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AuHoTanus

B xome mammoit KypcoBoit paboThl OymeT peasn3oBaHa U MPOTECTUPOBaHA OHOIMOTEKA JJisT PAbOTHI C HEpo-
cerssmu. Bubimoreka JI0/KHA [TO3BOJIATH KOHCTPYUPOBATH [TOJTHOCBA3HbIE HEHPOCETH PA3JIMYHON CTPYKTYDPBI U
06y4JaTh UX C UCIOJB30BAHUEM PA3HBIX METOJO0B I'PaUEHTHOrO CITyCKA.

1 Bsenenue

B coBpemMeHHOM Mupe BaXKHOCTb Helipocereil He IOJBepraercsi HUKakoMy comHeHuto. O6JiacTh UX NPUMEHEHUs
KpaiiHe BeJInKa, HO Jallle BCero HepOCeTU UCIIOJIb3YIOTCS JJIsl PEIleHns 3aa1 KJIaCCU(DUKAIIUT, IIPOrHO3UPOBAHUS,
pacrno3HaBaHusi 00beKTOB. [JI1aBHOI 3ajadeil TAHHOIO KYPCOBOTO IIPOEKTA SIBJISIETCS U3yUeHUe IPUHINIA PabOThI
HelfpoceTell ¢ uxX JaJjbHeimeit nMmeMenTanueir Ha s3bike C++ B Bume 6mbimoreku. bubnmoreka mo1KHA TPEIO-
CTaBJISITh BO3MOXKHOCTH CO3aTh HEHPOCETh C yKa3aHHON apXUTEKTYpOil, a Tak»Ke OOYUUThb €€ C HCIOJIb30BaHUEM
Pa3IMIHBIX MOAUMDUKAIINI ITPAJUEeHTHOrO CIIyCKa. B 3a/1aum IpoeKkTa TakyKe BXOJIUT TeCTUPOBaHMe OUOJIMOTEKH, Ha-
[MMCaHKe COIMPOBOIUTEIBHON JTIOKYMEHTAIIUN W U3JIOKEHUE B OTYETe 0COOEHHOCTEe MMILIEMEHTAINN U APXUTEKTYPbI
MIPOrpaMMBbI.

Boutee meranmpHOE paccMOTpeHMe TIOCTABICHHON 388U IPUBOIUT K CJICIYIOMEMY ILIaHY PAbOTHI HAJT KYPCOBBIM
IIPOEKTOM:

1. Usyuenue Teoperndeckux marepuaJjoB 00 ycTpoiicTBe u pabore Helpocereii
2. H3y‘{€HI/Ie TIOHATHA T'PaJUEHTHOIO CIIyCKa, a TaKzKe €ro pa3/JIMIHbIX MO,Z[I/I(bI/IKaJ_II/Iﬁ

Paspaborka mporpammMuOro naTEpdEiica U MPOEKTUPOBAHNE APXUTEKTYPhI IIPOIPAMMBI

- W

IIporpaMmHuast UMILTEMEHTAINS HEHPOCETH
5. TectupoBanme MpOrpaMMbI

6. Hanmucanme oT4yéra 0 BBIIOJHEHHON pabore



Jajiee OTYET CTPYKTYPUPOBAH CJIELYIOMIIM 00Pa30M: TEOPETHIECKNE CBEIEHNs, OCOOEHHOCTH PEAIU3AINI U Pe-
3yJIBTATHl TECTUPOBAHUS IPOrpaMMbl. B IepBOM pasjiesie ONHUCHIBAETCS MaTeMaTHdeCcKas MOJeNIb HeflpoceTH, Ipu-
BOJATCS UCHOJIb3yeMble popMyJibl. B pasesne 06 0coOEHHOCTSX IIPOrPaMMHOI peasm3aliiy IoPOOHO OIMCHIBAETCS
MIPOrpaMMHBIN HHTEepdeic, TEMOHCTPUPYETCs JuarpamMMa KJIacCoB U UX B3amMogelicTeue. B pasmerne o Tectuposa-
HAW TTPOrPAMMBI PACCKA3BIBAETCSI O TECTUPOBAHUN KOMIIOHEHTOB OMOJIHOTEKN U €€ MPUMEHEHUHU i OOyIeHUs Ha
KOHKDETHBIX JIAaHHBIX.

2 Omnucanme HyHKIUOHAJBHBIX W HeYHKIMOHAJBHBIX TpeOOBaHWlI K
ITPOTPAMMHOMY HPOEKTY

2.1 Omnwucanve PYHKIIMOHAJIBHBIX TPeOOBaHMUiI K IIPOTPAMMHOMY ITPOEKTY

Bubsinoreka [H0KHA IPEJOCTABIIATH TOJIB30BATENIO KJIACC, IO3BOJILIONIII CO3/1aTh HEHPOCETh U OOy JIHUTh €€.

[Tpu cozpanum o6beKTa ITOrO KJiacca IMoJib30BaTe b 3aJa6T KOHCTPYKILYto HeifpoceTn. Kak n3BecTHO, HellpoceTh
OOBIYHO IpeJCcTaB/IsieT coDOl HabOp CJIOEB, MOITOMY IIPU CO3JAHUM OOBEKTA BBIMIEYIOMSHYTOIO KJIACCA II0JIb30Ba-
TeJII0 HeOOXOIUMO YKa3aTh Pa3Mepbl BCEX CJI0EB U WX (DYHKINN AaKTUBAINNA. BUOIMOTEKA JOJIKHA MOJJIEPKUBATH
caemyomue dyukiun aktuBanun: curmonaa, ReLlU, LeakyReLU.

YV mosp30BaTess JOJKHA UMEThCS BO3MOXKHOCTDH yKa3aTh (MYHKIMIO miTpada U MeToH IPaJMEeHTHOrO CIIYCKa,
KOTOpBIE Oy/IyT MCIIOJIb30BaThCA Ipu obydenun ceru. Ilomiep:kuBaembie pyukimu mrpada: Mean Squared Error,
Mean Absolute, Error. IlomiepkuBaembie METOIBI I'PAIMEHTHOIO CIIyCKa: MTOJIHBIN I'PAIUEHTHBIN CIIYCK, CTOXACTH-
YeCKMIi I'PaJIMEeHTHBIN CIIYCK, CTOXaCTUYECKU IpaJIMeHTHBINA CIlycK ¢ nHepumeii, Adam.

O6beKT Kitacca HepoceTn MOJIKEH 00J1aJaTh METOIOM st €€ oOyuenust. MeTom obydenns IT0IKeH TPUHIMATE
CJIEYIOIIe apryMeHThl: HaOOp BEKTOPOB BXOJHBIX JAHHBIX IJjis O0ydeHMs, HAOOD BEKTOPOB UCTUHHBIX 3HAYEHUI
pubmKaeMoit PYHKIINN Ha STUX BXOJHBIX JTAHHBIX U MAKCUMAJILHOE YHCJIO UTEPAlnil 00ydeHusl.

Emé ogua Meros, KOTOPBIM JIOJIZKHA 00J1a/1aTh HEHpOoceTb - 9T0 MeToj, npejicka3anusi. OH NPUHUMAET BEKTOP
BXO/IHBIX JIAHHBIX U BO3BPAIAET MPEJICKA3AHHBIN HEPOCEThIO PE3Y/IbTAT.

2.2 Omnwucanue He(pyHKIIMOHAJIBHBIX TPEOOBaHUII K MPOrPAMMHOMY HPOEKTY

s Hanmrcannst OUOJIMOTEKN MCIOJB30BaH SI3BIK mporpammupoBannsa C-++ crammapra C++17. Iaa koMOouasammum
daitoB mpoekTa mcHoab30BaH KoMmmiaTop gee Bepcun 11.3.0. CHopKa MpoeKkTa OCYIIECTBISIACH TIPUA TOMOIIH
cucrembl coopku CMake. B mpoekre ucnosb3yercs style guide kommnanuun Google, a st dpopMaTupoBanusi Kojia
UCIIOJIB3yeTCsT TporpaMma, clang-format.

B mporiecce pazpaboTKu UCHOJIB30BAIACh CUCTEMa KOHTPOJISI Bepcuii git, Koji mpoekTa BbLIoKeH Ha github. s
paboThl ¢ MATPUIAME MCIIOJIB30BaIaCh 6ubinoreka guneiinoit anrebpst Eigen [1] Bepcun 3.4.0.

3 HNMmnaemenTtarus HelipoceTu ¢ HyJIs

3.1 HeobxomuMmbie TeopeTudecKne CBeIeHUs
3.1.1 Ob6imaa undopmaliusa od ycrpoiicTBe Helipocereii

[Iycrs y mac ecrb HemzBecTHOE oToGpazkenue G: R™ — R™. IIpu 370M MBI 3HAEM 3HAYEHUE OTOOPAKEHUST HA BEK-
TOpax Ti,..., T, W ITU 3HAYEHUs] PABHHI V1, ..., yi. Hallla 3aja4a - npubIu3uTh 310 orobpaxkenne G. [Ipubimxars
ero Mbl OyJileM B KJIacce IMOJIHOCBSI3HBIX HeHpOoceTeii.

Heiipocers npesicrasiisier coboit HekoTopoe nuddeperimpyemoe orobpaxkenne F : R™ — R™ mapameTpu3oBaH-
Hoe HabopoMm mapamerpos . ObyueHne HeHPOCeTH — TO MPOIECC M3MEHEHUsI STUX [TAPAMETPOB C YIETOM HEKOTOPOIA
HOCTABJICHHON 3a1a4U.

s ynobeTBa gasiee OyaeM Ha3bIBATH HAOOP X1, ..., XL, BXOTHBIMU JTaHHBIME, a HAOOD ¥1,. .., Yr OTBETAMH.

Heiipocers crpouTcst u3 c1oéB. Kaxkiplit cjioii cojiepKutT B cebe ciieayolnryto nHpopmalnto: Marpuily A, crosber
b 1 GpyHKIUIO aKTUBAIUY O .

Onpenenenue 1. Oyuknus akrupanuy o: R — R — HeKoTOpOE HeJHEHOE 0TODparKeHre, IPUMEHSIEMOE K BEKTOPY
TOKOOP/IUHATHO.

Kaxkaprit cioif mpuHIMAaeT Ha BXOJ, BEKTOD X, a 3aTeM MePeJaéT ero CjeAyIONeMy CJIOI0 BBIIOJTHUB HAJl HUM
CJIEZTYTOIINE OTEPAITHAN:



x> Ar+b— o(Az+b) (1)

Iycrs Bxommoit Bektop = € Rl Torma A € Mat,y;, b € RP u o(Az + b) € RP. Yncsio p xapakTepusyeT pamep
PE3YJIBTUPYIOIIETO BEKTOPA, MOCJIe TIPUMEHEHUS BBIIIEONUCAHHBIX OIIEPAITAii.

Ecnu paccMmaTpuBaTh KaKplil cJloii Kak oToOpaskenue, To orobpaxkenne F mpejcrapisieT cobOil MX KOMIIOZH-
nuio, a MaTpuna A m BEeKTOp b ABJISIOTCS HACTPAMBAEMBIMU HapaMeTPaMH, KOTOPBIE U3MEHSIOTCS B XOJ/Ie O0yIeHnst
HelpoceTu.

Ounpenestenne 2. Ilpenckasanuem Heiipoceru 6yzem HasbBarh BekTOp w; = F(x;) u3 R™.

Onpenenenue 3. @Pynkius mrpada — 310 orobpakenue ¢ : R™ x R™ — R, sapisrolneecss XapaKTepUCTHKOMN
OTKJIOHEHHUS IPeJICKa3aHns HEfPOCeTH Ha KAKOM-TO BEKTOPE U3 BXOIHBIX JAHHBIX OT COOTBETCTBYIOIIETO €My OTBETA.

Ipumep: ¢(w, y) = ||z — yl|.
PaccymoTrpum cremyrortyio byHKIHIO:

1k
L(0) = % Z¢(wiayi)
i=1
Hannast dyHKImst 3aBucuT ot #, Tak Kak w; = F(x;) n orobpaxkenune F' 3aBucur or mapamerpos 6.
Cyrb obydeHust HefipoceTn 3akiouaercs B MuHuMu3anuu Gysxmmu L(6). s 9T0ro nenosb3yercst HOHSTHE
rpaJiienTa.

Ounpenesnenne 4. Ilycrs f = f(z1,...,z,). 'paguenrom dyskuuu f : R™ — R HasbiBaeTcst BEKTOP U3 YACTHBIX
pou3BOAHbIX 310i1 pyHKIMu. O6o3navenue: V f. Bekrop —V f Oyiem Ha3bIBATh aHTUIPAIUEHTOM.

WsBecTHO, 9TO rpa/IMeHT OKA3bIBAET HAIIPABJIEHNE HAMCKOPEHIero pocra (byHKINN, a AHTUI'PAINEHT — HAIIPAB-
JIEHWEM HaMCKopelinero yobiBanus. Takum oOpa3oM, jjis MUHUMHU3ANUU (GYHKIUA L HaM HY?KHO BBIYHCIUTH €€
rpaJineHT U OOHOBUTH HMAPAMETPHI CJIOEB HEHPOCETH B COOTBECTBUU C AHTUIPAIUEHTOM. DTOT IOJIXO]T HA3BIBAETCS
METOJIOM I'DaJIMEHTHOrO CIIyCKa.

IIycts A; u b; - mapamerpsl i-10 cJjiosi. BBegéM ciieryrorye MOHATHS U 0003HAYEHUST:

1. VA, = %(0) - HallpaBJIEHHe BJIOJIb IPAJUEHTa [IJIsi HapameTpa A;
2. Vb; = %(9) - HaIpaBJIeHHE BIOJIb TPAJUEHTa I HapaMerpa b;

3. A - “ckopocTb 00y4eHHs’, TO €CTh ITapaMeTp, XapaKTePU3YIONUil HACKOIBKO OBICTPO MBI JIBUTA€MCs B HAIIPaB-
JIEHUH aHTUIDAJIMEHTA. DTOT IIapaMeTp, KaK IPaBUJIO, TOJI0NPACTC IMINPUIECKH.

HCHOJIbBySI 9THU O6O3H3}I€HI/IH7 OOHOBJICHIE IIapaMeTpOB MO>KHO 3alluCaTb B BHJIE:

Al = A; — AV 4,

7

2
b, = b; — AVb; @

s BbIYuC/IeHUsI paJIieHTa U ODHOBJIEHUsI IMAPAMETPOB HUCIOJIL3YETCsT METO, OOPATHOTO PACIPOCTPAHEHUS
ommbku (backward propagation). Ero cyrs 3akmouaercss B coiemyiomeM: B Havaje IS BEKTOPA I; U3 BXOJHBIX
JAHHBIX BBIUUCISETCS Tpenckasanue w; = F(x;) npu nmomonm "nporankuanus Brepén'no dopmynam 1. 3arem,
HCITO/IB3Ysl 3Ty WH(MOPMAIUIO MbI BbIAuc/isieM BeKTOp U, KOTOPHIt u OyeT cojepxKarh nHGOpMaImio 00 ormudKe:

9¢

U= %(wiayi) (3)

DTOT BEKTOD COMEPKUT MHMOPMAIUIO 00 OIMOKe w;, U €ro CJIeLyeT MePEJaTh TOC/IEIHEMY CJIOI0 HeifipoceTH, riae
TOT UCIIOJIB3YETCsl JIJTsT CJICIYIONTIX BbITUCICHITI:

%(9) =o' (A + b)) U™
Ul = UTO'/(Ail' + bi)Al (4)



B1ech T - BXOIHON BEKTOp I CJIOs, 0’ - AMaroHaJbHasg MATPHUIQA U3 MPOM3BOAHLIX (DYHKINU AKTHBALIUH IIO
KoopauHaTaM BekTopa A;x + b;. Bekrop U’ “mporaskuBaercsa’ UpeApIIEMy CJIOI0 B KadecTBe BeKTopa U, U Ha
9TOM CJIOE MPOU3BOJISITCS aHAJOruYHble Bbruucjenus. “IIporajkuBanne”’ IPOUCXOAUT BILIOTH JIO IIEPBOTO CJIOSI B
Heiipoceru. /laHHBIIN TIpoltecc MOBTOPsieTCs JJIsi BCEX BEKTOPOB BXOIBIX JaHHBIX. [lasee Borancisiores VA; u Vb;
110 npaBmwty AuddepeHnpOBAHNS CYyMMBI:

k
1 19l
VA; = % 2 87142(9)
, o ” (5)

ITocse sToro mpousBoauTCsH OOHOB/IEHE TAPAMETPOB 1O (hopMyIaM 2.
Bermeonucannbit crtocod 0OHOBIEHUS TTAPAMETPOB HE ABJISIETCS €IMHCTBEHHBIM. Jlaiee OMMChIBAIOTCS PA3HOBUI-
HOCTH I'DaJIMEHTHOIO CIIyCKa, PEaJIn30BaHHBIE B PAMKaX JAHHOMW KypCOBOl pabOTHI.

3.1.2 Bwuapl rpaeHTHOTO CITyCcKa

YacTo oka3bIBaeTCs TaK, YTO BBIYUCJIEHUE I'PDAJUEHTa HA BCEX BEKTOPAX BXOIHBIX MAHHBIX OKA3BIBAETCS CJIUIITKOM
TPYA0EMKUM. B TakoM cjydae MOXKHO IIPOU3BOAUTDH BBIYUCIEHUE IPA/IMEHTA JIUINb Ha OJHOM BEKTODE:

_ 09
VA =54,
%

Vb, = ab; (0)

DTOT BHJL I'PAJUEHTHOrO CIIYCKa HA3BIBAETCSI CTOXACTUIECKUM. EC/IM MBI BBIYHCJsIEM TDAJIMEHT Ha Bceil o0y-
qaronieil BLIOOPKe, TO IPHU OOHOBJIEHUU ITapaMEeTPOB Mbl TAPAHTHPOBAHHO JBUKEMCSI B CTOPOHY MHHUMYMa OITH-
vusupyemoit dyakmun. Co CTOXaCTUIECKNM TPAIUEHTHBIM CIIyCKOM 3TO HE TaK, BE/lb B 9TOM CJIydYae IIPU KaXKIOM
OOHOBJIEHNH TAPAMETPOB MBI Oy/I€EM JIBUTATHCS B CTOPOHY, ONITHMAJIBHYIO C TOUYKU 3PEHUS 3Ha4YeHns: (PYHKIINA HA Ol
HOM paccMaTpuBaeMoM o0bekTe. [loaromy mjist IOCTHXKEHNST MUHAMYMa, MOYKeT IIOTPe00BaThCs OOJIbIIee KOJIMIeCTBO
nrepanuit 06ydenusi. YTo0bI yMEHBININTH JTAHHBIA TOKA3aTEIh, MOXKHO BBIUUCIISATH TPAJMEHT HE HA OJTHOM O0BEKTE
n3 obydaroimeil BBIOOPKH, & Ha KAKOM-TO €€ HOJMHOXKecTBe pasmepa k mo dopmysam 5.Takoit MeTo s n3MeHeHust
rmapaMeTrpoB Ha3bBalOT mini-batch gradient descent, a camu mogMHOXKeCTBaA, HA BEKTOPAX U3 KOTOPBIX BBIUUCISIETCS
rPaJIMeHT, HA3bIBAIOTCA OATIaAMM.

B croxacTuueckom rpa/iIn€eHTOM CIIyCKe MOXKET OKa3aThCs TaK, YTO HAIIPABJIEHIE aHTUTDA/IMEHTa PE3KO MEHAETC s
OT IIara K Irary, YTo BeJIET K OOJIbIIIeMY YHCJIy UTepalnuii o0ydenns. Irobsl 3Toro n3bekarb, MOXKHO IIPOU3BOJIUTH
OOHOBJIEHUST TTAPAMETPOB YUNTHIBAs HE TOJIHKO TEKYIIUI ITPAJMEHT, HO U IPEIbLIyINe 3Hatdenns. Jlemaercs 3o npu
[IOMOIIY BEKTOPA MHEPINHU, BBIMUACISIEMOr0O Ha KaK/I0il nrepannu o0ydeHns.

Beeném obosmavens. IlycTs w; - mapameTps! HeltpoceTn Ha j-oif mTepanun oOydenns. Torga BekTop nHepnun h;
Ha KaXKJIOH MTePaIiy BBIYUCISIETCS 110 (DOPMyJIaM:

ho=10

1<~ d (6)
hj = ﬂh]‘—l + )\% ; a%(wj—l)

31echb A - ckopocTh 00yUeHust, 3 - mapaMerp, ONPeIeISIONi CKOPOCTh 3aTyXaHUsl TPAJMEHTOB U3 TPEIbIIYIINIX
nTeparyit. Berancnams hj, MBI OOHOBJISIEM apaMeTPBl HEHPOCETH CIIETYIONM 00pa3oM:

wj = wj-1 —hy (7)

Ornrcannblit BUJT TPAIUEHTHOTO CIIyCKA OOBITHO HA3BIBAETCS CTOXACTHUYECKUN TPAJUEHTHBIN CIyCK C HHEepIuei
(stochastic gradient descent with momentum). Bosiee mompobras wabOpManus 0 HEM CONEPKUTCA B cTaThe |2].

Tak>ke B paMKax JIaHHOW KypcoBOil paboThl 6bLI peasm3oBan ajroputM Adam. OH 3aMeTHO OTJIUYAETCS OT
BBIIIEOITMCAHHBIX BHUJOB I'PAJIUEHTHOrO cirycka. Adam BbIYuC/IsIET CKOPOCTb OOYyUYeHHUs JJIsl KaXKJIOro IapaMerpa
HeNPOCeTH C IIOMOIIBIO OIEHKH [IEPBBIX M BTOPBIX MOMEHTOB I'DA/IMEHTOB. B JIeTalsiX OH ONUCHIBAETCS B craThe [3],
3/1eCh K€ TIPUBEJIEM AJITOPUTM M OCHOBHBIE (DOPMYJIBI.

Ha wrepanun obydenust 1Mo/t HOMEPOM t MIPOUCXOIUT CJIEYIONIEe:



1. Boruucsenne rpajzenTta Ha TEKyIIeM Iare:

2. Bolunciienne cMemEéHHOH OIEHKN MaTeMaTUIeCKOro OXKUJaHH [1apaMeTpoB Ha TeKyIleM Iiare:
my = Bimy—1+ (1 — B1)ge (8)
3. BbIunciieHne cMEmEHHHON ONEHKH BTOPOTO MOMEHTa IIapAMETPOB Ha TEKyINeM IIare:

vy = Povi—1 + (1 — 62)9? 9)

4. Bprunciaenue CKOPOCTH O6y‘IeHI/IH Ha TEKYIIEM Iare:

(10)

5. ObGHOBJIEHUE TTApAMETPOB HEWPOCETH:

(11)

my
W = Wt—1 — Op—F——
/Ut + €
«, B1, B2 ¥ € SBJISIIOTCS HACTPAEBBIME [IapaMeTpaMi aJropuTMa. TakKe CTOUT OTMETUTh, UYTO IPAJIUEHT ¢t, KaK
[IPaBUJIO, BBIYUC/ISIETCSI HA OaTde, I09TOMY pa3Mep OaTda TOXKe sIBJISIeTCS OJIHUM U3 MapaMeTPOB JAHHOIO AJITOPUTMA.

3.2 OmnwucaHue MporpaMmbl
3.2.1 O6mas undopmalidss 0 TOCTPOEeHUU OGUOINOTEKN

B pesynbprare amammza GyHKIHOHAILHBIX TPEOOBAHUN M TEOPETUIECKUX CBEJICHUI OBLIN 0DO3HAYUEHBI CJIEIYIOIINe
CYIIHOCTH:

e CJIOIl HelipoceTn
e 0JI0K (PYHKIUU OIMTIOOK
® ONTUMHU3ATOP T'PAIUEHTHOTO CITYCKa

® CaMa HEﬁpOCQTB, COCTOAIadA U3 BBIMMEYIIOMAHYTHIX KOMIIOHEHTOB

Kirace Layer ncnonb3yercst st IpeJicTaB/IeHIsT B IporpaMMe cJiost Hefipocern. JIaHHBIN Kiracc coJep:KuT B cebe
napamMeTpbl HEHPOCETH U MPeJIOCTaB/IsieT HHTepdeic Ui «IIPOTAJKUBAHUS» BEKTOPOB Yepe3 ITOT CJION BIEPEN U
Ha3a,1I.

Knacc ErrorBlock ncronb3yercst st mpeicTaBaeHust B mporpamme 6J10ka pyuknun omubok. Haznadgernue sToro
KJIACCA — BBIYKCJIEHUE 3HAYEHUs] (PYHKIIUU OIMIMOOK M I'PaUeHTa (DYHKIUU ONIMOOK B COOTBETCTBUU C 3aJIaHHBIMU
BEKTOPaMU.

Onucanubie B TEOPETUIECKON YaCTH BUJIBI IPAJUEHTHOrO CIIyCKa peajn3oBaHbl B Buje kjaccoB GDOptimizer,
SGDOptimizer, SGDMomentumOptimizer u AdamOptimizer. Bce atu Kaacchl aBIsioTcs HACTETHUKAME aDCTPAKT-
Horo kjacca BaseOptimizer, KoTopslit nmpegocTaBiisieT j1jist HuX oOIwit nHTepdeiic 06y denus.

Boimmneornncannbie KJIACCHI SIBJSIIOTCS KOMIIOHEHTaAMU, U3 KOTOPBIX CTPOUTCS HEHPOCETh, MPeJCTaBICHHAS B IIPO-
rpamme Kiraccom NeuralNetwork. Kpome Toro, JaHHBI KIacce IpeIoCTaBiIseT M0JIb30BATEM0 MYHKIUN 71t 00y e~
HUST HEPOCETU U ISl IPEICKA3aHUS.

Ha pucynke uHuxke n3obpakeHa auarpaMMa KJIaccoB, MPUCYTCTBYIONUX B IPOrpaMMe:
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Bamermnm, 9To Ha JuarpaMme takzke npucytcrByior Kiaaccsl MNISTReader u Application. Kitace MNISTReader
HYyK€H sl CIuThIBanust nHopMaImu u3 $hailjioB, B KOTOPBIX HAXOJSTCS MHUKCeJn U Jieiibabl kKapTuHok u3 MNIST
(mozmpoGHee 06 3TOM paccKa3bIBAeTCs B pasjiesie 0 TecTupoBanun 6ubimorekn). OH He sIBJISIETCS] YaCThIO HefpoceTH,
HO MOXKET PacCMaTPUBAThCS KaK JOMOJTHeHNe K co3anHoii oubsmoreke. Kitacc Application meMoHCTpUpyeT HEKOTO-
pble CIleHapUH HCIO0JIb30BaHus Oubanoreku. Vcronbp3oBanne 3THX KJIACCOB OyIET IIPOJEMOHCTPUPOBAHO B Pa3jiesie
OoTYéTa, MOCBANIEHHOM TECTUDOBAHUIO.

[TonpobHoe onucanue CTPYKTYPHI BBIMIEYIOMSHYTHIX KJIACCOB COMEPXKUTCS B CJEMYIONMNX pasjenax. BaKHo oT-
METUTb, YTO BCE BBIUMCJIECHUS ¢ O0OBEKTAMHU JMHEHHOU aJrebphl B JAHHBIX KJIACCAX MMPOW3BOJMIIOCH C MOMOIIBIO
oubsmoreku Kigen. B wactHOCTH, nanHas 6ubnuoreka mpejoctaBiseT Kiaaccbl MatrixXd u VectorXd st maTpurg
U BEKTOPOB COOTBETCTBEHHO. [[Jist 3TMX KjaccoB B Koje ucnojb3ytorcs using-u. Kiraccy MatrixXd coorBercrByer
nasBanue Matrix, kiaccy VectorXd coorsercrByer nazsanue Vector (B fajibHeIIeM IIOBECTBOBAHUU OYIIyT UCHOJIb-
30BATHCsl UMEHHO 9TH HA3BAHMS ).

3.2.2 Kuacc ActivationFunction

st xpaHeHnst DYHKIMU aKTUBAIMN HCIIOJIB3yeTCsl BCIIoMoraTestbHblin Kiaace ActivationFunction. D9ror xirace xpa-
HUAT B cebe JBe CKaJsIpHbIX (GyHKIuu Tuna std::function<double(double)>. OxHa u3 HuUX 0003HAUAET CAMY
byHKIMO akTHBAIMK, APYyTast - €€ mpon3BoAHy0. OObEKT JAHHOTO K/IaCCa KOHCTPYUPYETCS MPU IOMOIIN IIePEMEH-
Hoil Tnna enum FunctionType {Sigmoid, Relu, LeakyRelu}.

1

e FunctionType: :Sigmoid coorBercrByeT (DYHKIMN aKTUBAMUA CUTMOUIA: 0 (L) = TFe=®

e FunctionType: :Relu coorBercrByer dbyukiun akrusanuu ReLU: o(z) = maz(0, x)

e FunctionType: :LeakyRelu coorsercrByer dbyukimu akrusaruu LeakyReLU: o(x) = max(0.01z, x)

3.2.3 Kuacc Layer

Knacc Layer comep:kut B cebe mapaMeTphl CJI0sI U TPEIOCTABIIAET (DYHKITUH /TSI <[TPOTAJKUBAHNSA> BEKTOPA B 000UX
Harnpasyienusix. CozaHHasi HeHPOCeTh BHYTpHU cebsi XPAHUT BEKTOp 0ObeKTOB Kiacca Layer. OOydenue neiipoceTu
O3HAYaeT M3MEHEHHUE I1apaMeTPOB CJIOEB U3 JNAHHOTO BeKTopa. IIpesckazanne HepoceTH O3HAYAET IIPOTAIKHBAHUE
BIIEDPEJ] BXOJHOI'O BEKTOPA Yepe3 ITU CJIOU.

IMong xiacca Layer (Bce mosist iBISIOTCS IPUBATHBIMHE):

e Matrix A_ - mmapameTpsl CJIOs.

e Vector b_ - mapameTpsl CJIOs.

ActivationFunction activation_ - (pyHKIIMS aKTUBAIIAU CJIOS.
e Vector input_- BXOIHBIE JAHHBIE CJIOS, HEOOXOIUMBIE JIJII METO/a OOPATHOTO PACIPOCTPAHEHUS OIMUOKH.

DyHKIuK 1 MeTo/Bl Kiacca Layer (Bce sSIBASIOTCS MyOJMIHBIMA):



Vector PushForward(const Vector& x) - “mporajkuBanue BIepérn’ , T.e mpuMeHnenne popMysbl | KO BXOILY
CJI04 C ero JaJbHEHINNM 3allOMIHAaHUEeM B IIoJIe input_.

Vector PushForwardPredict(const Vector& x) const - KOHCTAHTHAasl BEPCHUs MPEIBIIYIINETO METO/Ia, (6e3
3aIllOMUHAHUS B I10J1€ input_).

Vector PushBackwards(const Vector& u, Matrix* grad_A_curr, Vector* grad_b_curr) - “mporajxu-
BaHue Ha3a)’, MYHKIMs Bo3BparmaeT BekTop 4. B manHyO (QyHKIMIO MOXKHO IepeiaTb IBa yKasaTejs Ha
o0bekThl Kiaacca Matrix u Vector. K stum o6bekTam OyyT npubaBiieHbl HAJIEHHBIE B IIPOIECCE I'PAIAEHTHI
mapaMeTpoB CJIOS.

void ShiftParams(const Matrix& A_update, const Vector& b_update) - npubaBienue KO BHYTPEHHUM
napamerpaM A u b Besmunmn A _update u b__update coorBeTcTBEHHO.

size_t GetInputSize() const - HOIyYuTh pasMep BXOJHOIO BEKTOPA Jisl CJIOsi (KOJIMYECTBO CTOJIOLOB Y

A ).

size_t GetOutputSize() const - HOJIyYUTH pa3Mep BLIXOIHOI'O BEKTOPA s CJIOs (KOJIMIECTBO CTPOK y A
UM pasMep BeKTopa b ).

Matrix GetMatrixParams() const - HOJIy4YnuTh apaMeTpPhl CJIOs, IIPEJICTABJIEHHbIE B MaTpulie A .

Matrix GetVectorParams() const - HOJy4YUTb ITapaMeTPHI CJIOs, IIPEJICTABJIEHHbIE B BEKTOpe b .

KoncrpykTop kiacca Layer mMeeT CIelyIOILyI0 CUI'HATYDY:

Layer(size_t input_size, size_t output_size, FunctionType func).

On nHUIMAIN3UPYET HapaMeTpsl ¢1osd. BekTop b mHUIMAIN3UpyeTcst HyJIeBLIM BEKTOPOM pa3Mepa output _size,
Marpuna A MHANMUAIA3UPYETCS CIYyYIAHBIME THCJIAMH M3 HOPMAJBLHOTO pacupejenaeHus co cpeanuM 0 m juc-
nepcueii 2 / input_size. Ilonobuas nHMNmMaIn3aIus IOMOraeT n30eraTh CUTyaluii, KOrjia 3HAYeHHs BbIYUCIEHHBIX
I'DaJIMEHTOB II0JIyJal0TCsl CJIMIIKOM OOJIBIIMMY MJIN CJIMIIKOM MaJjeHbKUMHU. Ilonpobuee 06 3TOM pacckasblBaercs B
crarbe [4].

3.2.4 Kumaacc ErrorBlock

Kiace ErrorBlock mpemocraBnsier Mmexanu3m ¢yHKimun omubok. OH sBJIseTcst 00si3aTeIbHON YacThio HepoceTn u
HCIOJIb3YeTCsI IPU €€ 00y4YeHUN [IJIsl BBIMUC/IEHUsI I'PaiueHTa (OYHKIUH ONINOOK.

KoncrpykTop janHoro kiacca umeer curHarypy ErrorBlock(ErrorType err), rie ErrorType - mepeducisie-
MBIt T co 3HaueHusivu {MSE, MAE} (Mean Squared Error, Mean Absolute Error).

IMonsg sroro kiacca (Bce 1OJIsT ABJISIIOTCS IPUBATHBIMH ):

std: :function<double(const Vectork, const Vector&)> error_func_ - ¢dpyHKIusS OMmmOKu

std: :function<Vector(const Vectork, const Vector&)> gradient_ - rpajuent QpyHKIUN OINIMOKH

DyHKIMU JAHHOIO Kjaacca (Bce DYHKIMM ABJISIOTCS [yOJUIHBIME):

double GetErrorValue(const Vector& input, const Vector& expected) const - nmoy4uuThb 3HadeHuE QyHK-

[N OIITUOKIU.

Vector GetGradientValue(const Vector& input, const Vector& expected) const - HOJyYHTb BEKTOD

3.

3.2.5 Kuacc BaseOptimizer u moaxon Kk o0ydyeHUIO ceTu

Kitacc BaseOptimizer sijisiercst aOCTPaKTHBIM KJIACCOM, OT KOTOPOI'O HACJIEIYIOTCsT KJIACChI ONTUMU3ATOPOB I'PaJIin-
EHTHOro ciycka. ¥ kiacca BaseOptimizer nmeercst eiuHCTBeHHasT BUPTyaJsbHas GyHKus Train ¢ curaarypoit

virtual void Train(std::vector<Layer>& layers, const ErrorBlock& error_block, const std::vector<Vec-

tor>& train_input, const std::vector<Vector>& train_output, size_t max_iter_count) const.

Oyuknusa Train mpuHEMaeT B KadeCcTBE apryMEHTOB CJIOM, OJIOK OIMUOKHU, BEKTODP BXOJIHBIX JTaHHBIX U BEKTOD
BBIXOJIHBIX JaHHBbIX. [lojpa3ymeBaercs, 4To KJIacChl, peajusymomue narepdeiic kinacca BaseOptimizer, mepeorpe-
HeNIAoT (MYHKINIO Train B 3aBUCHMOCTH OT THUITA PEATHM3YEMOr0 AJITOPUTMA.



B xa:K70M U3 PeaTn30BaHHBIX AJITOPUTMOB B TOM WJIM UHOM BHUJE HCIOJIB3YIOTCS TPAANEHTHI IO TApaMeTPaM
HEeHPOCeTH, BHIYUCIEHHBIE HA BCEX BXOJHBIX JAHHBIX Wan Ha Oarde. [losydenHne sTUX IpaHeHTOB OCYNIIECTBIISAETCS
¢ moMmoIpio MeTojia backward propagation, onucannoro B Teopermdeckoit qactu oruéra. [lo aroit npuunne dyHk-
nus PushBackwards kiacca Layer npunmnmaer B KadecTBe apryMEHTOB yKasaTeIn Ha 00BLEKTHI Kiaacca Matrix u
Vector: noapasymeBaercst, 4TO JaHHble YKa3aTeau yKa3blBalOT Ha Oydepsl s IpajiMeHToOB, KOTOPbIE CO3/AI0TCs
7 MCHOIB3YIOTCS KJIACCAMH ONTUMHU3ATOPOB IPAMEHTHOrO CIycKa. Ilocte Toro, Kak rpajineHTs! ObLIN BBIMHCIICHBI,
OHH WCIIOJIB3YIOTCS IS OOHOBJICHHS [TAPAMETPOB CJIOEB B COOTBETCTBUHU C THIIOM AJTOPUTMA.

Takum O6p330M, IIrporiecc O6yquI/IH HeﬁpOCGTI/I KJIaCCOM-OIITUMU3ATOPOM MOXKHO IIPpEJCTaBUTHb B BUJIE CJIEIYIO-
X 93TallOB:

o Uuurunaauzaiiyst HeOOXOIUMBIX OydDepoB.

«IIporankuBaHue» BEKTOPOB Ha GaTve (Ha Beel BBIOOPKe JIs TIOJTHOTO TPAIUEHTHOTO CITyCKa) BIIEPE]] U HA3A,
B X0Jie KOTOPOro B Oydepax HAKAIJIUBAIOTCS HailJIeHHbIE IPATUEHTHI.

O6pa6OTKa. BBIYUCJICHHBIX I'DA/IMEHTOB B COOTBETCTBUU C aJITOPUTMOM.

O6HOBIIEHNE TTAPAMETPOB CJIOEB C UCIIOJIB30BAHNEM 00pPAbOTAHHBIX T'PAJINEHTOB.

M3zobpakenne TaHHOTO MPOIECCa B BUIAE TUATPAMMBI:
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3.2.6 Kuaacc GDOptimizer

JlaHHBIN KJIacC pean3yeT MOIHBIH I'PaINEHTHBIN CIIYCK 1 00J1a/laeT eJMHCTBEHHBIM 110J1eM double learning_speed_.
ITo ymorganuio ono umeet 3uadenue 0.1, HO MOXKHO yKa3aTh JIpyroe 3HaYeHNe C IIOMOINbIO KOHCTPpYKTOopa GDOptimizer (double
speed), KOTOpPBI co3aéT 00bekT Kiaacca GDOptimizer co 3natennem nons learning speed  pasubIM speed.

Jlaunblit Kjacc 00/IagaeT CIeIYIOIMUMI BCIIOMOTATEIbHBIMU TPUBATHBIMU METOIAMHU:

e void CalculateGradients(std::vector<Layer>* layers, std::vector<Matrix>* grads_A, std::vector<Vec-
tor>* grads_b, const ErrorBlock& error_block, const std::vector<Vector>% train_input, const
std: :vector<Vector>& train_output) const - BEIYHCJIEHUE I'PAUEHTOB HA CJIOSAX layers ¢ ux JajbHefmmm
HakorieHueM B Oydepax grads A u grads b.

e void UpdatelayerParams(std::vector<Layer>* layers, const std::vector<Matrix>& grads_A, const

std: :vector<Vector>& grads_b, size_t vectors_count) const - oOHOBJIEHHE ITAPAMETPOB CJIOEB layers
C yY€TOM HaKOIJIEHHBIX I'DAINEHTOB.

Bydepst qy1a rpajguenTos npeacrasiens B Buje std: :vector<Matrix> grads_A mstd::vector<Vector> grads_b,
rae grads_ Ali] u grads_b[i] cooTBeTCTBYIOT HAKOIUIEHHBIM I'DaIMEHTaM JIJIsl MATPUIIBL A 1 BekTopa b i-ro ciost. Ta-
KO 2Ke BuJI, Oydepbl UMEIOT U B JAPYIUX KJIAcCaX, PeAJN3yIONUX PasHble BUIALI I'PAIUEHTHOTO CIIYCKa.

Merompr CalculateGradients u UpdateLayerParams ucnosibayrorcst 1t 00y deHust ey omuM 00pa3oM:



size_t iter_count = O;
while (iter_count < max_iter_count) {
std: :vector<Matrix> grads_A(layers_count);
std: :vector<Vector> grads_b(layers_count);
CalculateGradients(&layers, &grads_A, &grads_b, error_block, train_input, train_output);
UpdatelayerParams (&layers, grads_A, grads_b, train_input.size());
++iter_count;

3.2.7 Kuacc SGDOptimizer

JaHHBIH KJIacC peajn3yeT CTOXaCTHIeCKHil IpaJueHTHbIH ciyck. Ilost aroro Kiracca (Bce HOJst SIBISIOTCS MyOJId-
HBIMH ):

e double learning_speed_ - CKOPOCTH O0ydeHUs, 110 yMordanuio pasaas 0.1.
e size_t batch_size_ - pa3mep OaTda, MO0 yMOJTIAHUIO PABHBIN 1.

VY sroro Kiacca ectb KOHCTPYKTOp SGDOptimizer(size_t batch_size, double speed), B KOTOpOM yKa3bIBa-
IOTCsI 2KeJIaeMble 3HAYEHUST 9TUX II0JIEH.
Bce MeTopl JAHHOTO KJjIacca SIBJISIIOTCS [IPUBATHBIMU:

e void InitializePermutation(std::vector<size_t>* perm) const - MHUIMAIA3AINS IEPECTAHOBKH, HY K-
HOIT JI7IsT TeHepamun baTda,

e void CalculateGradientsOnBatch(std::vector<Layer>* layers, std::vector<Matrix>* grads_A, st-
d::vector<Vector>* grads_b, const ErrorBlock& error_block, const std::vector<size_t>& batch_i-
ndices, const std::vector<Vector>& train_input, const std::vector<Vector>& train_output) const
- BBIYUCJIEHNE IPAJINEHTa HA BEKTOpAX ¢ MHuekcamu u3 batch indices ¢ maspHeinum HaKoIJIEHHEM T'Da/IEH-
ToB B grads_ A u grads_b.

e void UpdatelayerParams(std::vector<Layer>* layers, const std::vector<Matrix>& grads_A, const
std: :vector<Vector>& grads_b) const - 0OHOBJIEHIE TADAMETPOB CJIOEB layers ¢ yI€TOM HAKOIJIEHHBIX I'Pa-
JUEHTOB.

[Tocne nHUIIMA N3N HAYAJIBHON IEpECTAHOBKH PErm BBIMEOINCAHHBIE METO/IbI UCIIOIb3YIOTCS JIJIsi 00y IeHUsT
CeayomuM 00pa3oM:

size_t iter_count = 0;
while (iter_count < max_iter_count) {
std: :shuffle(perm.begin(), perm.end(), mt);
std: :vector<Matrix> grads_A(layers_count);
std: :vector<Vector> grads_b(layers_count);
CalculateGradientsOnBatch(&layers, &grads_A, &grads_b, error_block, perm, train_input,
train_output) ;
UpdatelLayerParams (&layers, grads_A, grads_b);
++iter_count;

3.2.8 Kuacc SGDMomentumOptimizer

DTOT KJIACC MpeJHA3HAYEH JJIs PEAU3AINN CTOXACTHIECKOTO TPaJIMEHTHOTO Cciiycka ¢ uHeprueii. [lojist u KoHCTPYK-
TOPBI JJAHHOTO KJjiacca anajorudubl kiaccy SGDOptimizer.
BcrnomoraresibHble METOJIbI JJAHHOTO KJIACCA:

1. void InitializePermutation(std::vector<size_t>* perm) const - HHHUIMAJU3AINAS [T€DECTAHOBKHU JIJIs
nepeMeniuBaHusl NHJIEKCOB.

2. void InitializeInertionBuffers(const std::vector<Layer>& layers, std::vector<Matrix>* inertions_A,
std: :vector<Vector>* inertions_b) const - nHunmaau3anus Oydepos mom BekTop mHepruu. CTPyKTypa
3TuX OydepoB aHAJIOTUIHA CTPYKType OydepoB Mo IPaIlueHTHhI.
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3. void CalculateGradientsOnBatch(std::vector<Layer>* layers, std::vector<Matrix>* grads_A, std::vec-
tor<Vector>* grads_b, const ErrorBlock& error_block, const std::vector<size_t>& batch_indices,
const std::vector<Vector>& train_input, const std::vector<Vector>& train_output) const - BbI-
quc/ieHne rpaJueHToB Ha barde anajornvuo kjaccy SGDOptimizer

4. void UpdateInertions(const std::vector<Matrix>& grads_A, const std::vector<Vector>& grads_b,
std::vector<Matrix>* inertions_A, std::vector<Vector>* inertions_b) const - 0OHOBJICHIE BEKTO-
pa uHepruu 1o dopmysiam 6.

5. void UpdatelLayerParams(std::vector<Layer>* layers, const std::vector<Matrix>& inertions_A, const
std::vector<Vector>& inertions_b) const - 0OHOBJIEHIE TAPAMETPOB CJI0EB layers mo dpopmymam 7.

[Tocsre nHUIUATN3AIY HAYAIHHON [TepecTaHOBKHU perm u Oydepos inertions A wu inertions b Bbirmeonucanubie
METOMBI UCIOJIb3YIOTCS JJIsE OO0y YeHHs CJIeAYIOIUM 00pa3oM:

size_t iter_count = O;
while (iter_count < max_iter_count) {
std: :shuffle(perm.begin(), perm.end(), mt);
std: :vector<Matrix> grads_A(layers_count);
std: :vector<Vector> grads_b(layers_count);
CalculateGradientsOnBatch(&layers, &grads_A, &grads_b, error_block, perm, train_input,
train_output) ;
UpdateInertions(grads_A, grads_b, &inertions_A, &inertions_b);
UpdatelLayerParams (&layers, inertions_A, inertions_b);
++iter_count;

3.2.9 Kuaacc AdamOptimizer

Drot kiacc peanmusyer ajroputMm Adam. [Tosst qaHHOTO Kitacca COOTBETCTBYIOT HACTPAEBBIM HapaMeTpPaM JAHHOTO
aJIropuTMAa:

e double learning_speed_ COOTBETCTBYeT mapaMeTrpy « u 1o ymosdanuio pasao 0.0001

double betal_ coorBercrByer mnapamerpy (1 u 110 ymMojdaHuto pasao 0.9

e double beta2_ coorBeTcTByeT HapameTpy (o U 1o ymoadanuio pasao 0.999

double eps_ COOTBETCTBYET IapaMeTpy € U IO yMoJdaHuio paBHO 10e-8.

e size_t batch_size_ coorBercrByer pasmepy 6arTua Jijisi BHIYUCIEHUS IPAJUEHTA.

3HavYeHNs TapAMETPOB YCTAHABIMBAIOTCA C IOMOINBI0 KOHCTpyKTOpa AdamOptimizer(double learning_speed,
double betal, double beta2, double eps, size_t batch_size).
Bcenomorarenbabie meTobl Kiacca AdamOptimizer:

e void InitializePermutation(std::vector<size_t>* perm) const - HHUIUAJIUIAINS IE€PECTAHOBKY IJIs
nepeMennBaHus UHIEKCOB.

e void InitializeMomentsBuffers(const std::vector<Layer>& layers, std::vector<Matrix>* current_m_A,
std::vector<Vector>* current_m_b, std::vector<Matrix>* current_v_A, std::vector<Vector>* current_v_b)
const - mHUMMAII3aINsa 0y(HEpoB MO MOMEHTDI My U Vy.

e void CalculateGradientsOnBatch(std::vector<Layer>* layers, std::vector<Matrix>* grads_A, std::vec-
tor<Vector>* grads_b, const ErrorBlock& error_block, const std::vector<size_t>& batch_indices,
const std::vector<Vector>& train_input, const std::vector<Vector>& train_output) const - BbI-
YHCJIeHne IPaJineHTa Ha OaTde.

e void UpdateMoments(const std::vector<Matrix>& grads_A, const std::vector<Vector>& grads_b, std::vec-
tor<Matrix>* current_m_A, std::vector<Vector>* current_m_b, std::vector<Matrix>* current_v_A,

std: :vector<Vector>* current_v_b) const - BeIYHAC/I€HHE MOMEHTOB Ha TEKYIIeil urepamnun 1mo popMyIam
8m9.
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void UpdatelLayerParams(std::vector<Layer>* layers, double current_learning_speed, const std::vec-
tor<Matrix>& current_m_A, const std::vector<Vector>& current_m_b, const std::vector<Matrix>&
current_v_A, const std::vector<Vector>& current_v_b) const - oOHOBJIEHHE TTAPAMETPOB CJIOEB layers

o dpopmyste 11.

[Tocne nannmamu3anmmum HeOOXOIUMBIX Oy(depOB, METOIBI U3 CIIMCKA BBIIIE UCIOJIb3YIOTCs JJIsi OOyJeHUsI CIIeTy-
FOIIUM CIIOCODOM:

size_t iter_count = 0;
while (iter_count < max_iter_count) {

std: :shuffle(perm.begin(), perm.end(), mt);

std: :vector<Matrix> grads_A(layers_count);

std: :vector<Vector> grads_b(layers_count);

CalculateGradientsOnBatch(&layers, &grads_A, &grads_b, error_block, perm, train_input,
train_output) ;

UpdateMoments(grads_A, grads_b, &current_m_A, &current_m_b, &current_v_A, &current_v_b);

current_learning_speed = learning speed_ * sqrt(l - pow(beta2_, iter_count + 1)) /
(1 - pow(betal_, iter_count + 1));

UpdatelLayerParams (&layers, current_learning speed, current_m_A, current_m_b, current_v_A,

current_v_b);
++iter_count;

Suauenue current learning speed Boraucisiercs o dopmyse 10.

3.2.10 Kuaacc NeuralNetwork

Knacc NeuralNetwork obbemumsier B cebe Bce paHee YIOMAHYTbIE KOMIIOHEHTHI W IPEIOCTABISIET MTOJIb30BATETIO
unaTepdeiic A ux ucrnoab3oBanusd. Y kiaacca NeuralNetwork nmerorcs ciieyroriue moJisi, Bce U3 KOTOPBIX SABJISTIOTCS
[IPUBATHBIMU:

std: :vector<Layer> layers_ - nabop CJI0€B HEHPOCETH.
ErrorBlock error_block_ - 6/I0K DYHKIUN OMHIOOK.

std::unique_ptr<BaseOptimizer> optimizer_ - yka3areab Ha ONTUMHU3ATOD I'PAAUEHTHOIO CIIyCKa.

N JAaHHOTO KJIaCCa €CTh JBa KOHCTPYKTOPA:

NeuralNetwork(std::initializer_list<size_t> layers_sizes, std::initializer_list<FunctionType>
functions) ; - 9TOT KOHCTPYKTOP CO3/IaET CJIOM HEHPOCETH 1O 38/ IAHHBIM padMepaM 1 DYHKIUAM aKTUBAINN.
B aTom cayuae coznannas HelipoceTh uMeeT 0JI0K ommbok ¢ dyukimeit MSE u ontumuzarop AdamOptimizer.

NeuralNetwork(std::initializer_list<size_t> layers_sizes, std::initializer_list<FunctionType>
functions, T optimizer, ErrorType type) - 3TOT KOHCTPYKTOD CO3/IA€T CJIOM HEHPOCETH I10 33/ IaHHBIM
pasMepaM n (PYHKIUAM aKTHUBAIINU, & TaKxKe MHUINAJIU3UPYET OJIOK OIMMOOK M ONTUMU3ATOD IIepeaHHBIMU
SHAYCHUAMMU.

Bcemomorarennubie dhyukmun n Mmetoasr Kiaacca NeuralNetwork:

void Createlayers(const std::initializer_list<size_t>& layers_sizes, const std::initializer_li-
st<FunctionType>& functions) - co3manme CJI0EB MO MEPEIAHHBIM pa3MepaM U PYHKIAIM aAKTUBAIIH. JTOT
MEeTO/JT, BBI3BIBAETCS B 000MX KOHCTpyKTOpax Kiacca NeuralNetwork.

std: :vector<Vector> TransformData(const std::vector<std::vector<double»& data) const - mpeobO-
pa30BaHUe BEKTOpa BEKTOPOB U3 CTAHIAPTHON OMOJIMOTEKN K BEKTOPY BEKTOPOB u3 Oubsmoreku Eigen. dror
METOJI, BBI3bIBAETCsI II€pe]] HaYaJIoM 0OyJIeHUsI HEHPOCETH.

Knacc NeuralNetwork mpemocTtaBisieT caeayionuii moab30BaTeIbCKI nHTepdeiic:
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e void AddNextLayer(size_t input_size, size_t output_size, FunctionType func) - mobaBuTh CJI0ii C
3a/IAHHBIMH JTAHHBIMU B KOHEI| HEHPOCETH.

e void SetOptimizer(T optimizer) - cerTep Jjisl OITHMH3ATODA.
e void SetError (ErrorType type) - ceTTep jiyIsi OJI0Ka OIMIMOKH.

e void Train(const std::vector<std::vector<double»& train_input, const std::vector<std::vector<do-
uble»& train_output, size_t max_iter_count) - oOydeHne HepOCETH Ha 33J[AHHBIX TAHHBIX B TEUYEHHE
max_iter count urepanuii.

e std::vector<double> Predict(const std::vector<double>& data) const - (yHKIUS st TOJIyIEHUS
TIpeICKa3aHusI HepoceTn Ha KOHKPETHOM BeKTope data.

Merogx, Train kaacca NeuralNetwork npeobpasyer BekTopbl ¢ momoinbio dpyaknun TransformData u mepemaér
HeOOXOIMMBbIE TIAPAMETPBIX B OIITUMUBATOPHI JJjIs 00y YeHMSI:

void NeuralNetwork::Train(const std::vector<std::vector<double>>& train_input,
const std::vector<std::vector<double>>& train_output,
size_t max_iter_count) {
std: :vector<Vector> x = TransformData(train_input);
std: :vector<Vector> y = TransformData(train_output);
optimizer_->Train(layers_, error_block_, x, y, max_iter_count);

Oyukius Predict “nporankuBaer” Bxo/iHOM BeKTOD depe3 ciou layers ¢ nmomornisio Metosa PushForwardPredict
kjacca Layer, u Bo3BpaIaeT pe3yJbTar.

3.3 TectupoBanue
3.3.1 MoayiabHoe TeCTUPOBaHNE KOMIIOHEHTOB HeiipoceTu

Kutaccer Layer, ActivationFunction u ErrorBlock siBiisiiorcst OCHOBHBIME COCTABJISIFOIIMMEI KOHCTPYKIIUNA HEHPOCETH.
BuyTpb JJaHHBIX KJIACCOB 3AJI0YKEHDBI BBIUHUCJIEHHS, OT KOPPEKTHOCTH KOTOPBIX 3aBUCUT BEChH HPOIECC €€ 00ydIeHusl.
st TecTHpOBAaHUS JIAHHBIX KJIACCOB OBLIM HAIMCAHBI MOJYJIbHBIE TECTHI C UCIOJIb30BaHMeM Ombsmorekn Google
Test [7].

Tecruposanue kiacca ActivationFunction 3akiiouaioch B mpoBepKe MPaBUJIBHOCTH BHIYUCICHUS 3HATECHUST DY HK-
UK U IPOMU3BOAHON JIsl PA3HBIX HozepuBaeMbix BapuanToB (Sigmoid, ReLU, LeakyReLU). Hanucaunsie st
9TOro TecThl HaxoudTcs B (dailie tests/activation-function/activation function tests.cpp. Ix moxHO pasiennTsb
Ha, IPYIIIIBL:

e SigmoidTests - TecTupoBanue cUrMOuIHI

— SigmoidValueCorrectness - npoBepka 3navdeHus hyHKIAN

— SigmoidDerivativeCorrectness - npoBepka pou3BOIHO
e ReluTests - TrecrupoBanme ReLLU

— ReluValueCorrectness - npoBepka 3nadennst GpyHKIAN

— ReluDerivativeCorrectness - mpoBepka pOU3BOIHOI
e LeakyReluTests - recrupoBanune LeakyReLU

— LeakyReluValueCorrectness - mpoBepka 3naudeHust QyHKIUNA

— LeakyReluDerivativeCorrectness - mpoBepKa ITpoOU3BOHOMN

AnanormunbiM 06pasoM ycTpoeHO TectupoBanue kiacca ErrorBlock. Tectsr Haxomsites B aiie tests/error-
block/error _block _tests.cpp. OHu NpoOBEpsIOT NPABUIBHOCTD BHIYUC/ICHUS 3HAUEHUSI U TPaJUeHTa (DyHKIUU JIJIs

MSE u MAE.

e MSETests - rpymmna TecroB MSE
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— MSEValueCorrectness - npoBepka 3Hadenusi (DyHKIIIN

— MSEGradientCorrectness - mpoBepka rpajuesTa
e MAETests - rpynma Tecro MAE

— MAEValueCorrectness - mpoBepka 3HaueHUsT DYHKIUNA

— MAEGradientCorrectness - mpoBepka rpajinesra

[Ipu TectupoBanuu kKiacca Layer ObLIO BasKHO IMPOBEPUTH MPABWIBHOCTH “IPOTAIKMBAHUSA BEKTOPA BIIEPE
(byukus PushForward) u nazaz (byukuus PushBackwards), rak kax oT T0ro 3aBucur paboTocrocoGHOCTb pea-
smsaruu Meroza backward propagation. Tector kinacca Layer naxonsrces B daiiiie tests/layer/layer tests.cpp. Tecr
Basic mposepsier pabory PushForward u PushBackwards gnsa caygas omguoro ciosi, a Tect Multiple mposepsieT ux
paboTy jIs cirydast HECKOJILKUX CJIOEB.

3.3.2 OO0yuenue uHeilipocetu ajsa BeruucieHuss XOR aByx uwuces

s meMoHCTpanuu KOHKPETHBIX CIIEHAPUEB pabOThl 6MOJIMOTEKN MCHoJb3yercs Kiace Application. Dror kitace
nMeeT myoautdable MeToabl void Runl (), void Run2(), void Run3(), void Run4() u void Run5(). Ilepsbre ue-
ThIpE U3 HUX JEMOHCTPUPYIOT 00ydeHue HeiipoceTn s Beraucienuss XOR aByx umces ¢ UCIOJIB30BaHUEM Pa3HBIX
ONTUMU3ATOPOB I'PAMEHTHOIO CILyCKA.

V kmacca Application ectsb mosist std: : vector<std: :vector<double» xor_train_input_wustd::vector<std:
tor<double» xor_train_output_ , B KOTOPBIX XpaHATCS JaHHBIE JJisd 00ydeHusi. OHU WHUIUAIU3UPYIOTCS C IO-
MoInpio MeTosa void InitializeXORData(). JlaHHBIN MeTON WHANMATIU3UPYET BEKTOP XOr train input  nBywms-
CTaMU CJIyYailHBIMM ITapaMy 13 HyJeill U exuHUIl. B BekTOp Xor train output  3ammchIBArOTCS COOTBETCTBYIOIIVE
sruM napam 3HaveHust Gysrmun XOR.

1. void Runi()

DTOT METOJ, JeMOHCTPUPYET UCIOJb30BAHIE IIOJHOTO T'PAJUEHTHOrO cirycka. Ilocie naunmaan3anum HeobXo-
JUMBIX JAHHBIX KOJ BBITVISIUT CJIELYIONUM 00pa30M:

NeuralNetwork network({2, 4, 4, 4, 1},

{
FunctionType: :LeakyRelu,
FunctionType: :Sigmoid,
FunctionType: :Sigmoid,
FunctionType: :Sigmoid,
s

GDOptimizer(), ErrorType::MSE);
network.Train(xor_train_input_, xor_train_output_, 1000);
std: :vector<double> prediction = network.Predict({0, 0});
std::cout << "0 0 " << prediction[0] << "\n";
prediction = network.Predict ({0, 13});
std::cout << "0 1 " << prediction[0] << "\n";
prediction = network.Predict({1, 0});
std::cout << "1 0 " << prediction[0] << "\n";
prediction = network.Predict({1, 1});
std::cout << "1 1 " << prediction[0] << "\n";

CHauasia MbI CO371aéM OOBEKT HEHPOCETH ¢ yKA3aHUEM PAa3MEpOB CJIOEB, (DYHKIMI aKTUBAIUI, ONTUMI3aTOPA
u dyukun omudku. /lajgee Mbl 3amyckaeM mporecc 00yIeHus Ha UMEOINbCA JAHHBIX, IOCJIe Yero IpecKa-
3piBaeM 3uadenus ¢yaknun XOR s Bcex map u3 myseit u enunun,. Pesynbrar:

0 0 0.0627224
01 0.971313
1 0 0.911356
11 0.0627224
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2. void Run2()

3neck ucnosib3yercs ajropurm Adam:

NeuralNetwork network({2, 4, 4, 4, 1},

FunctionType: :Sigmoid,
FunctionType: :Sigmoid,
FunctionType: :Sigmoid,
FunctionType: :Sigmoid,

},
AdamOptimizer(0.001, 0.9, 0.999, 10e-8, 8), ErrorType::MSE);
network.Train(xor_train_input_, xor_train_output_, 10000);

Hpe,ILCKaBaHI/Ie PE3Yy/IbTATOB BBIIOJJIHACTCA aHAJIOTUIHO IIPEAbIAyHIEeMY ITyHKTY. PeSyJIbTaTZ

3. void Run3()

Hemoncrparnus uctnosbzoannst SGDOptimizer:

NeuralNetwork network({2, 4, 4, 4, 1},

{
FunctionType: :Sigmoid,
FunctionType: :Sigmoid,
FunctionType: :Sigmoid,
FunctionType: :Sigmoid,
+,

SGDOptimizer(16, 0.5), ErrorType::MSE);
network.Train(xor_train_input_, xor_train_output_, 5000);

Pesynprar:
0 0 0.0206889
01 0.973193
1 0 0.973193
11 0.0329795

4. void Run4 () Ucnonp3zosanne SGDMomentumOptimizer:

NeuralNetwork network({2, 4, 4, 4, 1},

{
FunctionType: :Sigmoid,
FunctionType: :Sigmoid,
FunctionType: :Sigmoid,
FunctionType: :Sigmoid,
3,

SGDMomentumOptimizer(16, 0.1, 0.4), ErrorType::MSE);
network.Train(xor_train_input_, xor_train_output_, 5000);

Pesynbrar:
0 0 0.0321191
0 1 0.968076
1 0 0.966509
11 0.0321267
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3.3.3 MNIST u kaacc MNISTReader

MNIST — 310 6a3a JaHHBIX KAPTUHOK PYKONHMCHBIX Iudp. OHa COCTOMT M3 KAPTHHOK M JIEHOI0B K HuUM (J1eii6i
KapTUHKY — Iudpa, KOTopas Ha CaMOM JieJie Ha Heli n3o0pazkena). KapTuuku npeacrasisior coboit nabop u3 28x28
UKceJse, KaxXKIplii u3 KOTOpbix mMmeeT 3uadenne or 0 mo 255. 3uadenne 0 COOTBETCTBYET YEPHOMY MHUKCETIO, 255 -
6esIoMy TTHKCETIO.

Barpysuts 6a3y marabix MNIST moxkHO ¢ pecypcea [(]. 3arpyzkeHHble JaHHBIE CPa3y Pa3/IeJeHbl Ha 00y ALy Io
BBIGOPKY (60000 KapTuHOK) 1 TecToBYIO BBIGOPKY (10000 manubix). Kaprunku u sneibiabl HaxousTes B daitiax co
Crerua/ibHbIM (POPMATOM, ONUCAHHE KOTOPOrO HAXOIUTCS Ha TOM Ke pecypce. st caurbiBanust 5T0r0 bopmMara
6n11 mammcan kiacc MNISTReader.

Kmnacc MNISTReader numeer KOHCTPYKTOP CO CJIEAYIONIEH CHTHATYPOIA:

MNISTReader (const std::string& images_filepath, const std::string& labels_filepath)

images_filepath — nyTs x daitny ¢ kaprunkamu, labels filepath — nyTs x dairy ¢ aeitbramu.
151 canTHIBAHUS KAPTUHOK y JIAHHOIO Kjlacca ecTh MyHKims std: : vector<std::vector<double» GetImagesData()
const. s cunThiBanus Jeit0I0B ucoib3yercs MyHKINs std: :vector<double> GetLabelsData() const.

3.3.4 OO6yuenue meiipoceru Ha 6a3e ganHbix MNIST

Bxonubie mamnbie s HeitpoceTn — Habop KapTuHOK. Karknast kKapTuaka cocroutT u3 28x28=784 nukceseit. 3HATUT,
TIEePBBII €TI0 HEMPOCeTH MOJIKEH TPUHIMATH Ha BXOJl BEKTOD pa3Mepa 784.

Ham myzxHO, 9T0OBI 00ydYeHHAs] HEHPOCETHh MO IMOJIYYEHHON KapTHHKE yMeja IpeJICKa3biBATh HAPUCOBAHHYTO
Ha Heil nudpy. Moxer moKa3aThbCsi, 9TO B TAKOM CJIydae IOCJEIHUil CJIOil HefipoceTn JOJIXKEH B KadecTBe OTBETa
BBIIaBaTh Kakoe-To ducjio or 0 g0 9. OmHako y Takoil MoJeu ecTh npobJjieMa: ecjii Ha KapTUHKE M300pakeHa, K
npumepy, nudpa 7, To HeHPOCeTh MOXKET HAYATH IIPEJICKA3BIBATL 110 MOAYJIIO O/iu3Kue 3Hadenus (Hampumep, 6, uim
8), Beib 9TO MOXKeT OBbIThb BBINOJHO € TOYKU 3peHust MuHMMu3aimu GyHkiuu omubku. Ha npakruke ke pasHuna
MEXKJIy MpeJICKA3aHHON MUMPOl U UCTHHHBIM Pe3yJbTATOM HAC He BOJHYET — HAM BaKHO TOJIBKO HAJIMYNE WJIH
OTCYTCTBHE COBIa IeHusA. TakuM 06pa3oM, Iepe/l HAMI CTOUT 33J1a49a KIacCuUKAINN, & 3HAYUT BBIXO/HBIE TAHHBIE
[IOCJIEJTHETO CJIOsI HEHPOCeTH MOXKHO NPEJICTABUTH B BHJE BeKTopa v pasmepa 10, rue 3nadenue v[i| oGosHauaeT
“BEpOSITHOCTH’ TOT'0, YTO HA KapTHUHKE M300parkeHa mudpa i.

Metox void InitializeMNISTData() ImpOM3BOAUT CUMTHIBAHHE OOYYAIOIINX M TECTOBBIX JTAHHBIX M3 (ailyioB.
Tenepb ¢ HUMU HYKHO BBITOJIHATH CJIEAYIONIE JeHCTBYS:

1. Tlukcenu KapTUHOK HYKHO o€ uTh Ha 255.0. DT0 j1emaercst 1yt TOro, 9To0bl n30e2KaTh IPe3MEPHO OOJIBIITIX
3HAYEHNUI rpajeHTa B Tedenne obydenusi. [Ljis TaHHOTO IpoIecca nemob3yercs dyHKnus std: :vector<std: :vec-
tor<double» NormalizeMNISTImages( const std::vector<std::vector<double»& images).

2. Kaxkuplii s1eiibJ1 Hy2KHO Ipeobpa3oBaTh B BEKTOP Vv, Takoil 4o v[i| = 1 eciiu sneitbi pasen i u v[i] = 0 unage. Tua
9TOI OlepaIny NCIIOIb3yeTcst PyHKINA std: :vector<std::vector<double» OneHotEncodeMNISTLabels(const
std: :vector<double>& train_labels).

ITocste Toro, kak 06paboTKa JAHHBIX ObLIA BHIIOJIHEHA, MOYKHO IIEPEXOIUTh K 00y IeHHIO (9TO ClieHapUil U3 MeTo/a
void Runb() kiacca Application):

auto train_input = NormalizeMNISTImages(mnist_train_images_);
auto train_output = OneHotEncodeMNISTLabels(mnist_train_labels_);
NeuralNetwork network({784, 256, 10},
{
FunctionType: :Relu,
FunctionType: :Sigmoid,
},
AdamOptimizer(0.0001, 0.9, 0.999, 10e-8, 4), ErrorType::MSE);
network.Train(train_input, train_output, 4000);
auto test_images_normalized = NormalizeMNISTImages(mnist_test_images_);
CalculateMNISTAccuracy(test_images_normalized, mnist_test_labels_, network);

B konrie oby4ennst Ber3biBaercst pyaknus void CalculateMNISTAccuracy(const std::vector<std::vector<dou-
ble»& images, const std::vector<double>% labels, const NeuralNetwork& network) const.Jra GyHKIUSS
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¢ TIOMOTIBIO HelipoceTn network mpejckaspiBaeT nudpy Ha KayK 10l KAPTHUHKE U3 images U CPAaBHUBAET [IPEJICKA3AH-
HOe 3HaYeHNe ¢ ICTUHHBIM pe3yabTaToM u3 labels. Ilociie paccMoTpenust Bcex KapTUHOK U3 images JanHast OyHKITA
BBIUUC/ISIET TOYHOCTh OOYUIEHHON HEHPOCeTH KaK KOJIMYEeCTBO COBIIAJIEHNUIA, JIEJIEHHOE Ha pa3Mep PacCMOTPEHHON Bbl-
GOpKH.

ITocrpoennas meitpoceTs mocturia Tounoctu B 93,13% Ha TECTOBBIX JAHHBIX.
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