cepun sKkcriepuMeHTOB ObLIA IPEJIIIPUHSTA TOMBITKA, YJIYUIIIUTh TOYHOCTH PabOThI
WNHC 3a cuer yBesndenusi Bpemenu obydenusi. boutu nporecruposanbl MHC s npocrpascTs
R0 i R3°. O6yuenne neiiponnoii ceru B R0 mponcxommno na nporszxennn 900 510X, B mpo-
crpancree R30 — 800 smox. I B ToM 1 B JIpyroM ciydae BpeMms oOydeHus cocTapmio 60 MuH.
PesyibraTsl mpe/cTaBieHsl Ha puc. [ O6pamaer Ha cebs BHnManne Tor dakt, uro B R0 max-
CHMaJIbHAs TOUHOCTH jlocTHraercs Ha 400 s10Xe U jlajee CyIecTBeHHo yke ne Mensercs. B R3O
TOYHOCTD YBEJIMYMBAJIACH [IPAKTAYECKHU JinHeiHo BIIOTh 10 800 smoxu. Takum obpazom, MOXK-
HO CJIeJIATh IIPEJIIOJIOYKEeHIe, YTO C POCTOM pPa3MePHOCTH MPOocTpaHcTBa BpeMst obyuenuss MHC

CYIIECTBEHHO YBE/JIMIUBACTCI.

99.55 99.10

99.06
X 99.501 99.501 99.503 99.501 99.502
99.490 99.499 .

99.50 ® -— 99.05

99.45 99.00

99.40 98.95

MANE

MANE

99.35 98.90

99.2p4
99.30 98.85
99.25 98.80
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800
Omoxa Omoxa
a) B I R0 6 R30
POCTPaHCTBE B IIPOCTPAHCTBE
Puc. 7. 3asucumocts Tounocts THC or KosmmaecTBO 910X 00y YeHMST
3akJrroueHmne

B macrosmieit pabore mcciiegoBaH MeTO, IMO3BOJISIONINN TIPU IIOMOIU TIyDOKOW HEHpPOH-
HOI CeTH MPSIMOTO PACIPOCTPAHEHUSI BBIMUCIISTh HAIIPABJIEHUE JIBUXKEHHUSI 110 TUIIEPILIOCKOCTSIM,
OTPAHUIHUBAIONINAM JOIMYCTUMbII MHOTOTpanHuK 3a1a4u JII1. Boraucisiemoe nanpasiienue quzke-
HUA COOTBeTCTByeT lVIaKCI/H\/Ia.HbHOl\/[y yBeJII/IquI/IIO 3HaYEHUN L[e.HeBOfI d)yHKLH/H/I YquLHeH paHee
pa3paboTaHHbBII METO BU3YAJIU3AIINN TOBEPXHOCTH MHOTOrpaHHuKa. lIpencraBiena HoBasi Kpe-
cTOOOpa3Hasi KOH(PUTYPAIHsT PEIEIITUBHOIO TI0JIsI, TIO3BOJISIOINAsT M30eKaTh SKCIIOHEHITUAJIBHOTO
pOCTa YKCa TOUEK BU3YAJU3AINH P yBeJIuvdeHun pasMmeproctu 3agaqau JII1. s kpectoobpas-
HOI KOH(UI'Y ANy PENENTUBHOIO IIOJIS pa3paboTaH MeTO/l I'eHepalii 00y JaionnX IPEIeIeHTOB,
10 KOTOPOMY CO3JaHbl 00yYaroIme HabOpbl JaHHBIX, BU3YaIU3UPYIOIINE I0I0KEHNE CIIYIaiHbIX
TCUIIEPILIOCKOCTEN U IeJIEBBIX BEKTOPOB B IIPOCTPAHCTBaX pasdMepHocTH 10 30 BKiounTeabHo. C
HCIIOJIb30BaHIEM O0YYaomNX HabOpPOB pa3paboTaHa MacIITabupyeMasl apXHTEKTypa IJIyOOKOit
NHC ¢ u3MeHsieMbIM YHCJIOM CKPBITBIX CJIOEB U IIPOBEIEHBI HECKOJIBLKO CEPUil BHIYUCIUTE/THHBIX
9KCIIEPUMEHTOB. Pe3ysibTarsl 9KCIEpUMEHTOB CBUIETEILCTBYIOT O TOM, UTO IIPEIJIOXKEHHAasT Kpe-
cTOOOpasHasi KOH(MUIypalnsl PEHEeNTHBHOTO OISl ¢ TOYKU 3PEHUs] TOUHOCTH PE3y/IbTATOB, BhIAA-
BaeMbix NHC, mpaxkTuvecku He OTIMYaeTCs OT TUepKyOmdeckoit kouduryparmn. Vcubitanms
KPEeCcToOOPa3HOr0 PENENTHBHOIO IOJIsT TIOKA3aJ/H, YTO TOYHOCTh ocHoBaHHON Ha Hem VMHC He 3a-
BHCHT OT YHCJIa CKPBITHIX cjoeB. Tounocts 6osee 98% 1o merpuke MANE nocruraercs B R0
u R3Y MHC ¢ aBymsi cKpBITBIMHI ci10siM# Ha 50 3110Xe. YCTAHOBJIEHO, UTO JUIsS KPECTOOOPA3HON
KOH(bI/IpraL[HI/I HaI/I.HyLIH_Ia,H TOYHOCTDL JOCTUT'AECTCHA IIPU PaHTe 3 uc rIL&JIbHeI';'IH_H/II\J yBeJII/IquI/IeM

paHra CyIecTBeHHO He u3MeHsieTcss. CKOpOoCTh 00YUeHUs 3aBUCUAT OT PA3MEPHOCTH ITPOCTPAHCTBA.



B R mamryummit pesyasrar gocruraercs na 400 smoxe obyueHns U B JaIbHEHAIIEM He H3MEHs-

ercst. B R30 10 800 smoxu TounocTnb IPOJOJIZKACT PACTH JIMHEHHO 1 gocTuraeT sHadenns 99.06%.

B kauecrse HallpaBJICHUA ,ZL&JH)HGfIH.IHX I/ICCJIG,ZI,OBaHI/IIL/'I OTMETUM CJIEAYIOIIUE IIaru, peajanu3a-

s KOTOPBIX IIO3BOJIUT ITIOCTPOUTDH IIPUHITUIINAJIBHO HOBBIH c110co6 penmrenusda MHOTOMEPHBIX 3a/1a9

JIMHEITHOTO TPOTPaMMUPOBAHMS.

e PaszpaboTka HeitpoceTeBoil Momean st BEIMUCIEHNS BeKTopa d B TOUKe, Jerkaleil Ha peo-
pe — MHOroobpasnu pasMepHOCTH N — k, 0Opa30BaHHOM IIepecedeHneM k TMIePILIOCKOCTEIR.

e PaszpaboTka arncam6JIst HeiipoceTeBbIX MOMIEeH [IJIsT BEIYUCIEHNSI BeKTopa d B JII000M TOUKe
JOITYyCTUMOI'O MHOT'OT'DAHHUKA PA3MEPHOCTH 7.

o lccrenoBanre BOBMOXKHOCTU IIPUMEHEHUS] CBEPTOYHBIX HEHPOHHBIX ceTeil Mpu pacro3Ha-

BaHUU CJIOZKHBIX CTPYKTYD Ha IIOBEPXHOCTHU JOIIYCTHUMOI'O MHOI'OI'DaHHHKA.

Heenedosarnue svinoaneno npu gunancosoti noddeporcke PH® (npoexm Ne 23-21-00356).
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The article explores a method for determining the motion vector from hyperplanes that bound the feasible
polytop of a multidimensional linear programming problem. The method is based on visual images fed to the
input of a feedforward neural network. The visualization algorithm constructs a receptive field in the vicinity
of a point located on the bounding hyperplane. For each point of the receptive field, the scalar bias to the
hyperplane surface is calculated. Based on the calculated bias, each receptive field point is assigned with a scalar
value. The resulting visual image is fed to the input of a feed-forward neural network, which calculates the
direction of maximum increase in the objective function on the bounding hyperplane. The article proposes an
improved form of the cross-shaped receptive field. The construction of a training set based on randomly generated
bounding hyperplanes and objective functions in multidimensional spaces is described. A scalable neural network
architecture with a variable number of hidden layers has been developed. The hyperparameters of the neural
network were selected. Computational experiments confirmed the high (more than 98%) accuracy of the cross-
shaped receptive field. The dependence of the accuracy of the neural network results on the number of hidden
layers and the duration of training was studied.
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