MIOMPHM TEXHIYHWM VHIBEPCUTET YKPAIHHU
«KUTBCHKHWH ITOJITEXHIUHAU IHCTUTYT

IMEHI IT'OPSI CIKOPCBKOI'O»
MIHICTEPCTBO OCBITU I HAVKH YKPAIHH

HAITIOHAJILHWM TEXHIYHWA YHIBEPCUTET YKPAIHU
«KUIBCbKHWM ITOJITEXHIUHUU IHCTUTYT

IMEHI IT'OPSI CIKOPCBKOI'O»
MIHICTEPCTBO OCBITH I HAYKUA YKPATHU

KsamidikamiiHa HayKOBa
npatd Ha IpaBax PyKONHUCY

3I0P KOCTSIHTHUH AHJIPTAOBAY
VIIK 004.94

JUCEPTAIIA
MOJIEJI TA IIPOI'PAMHI 3ACOBH IIJIBUIIIEHHS BUJIKOMI
BU3HAYEHHS BIIEOATPUBYTIB 3A TOIIOMOI'OIO PO3BUTTA
HA CHHEHHA
121 — IgxeHepis MPOrpaMHOro 3a0e3MeYCHHS

12 — IndopmartiiiHi TeXHONOri

TTonaeThes Ha 3M00YTT HAYKOBOTO CTYIEHs NOKTOpa (inocodii.

Jluceprallis MiCTUTh DE3YNbTaTH BIACHUX IOCIIUKEHb. BUKOpHCTaHHA 11eH,

pesyi ig/] TexcTiB IHIIMX aBTOPIB MArOTh MOCHIAHHS HA BIATIOBIAHE [LKEPETIO
3nop KA.

=V .

Ha KEPIBHUKH:

IIAJIIEHKO Onexciii BikTopoBY, KaHIMAAT TEXHIYHUX HAYK, JOLEHT

HEJAIIKIBCBKHA Ounekciii JIEOHIIOBUY, JOKTOP TEXHIYHUX HAYK, TOLICHT

KHIB - 2025



AHOTAILUS

3n0p K.A. Mope:ni Ta mporpamHi 3acOOH ITiIBUIIICHHS IIBUAKO1T BUSHAYCHHS
BiJIe0aTpuOyTiB 3a JOMOMOro0 po30uTTA Ha cienu. — KamidikaiiiiiHa HaykoBa
npails Ha MpaBax PYKOIHCY.

Huceprariist Ha 3700yTTS HayKOBOTO CTymHeHs JoKTopa dimocodii 3 ramysi
3HaHb 12 [Hdopmartiiini TexHOMOTI1 3a cerianpHIicTIo 121 [Hx)eHepis mporpaMHOTO
3a0e3neveHHs. — HarioHanbHUI TexHIYHUN YyHIBepcuTeT Ykpainu «KuiBchbkuit
MOJITEeXHIYHUHM 1HCTUTYT iMeHi Iropst Cikopcekoroy», Kuis, 2025.

Huceprariitna po6oTa mprcBIU€Ha PO3pOOIl HAYKOBO-METOIUYHOIO anapaTty
00OpoOKHM BIJICOKOHTEHTAa 1 PO3POOKH MPOrpaMHUX 3aco0iB [JIi BU3HAYCHHS
aTpuOyTiB Ta pO3OUTTA BIJIEO HA CIEHH 3a JIONOMOIOK 3ac00iB MAaIIMHHOTO
HaBYaHHSI.

[TapanenbHO 3 €BOJIIOLIE€I0 BUPOOHULITBA KOHTEHTY PO3BHBAJIMCA METOIU
aHaii3y BizeogaHuX. PaHHI MeTOIM aHAI3y Bi€O OyJM 3A€0UIBIIOT0 PyYHUMH Ta
PUMITUBHUMH, 30CEPEIKYIOUHICH HAa TAKUX 0a30BUX (DYHKIIISIX, SIK BUSBICHHS PyXy
Ta TMPOCTe pO3Mi3HaBaHHA O0'€KTiB. 3 dYacoM IIi METOAU KapJAUHAIHHO
€BOJIIOLIOHYBaJIM. BOpOBa/PKEHHS  AJTOPUTMIYHUX MIAXOAIB  YMOXKIIMBHIIO
aBTOMATU30BaHUM po30ip BIJECOMOTOKIB HA 3HAUYIII CETMEHTHU, 3aKJIABIIN OCHOBY
JUTS TIONTYKY Ta 1HJAEKCYBaHHS HAa OCHOB1 KOHTEeHTY. DyH1aMeHTanbH1 TOCTIIKEHHS,
POUTIOCTPYBAIM MOXKJIUBICTh BHIIYYEHHS POCTOPOBUX 1 YACOBUX XaPAKTEPUCTHUK
3 BIJICOKOHTEHTY, THM CaMHM YMOXJIMBUBIIM OUIbII CUCTEMATHYHE PO3yMIHHS
Bi3yasibHOI1 1H(OpMaIIii.

JIoCSITHEHHsI B Taiy3l MITYYHOTO 1HTEJNEKTY Ta MAIIUHHOTO HaBYaHHS IIE
Oinpie  po3BUHYTH cdepy aHamizy BigeokoHTeHTy. CydacHi CHUCTEMU
BUKOPUCTOBYIOTh TIMOOKI HEMPOHHI MEpEeXi g PO3MI3HABaHHS MAaTEpHIB Yy
BiJICOJJaHUX - BiJI IIOBEJIIHKOBHX CHTHAJIIB JIO KOHTEKCTHHX acomiarii. [arerparis
TEXHOJIOT1 aBTOMATHUYHOIO pO3MI3HABAHHA KOHTEHTY B CIOXXHMBYI HPUCTPOT

JI03BOJIMJIA BHUMIPIOBAaTH ayJUTOPII0O B pealbHOMY Yacl Ta NEpCOHANI3yBaTu



JI0OCTaBKY KOHTEHTY, 1110, B CBOIO YEpry, 3MIHUJIO CTpATeT1i peKjaMu Ta JUCTPUOYIIT
Meia.

BusiBieHHs ClieH € akTyaJabHOIO 3aj7aueio y cdepl aHalizy BiICOKOHTEHTY,
OCKIJTbKM BOHO 3a0e3leuye CTPYKTYpHY OCHOBY, siKa JO3BOJISIE BUSBIATU
CEMaHTHYHO TOB'sI3aH1 CETMEHTH Yy BifieogaHnX. CerMeHTyBaHHS Bi/IeO Ha IUJIAHU 1
CIIEHU - aHAJIOTIYHO JI0 MOJTY TEKCTy Ha a0d3al| - 1a€ 3MOT'Y BUOKPEMUTH YaCOBI
MEXI1 CIIeH Ta OpraHi3yBaTH BMICT KOHTEHTY y MEHIII CTPYKTYpHI OAMHHMIIL. Taka
CErMEHTAIlisl Ma€ BaXJIMBE 3HAYCHHS JIJIsl 1H/IEKCYBAaHHS Ta y3arajJbHEHHS, OCKIIbKU
JI03BOJISIE SIK aBTOMATM30BAaHUM CHUCTEMaM, TaK 1 KOpPUCTyBadaMm €(GEeKTHUBHO
OpIEHTYBATUCA y BEIMKHUX BlJEOAPXiBaX.

MeTtoro nuceprTaliii € MmiaBUIIEHHS TOYHOCTI Ta MBUAKOA1T pO3OUTTS BiJIeO Ha
CLICHH LUIIXOM PO3pOOKH MOJIEeH 3 BUKOPUCTAHHSAM Bi3yallbHUX TpaHCPOPMEPIB
JUIS. BiZIEO Ta pO3poOKa CIeliali30BaHUX MPOTPaMHMUX 3acO0IB ISl 3HUKEHHS
O0OYHMCITIOBAJILHUX BUTPAT MPU BU3HAYCHH1 aTpUOYTIB.

Cepen MeTO/iB pO30UTTA BiJICO HA CIIEHW MOKHA BUIUIMTH TPAAMIINHI, K1
BUKOPUCTOBYIOTh BI3yalibHI XapaKTEPUCTUKH (TICTOTpamMH, PIBEHb OCBITICHHS
TOIII0), Ta AJITOPUTMHA HA OCHOBI BUUICHHS KIIFOUOBUX TOUOK, IK-0T SIFT 1 SURF.
[lepmmii miagxix IEMOHCTPYE BHUCOKY €(PEKTUBHICTH JJIi CTaTUYHUX CILIEH, ajie
BTpayva€ TOYHICTh MTPH aHAJ131 TUHAMIYHOTO BIJICOKOHTEHTY 3 KOPOTIIUMU CIICHAMHU
Ta CKIAQAHUMH TIepexoJaMu. AJNTOpUTMHU 3 BHUIUICHHA KIIOYOBUX TOUYOK
3a0e3neuyloTh BHUIILY TOYHICTh Y BHM3HAUEHHI 3MiH, OJHAK iX 3aCTOCYBaHHS
oOMexeHe yepe3 3HauH1 00UMCITIOBANIbHI BUTPATH.

CyvacHi Meroau cermeHTaiii 0a3yloThCsi Ha BUKOPUCTaHHI HEWPOHHMX
MepEeK, IO JI03BOJISIE€ BPaXOBYBATH SIK Bi3yalIbHUH, TaK 1 KOHIIENTYaTbHUNA KOHTEKCT
KaapiB. BukopucTaHHS 3TOPTKOBHX, PEKYPEHTHHUX HEUPOHHUX MEpEex 1
TpaHc(popMepiB COpHsie TOYHOMY BHM3HAYEHHIO 3MIiH CII€H, MPOTEe Il MIIXOAU
BHMArarTh BEJIMKOI KUTHKOCTI HABYAIBHHUX JAHUX 1 MOXKYTh MaTH BUCOKI BUMOTH
10 OOYUCTIOBAIIBHUX pecypciB. ToMy BHHHMKae NpPOTUPIUYSA, 3 OJHOTO OOKYy

MaTeMaTU4YHI METOJIM MAarTh BHUCOKY IIBUIKICTh ajieé HU3bKY TOYHICTh, 3 1HIIOTO



00Ky METOAM MAIIMHHOTO HAaBYAHHS J€MOHCTPYIOTh BHIILY TOYHICTb, aj€ MOXKYTh
MaTH BHCOKI BUMOTH JI0 OOYHCITIOBAIBHUX PECYPCIB.

JI1s1 motonaHHs IUX HEJIOIIKIB 3aCTOCOBYIOTHCSI METOAM ONTHMI3allil, TaKl sK
NPYHIHT, JUCTWISIIS 3HaHb Ta KBAaHTHU3Allis, IO JO3BOJSE MPUCKOPUTH POOOTY
MojieJIeil TpU MiHIMaJIbHINM BTpaTi TOYHOCTI.

Po3poOka Ta BIOCKOHAJIEHHS METOJIIB BUSIBJICHHS CIIEH Ha OCHOBI METOJIIB
MAIIMHHOTO HaBYaHHA € TMPIOPUTETHUM HAMpsIMKOM B cdepi aHamizy Biaeo
KOHTEHTY. MeToaM BUSBJICHHS CLIEH PUCBsiUEH1 poOoTu 3apyOixHNX BueHUX Del
Fabro M., Boszormenyi L., Chong-Wah Ngo, Yu-Fei Ma, Hong-Jiang Zhang,
Baraldi L., Grana C, Cucchiara R. [lpyHinry i1 onTumizaiii nepej HaBYaHHSIM
npucssiueHi podbotu Lee N., Ajanthan T., Frankle J., Carbin M. Po3po01i meToiB
apxiTekTypHoi ontuMizaiii nmpucBsueHi podotu CinbkeBud O.0., TepeikoBChKUit
[.A., Kynin O.B., Kpusoxata A.I'., Howard A. G., Zhu M., Hinton G., Dean J. Ta
i, JlocmipKeHHSAM METOAIB 3HIKEHHS BHUTpPAT OOYHMCIIOBAJIBHUX PECYpCIB
3aiimanuch PyBincbka B.M., TimkoB 1O .1O., Ctpynin [.B., [Iporonos /1.0. Liang T.,
Li B., Kong Z. Tan M., Wang Z., Frankle J., Carbin M. Han S., Pool J., Li H. Ta
1HIII.

Hucepraniitna po0OoTa BUKOHAHA  BIANOBIAHO 3 TOTOYHUMH  Ta
NEPCIEKTUBHUMH  TIJJaHAMH  HAYKOBOi Ta  HAyKOBO-TEXHIYHOI JISUTBHOCTI
HanioHanbHOro TEXHIYHOro YyHiBepcUTETy YKpaiHu «KuiBCbKUI MOMITEXHIYHUN
iHcTUTYT 1MeHl Irops CikopchbKOro» i NOAANBUIOTO PO3BUTKY IHXKEHEpIi
nporpamMHoro 3abesnedeHHs. JOCTIPKEHHS TICHO TOB'SI3aHO 3 pe3yJbTaTaMu
HayKOBO-A0CHAHUIBKOT podoTn (H/P), B sikux aBTOp mpuiiMaB 0COOUCTY y4acTb,
a came: «Meronu 1 aJrOpuTMH ONMTHMI3allli po3Mi3HaBaHHS OOpa3iB Ha OCHOBI
METOAIB MamuHHOTO HaBuaHHs» Ne(0121U109207, mo BUKOHyBajach B
HanionansHOMY TeXHIYHOMY YyHiBepcuTeTi YkpaiHu «KuiBChKUM MOMITEXHIYHUN
iHCcTUTYT iMeH1 [rops Cikopcebkoro» y 2021 — 2024 pp. Ocobucto aBropom B HIIP
3aMpONOHOBAHO  YJOCKOHAJICHWM  alroput™M po3OUTTS BIAEO HA  IUJIAHU

BUKOPHUCTOBYIOUM IIO€AHAHHSA MATCMATHYHHX aJ'IFOpI/ITMiB, JJIA  BUABJICHHS



0COOIMBOCTEN KaApiB, Ta PEKYPEHTHUX HEUPOHHUX MEPEXK, 1JIs1 BU3HAUCHHS 3MIHU
MJIaHy, 0 J03BOJISIE€ 3MEHIIIATH KiJTbKICTh HEOOXITHUX JAaHUX I aHaJi3y, 3HAYHO
MPUIIBU/IIITYIOUH PO3ITi3HABAHHS 00pa3iB.

HaykoBa HOBHM3HA OJEp)KaHUX pE3yJbTATIB IMOJSITa€ B TOMY, IO B
TUCEPTaIiiHIN poOOTi:

1. Bnepme po3po0JjieHO apXiTeKTypy pO3MOJIIEHOIO0 IPOrPaMHOTO
3a0e3neyeHHs 711 BU3HAYCHHs aTprOyTIB HA BiJI€0, XaPAKTEPHOK 0COOIHBICTIO
SKOT € OTIEPYBAHHS B1ICOMTOTOKAMHU JIJIs1 iIXHHOTO PO30UTTS BiICO HA TIJIAaHU Ta CIICHH,
110 /I03BOJIWJIO 30UTBIIUTH IIBUAKICTh aHAI3y BIIEOKOHTEHTY MiHIMYM B 2.5-3
pasu.

2. Bnepmie po3po6JieHO MeTOA Ui BUSBJICHHS IIEPEXOMdIB IUIAHIB Yy
BIJICOKOHTEHTI HAa OCHOBI IMOEJIHAHHS MAaTEMATHYHUX MIJXOMIB Ta PEKYPEHTHHUX
HEUPOHHUX MeEpeX, SIKMH Ha BIAMIHY BiJ ICHYHOYHX METOMIB IIBUAKO Ta
e(eKTUBHO BHUIUISE TPOCTOPOBI Ta YACOBI O3HAKK KaJpiB, WIO0 T03BOJIHJIO
30UTBIIMTH TOYHICTH BIy4aHHs Ta FI1-OLIHKY I 3HAXOJKEHHS 3MIHU IJIaHIB
JIOCSITal04M 1HHOBAIIMTHUX PE3YJIbTATIB.

3. Bnepme po3po0JieHO MeTOA BHUSABJICHHS 3MIHM CICHH  JUIS
BIJICOKOHTEHTY 3 BUKOPUCTAaHHSM HEWPOHHOI MEpeXi Ha OCHOBI apXITEKTypH
BI3yaJIbHOTO TpaHchopMepy i BiIEO 3 3aCTOCYBAHHSIM METOJy MPYHIHTY IMepe
HAaBYaHHSAM, W10 HA BiIMiHY Bil ICHYHOYUMX MeTOHIB BHAUIAE€ KOHTEKCTYaJIbHI
O0COOJMBOCTI CLEH, IO JA03BOJMJIO 30ubmuTH Fl-ominky Ha 5.1% Ta
NPUIIBUIIINTH Yac BUKOHAHHS Ha 10%.

4. HaOyB moaajbmoro po3BUTKY MeTO/l NPYHIHTY Nepe HaBYaHHSAM IS
MOJIeJIe apXiTeKTYpH Bi3yalbHUX TpaHC(HOpMEpIB 1IJs Bifico, AKMI HA BiAMiHYy Bil
iCHylouMx MeToaiB BpaxoOBY€ BaXKIMBICTH MEXaHI3MY «yBarm» Ta d03BOJISIE
MPUIITBUJIIINTY YaC BUKOHAHHS Mojieli Ha 10%.

IIpakTu4yHe 3HAYeHHS OJIEP)KAHUX PE3YJbTATIB TOJIATAE B ITiIBHUINCHHI
TOYHOCTI Ta WIBUIKOJII aHali3y BIJICOKOHTEHTY 3a JOMOMOTOI pPo3p00JIeHOI

apXiTEKTypu PO3MOAIICHOTO TMPOTPAMHOr0 3a0e3MeyYeHHs [Jii BU3HAYCHHS



aTpuOyTiB Ha B1JICO 3a JIOTIOMOT'OK0 PO3OMTTS BiJICO Ha IJIaHW Ta CILICHH, IO Ha
BiJIMIHY BiJl ICHYIOUMX €()EKTUBHO PO3MOIJIsie OOUUCIICHHS Ta pealizye po3pooiieH1
Ta yAOCKOHAJIEH1 METOIU Ta AIrOPUTMIYHE 3a0e3neUeHHs.
Peasnizaniiss  y10CKOHaJIGHOTO METOAY NPYHIHTY [JIsi apXiTEKTYpH Bi3yaJbHOIO
TpaHchopMepa Ha BiFCO JTO3BOJIMIIA HATPEHYBATH HEUPOHHY Mepexy, sika Ha 10%
IIBU/IIIIA 3a OpUTriHaJNbHY. Peamizamis po3po0JeHOro METOAYy IOE€JTHAHHS
MaTeMaTUYHOTO TMIAXOAy 3 PEKYPEHTHHUMH HEUPOHHUMH MEpPEKaMH J03BOJIMIIA
HATPEHYBaTH JBI HEHPOHHI MEpEeXi, SIKI MEePEBUILYIOTh TOYHICTh Biay4yaHHs Ta F1-
OIIHKY BigHOCHO minxony AutoShot na 4.3% Tta 4.4% BignoBigHo. [Ipu oMy
po3po0IIeHU miAXia Mae 00uKcIoBalIbHI BUMOrH y po3Mipi g0 S00 KFLOPS, mo
JI03BOJIsIE BUKOPUCTOBYBATH e MiJX1J A1 pO3B’sI3aHHA 33714 Y peajbHOMY Yaci.
Peanizartist po3po0I€HOr0 METO Ty /Il BU3HAYCHHS 3MIHU CIICHU B B1JI€O Ha OCHOBI
Bi3yaJbHOTO TpaHchopMmepa s BiJI€O H03BOJIMIIA HATPEHYBATH HEUPOHHY MEPEXKY,
ska mnepeBuirye F1-omiHKY BiJHOCHO TJAXOAIB OCHOBAaHHMX Ha TJIMOOKHUX
MYJIBTUMOJIATLHUX Mepexkax Ha 5.43%. Po3po6ieHo nporpamMHe 3a0e3nedeHHsl, sSIKe
Ha BIAMIHY BiJl ICHYIOUYHUX, J03BOJIsSIE €(DEKTUBHO aHAJI3yBaTH aTpUOyTH IJIs BiJI€O
BUKOPUCTOBYIOUH CIICHH Ta IJIAHU OTPUMaHI B PEKUMI PEAIbHOTO Yacy.

MeTtonuka MOCHIIKEHHS Ta OTPUMAaHl pe3yJIbTaTh MOXYTh TakoX OyTH
BUKOPHCTaH1 ISl CTBOPEHHS CHCTEM JICTaJIbHOI BifcoaHATITHUKH, (iabTparii Ta
MONIYKY MO BiAeoaTpuOyTax, TUM CaMHUM pPO3LIMPIOIOYM CYYacHl MIIXOAU 0
aHaii3y BIICOKOHTEHTY. J{OCHII>KEHHS MOYKE CTaTh OCHOBOIO JJIsl PO3POOKH HOBHUX
MiIX0/IIB 0 PO30UTTS BiJCO HA CIICHW Ta TUTAHHW, Ta BHECTH BKJIAJ Y 3POCTAIOUUI
o0cr JiTepatypu 3 METOJIIB BI€OAHAII3Y 32 JOMOMOIO0 HEMPOHHUX MEPEK.

Pesynbrat pocnipkeHb NPUWHATI 0 BOPOBADKEHHS B TOBapuCTBI 3
obmexxenoro BiamoBinaneHicTIO  «BOTYUEI» (aktr Bim 10.02.2025p.); B
HaBYaJIbHOMY mpouect HamioHalbHOrO TEXHIYHOTO YHIBEPCUTETY YKpaiHu
«KuiBchkuii  momiTexHiuHMA  1HCTUTYT 1imeHl Irops  Cikopcekoro»  (axt

BIpoBaKeHHs B 24.02.2025p.) npu BukinaganHi auctuiuiiny «udgpoa oOpodka



300pakeHb» A CTYJACHTIB OCBITHbO-KBajlipikamiiiHoro piBHg «Marictp»
crnemianbHOCTi 122 « KoM 1oTepHi HayKn.

HaykoBi pe3ynbTaTv JOCIHIKEHb € BHECKOM Y PO3BUTOK TEOPETUYHUX 1
OPUKJIAJAHUX OCHOB PO3POOKM ¥ JOCHIDKEHHS HAayKOBO-METOJUYHOTO 1
MIPOTPAMHOTO amapary IJjis aHali3y BieoaTpuOyTIB 3 BUKOPUCTAHHSM METOIB
MalIMHHOTO HaBYaHHS.

HactynmHuMU epcreKTHBHUMU TOCITIIPKEHHSIMH MOXKYTh CTaTH TOCIIKCHHS
JUTST BIOCKOHAJICHHSI KPHUTEPIiB BH3HAYCHHS BAXKIMBOCTI BariB, aBTOMATHYHE
BU3HAYCHHS KJIIOYOBHUX KaJIpiB JUIsl IJIAHIB Ta CUEH IiJ] Yac aHali3y, pO3IIUPECHHS
MOXJIMBOCTEN aHalli3y BI3yaJIbHOTO TpaHchOpMEpPY sl BIACO.

Kuio4oBi ci1oBa: iHxkeHepis porpaMHOro 3a0e3nev4eHHs], IporpaMHi 3acoou,
1H(pOpMaIliiiHI TEXHOJIOT11, IBUAKO/IIs, ONITUMI3allisl, HEHpOHHA Mepexka, MaIlIMHHE
HAaBYaHHA, IWITYYHUWA I1HTEJIEKT, OOpoOKa 300paxkeHb, aHali3 JaHUX, XMapHE
CepelloBUIlle, KOMIT'IOTEpHA CHUCTEMa, apXiTeKTypa MpOrpaMHOI CHCTEMH,
MIKPOCEPBICHA apXIiTEeKTypa, BHSBJICHHS 3MIHU IUIAHIB, PEKYPEHTHI HEHUpPOHHI
MEpEexXi, aHaji3 BiIECOKOHTEHTY, 00poOKa iH(hopmaIlii, 10BrorpruBajia KOpOTKOYacHa
nam’s1te (LSTM), komn'toTepHuit 3ip, claMCbKi HEHPOHHI MEpEeXkKi, pO3Ii3HABaHHS
300paxkeHb, Bi3yalibHi TpaHchopMepu Ui BijJ€o, aHali3 Bifco, MapaliesibHa

00poOKa, MacImTabOBaHICTb.



ANNOTATION

Zdor K.A. Models and software tools for increasing the speed of determining
video attributes using scene segmentation. — Qualification scientific work in the
form of a manuscript.

Thesis for the degree of Doctor of Philosophy in the field of knowledge 12
Information Technologies in the specialty 121 Software Engineering. — National
Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, Kyiv,
2025.

The dissertation is dedicated to the development of a scientific and
methodological framework for video content processing and the development of
software tools for attribute detection and video scene segmentation using machine
learning techniques.

The evolution of video content as a dominant means of communication has
fundamentally changed the landscape of information distribution and consumption.
Early forms of visual media, from analog film to broadcast television, set the stage
for the transformation that culminated in the digital revolution. Over the past few
decades, video content has not only increased in quantity and accessibility, but also
in its ability to engage audiences in interactive and multifaceted ways.

In parallel with the evolution of content production, video data analysis
methods have evolved. Early video analysis methods were mostly manual and
primitive, focusing on basic functions such as motion detection and simple object
recognition. Over time, these methods have evolved dramatically. The introduction
of algorithmic approaches has enabled the automated parsing of video streams into
meaningful segments, laying the foundation for content-based search and indexing.
Fundamental research has illustrated the possibility of extracting spatial and
temporal features from video content, thereby enabling a more systematic

understanding of visual information.



Advances in artificial intelligence and machine learning have further
revolutionized video content analysis. Modern systems use deep neural networks to
recognize patterns in video data - from behavioral signals to contextual associations.
The integration of automatic content recognition technologies into consumer devices
has enabled real-time audience measurement and personalized content delivery,
which, in turn, has changed advertising and media distribution strategies.

Scene detection is relevant to video content analysis, as it provides a structural
framework that transforms continuous video streams into discrete, semantically
coherent segments. Segmenting video into frames and scenes—analogous to
dividing text into paragraphs—allows us to isolate the temporal boundaries of scenes
and organize the content into smaller structural units. Such segmentation is
important for indexing and summarization, as it allows both automated systems and
users to navigate effectively in large video archives.

The dissertation aims to increase the accuracy and speed of video scene
segmentation by developing models using visual transformers for video and
developing special software tools to reduce computational costs when determining
attributes.

Modern segmentation methods are based on neural networks, allowing the
frames' visual and conceptual context to be considered. The use of convolutional,
recurrent neural networks and transformers contributes to the accurate detection of
scene changes. Still, these approaches require a large amount of training data and
can have high requirements for computational resources. Therefore, a contradiction
arises: on the one hand, mathematical methods have high speed but low accuracy;
on the other hand, machine learning methods demonstrate higher accuracy but can
have high requirements for computational resources.

Among the methods for dividing video into scenes, one can distinguish
traditional ones that use visual characteristics (histograms, lighting level, etc.) and
algorithms based on keypoint extraction, such as SIFT and SURF. The first approach

demonstrates high efficiency for static scenes but loses accuracy when analyzing
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dynamic video content with shorter scenes and complex transitions. Keypoint
extraction algorithms provide higher accuracy in detecting changes, but their
application is limited due to significant computational costs.

To overcome these shortcomings, optimization methods such as pruning,
knowledge distillation, and quantization are used. These methods allow for the
speeding up of model operation with minimal loss of accuracy.

Developing and improving scene detection methods based on machine
learning methods is a priority area in video content analysis. The works of foreign
scientists are devoted to scene detection methods: Del Fabro M., Boszérmenyi
L., Chong-Wah Ngo, Yu-Fei Ma, Hong-Jiang Zhang, Baraldi L., Grana C,
Cucchiara R. The works of Lee N., Ajanthan T., Frankle J., and Carbin M. are
devoted to pruning and optimization before training. The works of Sinkevich O.0.,
Tereykovsky 1.A., Kudin O.V., Kryvokhata A.G., Howard A. G., Zhu M., Hinton
G., Dean J., and others are devoted to developing architectural optimization
methods. The research of strategies for reducing the cost of computing resources
was carried out by Ruvinska V.M., Timkov Yu.Yu., Strunin I.V., Progonov D.O.
Liang T., Li B., Kong Z., Tan M., Wang Z., Frankle J., Carbin M., Han S., Pool J.,
LiH., et al.

The dissertation work was carried out by the current and prospective plans of
scientific and scientific-technical activities of the National Technical University of
Ukraine, "Igor Sikorsky Kyiv Polytechnic Institute," for further software
engineering development. The study is closely related to the results of scientific and
research work (R&D), in which the author personally participated, namely:
"Methods and algorithms for optimizing pattern recognition based on machine
learning methods" No. 0121U109207, which was carried out at the National
Technical University of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute" in 2021
- 2024. The author has personally proposed an improved algorithm for segmenting
video into shots by combining mathematical algorithms for detecting frame features

with recurrent neural networks for identifying shot changes. This approach reduces
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the amount of data required for analysis and significantly accelerates image
recognition.

The scientific novelty of the results obtained is that in the dissertation work:

1. For the first time, the architecture of distributed software was developed
to identify attributes in the video by splitting the video into frames and scenes which,
unlike existing architectures, effectively distributes the computing, which allowed
to increase the speed of video content analysis.

2. For the first time, a method was developed to detect shot transitions in
video content based on a combination of mathematical approaches and recurrent
neural networks. Unlike existing methods, this method quickly and effectively
distinguishes the spatial and temporal characteristics of frames, allowing the
accuracy of hit and Fl-score to find a change of shots to increase, achieving
innovative results.

3. For the first time, the method of detecting a scene change in video content
using a neural network based on a visual transformer architecture for video using a
pruning method before training, which, unlike existing approaches, identifies the
contextual features of scenes which allowed to increase F1-score by 5.1% and speed
up runtime by 10%.

4. The method of pruning before training was first developed for visual
transformers architecture models for video that, unlike existing approaches, takes
into account the importance of the "attention" mechanism and allows you to speed
up the model execution.

The practical significance of the results obtained lies in their application to
increase the accuracy and speed of video content analysis. Implementing the
improved pruning method for the architecture of the visual transformer for video
allowed us to train a neural network that is 10% faster that the original one.
Implementing the developed method of combining the mathematical approach with
recurrent neural networks allowed us to train two neural networks that exceeded the

accuracy of the hit and Fl1-score relative to the AutoShot approach by 4.3% and
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4.4%, respectively. At the same time, the developed approach has computational
requirements of up to 500 kFLOPS, which allows us to use this approach to solve
problems in real-time. Implementing the developed method for determining a scene
change in a video based on the visual transformer for video allowed us to train a
neural network that exceeds the Fl-score relative to approaches based on deep
multimodal networks by 5.43%.

The research methodology and obtained results can also be used for
developing systems for detailed video analytics, filtering, and searching by video
attributes, thereby expanding modern approaches to video content analysis. This
study may serve as a foundation for developing new methods of video scene and
shot segmentation and contribute to the growing body of literature on video analysis
using neural networks.

The research results have been approved for implementation at WATCHED
LLC (implementation act dated 10.02.2025) and in the educational process of the
National Technical University of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute"
(implementation act dated 24.02.2025) as part of the course "Digital Image
Processing" for Master's degree students in the 122 "Computer Science"
specialization.

The scientific results of the research contribute to the development of
theoretical and applied foundations for the development and research of scientific,
methodological, and software tools for analyzing video attributes using machine
learning methods.

Future research directions may include improving the criteria for determining
the importance of weights, automating the identification of key frames for shots and
scenes during analysis, and expanding the capabilities of visual transformers for
video analysis.

Keywords: software engineering, software tools, information technology,
performance, optimization, neural network, machine learning, artificial intelligence,

image processing, data analysis, cloud environment, computer system, software
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system architecture, microservices architecture, scene change detection, recurrent
neural networks, video content analysis, information processing, long short-term
memory (LSTM), computer vision, Siamese neural networks, image recognition,

visual transformers for video, video analysis, parallel processing, scalability.
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BCTYII

AKTYaJIbHICTh TEMH.

EBosro11ist BiICOKOHTEHTY, SIK IOMIHYHOYOT0 3ac00y KOMYHIKaIlli, TOKOPIHHO
3MIHWJIA JIaHAma(T MOIMPEeHHs Ta chokuBaHHsA 1H(opmanii. Panui dopmu
Bi3yaJIbHUX MeJla, BiJ aHAJIOroBOI KIHOIUNBKH JO edipHOro TenebadyeHHs,
HIATOTYBAIM TPYHT I8 TpaHchopmMallii, KyJbMIHAIIEIO SKOi cTaida mudpoBa
peBodtoLis. 3a OCTaHHI KUIbKA JCCATUIITh BIICOKOHTEHT HE JUIIE 301IBbIIUBCS Y
KUIBKOCTI Ta JOCTYNMHOCTI, ajie¢ ¥ y CBOiM 374aTHOCTI 3allydaTH ayJuTOpII0 B
IHTEpaKTUBHHI Ta OaraTorpaHHuii crocio.

VY CBOiX paHHIX BTUIEHHSX BIJEOKOHTEHT BHUPOOJISBCS 1 MOIIMPIOBABCA
NepPeBaXHO dYepe3 TPaJuIiiHI KaHaIM MOBJICHHSA, $KI (YHKIIOHYBaIH SIK
OJIHOCIIPSIMOBAaHUM MOTIK 1H(OpMaIii Bl KUIBKOX LIEHTPAIi30BaHUX JKEPEN 10
MACUBHOI ayAuTOpii. 3 MOsSBOIO MUGPOBUX BIACOTEXHOJIOTIH 1 TaKUX MIATHOPM, SIK
YouTube, BUpPOOHHUIITBO 1 CIOXHBAHHS BIJCOKOHTEHTY TpaHC(HOPMYBAJIOCH,
HaJAaBIIM KOPUCTYBauaM MOXJIMBICTh CTBOPIOBATH, MOIIMPIOBATH 1 B3aEMOMISTH 3
BI3yaJlbHUMH Mejia B Oe3mperieieHTHX MacmrTadax. CyyacHi maatdopMu 3apa3
MOXXYTb HaJII4yBaTH MUIBAPAM IIsIAAYIB IIOMICALS, 1 ISl CTATUCTUKA MIITBEPIKYE
rIMOOKEe MPOHUKHEHHS B1JI€O B MOBCAKICHHY KOMYHiKailito [1].

[TapanenbHO 3 €BOJIOLIEI0 BUPOOHUIITBA KOHTEHTY PO3BUBAIKCS METOIU
aHani3y BizeogaHux. PaHHI MeToaM aHai3y Bieo OyJM 34€0UIBIIOT0 PyYHUMH Ta
PUMITUBHUMH, 30CEPEIKYIOUHICH HA TAKUX 0a30BUX (DYHKIIISIX, SIK BUSBIECHHS PyXy
Ta TMPOCTe poO3Mi3HaBaHHA O00'€KTiB. 3 dYacoM I METOAU KapJAUHAIHHO
€BOJIIOLIOHYBAIM. BOpOBaPKEHHS  aJTOPUTMIYHUX  MIAXOAIB  YMOXKIIMBHIIO
aBTOMATU30BaHMUK p030ip BIJEOTMOTOKIB HA 3HAUYIII CETMEHTHU, 3aKJIABIITH OCHOBY
JUTS TIONTYKY Ta 1HJAEKCYBaHHS Ha OCHOB1 KOHTEeHTY. DyH1aMeHTanbH1 TOCTIIKEHHS,

MPOUTIOCTPYBAIN MOXJIMBICTh BIUTYYEHHS MPOCTOPOBUX 1 HYACOBUX XaPAKTEPUCTHUK
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3 BIJICOKOHTEHTY, TUM CaMHM YMOXJIMBUBIIM OUIbII CUCTEMaTHYHE PO3yMIHHS
Bi3yanpHOI iH(popmarii [2].

JlocsiTHEHHsT B Tally3l IITYYHOrO 1HTEJIEKTY Ta MAIIMHHOTO HaBYaHHS
JTIO3BOJIMJIN 111e O1JIbIIE BIOCKOHAJIUTH METOJAM aHali3y BijeokoHTeHTy. CydacHi
CHUCTEMH BUKOPUCTOBYIOThH TTTMOOKI HEHPOHH1 MEpexi ISl pO3Ii3HABAHHS MATEPHIB
y BIJICOJJaHUX - BiJl MOBEIIHKOBHX CHTHAJIB JO0 KOHTEKCTHHUX acoriamii [3,4].
[HTerpaniss TEXHOJOTI aBTOMAaTUYHOTO pO3Mi3HABAaHHS KOHTEHTY B CIOXHBYI
OpUCTPOi  JI03BOJIMJIA BHUMIPIOBATH  ayAMTOpPII0O B  peaJlbHOMY Yacli Ta
IEepCOHANII3YBATH JOCTaBKY KOHTEHTY, 1110, B CBOIO 4Yepry, 3MIHWIO CTpaTerii
peKyiamMu Ta AUCTPUOYIIIT Meia.

BmivB 1muX aHamTUYHUX JIOCSTHEHb BUXOAUTH 32 MEXI TEXHIYHOI
€(eKTUBHOCTI; BOHM TaKOX 3MIHWJIW camy MpUPOAY 1H(POPMAIIHHOTO MPOCTOpY.
ABTOMAaTH30BaHMUil B1JA€OAHAII3 YMOXJIMBHUB KypaTOpPCTBO 1 MOLIYK BEJIWYE3HUX
CXOBMIIl Bi3yaJbHUX JaHUX, COPUSIOYM TUM CaMUM HOBUM ¢Gopmam HayKOBOi
KOMYHIKaIlll Ta 3aJly4eHHS TpOMaACbKOCTI. JloCmi’KeHHs, 0 BHUBYAE MOJEI
IIUTYBaHHSI OHJANH-BIZE0, MPOJEMOHCTPYBAJO, IO BIJCOKOHTEHT BCE YaCTIIIE
BU3HAETHCS JIETITHMHUM 1 BILTMBOBUM 3aCO00M B akajeMiuHoMy auckypci [5]. Taki
BUCHOBKH 1TIOCTPYIOTh, III0 MOXJIMBICTh 1HJIEKCYBAaTH, IIIYKAaTH Ta B3aEMOIISATU 3
BiJICOKOHTEHTOM HE JIMIIIE TTOKPAIIKIa Hallle po3yMiHHS Bi3yanbHOI iH(hOpMaIlii, aie
1 COpUYMHMIIA 3HAYHI 3MIHU Y MOMIMPEHHI JOCIIKEHb Ta HOBHH.

BusiBieHHS cUeH € BaXXJIMBUM KpOKOM y cdepl aHami3y BiJ€OKOHTEHTY,
OCKUIbKM BOHO 3a0e3leuye CTPYKTYpHY OCHOBY, SIKa IMEpEeTBOpIOe Oe3nepepBHi
B1JICONIOTOKU HA TUCKPETHI, CEMAHTUYHO 3B's13H1 cermMeHTU. CerMeHTYy04H BiJIeO Ha
KaJIpH 1 CIIEHU - aHAJIOT1YHO JI0 TOJUTY TEKCTY Ha ad3ally - IeH MpoIiec Ja€ 3MOry
BUOKPEMHUTH YacOBI MEXI CIIEH Ta OpraHi3yBaTH BMICT KOHTEHTY y MEHIII
CTPYKTYpH1 oOIMHUIN. Taka cerMeHTallisl Ma€ BaXJIMBE 3HAUCHHS JJIsI 1HACKCYBaHHS
Ta y3araJbHEHHS, OCKUIBKM JO3BOJISIE SIK ABTOMATHM30BaHUM CHCTEMaM, Tak 1

KOpPHUCTyBauaM €(EKTUBHO OPIEHTYBATHUCS y BEJIMKUX BlJ€OapXiBax.
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BaxxnuBicTh BUSIBICHHSI CILIEH MOIIUPIOETHCS HA MOTO POJib y TMOJETIIEHHI
CEMaHTHYHOTO aHami3zy Bumoro piBHsa. Komm Bigeo po30uTe Ha OKpeMi CIICHH,
QITOPUTMH  MOXKYTh TOYHINIE AaHaNI3yBaTH KOXEH CErMEHT Ha MpeaMer
KOHTEKCTyaJIbHUX IIJIKA30K, B3a€EMO3B'SI3KIB MDK O00'€KTaMU 1 TMEPEXOJiB Y
PO3MOBiJIl, Ta IHIIUX aTPUOYTIB.

Huceprarniiitna pob6oTa BUKOHAHA  BIAMOBITHO 3 TMOTOYHUMH  Ta
NEPCTIeKTUBHUMH  TUIAaHAMH  HAayKOBOI Ta  HAYKOBO-TEXHIYHOI  JISIIBHOCTI
HarmionansHOro TeXHIYHOTO YHiBepcuTeTy YKpainu «KuiBChbkui MOMITEXHIYHMIA
iHcTUTYT 1MeHi Iropst CikopchbKoOro» i TOMANBIIOTO PO3BUTKY I1HXKEHEPIi
nporpamMHoro 3aoesneuyeHHs. JlOCHi/DKEHHS TICHO TMOB'A3aHO 3 pe3yJbTaTaMu
HAyKOBO-JOoCHIHUIIBKOT podoTu (H/IP), B sikux aBTOp mpuiiMaB 0COOUCTY y4acThb,
a came: «Meronu 1 aJropuTMH ONTHUMI3allli po3Mi3HaBaHHS OOpa3iB Ha OCHOBI
METOJIB MamuHHOro HaBuaHHs» Ne(Q121U109207, mo BHUKOHyBajach B
HarmionansHOMY TeXHIYHOMY YyHiBepcUTeTi YKpaiHu «KuiBChKUM MOMITEXHIUHUN
iHCTUTYT 1MeHl1 Irops Cikopebkoro» y 2021 — 2024 pp. Ocobucto aBropom B H/IP
3aMpPONOHOBAHO  YJOCKOHAJICHWM  aJiropuT™M pPO3OUTTS BIEO HaA  IUIAHU
BUKOPUCTOBYIOUM TIOE€THAHHA MATEMAaTHYHUX QJITOPUTMIB, JUJI BUSBICHHS
0COOJIMBOCTEH KaJIpiB, Ta PEKYPEHTHUX HEUPOHHUX MEPEXK, /Il BU3HAUCHHS 3MIHU
IJIaHy, 110 JIO3BOJISIE 3MEHIIUTH KUJIBKICTh HEOOXITHUX JaHUX JIJIS aHaJli3y, 3HaYHO
MPUIIBUALIYIOUN PO3Mi3HaBaHHS 00pa3iB.

Tomy akTyaabHOI0 € HAYKOBA 3aJa4a PO3pOOKH MOJENEH Ta MPOTrpaMHUX
3ac001B IS M ABUINICHHS MBUIKOA11 BU3HAYCHHS aTpUOyTIB y BIJIEO 3a JOMIOMOTOIO
pPO30UTTS Ha IUIAHW Ta CLEHW 3 BUKOPHUCTAHHSM BI3yallbHUX TpaHcpopMepiB Ta
3aCTOCYBaHHSM PO3IOAIICHOT apXITeKTYPH.

Mera i 3aBIaHHS JOCTi/>KEHHS.

Mertoro nuceprallii € MiABUIIEHHS TOYHOCTI Ta MIBUAKOA1T pO3OUTTS BiJIeO Ha
CIIEHU IIIJITXOM PO3POOKU MOJIeNeH 3 BUKOPUCTAHHSIM Bi3yaJdbHUX TpaHC(HOpPMEpIB
JUIsL Bieo Ta po3poOKa CIHEUIaIbHUX MPOTPAMHUX 3ac00iB ISl 3HUIKEHHS

O0OYHMCTIOBAJILHUX BUTPAT MPU BU3HAUYEHHI aTPUOYTIB.
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JI71st HOCSATHEHHSI METHU B JUCEPTAallii BUPIIICHO TaKi HAYKOBI 3aBIaHHS:

- BuxoHaHo aHami3 ICHyIOUMX METOIB PO3OUTTS BiJ€O Ha IJIaH.

- BuxonaHo aHami3 iICHYIOUMX METOJIIB PO30OUTTS BijICO HA CIICHHU.

- JlocmimxeHo MBUIKOIIO ICHYIOUUX METO/IIB.

~  JocaimkeHo epeKTUBHICTh ICHYIOUUX METOIB MPHU 3aCTOCYBaHHI 1X JJIs
CY4YaCHOTO BiJICOKOHTEHTY.

- Po3pobiieno HOBUI MeTOm PO3OUTTS BIAEO HA IUIAHU 3a JOTIOMOTOIO
HEUPOHHUX MEPEXK.

- Po3po6iieno HOBHIT MeTON pPO3OUTTA BIJICO HA CIICHH BUKOPHUCTOBYIOUU
IJIAaHU Ta Bi3yasbHI TpaHCcPOopMepH ISl B1JI€O.

- Po3pobiieHO apXITEKTypy PO3MOIJIEHOTO MPOrpPaMHOTO 3a0e3neueHHs
JUIS BU3HAYEHHS aTpuOyTIB Ha BIJEO 3a JOIMOMOTOI0 PO3OMTTS BiJICO HA IJIaHU Ta
CIIEHM, IIO0 Ha BIJMIHY BiJl ICHYIOUMX €()EKTUBHO PO3MOALISE OOYUCIEHHS, IO
JI03BOJIMIIO 30UTBIIIMTH MIBUJKICTH aHAITI3Y BIJICOKOHTEHTY.

O0'extr npocaigxennb: Ilporec 00poOKHM BiIEOAAHUX 3 BUKOPUCTAHHSIM
PO30UTTS BiJIeO HA CIIEHHU 3a JOTIOMOTOIO Bi3yalbHUX TpaHCPOpPMEPIB TS BiI€O Ta
ONTHUMI3allisl MPOTPAMHUX 3aC001B IPU BU3HAYEH] aTpUOYTIB y BifI€O.

IIpeamer gociimkens: MeTonu po30UTTS BiJIEO HA CIIEHU 3a JOMOMOTOIO
BI3yaJIbHUX TpaHc(OpMEpPIB IJIsl BiJI€O Ta MIJBHUINECHHS IIBUIKOIIT MPOTPaMHUX
3ac001B 3 METOIO 3HMKEHHSI OOUMCITIOBAIBHUX BUTPAT MPU aHaJI31 BlA€OJaHUX.

Metoau pnociigkenHsi. JIJisi TOCATHEHHS TOCTaBJIEHOT B POOOTI MeTH
BUKOPUCTAHO METO/IH AJITOPUTMIYHOTO Ta MOPIBHSIILHOTO aHaI3y (17151 BU3HAYCHHS
aKTyaJbHOCTI Ta MOCTAaHOBKM HAyKOBOI'O 3aBAaHHS AucepTaliiHol podotun). [[ns
OIIIHKK POOOTH aJTrOPUTMIB PO3OHMTTS HaA CIEHH Ta 30UIBIICHHS IIBHIKOMI
HEUPOHHMX MeEpeX OyJIM BHKOPUCTaHI METOAW JIOCTI/DKCHHS Ha OCHOBI
MaTEMaTUYHOI CTaTUCTUKHM 1 MAIIMHHOTO HaBYaHHA. JIJIS JOCHIIKEHHS Mojemei
JUTSI BUPIIICHHS 3a/1a4 KOMIT FOTEPHOTO 30pY OYJI0 BUKOPHCTAHO METOIU 0OpOOKHU

CUTHAJIIB 1 AJICOPUTMH 1TEPATUBHOT ONTUMI3aLlli.
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HaykoBa HOBH3HA oO/epKaHMX pe3yJbTATiB IOJsIrac B TOMY, IO B
JTUCEePTaIiiHIN poOOTi:

1. Bnepme po3po0JjieHO apXiTeKTypy pO3MOJUICHOIO0 MPOrPaMHOTO
3a0€3IeUeHHs I BU3HAUYCHHS aTpUOYTIB Ha BiJICO, XaPaKTEPHOI0 0COOJIHUBICTIO
SIKOT € OTIEPYBaHHS B1ICOMTOTOKAMHU JIJIs1 IXHHOTO pO3OUTTS BiZICO HA IJIAHU Ta CIICHH,
10 A03BOJIWJIO 30UIBIIMTH IIBUIKICTh aHaJi3y BIJEOKOHTECHTY MiHIMyM B 2.5-3
pasu.

2. Bnepmie po3pobieHo MeTOx i1 BUSBICHHS IEPEXOJiB IUIAHIB Yy
BIJICOKOHTEHTI Ha OCHOBI IMOEJIHAHHS MAaTEMATHYHUX IMIJXOMIB Ta PEKYPEHTHHUX
HEUPOHHUX MeEpeX, SIKMH Ha BIAMIHY BiJ ICHyHOYHX MeETOMIB IIBHAKO Ta
e(eKTUBHO BHUJUISE TPOCTOPOBI Ta YACOBI O3HAKM KaJpiB, IO JT03BOJIHJIO
30UIBIIMTH TOYHICTh BiAy4aHHsS Ta F1-OmiHKY U1 3HaXOHKEHHS 3MIHHM IUIaHIB
JOCSITal04M 1HHOBALIIHUX PE3YJbTATIB.

3. Bnepme po3po0jeHO MeTOA BUSBICHHA 3MIHU CIEHU A
BIJICOKOHTEHTY 3 BHKOPHUCTAHHSAM HEUPOHHOI MEpEXi Ha OCHOBI apXITEKTypHU
BI3yaJIbHOTO TpaHchopMepy Jis BiIEO 3 3aCTOCYBAHHSIM METOJy MPYHIHTY IMepe
HAaBYAaHHSAM, W0 HA BiAMiHYy Bia iCHyOUMX MeTOAIB BHUILISE€ KOHTEKCTyasbHI
O0COOJMBOCTI CLEH, IO JA03BOJMJIO 30uibmMTH Fl-ominky Ha 5.1% Ta
MPUIIBUAIINTYA Yac BUKOHAHHS Ha 10%.

4. HaOyB nmoaajbumoro po3BUTKY MeTO/l NPYHIHTY Nepe/l HAaBYaHHIM IS
MoOJeJiel apXITEKTYpH Bi3yallbHUX TpaHC(HOpMEPIB [1J1s BiA€O, AKMI HA BIAMIHY Bi
iCHylouMX MeToIiB BPaxOBY€ BAXKIMBICTH MEXaHI3MY «yBarm» Ta T03BOJISIE
MPUIIBUAIIATYA Yac BUKOHaHHA Mozeni Ha 10%.

I[IpakTuyHe 3HAYeHHS [AUCEPTALIIHOrO0 OCJIIKEHHsSI TIOJsITac B
MIJBUIIEHHI TOYHOCTI Ta MIBHAKOJII aHaji3y BIJICOKOHTEHTY 3a JOMOMOTOIO
pPO3pO0JICHOT  apXITEKTypH PO3IMOIIJICHOTO MPOrpPaMHOTO 3a0e3nedyeHHsT s
BU3HAYCHHS aTpUOYTIB Ha BIZIEO 3a JOTIOMOTOI0 PO30OUTTS BiJICO HA IJIAHU Ta CIICHHU,
10 Ha BIAMIHY BiJ ICHYIOUMX €(EKTHBHO PO3MOJIiISE OOYMCIEHHS Ta peajizye

po3po0JIeHI Ta YJIOCKOHAJEHI METOJM Ta aJIrOpUTMIUYHE 3a0e3MEeUeHHS.
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Peasnizaniisi  y10CKOHaJIGHOTO METOJY NPYHIHTY [JIsi apXiTEKTYpH Bi3yaJbHOIO
TpaHnchopMepa Ha BiCO JT03BOJIMIIA HATPEHYBATH HEUPOHHY Mepexy, sika Ha 10%
IIBUJIIIA 3a OpUTriHaNbHY. Peamizamis po3po0JeHOro METOAY IOE€JTHAHHS
MaTEMaTUYHOTO MIAXOAY 3 PEKYPEHTHUMU HEUPOHHUMHU MeEpexaMu J03BOJIMIIA
HATPEHYBaTH JBI HEHPOHHI Mepexi, sIKi MEPEBUIYIOTh TOUHICTh Biy4daHHs Ta F1-
OIIHKY BigHOCHO Tiaxony AutoShot Ha 4.3% Ta 4.4% BignoBigHo. Ilpu oMy
po3po0IeHUI miaxig Mae oouncIoBaIbHI BUMOTH Y po3mipi 1o 500 kKFLOPS, 1o
JI03BOJIsSi€E BUKOPUCTOBYBATH 1EH MiAX1 AJs pO3B’sI3aHHSA 3a/1a4 y pealbHOMY 4Yaci.
Peanizaitist po3po06I€HOT0 METO Ty /Il BU3HAYCHHS 3MIHU CIICHU B B1JI€O Ha OCHOBI
Bi3yaJbHOTO TpaHchopMmepa s BiJI€O H03BOJIMIIA HATPEHYBATH HEUPOHHY MEPEXKY,
ska mnepeBuirye F1-oIiHKY BIZHOCHO TIJXOMIB OCHOBaHUX Ha TJIMOOKHUX
MYJIBTUMOJIATBHUX Mepexax Ha 5.43%. Po3po0ieHo mporpamue 3abe3nedeHHsl, ke
Ha BIAMIHY BiJ] ICHYIOUHUX, JO3BOJISIE €(PEKTUBHO aHANI3yBaTH aTpUOYTH ISl BiI€O
BUKOPUCTOBYIOUH CIICHH Ta IJIAHU OTPUMaHI B PEKUMI PEAIbHOTO Yacy

MeTtonuka HOCHIKEHHSI Ta OTPUMAHHI PE3yJbTaTH MOXKYTh TAKOX OyTH
BUKOPHCTaH1 JUIsl CTBOPEHHS CHCTEM JICTaJIbHOI BifcoaHAMITUKH, (iabTparii Ta
MOIIYKY TO BijeoaTpuOyTax, TUM CaMUM PO3IIMPIOIOYN Cy4dacHI MIAXOAH [0
aHaii3y BIICOKOHTEHTY. J{OCHII>KEHHS MOYKE CTaTh OCHOBOIO JIJISl PO3POOKH HOBHX
MiIX0/I1B 10 PO30UTTS BiJCO HA CIICHW Ta TUTAHHW, Ta BHECTHU BKJIAJ Y 3POCTAFOUUI
o0csr JIiTepaTypH 3 BiJicOAHATI3Y 3a IOMOMOTOI0 HEHPOHHUX MEPEXK.

Pe3ynbrati AocnipkeHb NPUMHATI 10 BHOPOBAJKEHHS B ToBapucTBi 3
obmesxenoro BianoBinaneHicTIO « BOTUED» (akT Bix 10.02.2025.); B HaBUaIbHOMY
npoueci HarioHanbHOro TeXHIYHOrO yHiBepcuTeTy Ykpainu «KuiBchbkuid
nomrtexHiyHui 1HCTUTYT iMmeHl Iropss Cikopchkoro» (akT BIPOBAPKCHHS BiJl
24.02.2025p.) mpu Bukiananxi guciuiiinu «l{udposa oOpoOka 300paXkeHb»» s
CTYJICHTIB OCBITHhO-KBalli(ikamiiHoro piBas «Marictp» cneuniagbHoCcTi 122
«Komm’roTepHi HayKn».

Ocobuctuii BHecok 3a00yBaua. JlucepraiiiiHa poOoTa € CcamMOCTIHHO

BUKOHAHOIO HAYKOBOIO Mpariero. Bei mpeacTaBieHi HAyKOBI pe3yJIbTaTH, TPUKIIAIn
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Ta eKCTIIEPUMEHTAIbHI PO3pPaxyHKH, BUKIIQJICH] Y IUCEPTAIlii, oJiepkKaHi 3100yBadeM
OJTHOOCIOHO. Y HayKOBUX poOOTax, HI0 OMyOJIIKOBaHI Yy CIIBaBTOPCTBI, B
JUCepTallifHIi poOOTI BHKOPUCTAHI JIMIIE Ti pe3yJbTaTH, $KI CTaHOBJISATH
IHIUBITyalbHU BHECOK aBTOpa. Y JPYKOBAHUX IMpalsgx, OMyOJiKOBaHUX Y
CIIBaBTOPCTBI, 3100yBaUeBl HAJICKATh:

Y nockoHalleHU METOJ1 MPYHIHTY JIJIsl MOJIEJIeH apXITeKTYpH TpaHC(hHOpMEpIB.
3a3HaueHU METOJ J03BOJISE BUKIIOYATH PE3yJIbTATH yBaru MOJENl Ta BUXO/IB
mapiB TpancopMepiB 0 pO3paxyHKy Ba)KJIMBOCTI BariB. 3aBASKU LIbOMY, MU
3aCTOCYBaHHI YJOCKOHAJIEHOTO METOJy TMPYHIHTY JO MOJIeJl apXiTeKTypu
Bi3yaJIbHOTO TpaHC(hOpMEPY IS BiJIeO BAAIOCS MOKPAIIUTH MIBUIKICTh BUKOHAHHS
mozeni Ha 10% npu 30epekeHH] OpUTTHAIBHOI TOYHOCTI MOJIEIIL.

BusiBieHO M0JaTKOBUX BHUXOJIB MOJIENl ISl apXiTeKTypHd ClaMChbKHX
HEWPOHHUX MEPEX, SIKI MAaIOTh Ha METI BUPINIYBaTH YaCTUHY OCHOBHOI 3ajadl
MEpEexi, 3 METOIO aKIIEHTYBaHHS yBaru MoJiell Ha KOHKPETH1 0COOIMBOCTI JIaHUX.

Po3pobieno MeTon Jjisi MO€AHAHHSI MaTeMaTUYHUX MIAXOJIB Ta HEUPOHHUX
MEpEeX JJIs 3a7a4l BU3HAUCHHS 3MIHHM TUIaHIB Ha B1JI€0, IO JI03BOJIUIIO MEPEBEPUTUTH
TOYHICTh PO3MiI3HABAHHS ICHYIOYMX MIAXOMAIB, MPU IHOMY 30€pirarouu BUCOKY
TOYHICTh OOYKCIICHB.

Po3po6ieno Meron BU3HAUCHHS 3MIHM CIEH 3a JIOIIOMOI'OK MOl
apXITEKTYpH Bi3yaldbHOro TpaHchopmMmepy Uil Bineo sikuii nepeBuinye F1-omiHky
B1JIHOCHO ITi/IXO/[1B OCHOBaHUX Ha IITMOOKUX MyJIbTUMOJATBHUX Mepexax Ha 5.43%,
Ta 103BOJIsI€ €(hEKTHUBHO PO3IIUPATH ICHYIOU1 HAOOPH NaHUX JJI1 BU3HAYCHHS 3MIHU
CIICH IUISIXOM 3aCTOCYBaHHS pO3pO0JIEHOTO METOY I BU3HAYEHHSI 3MI1HM TUIAHIB.

AnpobGanis  MmarepiajgiB auceprauii. PesynpTaTH  aucepTariitHOTO
JOCIIIKEHHST arfpoOOBaHO HA MDKHAPOIHUX HAYKOBO-TIPAKTUYHHUX KOH(EpEeHIIisIX
Ta ceMiHapax:

— XX MixHapoaHa HayKOBO NpPAaKTUYHA KOH(EPEHI[is] MOJOAUX BYEHUX 1

ctynentiB, M. Kuis, 25-28 kBitHs 2023 poky, c. 210-211
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— VII Mixnapoana HaykoBo-mipakTHuHa kKoH(epeniis «Modern problems of
science, education and society», 11-13 Bepecusa 2023 Kwuis, Ykpaina, C. 126-129.

— | MixunaposiHa HayKkoBO-TipakTH4YHa KoH(pepeHiis «Current challenges of
science and education», 18-20 Bepecus 2023, bepnin, Himeyunna. C. 79-82.

— X MruixkHapoaHa HayKOBO-TIpakTH4YHa KoH(pepeHmis «Innovations and
prospects in modern science», 25-27 Bepecus 2023, Ctokronsm, [1IBemis. C. 87-92.

— I wmixkHapoaHa HayKoBO-TIpakTH4YHa KoHpepeHIis «CydacHl acleKTd
1HXKeHepil mporpaMHoro 3abe3nedeHHs», 14 rpyaas 2023, Kuis, Ykpaina.

— 36ipauk matepiamiB [II MixxHapo/HOT HaAyKOBO-TEXHIYHOI KOH(QEpEeHIii
«CucreMu 1 TEXHOJIOTII 3B’s3Ky, 1H(opmaTu3alii Ta KiOepOe3neKu: akTyalbH1
NMUTAHHS 1 TeHIeHLi po3BUTKY», 30 muctomana 2023 poky, Kuis, Ykpaina. C. 214 —
215.

Ilyoaikanii. 3a pe3ynbraTamMu JTOCHIIKEHb OMYOI1KOBaHO 3 HAyKOBI Ipalli.
OcCHOBHI HayKOBI IOJIOKCHHSI BHKJIAJEHO B 3 HAyKOBUX CTaTTsAx [6,7,8,149] y
cnenlagizoBaHux (paxoBUX BHJIAHHAX YKpaiHW. I3 HUX onHA HaykoBa cTaTTs [7]
omy0IiKOBaHa y MEPIOUYHOMY BHUJIAHHS, IO BXOJUTH 10 HAYKOMETPUYHOI 0asu
SCOPUS. 3a wmarepiaiaMu BHCTYIIIB Ha HAyKOBO-TEXHIYHUX KOH(EPECHITISNX
omyOJiikoBaHO 6 Te3 gonoBinei [143-148].

Crtpykrypa i o06csir podoTu. J{uceprarlisi CKJ1aiaeTbes 31 BCTYITY, 4 O3B,
BHUCHOBKIB, 3 I0AATKIB Ta CIIUCKY BUKOPUCTaHUX JpKkepen 13 149 naiitmenyBanb Ha 15
ctopinkax. [ToBHult oOcsar nucepranii ckinagae 178 cTtopiHok, 3 HUX 154 cTOpiHOK

OCHOBHOTI'O TCKCTY.
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PO3JLT 1. AHAJII3 ICHYIOUUX MIIXOAIB 10 ONTUMI3ZALIL
BU3HAYEHHS BIIEOATPUBYTIB

1.1. MeToau Bu3Ha4YeHHS aTPUOYTIB y Bieo

3amaua a”ami3y BiieoaTpHOYTIB € BKIUBOIO YAaCTHHOIO 0aratbOX CHCTEM,
NOB’SI3aHUX 3 MOHITOPUHIOM,  BIJEOCIIOCTEPEKECHHSIM,  YIPABIIHHIM
TPAaHCIIOPTHUMH 3ac00aMH Ta aHATI30M MYJIBTUMEIIMHNX MaHuX. Tak sK KUTbKICTh
CTBOPIOBAHOTO BIJICOKOHTEHTY TOCTIHHO 3pOcTae, TO BHHHUKAae TMOTpeda B
30UTbIIEHH] e(EeKTUBHOCTI aHamizy BigeoatpuOyTiB. [lpu 1bpoMy BijeoaHami3
BKJIIOYAE B ce0e Oarato BaXKJIMBHX 33/a4, TAKUX SIK CETMEHTALllsl CLIEH, Ki1acudikaris
Ta CerMeHTallisi 00’ €KTiB, BUSBICHHS aKTUBHOCTI, pyXy Ta noxioHi [9, 10, 11].

st 301mpIeHHsT e(eKTUBHOCTI BU3HAYEHHS aTpUOYTIB BUKOPHCTOBYIOTH
P13HI MIJIXO0IM TaK1 SIK IPOIYCK KaJapiB, BUALICHHS KIIFOUOBUX KaJIpIiB, 3aCTOCYBaHHS
METO/11B KBAaHTYBaHHS, IPYHIHTY Ta AUCTHIIALII 3HaHb. [Ipu 3MEHIIIEHH] KIIBKOCTI
KaJpiB I aHai3y po30MBAaIOTh BIJICO HA HEBEJIMKI CIIEHU, BUKOPHUCTOBYIOUU
ricrorpamu, onTU4YHy 0O0poOKy abo MpoCTi MOJEINi, 3aCHOBaHI Ha MaTEMAaTUIHOMY
anamisi [12]. [HmmmM BapiaHTOM € porycKaHHs KaapiB. [Ipu 1ux migxoaax BUHUKAE
npoOjemMa MOTEeHUIWHOT BTpAaTH BaXJIMBOI 1H(OpMAIli, 0 MOXKE MPHU3BECTH /10
HETOYHOTO aHAJII3y 1 B MOJIAJIBIIIOMY HEBIPHOI aHAIITUKHU. PO3MIISATH BiI€O HA CIIEHU
MOKHA TaKOX 3a JIOTIOMOT0I0 HEHPOHHUX MEPEXK, SIKI JOBEJIU CBOIO €()EKTUBHICTh
Ta TOYHICTb, aJI€ HATOMICTh MOTPEOYIOTh OUTBIINX O0YMCIIIOBATIBHUX MOTYKHOCTEN
[13]. Taxox mus 30uTbIIEHHS €(GEKTUBHOCTI HAMararThCs BUKOPUCTOBYBATH
ONTUMI30BaHI MOJENl JJisi BU3HAYEHHS aTpuOyTiB. Taki Mojeni MpairorTh
IIBU/IIIIE, MAIOTh MEHIII BUMOTH JI0 CUCTEMH, Ha SIKUX B10YyBalOTHCS 0OUMCIICHHS,
ajie HaTOMICTh BOHHM BTpayarOTh TOYHICTh, 1 pO3po0Ka TaKMX Mojeiel moTpedye
J0JIaTKOBOI0 4acy. Takox 3011bIIeHHsS €(eKTUBHOCTI PO3MI3HABAHHS MOKJIMBE 32
paxyHOK 30UIbLIECHHS OOpaxyHKOBHX MOJJIMBOCTEH CHUCTEeMH, Ha SKid
BIIOYBAIOTbCSI PO3paxyHKH, IO TMPU3BOJAUTH 1O 30UIBIIEHHS BUTPAT Ha

BUKOPHCTAaHHA TaKOl CUCTEMHU.
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1.1.1. MeToam cerMeHTAlil CLIEH Y Bieo

Metoau cerMeHTallli CIleH y BiJI€O BIAITPalOTh BAXKJIMBY POJIb MPH aHai31
CYy4YacCHOTO BiJICOKOHTEHTY, TaK SIK 3 X JJOTIOMOTOO CTa€ MOKJIMBHM KOHTPOJIFOBATH
aHaJii3 B1JIeo Ta, BIAOKPEMJIIIOIOYH JIOT1YHI MEXI CIIEH y Bi€o, IepeaaBaT Ha aHai3
Jumie BaxJmBY 1H(opMaliiro. BUKOpUCTaHHS CIIEH 3aCTOCOBYETHCS B 0Oaratbox
chepax aHami3y BIICOKOHTEHTY, BKIIOYAIOUH B1ICOCITOCTEPEIKEHHS, My IbTUMEI1IHI
CUCTEMH, aBTOMaTUYHE CTBOPEHHS METaJaHuX JIJIsl aHATI3y 1 Mo10He. Y BUNAAKY 3
B1JIEOCIIOCTEPEKEHHSM 1€ JO3BOJISIE €PEKTUBHO aHAJI3yBaTH MOTIK JAHUX Ta MPHU
3MiHI CIEHHM BHKJIMKATH MOJEIN, fKI MOTPeOyIOTh BEIUKHX OOUYUCIIOBAIBHHUX
pecypciB, sl JETAIBHOTO aHalli3y BIJCONMOTOKY Ta BHUABJICHHS aHOMalid. Y
MyJIbTUMEAIMHUX CHUCTEMAaX L€ Ja€ 3MOTy CErMEHTYBAaTH KOHTEHT OUIbII
CTPYKTYPOBAHO 3 MOJAJIBIIOI MOXKJIIMBICTIO JIeTali30BaHOro aHamizy. Hanpuxmnan,
BUKOPHCTOBYIOUM pO30UTTS HA CIEHM Yy 3ajJadax IIOB’S3aHUX 3 HaBYAHHSM,
KOPHUCTYBau MO>KE IIIBHUIKO 3HAXOJUTH BAXIHBI /7151 ce0e hparMeHTH Bijieo, pOOUTH
CUCTEMATH3AIlII0 KOHTEHTY, Ta 3HAaXOAUTH 1H(OpPMAIIiIO, 10 BCEPEIWHI MEBHOI
cueHu abo Habopy cueH [14]. Takox, npu reHepyBaHHI METaJaHUX, BAKOPUCTAHHS
CIIEH CTa€ HEHMOBIPHO BAXKJIMBHUM JJIsl JETATI30BAHOTO aHANI3y, TaK K KUIbKICTh
KOHTEHTY, 1[0 OJTHOYACHO 3aBAaHTAXYETHCS, € HAT3BUYAMHO BEJIIMKOIO, 1 MOJIepaIlis
IIbOT0 KOHTEHTY CTa€ Jy»e CKiIaaHoo 3aaaudeto. [Ipu po3OUTTI BiI€O HA CIIEHU i
4yac 3aBaHTAXEHHS BiJeo Ha TIaTGOpMy MOXKIIMBO BiJIpa3y 3alyCKaTH Ha KOXKHY
CIIEHy HEOOXiJIHI MOJENl JJii BU3HAYEHHS aTpuOyTiB, IO JO3BOJUTH J0JIaBaTH
pPO3MITKY Ha BiJIEO, TETYBaTH KOXHY CIIEHYy, POOWTH BHIIJICHHS TOJOBHHUX
0COOJIMBOCTEH BiJIeO Ta HAa OCHOBI IIHOTO MPOBOJUTH ABTOMATHUYHY MOJCPAIIIIO
KOHTEHTY, III0 B MAaHOyTHHOMY JO3BOJIUTH 3HAYHO ITOKPAITUTH MOITYK KOHTCHTY Ta
BUSIBJISITH OCOOJIMBI MOMEHTH JJIsI MOJIEPYBaHHS.

Metoau cermeHTallli CIleH MOXHa TMOJUIMTH HAa TPU OCHOBHI HANpSMKH, a

caMe: TpaJMIIiiHI METOI1, METOIM HAa OCHOBI O3HAK Ta MOJIEJI ITMOOKOTO HaBYaHHS.
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Tpaaurmiiini MeTonn (GOKYCYIOThCS Ha OTPUMaHHI XapaKTEPUCTUK 300pa’KeHHS,
TaKUX SIK TICTOTPaMH, PiBEHb OCBITJICHHsI Ta ToAi0He. 3a JOTIOMOTH BUKOPUCTAHHS
JAHUX XapaKTEPUCTHK B1JOYBAETHCSI HACTYITHE MOPIBHSIHHS KaAPIiB JJIs1 BA3HAYEHHS
3MiHU cuieHH. Llel miaxia 1eMOHCTpye TapHy €(QEeKTHUBHICTh JJI1 CTAaTHYHHUX CIICH,
ajie IpU aHai31 CKJIaJHOTO B1IEOKOHTEHTY MPOYKTUBHICTh IILOTO MAXO0/y 3HAYHO
3MeHIIyeThesl [15]. AHami3yroun TEHJEHIli B Cy4acHOMY BIJ€OKOHTEHTI, MOXKHA
Mo0aYnTH, MO MEePEXOaN MK CIICHAMHU Ta TUIAHAMH CTAIOTh OUIBIN CKJIQTHUMU, a
TPUBAJIICTH CIIEH CTA€ MEHIIIO0, B PE3yJIbTaTI YOTO el MiIXia cTac Hee(eKTUBHUM
JUTS aHaITi3y O1IBIIOCTI CYy4acHOTO B1JIGOKOHTEHTY.

[HIIIMM MiAXO0M 70 BUPIIIEHHS I1I€1 3a7a4l € BUKOPUCTAHHS aJITOPUTMIB Ha
OCHOBI1 BUJIIJICHHS KJIFOUOBUX TOYOK. KilacMuHUMM MpUKIIalaMyd TaKUX aJITOPUTMIB
€ SIFT ta SURF. Bonu 31aTHI BpaxoByBaTH JIOKaJIbHI OCOOJMBOCTI KaJpiB, IO
3a0e3reuye BUILY TOYHICTh BU3HAUCHHS 3MIHM CIIEH Ta IUIAHIB JJIS JUHAMIYHUX
Bijeo. [IpoTe mi migxoau mMaroTh MOTpeOy y BEIMKINA KIJIBKOCTI 00UYHCIIOBAIBHUX
pecypcax, 110 3HaYHO OOMEXKY€E 1X 3aCTOCYBaHHS MPU MaciiTa0yBaHHI Ta 00poOIIi
BEIIMKKUX 00’ eMiB JaHmXx [12].

MeTtonu Ha OCHOBI BUKOPUCTaHHS HEHPOHHUX MEPEX € HaWCydacHIIUM
M1X0I0M /10 BU3HAYEHHSI CIIEH Ta MalOTh Habarato OUIbIIY TOYHICTh Y IOPIBHSHHI
3 momnepenHiMu Metogamu. OCHOBHOIO TIEPEBArol0 3aCTOCYBAaHHS HEWPOHHHX
MEpeX ISl TaKWX 3a7a4 € MOXIIHMBICTh 3aXOIUICHHS KOHTEKCTY Ta TOPIBHSHHS
KaJIpiB K HA Bi3yaJIbHOMY, TaK 1 Ha KOHLIENITyaJlbHOMY PiBHAX. B 3a1eXHOCTI BiJ
apXITeKTYpu HEHUPOHHOI MeEpeXi II€ MOXE JOCATAaTUCA UUISIXOM BHU3HAYCHHS
l€EpapXivyHOi CTPYKTYpPHM O3HAK KaJApiB 3a JIOMIOMOIOK) 3TOPTKOBUX HEUPOHHUX
MEpeXK, BpaxyBaHHS IMPOCTOPOBO-YACOBUX 3AJECKHOCTEH Yy PEKYpPEHTHHX
HEWPOHHHUX MEPEKax UM BUKOPUCTAHHS MEXaHI3MIB yBaru B HEUPOHHUX MEpekax
TUITY TpaHchopmep. 3aBaIKH IBOMY MOJIETI MOXKYTh JIyKe TOYHO BH3HAYATH 3MIHU
CIIEH Ta IJIaHIB, OCHOBYIOUHMCHh Ha BI3yaJIbHUX aTpuUOyTax Ta KOHLENTYyalbHOMY
nopiBHsHHI. HegonikoM BHKOPHUCTAHHS HEMPOHHUX MEpEX € iX MIBUIAKOIISA Ta

noTpeda B BEIUKIN KUIBKOCTI HAaBUYAJIbHUX JaHux [15, 16].
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Xo4a MBUJKOIIS HEUPOHHUX MEPEX € 3HAYHUM HEIOIIKOM IHOTO MIIX0Y,
ICHYIOTh IUIAXU JUIs iX MPUCKOpeHHS. Taki TEXHOJOTi, K MPYHIHT, AUCTUIISAIISA
3HaHb YW KBAHTYBAHHS, JI03BOJISIIOTh 3HAYHO MPUCKOPUTH HEUPOHHI MEpEexi 3
MIHIMaJIbHOIO BTPATOIO TOYHOCTI.

[IpobGnema 3 BenmMKOi KUTBKOCTI JaHHWX JJIsi HABYAHHS HEUPOHHUX MEPEXK €
TaKOX 3HAYHUM (haKTOpPOM, IO CIIOBUIBHIOE MOIIYK PillleHb HA OCHOBI HEHPOHHUX
Mepex. [IpoTe 3 yacom 1€ MOKE CTaTH BAKIIMBOIO MEPEBArol0 MPH 3aCTOCYBaHHI
HEHPOHHUX MEPEK, TaK SIK MPU 3pOCTaHH1 KITBKOCT1 TOCTYIHUX JaHUX JJI aHATI3Y
Oyne 3’SBISATHCA MOXKIJIMUBICTh BHUKOPHCTOBYBATH TJIMOII MOJENl 3 OLIBIION0
KUIBKICTIO ITapaMeTpiB, M1JBULLYOYH TOYHICTH [17].

Takox mpu BU3HAYECHHI 3MIHM CIEH Ta IUIAHIB Yy BiJeo € mpodiema 3i
CKJIQJHUMHU TIEpeXoJaMu MK CIIEHAMHU, 3MIHOIO YMOB OCBITJICHHS, PalTOBHUMHU
pyXaMH KaMepH Ta CIiajlaxaMu, [0 3HAYHO YCKIIAIHIOE TIPOIIeC BU3HAYCHHSI CIICH.
OnHuM 13 MEPCHEKTUBHUX HANPSIMKIB JUIsl BUPIIIEHHS 11i€1 poOJIeMu € 1HTerparis
aHajizy 3ByKy y Bijico. JlomaBaHHs 3ByKY J0 aHaJI3y JO3BOJUTH aHAII3yBaTH 3MIHU
B MY3UKaJIbHIA TEeMi, HAasSBHICTh TOJIOCIB, PCIUNKH, IO TOBOPSITH IEPCOHAXKI.
BukopucroByroun 1110 iHhOpMaIliro pa3oM i3 Bi3yaabHOIO CKJIAIOBOIO BiJIC0, MOYKHA
Oyzie miABUIIUTU €(EKTUBHICTh BU3HAUYCHHSI CKJIAJIHUX MEPEXOAiB MK CIIEHAMH Ta
nmiaaHamu [ 18, 19].

Takox Ba)XJIMBO 3ayBaXUTH MOTpeOy B po3poOll e€PEeKTUBHOI CHUCTEMHU
METPHK JJI1 BUMIPIOBAaHHS TOYHOCTI PO30OMBKH B1JIEO HA CIEHU Ta IUIAHM, a TaKOXK
po3poOuTH YHI(BIKOBAHMM IMAXIA JUIS BU3HAUYCHHS ciieHHW. Llg mpobieMa CHIIBHO
nposiBisgeThes nmpu aHanizi garacety BBC Planet Earth, Tak sik BiH MiCTUTB aHOTAITI|
pa3OMBKM Ha CIIEHW BIJl 5-TH PI3HUX JIIOACH, SKI 3HAYHO BIJPI3HAIOTHCSA OJHA Bij
onuoi. Ile mae po3ymiHHS, 110 MOHATTS CIIEHM Hapasi € JOBOJI Cy0’€KTUBHHM 1

noTpeOdye J0IaTKOBUX JOCIIKEHb 3 METOIO YHi(iKaIlli X 3HAHb.
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1.1.2. Aaropurmu kiaacudikamii ciueH

Kiacudikariist crieH € BaKJIMBOIO YaCTHUHOIO MPU BU3HAYCHHI CIIEH Y BiJI€O,
TaK SIK JO3BOJISIE aBTOMATHMYHO BHU3HAYaTH THUIl Ta KAaTETOPI0 CIIEHU, a TaKOX
MOEJHYBAaTH CIIEHHU, IIOB’SI3aHI MK CO0OI0 3a KOHTEKCTOM. 3aCTOCYBaHHS
kinacudikaili ClUeH € KPUTHUYHOI0 3a/1auel0 B CHCTEMaX BiJIEOCHOCTEPEIKEHHS,
MYJIbTUMEIITHOMY TOIIYKY, aHalli3l BIJEOKOHTEHTY Ta 1HIIMX 3acTocyHkax. Llei
KPOK JTO3BOJISIE aBTOMATHYHO BHW3HAYATH, SKI MOJENI IS JETAIbHOTO aHaji3y
HEOOX1JTHO BUKOPUCTOBYBATH, Ta poOUTH 0a30Be TPyMyBaHHS CIEH 3a 3araJiIbHUM
KOHTEeKCTOM [20].

Knacuuni Mmetoau knacudikailii ClieH MOXXyTh BUKOPUCTOBYBATH BUJIICHHS
03HaK 32 JIONIOMOT00 IECKPHUIITOPIB, TAKUX SIK TICTOrPaMH HaIlpaBICHUX TPAIIEHTIB,
9u TI00aTbHUX Bi3yalIbHUX XapAKTEPUCTHK, TAKUX SIK TEKCTYPH YU KOJIHOPOBI
mabmonu. Xoya Il MiAXOAW MPOCTI y 3aCTOCYBaHHI 1 IMIBHJKI, BOHM MalOTh
CKJIAJHOCT] 3 BHU3HAQUEHHSIM CKJIQIHUX CIEH 13 BEJIUKOI KUIBKICTIO JIWHAMIYHHX
00’€KTIB 4YM HECTAHJIAPTHUM OCBITJICHHSIM Yepe3 HEMOXJIMBICTh BH3HAYATH
KOHTEKCT [21].

AJNbTEpHATUBHUM IIJIXOJIOM € 3aCTOCYBaHHS HEHPOHHHMX MEpEeX, a came
3rOPTKOBUX HEHPOHHHUX MEpPEeX Ta BI3yalbHUX TpaHCHOPMEpiB. APXITEKTYpHU
3rOPTKOBUX HEUpOHHHX Mepex, Takux sk ResNet, EfficientNet ta ix monmanbiii
Moaudikalii, 103BOJISAIOTh AaBTOMAaTUYHO BUIIATH Ta B MOAAJIBIIOMY aHaIi3yBaTu
IPOCTOPOBI 3AJIKHOCTI, IO 3HAYHO MIABUINYE TOYHICTh Kiacudikarii. Takox
BaXXJIMBOI OCOOJIMBICTIO TaKMX HEHPOHHUX MEPEXK, IO A03BOJIAE €()EKTUBHO
BUJIIISITA O3HAKH, € BUKOPHUCTAHHS OJIOKIB 3 MPOMYCKHUM 3’e€qHaHHsAM (residual
blocks), sxi neTanbHO aHAMI3YIOTh Kaapu 0e3 BTpaTH iHGOpMaIlii, 110 € BaKIUBUM
npu poOOTI 3 CKIIaJHUMU Bizieo [22].

Mopeni Ha OCHOBI apXiTEKTypH TpaHCHOPMEP TaAKOXK JO3BOIIIIN MOKPAIUTH
IpoIieC aHaji3y 300pa)KeHb Ta BIIKPWIM HOBI MOXKJIMBOCTI JIJisl Kyiacuikallii CIeH.

Bapiauis 1i€i apXiTeKTypu AJi BiIeO Ja€ MOKJIMBICTb aHaJI3yBaTH HE TUTbKHU OJTHE



34

300paXeHHS, K Yy 3TOPTKOBUX HEHPOHHUX MeEpekax, a U cepito KaapiB, K Y
PEKypEeHTHUX HEUPOHHUX Mepexax, IO J03BOJIAE IIHA apXiTeKTypi OJHOYACHO
BpPaxOBYBaTH MPOCTOPOBI 3aJICKHOCTI B KOXKHOMY KaJIpl Ta 4acOB1 3aJIEKHOCTI MIXK
KaapaMH 3aBISKA MEXaHi3My CcaMOyBard, [0 3HAYHO ITiJBUIIY€ BH3HAYCHHS
KOHIICTITY B cepii KaapiB Ta 3abe3mneuye OUTbITy TOYHICTh Kiaacudikartii. [{e poouts
apXiTEKTypy Bi3yallbHOro TpaHcopmepy sl Bifeo €hEeKTUBHOI Y BUPIIICHHI
TaKMX 3aja4, K aHali3 BIICOKOHTEHTY, PO3OUTTS Ha CLIEHU, BA3HAYCHHS CKJIATHUX

3aNIeKHOCTEH y BiZIeO, BPaXOBYIOUH 3MIHM PYXy 00’ €KTiB Ta ¢oHy [23]

1.1.3. MeToau BU3HAYCHHS Bi1eoaTpulOyTiB

Busnauennst BijeoaTpuOyTiB J103BOJISIE OTPUMATH BEJIHMKY KUIBKICTh
iH(popManii, ska Moxe OyTH BUKOPHCTAaHA JJIsl aHali3y, Ta BUOIp HEOOXITHUX
BiJIeoaTpuOyTIiB 3aJIGKUTh BiJ MTOCTaBIICHOI 3aa4i. HalOuIbIl po3MOBCIOIKECHIMHU
aTpuOyTamMu y BiJeoaHamizl € aTpuOyTu 00’€kTiB Ha Bigeo. s HUX MOXkHa
BUJIUIUTH PSAJ TiJ3a4a4, 0 BKJIIOYAIOTh PO3Mi3HABaHHSA 00’ €KTIB, BUSABJICHHS iX
TOYHOTO TIOJIOKEHHSI Ta KOHTYPIB, BIACTEXKEHHS iX PyXy, BU3HAUYCHHS IO3M Ta
YKECTIB JIIO/ICH, BABHAUCHHS /i, SIKI BUKOHYIOTh JII0JIU U 00’ ekTH [24, 25]. Marouu
11l 00’€KTH, MOKHA OTPUMATH BEJMKY KIJIbKICTh KOPUCHOI 1H(oOpMAIlii, Ky aai
MO’KHa BUKOPUCTOBYBATH JIJISl aHATI3Y, TETYBaHHS UM MPUUHSATTS PIIIICHb.

Sxmo TOBOpPHTH MPO MOMETI TPUHHATTA  PINICHb, MO0 MOXYTh
BUKOPUCTOBYBATUCh Y KaMepax BIJEOCTOCTEPEKEHHS UM B CUCTEMax HaBEIACHHS
JPOHIB, TO BAXKJIMUBUM MOK€ OyTH BU3HAUCHHS 00’ €KTIB, JIFOAEH, iX MOBEIIHKH,
’KECTIB, HECTaHJIaPTHO1 MOBEAIHKU. TaK0X BaXXJIMBUMHU aTpuOyTaMu MOXYTh OyTH
Kkiacudikallisi TUITy CepeIOBHINA, OCBITICHHS Ta MOTOJHUX YMOB JJIS TUHAMIYHOTO
HaJaIITyBaHHA KaMepH JUIsl Kpalloi SIKOCTI 300pakeHHsa. ATpUOYyTH pyXy, Taki K
BU3HAYCHHSI IIBUJKOCTI PyXy, HANPSIMKY Ta MPOTHO3YBaHHS TPAEKTOPIi, MOKYThH

OyTH KpUTUYHUMHU 3a]a4aMu 1)1 €PEeKTUBHOI B3aeMOIIi 3 00’ eKkToM [26,27].
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[Ipu anamni3zi BIACOKOHTEHTY 3 METOIO OTPUMAaHHS aTpUOYTIB AJisl aHATI3y Ta
TEryBaHHSA BiJIeO /10 OLIBIIOCTI MOMEPEIHIX aTpHOyTiB MOKHA AOJATH BHUSBJICHHS
pO3Mi3HaBaHHS €MOIIi, aHalli3 MIMIKH, B3aEMOJI11 MIXK JIFOJbMHU Ta 00’ ekTamu [28].
Takox BU3HAUEHHS aTPUOYTIB MOXKE JOMOMOITH y BU3HAYEHHI COI[IAJIbHUX Ta
aemMorpaiuHuX XapaKTepUCTHK, TaKUX SK BIK, CTaTh, ofar Ta iHmm. [lpuxman

aTpuOyTIB /ISl BiZICO MPOJIEMOHCTPOBAHO HA PUCYHKY 1.1.

OBJECT DETECTION

Pucynok 1.1 - [Ipuknan atpuOyTiB 171 Bi€o

OkpeMo BaXXJIMBO BUAUIUTUA pOOOTY 3 TEKCTOM Ta 3ByKOM. BU3HaUeHHS LUX
aTpuOyTiB MOXE JOMOMOITH BU3HAYaTH HASBHICTH HOMEPIB, PEKIIAMHUX OaHEpiB,
TEKCTY Ha €KpaHi, TeHEpyBaTH aBTOMATHYHI CYOTUTPH Ta BU3HAYATH 3BYKOBI1 TOIIi
[29, 30].

KinpkicTh 3amydeHux aTpuOyTiB OTHOYACHO MOJKE 3aJIeXKaTH BiJ 3a]adi, aje
BUKOPUCTAHHS BEJIMKOI KUIBKOCTI MOJEJIe 3HAa4HO YHOBUIBHIOE MPOIEC
BHU3HAUEHHS aTpuOYTIB Ui LIJIOTO BiJ€O, TOMY 3ajada 3MEHILIEHHS BUMOT 10

00UYHCITIOBAJILHUX PECYPCIB CTA€ HArajabHOIO Ta MOTPeOy€e MOKpaIIEHb.
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1.2. ApxiTekTypa mojeJiei 1jisi po0oTH 3 Bijieo

[Ipu aHamizi Bigeo BUOIp apXITEKTypHd HEHPOHHOI MEpEXi CTae Iyxe
BOXJIMBOIO 3ajJlauelo, TaK $K, Ha BIAMIHY BIJ I1HIIMX 3aja4, MOB’S3aHUX 13
KOMIT IOTEPHUM 30pOM, HEOOXIZHO BPaxOBYBATH IMOCHIJOBHY 3aJICKHICTh MIXK
KaJpaMu y Bieo. B Toil jke yac BUKOpUCTaHHS 1HIIMX MITXOJIB, OCHOBaHUX Ha
MaTeMaTUYHUX METOJaX, € Hee(heKTUBHUM Yepe3 X HU3bKY TOUHICTh Ta MIBUAKICTh
MIPH aHAJI131 Cy9aCHOTO BIICOKOHTEHTY Yepe3 MOCTIMHY TSHACHIIIIO 10 YCKIATHEHHS
CTPYKTYPH BIJICOKOHTEHTY.

Ha npoTtuBary npomy, HEMpOHHI MEpPEKI MalOTh MOKJIMBICTh BPaXOBYBaTH
IIPOCTOPOBI Ta YACOBI 3aJICKHOCTI, IO JI03BOJIsIE€ €hEKTUBHO aHAII3yBaTH KOHTEKCT
KaJIpiB Ta BU3HAYATH 3a71eKHOCTI MK HUMHU [30]. Takox BaXJIMBO 3BEPHYTH yBary
Ha OCTaHH1 po3p00OKHU B cpepi HEUPOHHUX MEPEXK JIsi OOPOOKHU BI3yaJIbHUX JaHUX,
a came BI3yalbHl TpaHchopMepu g Bifeo. BOHU J03BOJIAIOTH HE TUIBKH
BUKOPHUCTOBYBAaTH MEXaHI3M CaMOyBard, SKHH 3HAYHO IIOKPAIIye TOYHICTh
MOJIEeJICH, aJie ¥ aHaIi3yBaTH JCK1JIbKa KaJIpiB OJTHOYACHO, BPaXOBYIOYH IMOCIIIOBHY

3aICXKHICTD [23].

1.2.1. PexypeHTHi HelipoHHI Mepexi

PexypeHTHI HEHpPOHHI MEpeXi € OJHUM 13 CTaHAAPTHUX MIIXOIIB JJIst
BUPIIICHHS 33724 3 00OpOOKM IMOCIIIOBHUX JAaHUX, TAKUX SK YacOBl PSIU, TEKCT,
aynio 4d Bijieo. OCOONMBICTIO PEKYPEHTHUX HEUPOHHUX MEpPEX € MOXKIMBICTh
30epiraTu BHYTPIIIHIM CTaH CHUCTEMH, TUM CaMHM 3aram’sITOBYIOYH BaKJIUBY
iH(pOopMaIrito, OTpuMaHy 13 monepenHix kaapis. Jami, mpu o6poOit, 115 iHpopMaIIis
BUKOPHUCTOBYETHCS JIJIs1 aHATI3Y Ta MOJIU(DIKY€EThCS ISl MOANbIINX 00unciaeHb. L
BJIACTUBICTh POOUTH PEKYPEHTHI HEHPOHHI MEpPEKi KOPUCHUMH B 3ajadax, e
BaYKJIMBUN KOHTEKCT 200 3aJ1€KHOCTI MI2K €JIEMEHTAaMH B JIAHITIOTY OOpOOKH, TAKUMU

SIK CUTHaIM 4u Kaapu [31, 32].
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ApXITEKTypa PEKYpPEHTHHUX HEUPOHHUX MeEpeX O0a3yeThbCsl Ha IUKITYHUX
3B’3Kax MK By3/laMmH, 1H(oOpmalis 3 SKUX MPOXOAUTH MO By3JaxX IMOCIHITOBHO.
Takox € moaudikalii, KoJid Mpy aHaii31 iHGopMalliss MOKe MPOXOJAUTH B 0OMIBa
ooku. Ile mo3BoJIsAE€ OLIBIT ACTATBHO PO3IJIAAATH MOCTIJOBHOCTI Ta OTPUMYBATH
3Ha4yHO Oinbire iHdopMmarii. [IpoTe B 1bOMy BHUIIAAKy HEHPOHHA Mepeka Mae
JeKUIbKa oOMexeHb. Yepes mpoxoiKeHHs B 00u1Ba O0OKU MOIENIb Ma€ OTPUMYBATH
BiJIpa3dy BCIO MOCJIJOBHICTh, 100 MaTH MOKJIHMBICTh 3allyCTUTH aHaMi3 3 KIHIIA.
Takum YrHOM, MOJIETTh BTpaya€e MOMIIMBICTh MPAIIOBATH B PEKUMI PEATBHOTO Yacy,
TaK sSIK HEOOX1THO OTPUMATH JOCTATHIO KUIbKICTh €JIEMEHTIB JIJIs 32y cKy. Takox I
MoJelIl OOMEXEHI 3a JIOBKHHOIO, IO O3HAadae, IO MICIS TOro, SK MOJEIb
BIJIIIpaIfioe, Tpeba 3amyckaTH ii 3aHOBO 0€3 MOXKIJIMBOCTI MEPEHECTH MOMepe/HI
CTaHUW, YTBOPEHI MPHU aHalli3l, Ha HOBY Mojelib. Ha mpoTuBary mpomy, 3BHYaiiHi
PEKYpPEHTHI Mepexi MOXYTh MpalloBaTh 3 OyAb-SKOI JOBXKHHOIO, 1 y BUIAJKY
HAJXO/PKCHHSI HOBUX JIaHMX BOHHM MOXYTh IMPOJIOBXKUTHU 3 MICIS, /1€ 3aBEPIIMIH
nonepenHii axam3. TakoX IpU BHUKOPUCTAHHI JBOCTOPOHHIX PEKYPEHTHHX
HEHPOHHUX MEpeX Tpeba BpPaxOBYBATH, IO KUIBKICTh aHANI3y Ha TaKuX IIapax
MEpEeX1 IOJBOIETHCSA, IO MPU3BOAUTH JI0 3HAYHOTO 30UIBIICHHS OOYHCICHBb
[33,34].

3aBASKM MOXIJIMBOCTI PEKYPEHTHHUX HEUPOHHUX MepexX e(PEKTUBHO
MpaIloBaTH 3 YHCIOBUMH PSJaMH 1X MOXHA BHKOPHUCTOBYBATH [IJISl aHAJI3Y
BiJICOKOHTEHTY. BOHH MOXYTh €()eKTHBHO ceOe IMoKa3yBaTH B 3aJa4aX BU3HAUCHHS
3MIHHU IJIaH1B Ta CIIeH. 3aB/IsKH 30epiranHio iHGopMaIlii Mpo mornepeHi CTaHU BOHU
MOXYTh €(QEKTUBHO BHU3HAUUTH CHUJy 3MIHHM HAMOBHEHHS KaJpiB Ta HaBITh
BU3HAYATH CKJIAJIHI TEPEXOJH, TaKi SK 3aTyXaHHs UM TOBLIBHI MEPEXOIU MixK
cuieHamu [35].

[Tpu HaBYaHHI pEKYPEHTHUX HEHPOHHUX MEPEK BaXKJIMBO 3BEPHYTH yBary Ha
MpOOJIEMU 3 3racaro4yrM TPATIEHTOM, SKI MOXXYTh BHHHKATH TIPU 0OPOOIll JOBIHX
MOCTIAOBHOCTEH, Ta MOMJIMBOCTI 30epiratd B mam’saTi iHpopmaliio. 3 METOr

BUPILIEHHS TUX MpobiieM Oyiu po3po0iaeHi MoAu(iKallli peKypEeHTHUX HEUPOHHUX
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mepexxk — LSTM ta GRU. BoHu € pi3HOBUIOM PEKYpPEHTHUX HEHPOHHUX MEPEK,
AK1 JO3BOJIAIOTh YHHMKATH 3racalodoro TpajieHTy Ta 30epiratd JOBrOCTPOKOBI
3QJIEKHOCTI 3aB/ISIKM BUKOPHUCTAHHIO MEXaHI3My KepyBaHHS iH(oOpMalli€ro, a came
yepe3 JoJaBaHHS CIElIaJbHUX BOPIT, SKI JO3BOJSIOTH BHUAANATA 3 TMaM STl
HeakTyanbHy 1H(popMarttiio [31, 36]. Lle € BaxxmuBUM HOBOBBEJCHHIM, OCOOIUBO IS
3a/1a4 BU3HAYCHHS 3MIHHM CIIEH Ta IUIaHIB, TaK K 30epiraHHs iHdopmMarllii mpo crapi
CIIEHU Ta KaJp¥ MOXE BIUTMHYTH Ha BU3HAYCHHS HOBUX ITEPEXO/IIB.

[Tim Yac TPaKTUYHOTO 3aCTOCYBAHHS PEKYPEHTHUX HEHPOHHUX MEPEK
BaXJIMBO BpPaxOBYBAaTH, 110, HE 3BaKalOUM HA BHUCOKY TOYHICTH MpH 0O0poOII
3JIEKHOCTEM MiXK JTaHMMH, 11 MOJIEJII MalTh BHUCOKY CKJIQJHICTh OOYHCIICHb 1
CWJIBHO 3aJI€KaTh BiJl JOBKUHU MOCIITOBHOCTI [37]. Takox 1151 apXiTeKTypa HE Mae
MO>KJIMBOCTI BPaxoOBYBaTH MPOCTOPOBI 3aJIEAKHOCTI, III0 MOXKE 3HAUYHO YCKIIATHUTH

IMponcC BU3HAYCHHA KOHICIITY, 3aKJIIaICHOI'0 B KaJIpH.

1.2.2. 3ropTkoBi HeiipoOHHI Mepexi

3ropTKOoBI HEHWPOHHI MEPEXi IUPOKO BUKOPHUCTOBYIOTHCS I OOpOOKU
BI3yaJlbHUX JaHUX 3aBASKH 1X 3JaTHOCTI BUAUISTH MPOCTOPOBI 3aJI€KHOCTI.
Oco0MuBICTh IMX HEUPOHHUX MEPEXK MOJISATa€E Y BUKOPUCTAHHI OTeparliii 3ropTKH 3
METOI0 BU3HAYEHHS JIOKAJIbHUX O03HaK 00’€KTIB Ha 300pakeHH1. Onepalisi 3ropTKu
— IIe MaTeMaTUyHa oneparlis, sika 0a3yeTbCsi HA BAKOPUCTAHHI (DLIBTPIB 10 BX1THUX
nanux. Ha mnepmmx piBHSIX HEHPOHHOI Mepexki ormeparlli 3ropTKd 3a3BUYal
BUJIUISIIOTH 0a30B1 XapaKTEPUCTUKH 300pa’KE€HHS, Takl sIK Kpai 00’€KTIB, TEKCTYpH,
KOHTYPH, TEPEX0/Id KOJbOPIB Ta MOAIOHI XapaKTePUCTUKH. Y TMOJANBIINX IIapax
oreparlii 3ropTKd MOYMHAIOTh BHAUISATH OLIBII CKJIAIHI O3HAKH, SIKI JO3BOJSIOTH
BUSIBJISITU CKJIQ/IHI 3aKOHOMIPHOCTI Ha 300paxenHi [38].

OcoOnuBICTIO 3rOPTKOBUX HEHPOHHUX MEPEK € X MOXKIMBICTh CAMOCTIHHO
BUUTHUCS BUAUISATH O3HAKU 00’ €KTIB, 1110, HA BIAMIHY BiJl MATEMAaTUYHUX IT1JIXO/IB,

J03BOJISIE  BIJIMOBUTHUCSI BiJI PYYHOTO MPOEKTYBaHHS JECKPUMNTOPIB. 3aBISIKU
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BUKOPUCTAHHIO BEJIMKOT KUIBKOCTI 3rOPTKOBHX IIAPIB MOJIENb TOCTYIIOBO aHANI3Y€E
BXIJHI JaH1 Ta MOCTYMOBO BHILIsAE 0a30B1 O3HAKH, a TTOTIM 3 HUX MOXKE BUIIISATH
OUIBII CKJIQJHI Ta 3MICTOBHI. TakKMM YHHOM, MOJeNIb Oyaye iepapxiuHe
NPEICTaBIICHHS JaHUX, IO 3HAYHO MOKpaIlye TOYHICTh Kiacudikarii. Takox
BOKJIUBUM (DaKTOPOM IIiJT YaC BUKOPUCTAHHS 3TOPTKOBHX HEHPOHHUX MEPEX €
BUKOPHUCTAHHS CHUIBHUX (IIBTPIB 11 3rOpTKOBUX IIapiB. Tak sK (LIsTpu
BUKOPUCTOBYIOTh CIIUIbHI Baru, 1€ JO3BOJISIE 3HAYHO 3MEHIIMTU KUIBKICTb
napaMeTpiB y HEWpOHHIA Mepexi, 0, Y CBOIO Yepry, JO03BOJSE 3TOPTKOBUM
HEWPOHHUM MEPEKaM MaTH MEHILHI pU3UK NepeHaBYaHHs [39].

Takox BaXKJIMBO 3ayBa)KUTH, 1110 3rOPTKOBI HEMPOHHI MEPEkKI MAIOTh FapHY
aJanTUBHICTh JI0 3MIIIEHHA Ta MacmTa0yBaHHsS o00’ekTiB. Ll aganTUBHICTH
JIOCSITA€ThCS IUIIXOM BUKOPUCTAHHS ITYJIIHTOBUX 1IAP1B (pooling). [1yniHroBi mapu
3MEHIIYIOTh KUIBKICTh JaHUX, IPH IbOMY 30€piraroud KIO4YOBY I1H(MOpMAILiIO.
HaiiGinbp1 po3MmoBCIOJKEHUM BapilaHTOM IMYJIHTY JaHUX € BUOIp HAMOUIBIIOrOo
3HAYEHHS B JIOKAJIbHINA 0051acTi (max pooling). Lle n103BoIsie poOOUTH MEPEKY MEHIILI
YYTIUBOIO JIO HEBEJIIUKUX 3MIH Yy MOJIOXKEHHI 00’ €kTa. MOXIUBICTD aanTyBaTUCS
710 3MIIIIEHHS Ta 3MIHU PO3MIPY € Ay»KE€ BXXIMBOIO IIPH aHAJ131 BIICOKOHTEHTY, TaK
SIK 11€ JJO3BOJISIE Kpallle aHAII3yBaTH 00’ €KTHU, K1 TePEMIIIyIOThCcs B Kapi [40].

Jlnst mokpamieHHsT TPOIYyKTUBHOCTI Oynu po3poOiieHi pi3Hl moaudikaiii
3rOpPTKOBUX HeWpoHHUX Mepex, Taki Ak ResNet, EfficientNet ta Inception. [Ipu
po3po0Ii Oysu MpeNCTaBieHI HOBI MeXaHI3MHU Uil 0OpOOKH 300pakeHb, IO
JO3BOJIMJIA  3HAYHO MIABUIIMTH TOYHICTh Ta MPOAYKTUBHICTH MOJIENEH.
ApxiTekTypa 3ropTKOBOi HeHpoHHOi Mepexi ResNet mnpeacraBuna mexanizm
3QJIMIITKOBUX 3B’SI3KiB, KWW JO3BOJIMB TepeaaBaTH 1H(OpMaIliio MiX IIapamu.
BuxopuctanHs mporo MexaHizMy JT03BOJIMIIO 3arMO0IrTH MpobiieMaM 3aTyXaro4uoro
IPaJilEHTy B IMIMOOKUX HEUPOHHUX MEpEekax Ta JO3BOJIMIIO PO3POOJIATH 3HAYHO
IMOII MOJISTI ISl KpaIoro BU3HAYCHHS 03HAK Ha 300pakeHH1. [HIT Moaudikartii
TaKOXX OYyJIM CIpPsSMOBaHI Ha MOKpAIICHHS TOYHOCTI Ta MIJBUIICHHS IIBUIKOII

3rOPTKOBUX HEMPOHHHUX Mepexk [22, 41].
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[Ipote, HE3BaXkarOUM Ha CBOI MepeBaru, 3ropTKOBl HEUPOHHI MEpEeki MaIOTh
CKJIQJTHOCTI TIPU pOOOTI 3 YACOBUMHU 3aJICKHOCTIMH, IO € BAXKIMBUM €TATlOM IMPHU
00poOITl BiJICOKOHTEHTY. sl BupieHHs 1i€i MpoOJieMu 3ropTKOBI HEHPOHHI
Mepexl 4acTo KOMOIHYIOTh 3 IHIIUMH THUIIAMH HEUPOHHHX MEPEXK, SKI MOXYTh
e(eKTUBHO TMPAIIOBATH 3 YaCOBUMH 3aJICKHOCTSIMH, TAKUMHU SK PEKypeHTHI
HEHUPOHHI Mepexi 4y TpaHchopmepu. TakMM YHUHOM, MOKIUBOCTI BHU3HAUYCHHS
MIPOCTOPOBHX O3HAK MOXKYTh OyTH MOETHAHI 3 BUSHAUYCHHSM YaCOBUX 3aJICKHOCTEH
uisi 0OpoOKHM BiIEOKOHTEHTY. [IpoTe HEmONMKOM IBOTO MAXOAYy € CKIIAIHICTh
MOjIeJIl Ta oTpeda B OUIBIINX O0YMCITIOBAILHUX pecypceax [42, 43].

Takox i BHUpIIEHHS MpOOJEMHU 3 YacCOBUMHU 3aJIEKHOCTSIMHU OyJio
pPO3pO0JIEHO TPUBUMIPHI 3rOPTKOBI HEUPOHHI MEpEeXkl, sIKIi CTaIM OCHOBOIO IS
00pOOKHM BiJICOKOHTEHTY. BUKOpHUCTaHHS I[LOTO MiX0Ty TO3BOJIUIIO, HA BIIMIHY BiJl
CTaHAAPTHOI JBOBUMIPHOI 3rOPTKH, OOpOOJIIOBaTH MPOCTOPOBI Ta YacCOBI
3aJIEKHOCT1 3aBASKU 3aCTOCYBAaHHIO TPUBHMIPHOI 3rOPTKH, SIKa OJTHOYACHO MOXKE
MpaIOBaTH 3 IMHUPUHOIO, BUCOTOIO Ta TIMOMHOIO AaHux. Lle q103Bose BpaxoByBaTu
3MIHU SIK1 B1IOYBaIOTHCSl MIXK KaJapamu, 4d TIpH poOOTI 3 TPUBUMIPHUMH JTAHUMHU.
[e# miaxia MOXke aKTUBHO 3aCTOCOBYBATHCS ITPU POOOTI 3 BIZICOTAHUMH, METUYHOIO
BI3yanizali€ero Ta I1HmWUMHU cdepamu, e Moxe OyTu mnoTpiOHa pobora 3
TPUBUMIPHUMU JaHUMU [44, 45].

BaxxnnBoro XapaKTepuUCTUKOI0 TPUBUMIPHHUX 3TOPTKOBUX HEHPOHHUX MEPEK
€ BENMKUW PO3MIp siIep 3TOPTKH, IO JJO03BOJIIE BPAaxXOBYBATH SIK JIOKAaJIbHI
0COOJIMBOCTI, TakK 1 TIJI00AbHI 3aJIEXKHOCTI MDK JaHUMHM. 3aBOAKH IIH
XapaKTEPUCTHIIl TPUBHMIPHI 3TFOPTKOBI HEHUPOHHI Mepexl MOXYTh KOJyBaTd
MIPOCTOPOBO-YaCOBI O3HAKHM Ta HA iX OCHOBI1 PO3ITI3HABATH BAXJIMBI 3MIHH Y YaCOBIN
nociioBHOCTI. [le no3BosIsIE eheKTUBHO BUKOPUCTOBYBATH TPUBUMIPHI 3TOPTKOBI
HEHUPOHHI MepexXi ISl 3a7ad MOHITOPUHTY, PO3MI3HABAHHS 1A 4Yd BU3HAYCHHS
3MIHH IIJIaHIB Ta ciieH [47].

HemnonikoM BHKOPHCTAaHHS TPUBHUMIPHUX 3TOPTKOBUX HEHPOHHUX MEPEXK €

BHCOKa OOYMCIIIOBaJIbHA CKJIQJHICTh Ta MIBUIKICTH 0O0poOku. Ils mpobGnema
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3YMOBJICHA TTOTPEOOI0 30UIBIICHHS PO3MIPY sAJipa JJIs aHalli3y Ta 30UIbIICHHS HOTo
PO3MIPHOCTI, III0 B CBOIO Yepry 3HAYHO MiJBUINY€E KiJIbKICTh mapametpiB. [Ipu
30UIBIICHH] KUIBKOCTI TMapaMeTpiB BHHHUKAE HE JIMINE MpobjeMa 31 IMIBHUIKICTIO
o0UYHClIeHb, ajie W mpobiieMa 3 HaBYaHHSAM Takux wmojenei. Ilpu 30iabIIeHHI
po3Mipy MOjeN HEOOXiTHO BpaxoBYyBaTH MOTpPeOy B 30UIbIIEHHI KITBKOCTI
HaBYAJIbHUX JAaHUX, 1100 YHUKHYTH IE€pEHAaBYaHHA MoOjeNl Ta 3a0e3neuuTd il
MOJKJIUBICTh HABUYATHCS y3arajJbHIOBaTH 3HAHHS. AJle KUIBKICTh PO3MIYECHHX
TPUBHUMIPHUX JTAHUX € 3HAYHO MEHIIOI0 Ta OTPeOy€e 3HAYHO OUIBIINOT pOOOTH IS
HAaKOMHWYCHHS IUX JaHMUX, Ta IOTEHIIMHOI po3MITKM iX. Takoxk Taki Mojeni
NOTPeOYyIOTh CIIELIAIbBHUX METOAIB pEryJsipu3allii 3 METO0 €(peKTUBHOTO HAaBYaHHS,
10 BIUIMBAE HA MOJAJBINY CKJIAJIHICTh ONTUMI3AIIIT TAKUX MOJIETICH.

3 METOIO0 MOKPAIIEHHS MBUAKO/IT TAKUX MOJIEJIEH aKTUBHO BUKOPUCTOBYIOTh
METO/M ONTUMI3alli. AJle, KpIM KJJAaCUYHUX METO1B ONTUMI3alli, TAKUX SK IIPYHIHT,
KBaHTYBaHHS Yd JAUCTWIALIS 3HAHb, JJII TPUBHUMIPHHX 3TOPTKOBHX HEHPOHHHUX
MEpEX TaKOXK 3aCTOCOBYIOTHCSI METOAM PO3PIIKEHOT 3TOPTKH. 3aCTOCYBaHHS
METOIB PO3PIHKEHOT 3rOPTKH JI03BOJISIE OOPOOJSATH TIIBKM HAWMOUIBIN BasKJIMBI
€JIEMEHTH Ta OCOOJIMBOCTI, 110 JO3BOJIE 3HAYHO 3MEHIIUTH KIJIBKICTh HEOOX1THUX
oOuncienb. TakoX 3acTOCyBaHHS MPOCTOPOBO-PO3IIICHUX 3TOPTOK JI03BOJISIE
MIHIMI3yBaTH BUTpPATH Ha OOYHMCICHHS, TpH IbOMYy 30epiralouyu TOYHICTh
po3paxyHkiB. Takox Oyji0o po3poOJIeHO MPOCTOPOBI HOpMamizailii s OuIbII
e(eKTUBHOT pOOOTH 3 TPUBUMIPHUMU JTAaHUMH 3 METOIO BUPIBHIOBAHHS PO3MOALTY
nanux [47].

Xoya mpakTUYHE 3aCTOCYBAHHS TPUBUMIPHOT 3TOPTKHU OXOILTIO€E Oarato cgep,
HaWO1IbIIIe BOHU 3aCTOCOBYIOTHCS /IS pO3Mi3HABAHHS 00’ €KTIB, aHATI3Yy TTOBEIIHKH,
BIJICTeKEHHSI PyXiB Ta B MEIUYHIN MIarHOCTHII, /1€ 3aCTOCYBaHHS TPUBUMIPHUX
3rOpTKOBUX HEHPOHHUX MEPEXK JI0NIoMarae BUSBIIATH ATOJIOTi Ta aHoMalli. Takox
TPUBUMIPHI 3rOPTKOBI HEUPOHHI MEPEXKi MOXKYTh 3aCTOCOBYBATUCS B ABTOHOMHOMY
BOJIHHI 3aBJISIKM iX MOKJIMBOCTI pO3ITI3HABATH 00’ €KTHU Ta MEPEIIKOIN i yac pyxy

[48, 49]. V Bumagky 3 BHU3HAQUEHHSM 3MIHM CIIEH Ta IUJIaHIB BUKOPHCTaHHS
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TPUBUMIPHUX 3TOPTKOBUX HEHPOHHUX MEpEX M03BOJISIE €(DEKTHBHO 3HAXOIUTH
3MIHU CIIEH Ta IUIaHIB, OCHOBYIOUHCh Ha O0’€KTaxX, MPHUCYTHIX y Kaapax, Ta

BU3HAYAIOYM KJIIOUOBI KOHIIEIITH, 3aKJIaJeH] y BIJIIOBIIHI CIICHHU Ta IIJIaHU.

1.2.3. Mopaeui Ha 0cHOBI TpaHcpopmepiB

ApXITEKTypH Ha OCHOBI TpaHC(HOpPMEpPIB MOYATKOBO OyJH PO3poOieH] s
00pOOKHM MOCTIAOBHOCTEM, TAKUX K TEKCT, 1 CTaJIM FOJOBHUM IHCTPYMEHTOM Y iX
o0poOmi. Ils apxiTekTypa 3MOrJia 3HAYHO IMiJIBUIIUTA €(PEKTUBHICTH POOOTU 3
TEKCTOM 3aBISKH BBEJCHHIO MEXaHI3My CaMOyBaru, SKHA JIO3BOJISE MOJEII
OJIHOYACHO 30CEPe/PKyBaTUCS Ha PI3HUX YaCTMHAX BXIAHMX JaHuX. Lleil MexaHizm
3a0e3neuye MOKIMBICTh Mojieiel €pEKTUBHO BUSBIIATH 3B’ SI3KH MIJK €JIEMEHTAMU B
MOCJIJOBHOCTI, HE3BAXKAIOUM HA BIJICTaHb MK eieMeHTamu [S0].

MexaHi3M caMoyBarv Mpaioe MUITXOM OOYMCIIEHHS Bar JJIg KOXKHOI mapu
€JIEMEHTIB y MOJIeJTi, TAKMM YMHOM MOJEIIb MOYKE BU3HAYATH BAXKJIUBICTH KOXKHOTO
€JIEMEHTY BIJTHOCHO IHIIMX €JEeMEHTIB. BHacIiOK IIbOro, €IeMEHT MOXE MaTh
CHJIBHI 3B’SI3KH 3 1HIIMMHM €JIEMEHTaMH, K1 MOXKYTh 3HaXOAUTHUCS B 1HIINK YaCTHHI
MOCJIIOBHOCTI. 3aBIASKHM LBOMY MOJENI apXITEKTypu TpaHCHOpPMEP MOXKYTh
MOJIETIIOBAaTH JIOBFOCTPOKOBI 3aJIEKHOCTI Habarato Kparie, HDK pPEKypeHTHI
HEUPOHHI MEpPEXki, IKUM BaXKKO YTPUMYBATH BaXJIMBY IHQOpPMALIIO IJIs JOBIHX
MOCJIJOBHOCTEH, TAKUX SIK TPUBAJIL BIJICO UM BEJIMKI 00CSTH TeKeTy [S1].

Takox mpu TPOXOJHKEHHI TO MOJENI apXITeKTypu TpaHchopMmep aHi
00pOoOJIAIOTHCS TTapaeNIbHO, IO € BEJMKOIO MIEPEBaroro MOPiBHIHO 3 PEKYPEHTHUMHU
HEWPOHHUMH MEpexaMu, siIKi 0OpoOJIstOTh BCl JaHl MOCTIAOBHO. 3aBMASIKU IIbOMY
Takl MoOJeJll Habarato IIBUJAIIE HaBYaTH, 1 IIOTIM BOHM HA0arato IIBHIIE
MpaIoTh, HIK PEKYPEHTHI HEHUPOHHI MEpexki, OCOONMBO IS MOJENEH, sKi
MpaIiolTh 3 BEIUKUMH HabopamMu JnaHuxX. Takoxk I9 apXiTEeKTypa JIETKO
aJanTyeThCs NI poOOTH 3 PI3HMMH 3a/ladyaMH, 110 POOUTH 1i MiAXOASIION IS

aHajizy aymaio, 300pakeHb Ta Bijeo [52].



43

BizyaneHi TpaHchopMepH CTaiM ajamnTali€ro KJIAaCHYHUX TpaHCHOpMEpIB 3
doxycom Ha aHami3 300paxkeHb. To/l sIK 3rOPTKOBI HEMPOHHI MEPEXi aHATI3YIOTh
300pak€HHS 3a JIONMOMOT0I0 JIOKATBHUX (PLIBTPIB, K1 BUAUISIOTH O3HAKH, Bi3yasIbHI
TpaHcopMepu po30MBaIOTh ITOYATKOBE 300payKCHHS HAa HEBEJIMKI YACTUHU — MaTYi.
Jlami 111 maT4i MoAar0ThCS K MOCIIIOBHICTh TOKEHIB, 10 MOAIOHO 10 CTaHJapPTHUX
TpaHcopMepiB, Jie y poil TOKeHIB Oynu cioBa. [10TiM KOXKeH maT4d KOJAYEThCS Y
BEKTOP (PiKCOBAHOI TOBKHUHHM, 1 HA0Ip IUX BEKTOPIB MOJAEThCA Ha BX1 Mozeni [53].

3aBASKM TakoMy MIIXOAy 1O aHali3y I[OYaTKOBUX JAHUX Bi3yasbHI
TpaHchopMepr OTPUMYIOTh 3JaTHICTh JO MOJICIIOBAHHS II100aTbHUX 3a€KHOCTEN
MIXK YaCTUHAMH 300pakeHHs. B pe3ynbTarti, Ha BIIMIHY B1J] 3TOPTKOBUX HEHPOHHHX
MEpEX, MOJIETb BpaxOBY€ HE TUTLKH JIOKAIbHI 03HAKH, a i POKYCYEThCS HA 3B’ A3KaX
MIXK BIJITAJICHUMH €JIEMEHTaMH Ha 300paK€HH1 3aBAsSKA MEXaHI13My camoyBaru. Lle
JI03BOJISIE 3HAYHO Kpallle po3yMiTH KOHTEKCT 300pakKeHHS, 110 3HAYHO ITi/IBUIIY€E
TOYHICTh y TaKUX 3aj7avax, sK KiacuQikailis CIIeH, BU3HAUYECHHS OO0'€KTIB, OIMUC
300paxeHHs [54].

[Ipamroroun 3 apXiTEKTypOIO BI3yaJIbHUX TpaHCcPopMepiB, BakKIUBO
BpPaxoOBYBaTH, IO MOJIEJl Ha OCHOBI II€i apXiTEKTypH MNOTPEOYIOTh BEITUKUX
OOYUCITIOBAILHUX PECYpCIB Ta BEIUKOI KIUIBKOCTI JaHUX Mg HaByaHHA. Lle
BUKJIMKAHO KBaJPaTHYHOIO CKJIATHICTIO BIJHOCHO KIJIBKOCTI BXIJIHUX TOKCHIB Y
MEXaHi3Mi caMOYBaru.

Hns pobGotu 3 Bimeo Oylo po3pobieHo Moaudikalliio Bi3yalbHUX
TpaHchopMepiB, siKa OTpUMalia Ha3By ‘‘Bi3yaibHI TpaHcpopMepu s Biaeo’.
OCHOBHOIO OCOOJIMBICTIO apXITEKTYpH Bi3yaJbHUX TpaHC(hOPMEpIB IS BIIEO €
MOKJIUBICTh aHAJII3YBAaTH OJTHOYACHO ITPOCTOPOBI Ta YACOBI 3aJICKHOCTI y B1JI€0, IO
JI03BOJISIE MOJICITIOBATH CKJIAJIHI B3a€EMOJIIT MK 00’ €KTaMu, IEPEMIIICHHS 00’ €KTIB
MDK KaJpaMH Ta BU3HAYaTH KOHTEKCT CleH [23].

AHaNOTIYHO 10 BI3yaJIbHUX TpaHchopmepiB, 1€ BXiAHE 300pa’KCHHS
pO30MBaEThCA Ha Maryi, y Bi3yaldbHUX TpaHchopmepax uisl BiAEO BXIJHI JlaHI

PO3TIAAAIOTECS K TPUBUMIpHUN 00’€KT. BpaxoByrouu 10 0COOIMBICTh, KOXKEH
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1aT4y OXOIUTIOE HE JIMIIE MPOCTOPOBI OCOOIMBOCTI, a W YacoBi 3ajexxHocTi. Lle
JI03BOJISIE MOJIEN1 BPaXOBYBaTH OJTHOYACHO 1 MPOCTOPOBI XapaKTEPUCTUKH OKPEMHX
KaJIpIB, 1 4aCOBI1 3aJIEKHOCTI MK HUMH.

MexaHi3M yBaru y BizyajibHUX TpaHcpopMepax isl BiJIeO 3aCTOCOBYETHCS SIK
710 TIPOCTOPOBUX, TaK 1 JO YACOBUX 3aJI€KHOCTEH, 10 JO3BOJISIE MOJENI 3BEPTATH
yBary Ha 3MiHY IOJIOXKEHHSI 00’ €KTIB, sIKI PyXalOThCS MPOTITOM JICKIJIBKOX KaJIpiB,
Ta K 3MIHIOETbCS KOHTEKCT CIEeH OpoTsAroM yacy. Ll ocoOnuBicTh poOUTH
apXITeKTYpy Bi3yalbHUX TpaHCHOPMEPIB IS Bile0 O0COOJMBO €(HEKTHUBHOIO TIPH
BUPIIIEHHI] 3a/1a4 Kiacu@ikaiii a1, IporHo3yBaHHS PyXy, BUSBICHHS aHOMAJIH Ta
BU3HAYCHHS 3MIHU CII€H, OCHOBYIOUHCH Ha KOHTEKCTI [55].

Takox, Ha BIAMIHY BiJl PEKYPEHTHHX HEHPOHHUX MEPEXK UM TPUBUMIPHHUX
3rOPTKOBUX HEHUPOHHUX MEpEeX, MOJIeJI Ha OCHOBI apXITEKTypH BI3yalbHOTO
TpaHcopMepy i BiJieo HE OOMEKYIOThCS JTOKATLHUMHU 3aJI€KHOCTSIMU B JaHUX, a
I 3aCTOCOBYIOTh IJIOOQNbHY yBary 10 Bcboro Bijgeo. lle mosBomsie momeni
BpPaxoOBYBaTH JOBTOCTPOKOBI 3B’SI3KM MK MOJISAMHM, SIKI MOXKYTh B1JOyBaTHCS B
PI3HHX YacCTHHAX BiJI€O.

[Ipote, Tak K MeXaHI3M caMOyBaru Ma€ KBaJIpaTUYHY CKJIQJHICTh BITHOCHO
KUIBKOCT1 TOKEHIB, apXITEKTypa Bi3yaJIbHUX TpaHC(HOPMEPIB ISl BIJIEO MA€ BUCOKI
BUMOTH JI0O OOYHCIIOBAJIBLHUX PpECypciB, OCOOIMBO 1Jisg JOBrUX Bigeo. Jlns
3MEHIIEHHS OOYMCIIIOBAJIBHOI CKJIQJHOCTI, KPIM KJIACHUYHUX METOJIB ONTHUMI3allli
MOJeJIel, TaKOX YacTO 3aCTOCOBYIOTHh TOKEHI3allll0 32 KJIHOUOBUMHU MOMEHTaMHU,
BUJIUISIOYM HAWBAKIIMBINI KaaApW JJII 3MEHIIEHHS KIJIBKOCTI OOYHCIICHB,
PO3IUISAIOTH Bi€O MPUOJIU3HUM PO3MEKYBAHHSM sl TTOCTYMOBOTO aHalizy abo
PO3AUISIIOTh MEXaHI3M CaMOyBard Ha TPOCTOPOBY Ta YacCOBY KOMITOHEHTH IS
3MEHIIIEHHS CKJIaIHOCTI 00UnCcIIeHb [55].

ApXITeKTypa Bi3yaJIbHUX TpaHCc()OpMEPIB 1715l BIIEO MA€ TapHy aJallTUBHICTD
Ta MAXOAUTH JJIs BUPIMICHHS MIMPOKOTO CIEKTPY 3ajad, BKIIOYAIOYH JIETEKIIIO
00’€KTIB, CETMEHTAIIII0 B1/I€0, TPOTHO3YBAHHS PyXy UM BU3HAUYECHHS 3MIHM CIIEH Ta

IUTaHIB. AJie BaXJIMBO BPaXOBYBATH, IO L apXITEKTypa YyTJIHBa A0 IIyMiB, TAKHX
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AK pyX KaMepu YU 3MIHM OCBITJIEHHS, 4Yepe3 IO BiJIE0 4YacTo MOTpeOyIOTh

JI0JTATKOBOI 0OPOOKH TIepe T aHaTi30M.

1.2.4. I'iOpuaHi apxitekTypu

Jlns BupillleHHs 3aJadl BU3HAYEHHS 3MIHM CLEH Ta IUIaHIB MOXJIMBO
3aCTOCOBYBaTH TIOpUIHI apXiTEKTypH, SIKI MOXYTb TO€JHYBaTH HEOOXiTHI
apXITeKTYpH, JOCITAI0OYHM OJTHOYACHOI Ta €()EeKTUBHOI OOpOOKM MPOCTOPOBUX Ta
4acOBUX XapakTepUCTHK. Bubip ribpumnHux apxiTektyp 0a3yeThbcs Ha 1HTErparii
CWIBHUX CTOpIH pI3HUX MiAXoAiB. [loenHaHHS 3ropTKOBUX HEHPOHHUX MEpExX
Pa3oM 3 PEKypPEHTHUMH HEHPOHHUMHU MEPEKaMHU € PO3TIOBCIOKEHUM T1AX00M JIJIs
aHaii3y Bijeo. B oCHOBI miaxoay jexarb TpaHchopmallii BXITHUX JIaHUX, a caMme
KaJIpiB, 3a JOMOMOIOI0 3rOPTKOBHX HEHPOHHUX Mepex. Ilin dac aHamizy kaupis
3rOopTKOBa HEHPOHHA MEpeXa BUJILJISIE BAXKIMBI MPOCTOPOBI O3HAKH JIJIsi KOKHOTO
KaJpy y Bi€O, Takl SK TEKCTypH, Kpai, BaXJIuBI 00’ €KTH Ta ixX B3aeMoito. B
pe3ysbTari 00pOoOKH 3rOpTKOBOIO HEUPOHHOK MEPEKEI BXIiTHE 300pa)keHHS
KOIYETbCS Y BEKTOp, SKHI 30epirac B co0l BaXKIUBY IS aHaIi3y 1H(GOpPMAIIITO.
HactymauMm KpokoM € miepeiada ux JaHUuX J0 peKypEeHTHOT HEHPOHHOT MEPEXKi, sKa
MOXK€ aHalli3yBaTH 3MIHM B IIUX XapaKTEPUCTUKAX BIIHOCHO YacOBOi 3MIHHOI.
3aBASKA IIBOMY TIAXOAY CTa€ MOXKJIUBUM €(EKTHBHE BUIIJICHHS MPOCTOPOBHX
O3HaK, BUKOPUCTOBYIOYM 3TOPTKOBI HEHPOHHI MeEpExXi, Mpu YoMy 30epirarouu
MOXJIMBICTh IS TOJANBIIOTO aHali3y, BHUKOPUCTOBYIOYH JOBIOCTPOKOBI
3JIKHOCTI MK KajpaMu. He1oikoM 1Iboro mijxo1y € CKIagHICTh HaBYaHHS TaKUX
Mozeneil dyepe3 mpoOieMy 3aTyxaHHs TpaJi€HTIB TPU HaBUYaHHI JIOBIHX
MTOCTIJOBHOCTEH, a TaKOX BHCOKI OOYMCIIIOBAJIBHI BHTPATH Ta HU3bKa IIBUJIKICTH
TaKuX Mojeleut [56].

Takox MOXIJIMBa 3aMiHa PEKYPEHTHUX HEHPOHHHUX MEpeX Ha MO
apxiTekTypu Tpancopmep. Y IbOMY BHUIIAJKy CTa€ MOXIMBUM 3aCTOCYBAHHSI

MEXaHI3My CcaMOyBarud [Jis aHalli3y TJ00aJlbHUX MPOCTOPOBUX Ta YaCOBUX
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3anexHocTel. [Ipu BUKOpUCTaHHI TaKoro MiXoAy 3HUKAE MpobdeMa 3aTyXaruoro
TpaJieHTy, BHUKJIMKAHA 3aCTOCYBAaHHSM pEKYPEHTHHX HEHPOHHUX MEpex, Ta
MOKpPAIy€eThCS TOYHICTh 3aBASKM  3JaTHOCTI  aHai3yBaTh JOBTOCTPOKOBI
3anexHocTi. [IpoTe Taka MoieTb MOKE MAaTH BUCOKI OOUUCITIOBAJIbHI BUMOTH Yepe3
KBaJIpaTHUHY CKJIQJHICTh PO3PAXyHKYy MEXaHi3My caMOyBaru, OCOOJMBO Ha
BEJIUMKUX Habopax AaHuX. TakoX NIpH BUKOPUCTaHHI apXITEKTypd Ha OCHOBI
TpaHcPopMepiB MOTPiOHA 3HAYHO OLTbIIA KUTBKICTh TaHUX JIJIs HaBYaHHS [57].

Jlis  3MeHIIeHHS  KUTBKOCTI  OOpaxyHKiB  MOXJIMBE  BUKOPHCTAHHS
TPUBUMIPHUX 3TOPTKOBUX HEHPOHHUX MeEpekK. Y I[bOMY BHIAJIKy TPUBUMIPHI
3rOpPTKOBI HEUPOHHI MEPEX1 MOXKYTh BUAUIATH OJHOYACHO MPOCTOPOBI Ta YACOBI
O3HAKH JIJIsl IEBHOTO BIIPI3KY BiJe0. B pe3ynbTari Takoro aHai3y cTa€ MOKIMBUM
3HAYHO 3MEHIITUTH KUIbKICTh BXIJIHUX JaHUX 0 MoJeil Tpanchopmepy. [1pu npbomy
3aBASIKM BUKOPUCTaHHIO MOJENl TpaHcpopMepy 30epiraerbcsi MOKIHUBICTH J0
r100aJIbHOIO aHAITI3Y 3ajIeKHOCTEHN y Bijeo [S58].

Takox MOXJIMBHI T10pUJ 3rOPTKOBUX HEUPOHHUX MEPEXK, PEKYPEHTHUX
3rOPTKOBUX MEpEX Ta Mozesiel TpaHchopMepy. Y LbOMY BUINAAKY KOXEH Kajp
CIIOYATKy TMOAA€ThCA JO 3TFOPTKOBOI HEWPOHHOI Mepexi Uil BUAUICHHS
MPOCTOPOBUX O3HaK. Jlami BUAUIEHI O3HAKU TEPENalOThCs /10 PEKYPEHTHOI
HEHPOHHOI Mepesxi sl MOJEJIIOBaHHS YaCOBUX 3aJIEKHOCTEH. 3reHepoBaHl O3HAKH
3a JOTIOMOTOI0 PEKYPEHTHUX HEHPOHHHUX MEPEK MEPealoThCs B MOJIETh HA OCHOBI
TpaHcopMepy 3 METOI0 JOJATKOBOTO aHalli3y, BUKOPHUCTOBYIOUM TJIOOABHI
3JIeKHOCTI. Takui MiJIX17 Ma€ BUCOKY TOYHICTh 3aBISIKU KOMIUIEKCHOMY aHalli3y
MPOCTOPOBHUX, YACOBUX Ta TIIOOANBHUX 3ajekHOCTer. OJHAaK Taka apXiTeKTypa
noTpedye yKe BUCOKUX OOUYUCITIOBAILHUX PECYPCIB, MAa€ HU3bKY MIBHUAKOMIIO Ta

noTpelye BEIMKUX HAOOPIB TaHUX JJIsI HABYaHHS [59].
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1.3. CyuacHi migxoau 10 onTumMisamii Mmojaesie 1jist 00poOKH Bixeo

CydacHi HEHpPOHHI MEpPEXi aKTUBHO 3aCTOCOBYIOTHCS JJIsi aHAJI3Y Bi€O Ta
MaloTh BHUCOKY TOYHICTh 3aBJSKUA 37aTHOCTI aHaIi3yBaTH IMPOCTOPOBI Ta YacOBI
3aJIEKHOCTI, @ TaKOXX BUSIBIISATH KJIFOYOBI 3aKOHOMIPHOCTI Ha BEJIHMKHX MacHBax
nanux. IIpoTe 3acTtocyBaHHS Takux Mojened mNoTpedye BEIMKOI KUIBKOCTI
O0OYHUCITIOBAILHUX PECYPCIB, 10 3HAYHO OOMEXKY€E€ BUKOPUCTAHHS TaKMX MOICIICH
JUTSI TIPAKTHYHOTO 3aCTOCYBaHHS, JI€ BaKJIWMBAa BHCOKA IIBUIKICTH BUKOHAHHS,
pecypcu 0OMeXeHi, a HU3bKE EHEPTrOCIIOKUBAHHS € KPUTUYHO BAYKITUBUM.

UYepe3 111 0OMexeHHS PO3POOHUKH Ta JOCIIIHUKUA TPUAUIIIOTH OCOOJUBY
yBary oONTuUMizaiii mojeneid. MeToro onTuMmizaiii Mopelnedl € 3MEHIICHHS
O0OYHUCITIOBAILHOT CKJIAJTHOCTI, CKOPOYEHHS PO3MIpY MOJENel Ta 3MEHIICHHS
€HEProcroKUBaHHS, IPHU IIbOMY 30€piralouu OpPUTIHAJIBHY TOYHICTH MOJEl abo
Malo4yy MIHIMaJIbHI BTpaTU MO TOYHOCTI. OAMH 3 HAMOUTBII MOMIMPEHUX CIIOCOOIB
onTuMmizauii Mmojaenel — e npyHinr. Lleil miaxia nonsrae y BU3HaA4€HHI HEHPOHIB
Ta 3B’S3KIB MOJEIN, SKI MarOTh HAaWMCHIIHMK BIUIMB HA OTPUMaHHS KiHIIEBOTO
pe3yibTaTy, Ta MOAAIBIIOMY iX BHIAJCHHI. 3aCTOCYBaHHS MPYHIHTY J03BOJISIE
3HAYHO 3MEHILUTHU PO3MIP MOJEN] Ta MPUIIBUIIIMTH MIBUIKICTH 00poOKH [60].

KBanTyBaHHS € 1HIIMM METOAOM OINTHUMI3allii, KM TOJIATa€ B 3MEHIIICHHI
YHUCJIOBOTO MPEACTABICHHS MapaMeTpiB Mojeni. 11 yac kBaHTyBaHHS apameTpu
NepeBoaAThCS 3 32-01THUX yucen 10 16-01THUX YK HaBITh 8-O1THUX MPEACTABIICHbD.
3aBIOsSKHM I[bOMY 3HAYHO 3MEHINYETHCS HEOOXITHHMH o0cAr mam’aTi s
BUKOPHUCTaHHS MOJEJII Ta 3MEHILYIOThCSI 00OUHMCIIIOBAIbHI BUTPATH HAa apu(METUYH1
omeparii, 1O € BAKIWBHUM A NPUCTPOIB 3 HU3BKOI OOYHCIIOBAIHLHOIO
MOTY>KHICTIO [61].

[Ile oaHMM METOIOM ONTHUMI3allli HEUPOHHUX MEPEX € 3aCTOCYBaHHS
aucTuisAnili 3HaHb. [lpu 3acTocyBaHHI IIbOTO MIIXOQY PO3POOHHKH MAalOTh
MOJKJIMBICTh CIIOYATKy HABYUTH BEIUKY MOJEIb IS JOCATHCHHS MaKCHUMAaJIbHOT

TOYHOCTI, HE3BaKAIOUM Ha OOYMCIIOBaJIbHI BUTpaTH. Jlaii po3po0iseThes MEHIla
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MOJIeNb, SiIka OyJie BIAMOBIZATH BUMOTaM IOJ0 OOYHMCIIOBAIBHUX PECYpPCIB Ta
pO3Mipy, 1 HABYAEThCS BOHA, BUKOPUCTOBYIOYM HE TUIBKM AHOTOBaHI JaHl 3
JlaTaceTy, ajie i pe3ysbTaTh 00YUCIICHb OPUTIHATILHOT MO/IENI. 3aB/ISIKY IIbOMY MaJia
MOJIENTh MOke e(DEKTUBHO 30epiraTu KJIFOYOBY 1H(OpMAIIito PO JAaHl Ta MOBEAIHKY
OpUT1HAJIFHOI MOJETI MPH 3HAYHOMY 3MEHIICHHI 1i po3Mipy Ta OOYHCIIIOBAILHOI
CKJIQAHOCTI [62].

[Ipy BHUKOpUCTaHHI XMapHUX TEXHOJOTIM BIAKPUBAETHCA JOJIaTKOBA
MOXJIUBICTh €(EKTUBHO BHUKOPUCTOBYBATH IMapajeiibHI PO3PAXyHKH 3 METOIO

3HAYHOI'O ITPUIIBUIMICHHS OTPUMAHHA pGSYJIBTaTiB.

1.3.1. BukopucTaHHsl NPYHIHTY AJIS1 ONTUMI3alil MoaeJiei

Opniero 3 HaOUTBII €(PEeKTUBHUX CTpPATEriil 3MEHIIEHHS OOYHCIIIOBAIBHOI
CKJIaJIHOCTI MOJIeNe BBaXKa€TbCA 3aCTOCYBaHHS NPYHIHTY, TaKk AK LEH HiAXiJ
J03BOJISIE 30€piraTd BUCOKUW PIBEHb MPOJYKTUBHOCTI MPH 3HAYHOMY 3HUKEHHI
KUIBKOCTI IMapaMeTpiB MOJEi, M0 3HAYHO IMABHUINYE IIBUIKOMIID. MexaHi3M
NPYHIHTY TIOJIATA€ y BUAAJICHHI HEHUPOHIB UM 3B’S3KIB MK HUMH, SKI MalOTh
HAaWMEHIINY BIUIMB HA TOYHICTH MOJIEN1, TAKUM YMHOM 3MEHIIIYIOYH iX 1 CTBOPIOIOYH
OLIBIII KOMITAKTHY Ta MIBUIKY apXITEKTYpy HEUpOHHOI Mepexi [63].

3a3Buuail METOIM MPYHIHTY NOJISIOTH Ha Bl KaTETopii: HECTPYKTYpPOBaHUM
Ta CTPYKTYpOBaHUI NpyHIHT. HecTpyKTypoBaHUil NPYHIHT BUJAISE OKPEMI Baru B
MEpEeXi, M0 3HAYHO 3MEHIIIY€e PO3Mip MOJIENI, ajie B MPOIIECi CTBOPIOE PO3PIIHKEHI
Martpuili. Xoua 11e 1 TPUBOIUTH IO 3MEHIIICHHSI 00UUCIIIOBAIbHOI CKJIAIHOCTI, 1€ HE
3aBXKIU MOXKE 3a0€3MeUnTH arnapaTHEe NMPUCKOPEHHS. 3a3BHuail Led MeTona 100pe
nmokazye cebe, KOJM KUIBKICTh MapaMeTpiB IJisi MPYHIHTY Ma€ IyKe BEIUKUN
BIJICOTOK BIJIHOCHO 3arajibHOi KUJIbKOCTI TapaMeTpiB MOJEN1, a00 TPHU PO3PAXYHKY
pe3ybTaTIiB HEUPOHHOI MEPEkKI 3a JOMOMOTOI0 TPOIecopa 3aMiCTh BiJCOKApPTH.
CTpyKTypOBaHUI IPYHIHT, HA BIIMIHY BiJl HECTPYKTYPOBAHOI0, BUJAJISIE HE OKPEMI

3B’SI3KM, a IOBHOLIHHI CTPYKTYPH, Taki sIK GUILTPH, KaHATH a00 HEHPOHU. 3aBISKU
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IIbOMY apXiTEeKTypa IMICIsA CTPYKTYPOBAaHOTO TMPYHIHTY 3aJIHMIIAETHCS OUIBII
PETYISIPHOIO Ta MOXE JIETKO MacIiTabyBaTHUCsS TIPH 3aCTOCYBaHHI il HA Cy4acHHMX
armapaTHUX 3aco0ax [64, 65].

[Ipu 3acTocyBaHHI METOJly MPYHIHTY BaXKJIMBO MOEIHYBATH MOTO 3 IHIIUMU
METOJaMH ONTHMI3allii, TAKUMHU SK JOJAaTKOBE HaBYaHHS micis mpyHiHTY. Lle €
BOXJIMBUM KPOKOM TICJS 3aCTOCYBAaHHS NPYHIHTY, TaK SIK JIO3BOJIIE MOJENI
HABUATHCS JOJATKOBO, aj€¢ BXKE BUKOPHUCTOBYIOYM HOBY apXiTEKTypy. 3aBIsKU
IIbOMY MOJIEJTb MICIIS MPYHIHTY MOXE J0/IaTKOBO 30UIBIIUTH CBOIO TOYHICTD, TTiCIIS
3aCTOCYBaHHS JIOHABYaHHS, TUM CaMUM MIHIMI3YIOUd 3MEHIIEHHS TOYHOCTI,
BUKJIMKAaHE BHJAJIEHHAM YAaCTUHHU apxXITEeKTypu. Takoxx ICHYIOTh aJanTHBHI
M1IXO/TH, SIK1 JIO3BOJISIFOTh 3MIHIOBATH PIBEHb PO3PIHKEHOCTI MATPHUILh 3aJIEKHO BIJT
BX1JIHUX JIAaHKUX Ta 33]1a4i, IKY BUKOHY€E MoJielib. Lle miATBepIKy€EThCs anropuTMaMu
Ha ocHoB1 "Lottery Ticket Hypothesis", siki 1oBenu, 110 B BEJIMKUX Ta CKJIATHUX
MOJIENIIX ICHYIOTh MEHII MOJENi, fAKI B IUX JOCHIKEHHSX Ha3UBaIOThCA
BUTpAITHUMM OljIeTamMu, SIKI MOKHA TPEHYBaTH OKpPEMO, IpHU I[bOMY 30epirarouu
e(eKTUBHICTD IMOYATKOBOI Mojieni [67, 68].

[Ile omHuM TUNOM TPYHIHTY, SKUA HaOWpae TMOMYJSIPHICTb, €
MIPOTHO3YBaJbHUM MPYHIHT, SIKU BUKOHYETHCS HA €Taml 1Hiliami3amnli HeHpOoHHOT
mepexi. Llelt miaxia 103BoJis€ YHUKHYTH MONEPEAHBOT0 HAaBYAHHS MTOBHOI MOJIEI,
[0 3HAYHO 3HIKY€E BUTPATH Yacy Ta PECypcCiB Ie Ha eTari HaBYaHHS HEWPOHHOI

Mepexi.

1.3.2. KBanTyBanus mojeJiei

KBaHTyBaHHS HEHPOHHUX MEPEXK € MPOCTOIO, alle (HEKTUBHOIO TEXHOJIOTIEO
onTUMI3allli, sKa J03BOJISE€ 3HAYHO 3MEHIIYBaTH OOYMCIIIOBAIIBHI BHUTpPATH Ta
notpedy B nmam’sTi. [Ipu ipoMy BTpaTa TOUHOCTI MPHU 3aCTOCYBAaHHI KBAaHTYBaHHS €
MiHIMalIbHOIO. Tak sk poOoTa 3 Bigeo MNOTpedye BEIUMKUX OOUYMUCIIOBATIBHHUX

pecypciB, 3aCTOCYBaHHS KBAHTYBaHHS MOXe OyTH HaJ3BUYANHO BaXJIMBUM. TaKox
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3aCTOCYBaHHA IIl€] TEXHOJOTIi MOXE JO3BOJMTH TIEPEHECTH PO3PaXyHKH Ha
MOOUTBHI MPUCTPOI Ta MPUCTPOI 3 OOMEKEHUMH PECypCcaMu, a TaKOXK 3MEHIIUTH
€HEProCcIoKUBaHHS MPU BUKOPUCTAHHI TAaKUX MOJieel. [1est KBaHTyBaHHS MOJIATae
B 3MEHIICHHI PO3PSAHOCTI JaHMX, TOOTO mepexoji Bifg 32-0iTHUX dYHCeT 3
MJIaBAIOY0I0 KOMOKO JI0 YHCEIT 3 MEHIIIOK0 PO3PSIHICTIO, TaKuX K 16-01THI yncna 3
PyXOMOI0 KoMO0 abo 8-0iTHi 11111 yrcnia [68, 69].

3anexHO BiA 3a7a4 Ta JOCTYIHUX PECYPCiB MOXKYTh BHKOPHUCTOBYBAaTHCH
pi3HI MeToau KBaHTyBaHHS. llepmmii miAxia moJjsrae B KBAHTYBaHHI MicCiA
HaBYaHHS Mojei. [lel miaxia € ry>e MpoCTUM Ta MIBUKUM, ajie HEJOIIKOM I[bOTO
X0y MOXE CTaTH BTpaTa TOYHOCTI, OCOOJIMBO SIKILIO MEPEBOJUTH NapameTpu
MOJIeNIl 70 Jy’)K€ HHU3bKOi po3psaHocTi. [ BupimeHHs 1€l mpobiemu
3aCTOCOBYIOTh METOJIM KOPHUTYBAaHHSI MOMMJIOK, TaKi SK aJalTUBHE OKPYTJICHHS
AaHuX. [HIIMM MiIX0I0M € KBaHTYBaHHS 3 ypaxXyBaHHSIM HaBYaHHS, I/l 4ac [bOTO
OiAX0Ay MpolieC KBaHTyBaHHs € BOyJOBaHHMM Y Ipolec HaBuaHHs Mmojeni. Lle
J03BOJISIE HEWPOHHIN Mepexkl afanTyBaTHCS 10 3MIHM PO3PSIIHOCTI Ta 30epiraTu
TOYHICTh MPU CKOPOUEHHI PO3PSIIHOCTI TTapamMeTpiB HeiipoHHoi mepexi [70, 71].

[Ipu 3acTocyBaHHI KBAaHTYBaHHS PO3PI3HSAIOTH OJHOPIIHI Ta HEOTHOPIJIHI
cxemu. OnHOpiHA cXeMma KBaHTyBaHHs Ma€ (PIKCOBAHMI KpPOK MIX PIBHIMH,
Habararo Jiermia B peaiizailii, 0CoOOJUBO Ha PIBHI amapaTHOTO 3a0e3MEeYeHHs, Ta
IIMPOKO BUKOPUCTOBYETHCS JUISI BEMKHUX Mojeseil. HeogHopiaHe KBaHTYBaHHS €
OB CKJIAAHUM 4Yepe3 3a0e3MeyeHHs BIAMOBIIHOCTI MapamMeTpiB MOJENI, 10
PU3BOJUTH JI0 MEHIIOI BTPATH TOYHOCTI, [0 MOXE OyTH KPUTUUHUM I 33714,
AK1 TOTPEOYIOTh BUCOKOI TOYHOCTI [72].

Jlo mepeBar 3acTocyBaHHs KBAHTYBAaHHSI MO>KHA BiJTHECTH 3HAYHE 3MEHIIICHHS
€HEPrOCIOKUBAHHS, 3MEHIICHHS BUTpPAT Ha amapaTHl pecypcu Ta 301IbIICHHS
mBUAKOAIT 00poOku. Lle 103BossIE €PEeKTUBHO BUKOPUCTOBYBATH HEMPOHHI MEPEXKI
Ha MPUCTPOSIX 3 00MEKECHUMH PECypCaMy UM aHAJI3yBaTH JaH1 B PEXKUMI PEaTbHOTO
qacy, 1110 MOKe OyTH BOXKJIMBO B 3a7ja4ax, OB’ 13aHUX 3 00pOOKOIO BiJICOJaHUX. AJie

IIPU 3aCTOCYBAHHI KBAHTYBaHHS BKJIMBO BPaXxOBYBATH, III0 TOUYHICTh MOJIENI MOXKE
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3MCHIIYBAaTHCh, OCOOJIMBO TIPH TIEPEXOMdi J0 HHU3BKOI PO3PSIHOCTI IMapaMeTpiB
HEHWpOHHOI Mepexi. Takok BHKIMKOM MOXKE CTaTH ajanTarlisi KBaHTH30BaHOI
HEHPOHHOI MEPEXKi JIO IEBHUX allapaTHHUX IUIaT(GopM, Tak SK I1i TNIaTGOPMU MOXKYTh
HE MaTh ONTUMI30BAaHUX oOIMepariii aid poOOTH 31 3HAYEHHSMH, SIKI MAarOTh
HECTAaHIAPTHY PO3PSAIHICT, IO B CBOIO YEepry MOXKE HE MPUIIBUIIIUTH Yac

BHUKOHAHHS MOJIEJI, a B JIESIKUX BUIIAIKaX HaBITh CIIOBUJIBHHUTH Ti.

1.3.3. InTerpanist AuCTUIANLIL 3HAHB IS MiIBUIEHHS IBUIKOIIL

[Ipomec mucTumsAlii 3HaHb TOJISITA€ B TepeAadl 3HAHb BIJlI BEJIMKUX Ta
CKJIQJITHUX MOJIEJIeH, sIKI HAa3WBAaIOTh BYUTEISMHU, JO MEHIIUX MOJENeH, SKi
HA3MBAIOTbCA CTYJIEHTaMHU, 3a0e3leuyroun 30epeKeHHS TOYHOCTI MOJEl IpHU
3HQYHOMY 3MEHIIEHHI OOYMCIIOBAIbHUX BUTpaAT. JUCTWIAIIA 3HAHb YacTo
3aCTOCOBYETHCS JIJI 3MEHIICHHS pO3MIpy MoJiesiel Ta iX mpuckopenHs [73].

OnHi€l0 3 TOJOBHUX OCOOJMBOCTEH MUCTWIAIII 3HAHb € MOXJIUBICTh
NEPEHECEHHST BAXKIMBOT KOHIENTYaJbHOI 1H(OpMaIlii, siKa OTPUMYETHCS 3aBIISIKU
HABUYAHHIO BEJIMKUX HEHpOHHHMX Mepex. lle BinmOyBaeThcs 3aBAsku iHTETparli B
HAaBUaHHS HE JIMIIE PO3MIUEHUX JaHWUX 3 JaTaceTy, aje W 3 BUKOPHUCTAHHSIM
pe3yibTaTiB, 5K TOBEPTA€ MOJCIb-BUMTENb. TakUM YHWHOM MOJENIb-CTYACHT
OTPUMYE MOXJIUBICTH OUIBIII TOYHO MEpEeHMAaTH 3HAHHS 3 MOJIEi-BUUTENs. Tak sk
BIJICOJIaHI BKJIIOYAIOTh B ce0€ KOMIUIEKCHY iH(OpMalliio, sika Ma€ OJHOYACHO
IIPOCTOPOBI Ta YacOB1 3aJIEKHOCTI, JMUCTHIIALIS 3HAHb JoroMarae 3a0e3leurTd
aJanTarlio MEHIINX MOJICICH-CTYACHTIB 10 POOOTH 3 CKIAJHHMH 3aJICKHOCTIMHU
[74,75].

JloaTKOB1 TOCHIKEHHS TTOKa3yl0Th, 110 3aCTOCYBAaHHS METOAY AMCTUIISALIT
3HaHb MOE BUKOPHUCTOBYBATHCS JJI TOKPAIICHHS Tpa(OBUX HEHPOHHUX MEPEXK Ta
MepeX Ha OCHOB1 apXiTEKTypHu TpaHc(opmepiB, sSKi aKTUBHO 3aCTOCOBYIOTHCS B

aHaii31 BieogaHuXx. TaKi MiIX014, Ik BAKOPUCTAHHS M’ SIKOi pO3MITKHM YU CTpaTeris
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OaraTopiBHEBOi  JUCTWJIALII,  JIO3BOJISIIOTH  30ajaHCyBaTH  TOYHICTH  Ta

MPOAYKTUBHICTH Mozei [76, 77].

1.4. AHaji3 BHMOI 0 NPOrpaMHOro 3a0e3meYeHHs] Ta IMOCTAHOBKA

HAYKOBOI'0O 3aBJAaHHSA

[IpoBenenmii aHami3 METOJIB BU3HAYCHHS BiJCOATPUOYTIB IOKa3aB, IO
HaNOIbITy €(QEeKTUBHICTh MPU aHalli31 BiICOKOHTEHTY JIEMOHCTPYIOTH MIIXOJH,
3aCHOBaHI Ha BUKOPUCTaHHI TIMOOKMX HEHUPOHHUX Mepex. OcoOnmBy yBary
3aCIIyTOBYIOTh apXITEKTYpM Ha OCHOBI TpaHC(POpPMEpIB, Takl SK BI3yallbHI
TpaHchopmepH 1S Bineo. TpaauiiiiiHi anropuTMH, siki 6a3yroThCs Ha BAKOPUCTAHH1
MaTEMaTUYHUX IiJIX0/IB YU 3rOPTKOBUX HEMPOHHUX MEPEXK, MOKA3YIOTh OOMEXKEHY
3MIATHICTh /10 €(PEKTUBHOI'O aHaji3y MPOCTOPOBUX Ta YACOBHUX 3aJIEKHOCTEH Yy
BIJICOKOHTEHTI, 1110, B CBOIO 4Yepry, MPU3BOJUTH [0 HHU3bKOI TOYHOCTI MPHU
BU3HAUCHHI 3MIHM IUIaHIB Ta CIEH, OCOOJMBO Yy BHMAJKaX Cy4acHOIO
BIJICOKOHTCHTY, SKUM MOXKE€ MICTUTH B €001 CKJIaIHI IEPEXOAH, KOJH CICHHU
3MIHIOIOThCS TIOCTYTOBO, UM MPU HEOOX1THOCTI PO3Mi3HABATH CKJIAJAHI KOHIIECTITH Y
B3a€MO11 MK 00’ €KTaMHU.

Takox Ba)KJIMBUM BUKIUKOM y c(epi aHasi3y BIICOKOHTEHTY € ITi/IBUIIICHHS
IIBUIKOAIT Ta €EKTUBHOCTI OOPOOKH BIACOKOHTEHTY. B TOil yac K BUKOPUCTaHHS
IMOOKKUX HEMPOHHUX MEPEX JUIsl aHaJi3y BIJCOKOHTEHTY Ma€ BUCOKY TOYHICTb,
notpeba B OOYMCIIOBAJIBHUX pecypcax CUJIIBHO 3pOCTa€, L0 3HAYHO OOMEXye
3aCTOCYBaHHA TakKuWX MOJENel Mg 3aJad peanbHoro cBity. Jljisi BHUpIIIEHHS
mpoOjeMu 3 TOTpe0OI0 y BHCOKHMX OOYMCIIOBAIBHUX pecypcax HEOO0X1THO
3aCTOCOBYBATH TEXHIKH ONMTHUMI3allii, TaKi K MPYHIHT, KBAHTYBaHHS UM JTUCTHIISIIS
3HaHb, M0 MOKE JO3BOJIUTH 3MEHIIUTH PO3MIP MOJIeNII Ta BUMOTU MOJENi 0
0OYHUCITIOBAILHUX PECYPCiB 0€3 3HAYHOT BTPATH TOYHOCTI.

[TocTtae 3amaua po3poOKH METO/IIB Ta TPOTPpaMHUX 3aCO01B, IO JO3BOJISIOThH

TOYHO Ta IIBUJIKO BU3HAYATH 3MIHU IJIaHIB Ta CLEH, Ta HA OCHOBI LILOTO PO3POOUTH
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IIporpaMHe 3a0e3MEeUCHHS, SKE JO3BOJUTh ONTHUMI3YBAaTH IPOIEC BH3HAUYCHHS
BiJleoaTpuOyTiB, 30epiraroud TOYHICTH po3mi3HaBaHHSA. (OCHOBHAa HayKOBa
npoOJjieMa ToJIsITae y MOEIHAHHI IMJAXOIB J0 CErMEeHTallli CIIeH 3a JOIMOMOIOI0
Cy4YacHUX METOJIB aHaJl3y BiJIEO 3a JOIMOMOIOI0 Bi3yaJIbHUX TpaHChHOPMEPIB s
BiJICO 3 METOI OTPUMAaHHS BHUCOKOI TOYHOCTI Ta MiHIMi3amii OOYHUCITIOBAIBHIX
BUTpaT. BuXoasun 3 TIOCTAaBJIICHOI HAyKOBOi MpoOieMu, chHOpMYIbOBAHO

¢ynkiionansHi Bumoru (®B), siki npencrasiaeHo y Burisiai Tadmui 1.1.

Tabmums 1.1 ®OyHKIIOHATBHI BHUMOTH JIO CHCTEMH PO3IOIiJICHOTO

BU3HAYECHHS B1I€OATPUOYTIB

Kon Bumora
BUMOTH
®B1 3a0e3neueHdHs MOMKJIMBOCTI BH3HAYEHHSA IUUIaHIB Ha BIIEO 3a

JOIIOMOI'OIO ITO€JHAHHSA MaTCMATHUYHHX I'IiI[XOI[iB 3 PCKYPCHTHHUMHU

HEHPOHHUMH MEPEKaMU B PEKUMI PEAIbHOTO Yacy

dB2 3a0e3neueHHs MOKIMBOCTI IIBUAKOIO BU3HAYEHHS CII€H Ha BIJIEO 3a

JIOTIOMOT'O10 Bi3yaJbHUX TpaHCHOPMEPIB /IS B1I€O

®B3 3abe3nedyeHHs 3B A3Ky M1 MOJIYJISIMU 32 JIOTIOMOTOIO Be0O-3auTiB
®B4 3abe3nedueHHs pO3ropTaHHs MOJYJIIB SIK CEPBEPIB
dB5 3a0e3reueHAsT MOXKJIMBOCTI  JIOJaBaHHS HOBUX MOJIYJIIB  JUIS

pO3Ii3HaBaHHS Biie0aTpUOYTIB

dB6 3a0e3neueHds aBTOMaTHYHOI aJanTarnli CHCTEMHU 40 HaBaHTaKEHHS

Hedynkmionaneni Bumorn (H®B), sxi pexkomMeHI0BaHO BpaxyBaTH TNpU

po3po6iii [13 nanoro Tuny, HaBeaeHo B Tadbui 1.2
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Tabmums 1.2 HedyHKIIOHAIRHI BUMOTH JO CHCTEMH PO3IOIIJICHOTO

BU3HAUEHHS BiZie0aTpuOyTiB

Kox sBumorn Bumora Ta 1i ommic
H®BI Hanifinicte:  mporpamue 3abesneudeHHst (I13) moBuHHO
(byHKIIIOHYBaTH 0€3B1IMOBHO, 3a0e3nevyyoun

KOHCHUCTEHTHICTh aHAI3y JaHUX

H®B2 CyMicHicTh Ta iHTerpamis: mnpu po3podbui [13 motpidbHo
nepea0ayuTH  CYMICHICTP 3  IHIIMMH CHCTEMaMH  Ta

THCTPYMEHTAaMH JIJIs1 BU3HAUYCHHSI B1JI€0aTpUOYTIB

H®B3 [TpoaykTuBHicTh: 13 MOBHHHO MIBUAKO 0OpOOIIOBATH JaH1 Ta

e(EeKTUBHO MepeaaBaTh 300paKEeHs MK MOAYJISIMA

MeTo10 aucepTamiiHOrO IOCJHIIKeHHSI € TIJBHUINCHHS TOYHOCTI Ta
IIBUIKO11 pO30UTTS B1I€O HA CLEHU MIJISTXOM PO3POOKH MOJENEN 3 BUKOPUCTAHHSAM
BI3yaJIbHUX TpaHcHOpMEpIB MJis BiJieO Ta PO3poOKa CHeIlabHUX MPOTPAMHHUX
3ac001B JIs1 3HUKEHHS 00UMCITIOBAIBHUX BUTPAT MPU BU3HAYEHH1 aTpUOYTIB.

00'exkTOoM H0CIizKeHb € Mporec 00poOKH BICOJAHUX 3 BUKOPUCTAHHSIIM
PO30UTTS BiJIeO HA CIIEHHU 3a JOTIOMOTOIO Bi3yalbHUX TpaHCPOpPMEpIB JIJIs Bi€O Ta
ONTHUMI3allisl MPOTPaMHUX 3aC001B P BU3HAYEH] aTpUOYTIB y BiA€O.

IIpeameTom n0cCTigKeHHS € YIOCKOHAJICHHS MoJiele po30UTTS BieO Ha
CLUEHHU 3a JIONOMOIOK BI3yallbHUX TpaHC(OpPMEpIB s BIAEO Ta MiABUILICHHS
IIBUIKO1T MPOrpaMHUX 3aC00IB 3 METOIO 3HMXKEHHSI OOUUCITIOBATILHUX BUTPAT MpU
aHai31 BIICOJaHUX.

JI71st HOCATHEHHSI METH B JUCEPTAllii BUPIIICHO TaKi HAyYKOB1 3aBJaHHS:

1. BuxonaTtu anai3 iCHyr0OUMX METOIB PO3OUTTS BiI€O HA TUTAHH.

2. Buxonartu aHasi3 iCHyl0O4YMX METO/IIB PO3OUTTS BiZI€O Ha CLICHU.

3. JloCmAUTH MBUIKOIIIO ICHYIOUUX METO/IIB.

4. Hocaiantu epeKTUBHICTh ICHYIOUHMX METO/IB IPH 3aCTOCYBaHHI X 17151

CY4YaCHOT'O BiJICOKOHTEHTY.
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5. Po3poOuTi HOBUIA anroOpuT™M PO3OUTTS BiZICO HA TUTAHU 32 IOTIOMOTOIO
HEUPOHHUX MEPEXK.

6. Po3poOut  HOBUM  adropuT™  pO3OMTTS  BIJEO Ha  CIICHH,
BUKOPHUCTOBYIOUH IIJIAaHU Ta Bi3yaibH1 TpaHchopMepu I BiJI€o.

7. Po3pobutn posmopineHy apXiTEeKTypy CHCTEMH [JIsl IIBHUIKOTO
BU3HAUCHHS aTpHOyTIB y BiJIeO 3a JOMOMOTOI0 PO3OUTTS HA IUTAHU Ta CIICHH Ha

OCHOBI HEPOHHUX MEPEK.

1.5. BucHoBku 10 po3sainy 1

Po3nin MiCTUTh aHali3 ICHYIOUMX MIAXOMAIB 10 BU3HAYEHHS B1I€0aTpUOyTIB,
0 € BaXJMBOK CKJIAJOBOI0 aBTOMAaTHU30BAHOI'O aHaNi3y BIJEOKOHTEHTY. byio
PO3MVIIHYTO TPAUIliAHI METOAM BHU3HAYEHHS 3MIHM CIEH Ta I[UIaHIB Y
BIJICOKOHTEHTI, SIKI 3aCHOBAaHI Ha BHKOPHUCTAHHI MAaTEMaTUYHUX aJITOPUTMIB, a
TaKOXX OyJI0 PO3TIIIHYTO BUKOPHCTAHHS TIAMOOKHMX HEUPOHHUX MEpPEeX s
BupimeHHs: i€l 3amayi. OcoOnmBOi yBaru OyJ0 TPHAUIEHO BHKOPUCTAHHIO
apXITeKTYpu BI3yaJIbHUX TpaHcopMepiB AJid Bif€O, SIKa JEMOHCTPYE BHUCOKY
TOYHICTh MPU aHAJI31 BIICOKOHTEHTY 3aBJSKH 3/JaTHOCTI €(DEKTUBHO aHaJII3yBaTu
IIPOCTOPOBI T YACOBI 3aJICKHOCTI Y BiJICOTIOCIIIIOBHOCTSIX.

By7n0 po3rasiHyTo MeToIM ONTHUMI3alli HEHPOHHUX MEPEX, TaKl K MPYHIHT,
KBaHTYBaHHS Ta JUCTWISIIS 3HAaHb. AHaNI3 IIUX METOAIB MPOJEMOHCTPYBaB iX
e(DEeKTUBHICT Yy 3MEHIIEHHI OOYMCIIOBAIBHOI CKJIAQIHOCTI MoOJeied Ta
MPUIIBUANICHH] X BUKOHAHHS, IO J03BOJIIE €(EKTUBHO 3aCTOCOBYBATH iX IS
3a/1ay PeasibHOTO CBITY, K1 TOTPEOYIOTh BUCOKOI MIBUIKO/IIT TPU BUKOPUCTAHH] Ha
IPUCTPOSIX 3 OOMEKEHHMMH OOYMCIIOBAIBHUMU pecypcamMu. OcoOiMBOi yBaru
3aCIyTOBY€ METOJ| MPYHIHTY, SIKAW J03BOJISAE€ ONTUMI3yBaTH MOJIENI 1€ Ha eTarl
HaBYaHHS, 1110 3a0e3Meuye J0JaTKOBY ONTHUMI3allii0 MPOIECIB HABYaHHS, 1110 MOXKE

OyTH KpUTUYHUM IIPHU pO3poO0IIl INTMOOKUX HEHPOHHUX MEPEK.



56

AHaJI3 ICHYIOYHMX Y BIIKPUTOMY JOCTYI1 IPOrpaMHUX 3aC001B 1 MIXOIIB 0
BU3HAYCHHS 3MIHM TUIaHIB TTOKA3aB, MO I1i METOIW MAaIOTh HEJOCTATHHIO TOUHICTh
pu poOOTI 3 Cy4aCHUM BiJCOKOHTEHTOM, IO MPU3BOAUTH 0 MOTPeOU PO3pOOKH
HOBHX METO/IIB JIJI1 BU3HAUYCHHS 3MIHHM IIJIaH1B. [CHYI0U1 IporpaMHi 3aco0u 1 METOIn
BU3HAYCHHS 3MIHHM CIIEH TTOKAa3aB, IO Il METOAN HE MAaIOTh MOXKJIMBOCTI €(PEKTHBHO
BUKOPUCTOBYBAaTH KOHTEKCT CII€H MpH aHami3l, 1O NPU3BOAUTH 10 MOTpPeOU
pPO3pOOKH HOBHX MPOTPAMHHUX 3acO0IB 1 METOMIB BHU3HAYCHHS 3MIHM CIIEH 3
BpaxyBaHHSIM KOHTEKCTY BIJICOKOHTEHTY. AHaii3 METOJIB MPYHIHTY HEHPOHHHX
MEpEeX MOKa3aB BiJICYTHICTB IMiIX0/11B JJISI IPYHIHTY TIEpel HaBYaHHSIM JIJIs1 MOJeJien
apxiTekTypu TpanchopmepiB ajist Bijeo. Llel gpakt 103B0sI€ BU3HAUYUTH HAMPSIMOK

IIoAaJIbIIoro I[OCJIiI[}KGHHH Ta BUMOI' 10 apxiTeKTypH HpOI’paMHO.l. CHCTCMMU.
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PO311J1 2. BIOCKOHAJIEHHA METOJAIB CHEHHOI'O
PO3BUTTA TA AHAJII3Y BIJEOATPUBYTIB

2.1. AaropurmMu po30UTTS Bile0 HA CIIEHH

VY cydacHOMY CBITI 00CAT B1I€OJAHUX aKTUBHO 3POCTAE, IO MPU3BOAUTH JI0
noTpeOW BIOCKOHATIOBATH ICHYIOYl METOAM POOOTH 3 BIICOJAHUMHU 3 METOHO
MOKPAIIeHHS TOYHOCTI Ta MIBUIAKOCTI aHamizy. JlJis onTuMizaliii mpoiecy aHajizy
BIJICOKOHTEHTY Ba)KJIMBOIO CTa€ pO3pOOKa METO/1B BU3SHAUCHHS MEPEXO/IIB CIICH Ta
IUTaHIB Yy B1/I€0, OCKIJIBKH 1€ 3a0e31euy€e CTPYKTYPOBaHICTh KOHTEHTY Ta MOJIECTIIY€E
MOJABIII aHATITUYHI 3aBAaHHS 3aBISKH 3MEHIIIEHHIO HEOOX1AHOT KIJTKOCT1 KaJpiB
JUTS aHauTi3y 0e3 BTpaTy OpUTIHATIBLHOT TOYHOCTI.

VY pesynbTaTi 3aCTOCYBaHHS MIJXOJy PO3OMTTS BiJIEO HA CIEHU Ta IUIAHU
BUPILIEHHS TaKUX 3aJa4, SK MOWYK 3a 3MICTOM, IIJICYMOBYBaHHS BIJ€O,
BU3HAYCHHS KJIFOYOBHX MOMEHTIB y BIJI€O, CTa€ HAa0arato MIBUAIIUM 1 MOTpedye
3HAYHO MEHIIMX OOYMCIIOBAJIBLHUX MOTYXKHOCTeW. [IpoTe KimacuyHi miaXoaud A0
BUPIIICHHS 3a/1a4 pO3OMTTS BiJICO Ha CIICHM Ta IUJIaHU, K1 0a3yr0ThCsS Ha MOOYI0BI
IPOCTUX MAaTeMAaTHYHUX MOJIEJIe YW aHali3l TicTorpaM, TOKa3yloTh HU3BKY
TOYHICTh aHAJI3Y, OCOOJIMBO B YMOBAX Cy4aCHOTO BIJICOKOHTEHTY [78].

Hapasi € npsima TeH1eH11isI 10 YCKIJIaJHEHHSI HAaTIOBHEHHS B1JICOKOHTEHTY, 110
MIPU3BOJUTH 10 CKOPOUYCHHS JOBKHHH CIICH Ta IJIAHIB, a TAKOX JI0 3aCTOCYBaHHS
OUIBII CKJIAJJHUX MEPEXO0/I1B MK IJIAHAMH.

Bukopuctanns rnMOOKMX HEHPOHHUX MEpeX Ui 3ajadyl BU3HAYCHHS
Mepexo/iiB Mk CIIEHAaMU Ta IUIAHAMHU JIO3BOJISIE 3HAYHO TMOKPAIIUTH TOYHICTH
pobotu wmogeneit. lle 3yMOBICHO MOXIUBICTIO TakuX Mojeleld edeKTUBHO
BpPaxXxOBYBATH MPOCTOPOBI Ta YACOBI 3aJIEKHOCTI Y B1JI€O, IO MPU3BOIUTH 10 OLIBIII
SIKICHOTO BU3HAYCHHSI KOHTEKCTY BifICO.

CygacHi wmojeni TAMOOKMX HEWPOHHMX MEpeX, Taki SK Bi3yalbHI
TpancopMepu i Bifeo, A0Ope MIAXOASATh JJIsi BUPIMICHHS MOMAIOHUX 3ajad,

OCKIJTbKM BOHM MOXYTh HE€ TUIBKM BH3HAYaTH MPOCTOPOBI Ta YacoBi
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XapaKTEPUCTUKHU BiJI€O, ajie i e(PeKTUBHO aHAI3yBaTH KOHTEKCT BChOTO BIJEO 3a
JIOTIOMOTOI0 MEXaHi3My CaMOYBaru, 1o € HaJI3BUYAHO BXKIIMBUM aCIIEKTOM IPHU

BUSIBJIEHHI 3MI1HU CLIEH.

2.1.1. OcHOBHI miAX0AH 10 PO3OUTTS HA CLIEHH

Knacuuni migxoam [0 BU3HAYEHHS 3MIHM CIEH Yy BiJle0 3a3BUYail
IPYHTYIOThCSI Ha aHaii31 3MIH MK MOCTIZIOBHUMHU KajapaMmH. 3/1e0UIbIIOT0 B HHUX
BUKOPUCTOBYETHCS aHAJI3 TICTOrpaM, IO JO03BOJSE BUSIBISATH PI3KI 3MIHU B
MOCJIIIOBHOCTI KOJIbOPIB YU SICKPABOCTI. METO/ MOPIBHSAHHA TiCTOrpam J03BOJISIE
e(eKTUBHO BU3HAYATH MEXI1 CIIEH 32 YMOBH CHWJIBHUX BIIMIHHOCTEH MIXK CyCIAHIMU
Kaapamu [79].

[Ipore B cy4acHOMY BIJICOKOHTEHTI, /1€ CLEHH MOXYTb MAaTH BHCOKY
JTUHAMIKY, P13K1 3MIHUA KOJIbOPIB Y MEXKaxX OJHIET CIIEHU Ta CKJIAJHI EepeXou, e
METO/]T TOYMHAE MTOKa3yBaTH HU3bKY TOYHICTb.

[HIIIMM TT11X0/I0M 10 BUpIMISHHS 3aj1a4yi BU3HAYEHHS MEX CIICH Ta IUIaHIB €
aHai3 KpaiB Ha 300pakeHH1. L{eli MeTo ] BUSBIIAE KpaiiOBl O3HAKK Ha MOCJI1IOBHUX
KaJipax Ta MOPIBHIOE iX. Y pa3l pi3KOi 3MiHU KIJILKOCTI UM PO3TallyBaHHS KpaiB LEel
METO]I CUTHAII3Y€E MPO MOKIIUBUN MEPEXi] MK CIICHAMH.

[Ipn 3actocyBaHHI TakOoro METOAY YacTO BUKOPUCTOBYIOTHCS TI'paJllEHTHI
METOJI Ta aHaJli3 KOHTYPIB, 110 JIO3BOJISIE OTPUMATH BUCOKY IIBUAKICTH aHATI3Y.
Xoua 1e¥ MeToJl He TaKUil Yy TIMBUHN JI0 PI3KUX 3MIH KOJIBOPIB, BIH BCE III€ TTOTAHO
CIIPABJIIETHCS 3 BUCOKOIO IMHAMIKOIO Y CIIEHAX Ta 31 CKJIAJHUMU NEePEX0IaMHu MIXK
MJIaHAMU Ta CIICHAMHU.

[HIIUM  mMAX0A0M 10 BHpIMICHHS NpOOJeMH BHU3HAYSHHS 3MIiHU CIIEH Ta
MJIaHIB € aHaii3 4YacoBuX Kopensamii. Lled miaxin aHami3zye KOpeNsIio MIK
MIKCENSIMU Ha CYCIAHIX KaJpax AJis BUSBJICHHS 3MIH Y CTPYKTYpi 300pakeHHs. Ha

OCHOBI 3MiH YaCOBOI KOPEJIAIli BU3HAYAIOTHCS IEPEXOIU MIXK CIIEHaMH Ta TIJIaHAMHU.
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Ileit meTon moOpe MIAXOAWTH JJIA aHANI3y BiJIGOKOHTEHTY, SIKMH Ma€ TOBLIbHI
Mepexou MiX crieHamMu Ta rianamu [80].

Takox icHye miaxia, Skuil 0a3yeThCcsl HA BU3HAYCHH1 KJIFOUOBHUX KaJIpiB. X0o4a
B I[bOMY MIXO0/I1 HE BUBHAYAIOTHCS YITKI MEXI1 CI[€H Ta IUIaHiB, [IEH METO/1 JJ03BOJIsE
e(deKTHBHO BU3HAYATH KIIFOUOBI KaJpu BCEPEIUHI KOKHOTO miany. Kimo4oBi kaapu
y IIbOMY TIIJIX0Jil BU3HAYAIOTHCSA IUIIXOM aHalli3y 3MIHM TEKCTYpH, KOJIHOpY abo
PYXy MK KaapamH, 110 JO3BOJISI€ CIIPOCTUTH MOMAJIBIINNA aHAJI3 BIJCOKOHTEHTY
[81].

[IpoananizyBaBIIH Ii MiAXO0AH, MOXKHA 3pOOUTH BUCHOBOK, IO BOHU MOXYTh
e(eKTUBHO BHM3HAa4YaTH 3MIHM IUIaHIB y NpocTuX Bigeo. IIpore mpu poOoTi 3
Cy4YaCHUM BIJJCOKOHTEHTOM Il METOJIM CTHUKAIOTbCS 3 TMpobiieMamMu aHajizy
CKJIQJIHUX TIEPEXOJIiB Ta CIICH, K1 MICTATh 0araTo TUHAMIYHUX €JIEMEHTIB. TaKkox
HEJIOJIKaMHM TaKUX INJAXOAIB € HE3JATHICTh BU3HAYATH KOHTEKCT CIIEH, IO
YHEMOKJITUBITIOE PO3PI3HEHHS MEPEXO0/I1B MK CIIEHAMHU Ta TIaHAMM.

BukopucTtanHs TJIMOOKMX HEHPOHHMX MEpPEX [JIsl BHpPIIIEHHS 3ajayl
BU3HAYCHHS 3MIHM TUIAHIB Ta CIIEH BIJKPUBA€ HOBI MOXJIMBOCTI uisl aHamizy. Lle
3YMOBJIEHO MOXJIMBICTIO TJIMOOKMX HEHPOHHUX MeEpeX e()EKTUBHO BU3HAYATH
MIPOCTOPOBI Ta YaCOBI XapaKTEPUCTUKH Y Biie0. Takox 13 pO3BUTKOM apXITEKTyp Ha
OCHOBI TpaHC(POpMEpPiB BIIKPUBAETHCSA MOXKIUBICTh €()EKTHUBHO aHAII3yBaTH IILJIE
BiJICO OJTHOYACHO 3aBISKHA MEXaHI3My CaMOYBaru.

[Ipu 3actocyBaHH1 MHUOOKUX HEUPOHHUX MEPEXK BaXKIMBO BPaxOBYBATHU iXHI
MOXKJIMBOCTI Ta oOMexeHHs. [l 3agadl BH3HAYCHHS IEPEXOAIB MK CIICHAMU
BaXJIMBO, 00 MOJIENIb Maja 3MOT'y pO3YMITH KOHTEKCT SIK OKpEMHX KaJpiB, TaK 1
KOHTEKCT BiJIeO B LIJIOMY. 3a/1auyy BHU3HAYEHHS KOHTEKCTY Ha 300pakeHH1 J00pe
BUPIIIYIOTh 3rOPTKOBI HEMPOHHI MEPEXi Ta Bi3yasibHI TpaHCHOPMEPH.

3a paxXyHOK BUKOPHUCTaHHS Olepalliid 3ropTKU Ta MyJIIHTY 3TOPTKOB1 HEHPOHHI
Mepexki MOXKYTh €(PEKTUBHO BUIUISATH OCOOJMBOCTI Ha 300pakKeHH1, MOYMHAIOYH 3
0a30BUX €JIEMEHTIB, TAKMX K MEX1 00’ €KTIB Ta MEPEXOAN MK KOJIbOPAMHU, a TOTIM

BUOKPEMITIOIOYH BKJIMBI JUIs aHAJII3y eleMeHTU. BidyanbHi Tpancpopmepu, y CBOIO
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4yepry, po30MBaOTh 300paKCHHS Ha HEBEIWKI OJIOKM, KOAYIOTh iX Ta IOTIM, Ha
OCHOBI ME€XaHI3My CaMOYBaru, IIyKarOTh BAXKJIUBI 3B’ I3KH MK IUMH OJiokam# [82].

[e#t miaxia 103BOJIsIE€ aHAI3YBATH KOHTEKCT YChOTO 300paskeHHSI OTHOYACHO,
10 MPU3BOAUTH JO OUIBII SIKICHOTO BU3HAUEHHSI KOHTEKCTY 300paKEHHS 3arajiom.
[IpoTe HEMOMIKOM LUX MiIXO/IB € HE3/IaTHICTH BU3HAYATH YaCOBI1 3aJI€KHOCTI.

J171s1 BU3BHAUEHHSI 4YaCOBUX 3aJIEKHOCTEHM 4acTO BUKOPUCTOBYIOTh PEKYPEHTHI
HEHpOHHI Mepexi abo 3BuuaiiHi TpaHchopmepu. Xoda pPEKypeHTHI HEHpOHHI
Mepeki MOXYTh €(QEKTUBHO BHM3HAYATH YacOBI 3aJE€KHOCTI, IXHIM HEIOJIKOM €
CKJIa/IHICTh HABUAHHS ISl TPUBAJIOTO KOHTEHTY 4epe3 MpoOJIEMH 13 3aTyXarouuM
IPaJIIEHTOM.

Takoxx i1 peKypeHTHUX HEHPOHHMX MEpEX Ba)XXKO 30epiraTh KOHTEKCT
OPOTATOM TPHUBAJIOIO MPOMDKKY Yacy, L0 YacTO MOKE MPU3BOJUTH A0 HOTO
nepe3anucy OCTaHHIMU JaHUMU. [IpoTe MOXIMBUM € TO€JHAHHS MIAXOMIB
3TOPTKOBUX Ta PEKYPEHTHHUX HEHPOHHMX MEpexX. Y LbOMY BHUMAJAKY 300pakKeHHS
CTIIOYATKy KOJIYIOTBCS 3a JIOIIOMOTOI0 3TOPTKOBUX HEMPOHHUX MEPEXK, IO JO3BOJISE
BUJIUIUTH TIPOCTOPOBI O3HAKM Ha KajpaxX, a MOTIM Il 3aKOJ0BaHI 3HAYCHHS
NepealoThCsl /10 PEKYpPEHTHOI HEHPOHHOI Mepeki il BU3HAYCHHS YacOBHX
3ajekHocTen [83].

binbm cy4acHHMM TIiAXOJOM € 3aMiHa PEKYPEHTHUX HEHUPOHHUX MEpex
MOJEJISIMH apXITeKTypH TpaHncpopMmepiB. Ha BiAMIHY BiJl pEKypEHTHUX HEUPOHHHUX
MEpEeXK, 1151 apXITEeKTypa HeMae MpoOJieM 13 3aTyXarouuM I'paJilEHTOM Ta, KpiM TOTO,
MOKe e(EeKTHBHO aHaTI3yBaTH YaCOBUU KOHTEKCT BIJICGOKOHTEHTY 3a JIOMIOMOTOIO
MeXaHi3My caMmoyBaru [84].

[IpoTe HemONMKOM HHMX MIAXOJIIB € BHCOKI OOYMCIIIOBAJIbHI BHUTPATH, IO
3YMOBJICHO BEJIMKHMHU PO3MIpaMu TaKuX Mojeyeid. Takoxk Iie, CBOEK Yeproro,
OPU3BOAUTH 10 TOTPEOU y OUIBIIIN KIIBKOCTI HABYAIBHUX JIAHUX 1111 Yac HaBYaHHS.

Takox moegHaHHS MPOCTOPOBHUX Ta YACOBHX XAPAKTEPUCTUK MOXIIMBE MPH
BUKOPUCTAHHI TPUBUMIPHUX 3TOPTKOBUX HEHPOHHUX MEPEX Ta BI3yaJIbHUX

TpaHchopmepiB it Bimeo. TpUBUMIpHI  3rOpTKOBI  HEHPOHHI  Mepexi
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BUKOPUCTOBYIOTh TPUBUMIPHI sJIpa AJisl MIAPiB 3TOPTKH, 110 JA03BOJISIE OJHOYACHO
BHU3HAUaTH MPOCTOPOBI Ta YacoBi 3aJeKHOCTI MK Kaiapamu. lle mae 3mory
BIJICT€)KYBaTH 3MIHM Y BIJICOKOHTCHTI Ta BU3HAUYAaTH Ha OCHOBI IIbOT'0 3MIHHU CIICH Ta
TUTaHIB.

[Ipote HemoOJIKOM IBOTO MIAXOAy € OOMEeXeHWuH po3mip sapa. Yepes e
TPUBUMIPHI 3rOpPTKOBI HEUPOHHI MEpekl HE MOXYTh OTpHUMYBaTH iH(opmMaiiito 3
KaJIpiB, SIKI pO3TaIIOBaHl Jaleko OAWH Bif oxHoro. Lle mpu3BoauTh A0 TOTO, IO
Xo4a Il Mojenl MOXYyTh €(eKTHBHO BHU3HAYATH 3MIHM IUIaHIB, BOHM HE MAalOTh
JOCTaTHBO KOHTEKCTY JUIsl €(PEKTUBHOTO BU3HAUYEHHS 3MIH CLIEHHU.

HartomicTe Bi3yasibHI TpaHC(hOpMEPH IS BIAEO MOXKYTh, 3aBJSKH MEXaHI3MY
camoyBard, €(EeKTUBHO BH3HAUaTU TMEPEXOJU MIK CIICHAMHU, TOPIBHIOIOYU

dbparMeHTH Biji€0, IKi MOXYTh OyTH pO3TaIlIOBaH1 JAJIEKO OJUH BiJ] OJTHOTO.

2.1.2. BukopucTaHHs rJin00KNX HEHPOHHUX Mepex

BusHaueHHs 3MIHM CIICH Ta IUIaHIB € CKIJIQJHOKO 3a7adero, 10 IMoTpedye
BUPIIICHHS PSAAYy TEXHIYHUX Ta MPAKTUYHUX BUKIWKIB. OCHOBHA CKJIQJHICTh
MOJISITa€ 'y CKJIAAHOCTI Cy4aCHOTO BIJICOKOHTEHTY, OCKIIBKM BiH BKJIIOYA€E PI3Ki
3MIHU OCBITJICHHS, IIBUJIKI PYXU KamepH, 00 €KTH, Ki MIBUAKO PyXarOThCs, Ta
CKJIaJIHI KOMIIO3UIIi ciieH. [{g ckiamHicTh poOUTh BUSBJICHHS 3MIHU CIIEHU JTyXKE
BAXXKHUM JIJISl METO/IIB, SIKI HE MOXYTh €(DEKTUBHO aHaIi3yBaTH YacOBI 3aJIEKHOCTI
BITPOJIOBXK YChOTO BiICO 1 0a3yI0ThCS Ha BUSBJICHHI 3MiH MK CYCIJTHIMU KaJIpaMHu.

TakoX BUKOPUCTaHHS TIMOOKWX HEHPOHHUX MEPEX MOTpedye 3HAYHUX
00YHUCITIOBAILHUX PECYPCIB, 0COOJIMBO B pa3i apXiTEKTyp Ha OCHOBI TpaHchopmepiB,
OCKIJTbKM 1XHSI CKJIQJIHICTh 3HAYHO 3POCTAaE MPHU aHai31 TPUBAIMX BiJIEO YU BIJIEO 3
BHUCOKOIO PO31IBHOI0 3AaTHICTIO. HeoOXIMHICTh Yy BHUCOKHUX OOUYMCIIOBAIBLHUX

pecypcax 3Ha4HO 0OMEKY€ BUKOPUCTAHHS [IUX MOJIEJIEH Y 3a7ja4aX peaibHOTO CBITY

[85].
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OxkpeMoro mpoOJeMo0 € OOMEXEeHICTh AaHuX Ui HaB4yaHHsS. [Iporec
aHOTYBaHHS BIJIEO € BKpail CKJIAJHUM Ta 4aco3aTpPaTHUM, IO 3HAYHO OOMEXye
JIOCTYT JIO BEJIUKHX, PI3HOMAaHITHUX Ta I00pe po3MiueHUX Ha0OpiB AaHUX. Takox €
npobiemMa Cy0’€KTMBHOCTI BHM3HAYEHHS CILEH, [0 MOXE MPU3BOJUTH [0
HETOYHOCTEH I1Ie Ha eTalll HaBYaHHH.

[{ro mpobneMy MoxHa 4iTKO MoOauuTu npu aHamizi gatacety BBC Planet
Earth, skuii mpomoHye m’ATh PI3HUX PO3MITOK Il BU3HAYEHHS 3MIHMU CLIEH. Y
pe3ysbTaTi MOJENi, SKI MOXYTh IMOKa3yBaTH BHUCOKY €(EKTHBHICTb Ha TEBHHUX
Habopax JAaHUX, MOXYTh CTUKATUCS 13 TPYAHOILIAMHU y3arajJbHEHHS MpHU poOOTi 3
HOBHUMHU THUIIAaMH BIJICOKOHTEHTY 3 1HIIKUX JOMEHIB a00 BiJI€0, CTBOPEHUX B IHIIIOMY
ctwii. Yepes 1e KyJdbTypHI Ta XYJIOXKHI BIMIHHOCTI Y CTHJISIX B1JICOKOHTEHTY
MO>KYTbh 3HAYHO 3HWKYBATH TOYHICTh BU3HA4YECHHS cIieH [86, 87].

MO>KTMBHMH HaIIpSIMKaMH PO3BUTKY € MTOKPAITICHHS ICHYIOUHX JTaTaceTiB a0o
po3po0Kka HOBUX MIAXOAIB JO aHali3y, sKi JIO3BOJSATH  €(EeKTUBHIIIE
BUKOPHCTOBYBAaTH HasBHI JlaHi. TaKOXX MOXJIHBUH PO3BUTOK MYJIbTHUMOIAIBHHIX
MXO1B, SIKI IPUUMATUMYTh Ha BX1J He Juiie GpeliMu BiJieo, a i ayi0CKIa0BY
Ta CyOTUTpH.

Y 1mpoMy BHMAAKy MOJCIH 3MOXKE OTPUMYBATH JOJATKOBY BaKIUBY
iH(dopMaIlito, MmO MICTUTBCS B ayJIOCKIaNOBIM Bigeo. Takok Ba)XJIMBOIO €
ONTUMI3ZAIllS  PO3pPOOJICHMX MOJEeIed 3 METOH 3MEHIIECHHS HEOOXITHUX
00UYHCITIOBAJILHUX PECYPCIB Ta MIJBUIICHHS iXHbOI IIBUIKOIII.

Takum 4YHHOM, 3acCTOCYBaHHS METOIB TMPYHIHTY, KBaHTYBaHHS a0o
JUCTUJIALIT 3HaHb JO3BOJUTH ONTHUMIZYBAaTH MoOAEN st €hEeKTUBHOTO aHai3y

BEJIMKOI KUIBKOCT1 BiJICOKOHTEHTY.

2.1.3. IlepcnieKTUBHI HANPSIMKHU PO3BUTKY

BusHaueHHs 3MiHM CIIEH Ta IJIaHIB € CKJIQJHOK 3ajayero, 10 MoTpedye

BUPILIEHHS PAAY TEXHIYHUX Ta MNPAKTUYHUX BUKIWKIB. OCHOBHA CKJIQJHICTb
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MOJISITAE Y CKJIQTHOCTI CYyYacHOTO BIJEOKOHTEHTY, OCKUJIBKH BIH BKJIIOYA€E Pi3Ki
3MIHM OCBITJICHHS, IIBHJIKI PyXH KamMepH, 00’€KTH, Kl MIBHAKO PyXaroTbCs, Ta
CKJIaJIHI KOMITO3MIi ciieH. [{s ckiamHicTh poOUTh BUSBJICHHS 3MIHM CIIEHU JTYXKE
BAXXKHUM JIJI1 METO/IIB, 5IKI HE MOXYTh €(EKTUBHO aHATI3yBaTHU YacOBI 3aJE€KHOCTI
BIIPOJIOBK YCHOTO B1/1€0 1 0a3yIOTHCS HA BUSBJICHHI 3MIH MK CYCITHIMU KaJpaMH.

Takox BUKOPUCTaHHS TJIIMOOKUX HEHUPOHHUX MEpPEX MOTpedye 3HAYHHUX
00YHCITIOBAIEHUX PECYPCiB, 0COOIMBO B pa3i apXiTEKTyp Ha OCHOBI TpaHC(hHOpMEPIB,
OCKUIBKH TXHsI CKJIaJHICTh 3HAUYHO 3POCTAE MPU aHaNi31 TPUBAJIMX B1I€O YH BiACO 3
BHUCOKOIO PO3AUTHHOIO 3AaTHICTIO. HeoOXiTHICTh y BHCOKMX OOUYMCIIOBAIBHHUX
pecypcax 3Ha4HO 00MEeXy€e BUKOPUCTAHHS WX MOJIEEH y 3a1auax peaabHOTO CBITY
[85].

OxpeMoro mpoOJeMor0 € OOMEXeHICTh AaHuX s HaB4yaHHsS. [Iporec
aHOTyBaHHS BIJIEO € BKpail CKJIAJHUM Ta 4aco3aTPaTHUM, IIO 3HAYHO OOMEKYE
JIOCTYTI 10 BEJIMKUX, PI3HOMAHITHHUX Ta I00pe po3MideHUX HAOopiB gaHUX. Takox €
npobsieMa Cy0’€KTUBHOCTI BHU3HAYEHHS CIE€H, IO MOXE TMPU3BOJUTU O
HETOYHOCTEH I11€ Ha eTarl HaBYaHHS.

[{to mpobneMy MoxHa 4iTKO moOaunTh mpu aHaiizi gatacety BBC Planet
Earth, sikuii mponoHye m’ATh PI3HUX PO3MITOK JUIsl BUSHAUYECHHS 3MIHM CUEH. Y
pe3yibTaTi MoJeni, SIKi MOXYTh MOKa3yBaTH BHUCOKY €()EKTHBHICTh Ha IEBHHX
Habopax AaHWX, MOXYTh CTHKATHCS 13 TPYIHOIIAMH Yy3araJbHCHHS Ha HOBI THITH
B1JICOKOHTEHTY 3 THIIUX JJIsl MOJIEJI1 JIOMEHIB a00 BiJI€0, CTBOPEHUX B 1HIIOMY CTHJII.
UYepes 1€ KyJIbTypHI Ta XyJO0XHI BIIMIHHOCTI y CTUJISIX BIJICOKOHTEHTY MOXYTb
3HAYHO 3HMKYBAaTHU TOYHICTh BU3HAUCHHS ClIeH [86, 87].

Mo>XITMBUMH HaNIpsIMKaMH PO3BUTKY € MOKPAIICHHS ICHYIOUHX JIaTaCceTiB a00
po3po0Kka HOBUX MIAXOAIB JO aHami3y, sKi JI0O3BOJSTH €(EeKTHUBHIIIE
BUKOPUCTOBYBATH HasBHI JaHi. TakoX MOXKJIMBHH PO3BUTOK MYJIbTUMOIATBLHUX
MIIXO/IB, K1 MPUAMATUMYTh Ha BX1J He Juiie GperMu Bijeo, a i ay/110CKIa0BY

Ta CyOTUTPH.
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Y 1poMy BHNAIKy MOJCIH 3MOXKE OTPUMYBAaTH JOJIATKOBY BaKIUBY
iHpopMaIlil0, 10 MICTUTbCA B ayJdlOCKIAIOBiN Bineo. TakoX BaxJIHBOIO €
ONTUMI3AIlS  PO3pPOOJICHMX MOJelIeld 3 METOH 3MEHIICHHS HEOOXITHUX
00UYHCITIOBAJILHUX PECYPCIB Ta MiIBUIICHHS iXHbOI MIBUIKOIII.

TakuMm unHOM, 3aCTOCYBaHHS METO/IIB MIPYHIHTY, KBAHTH3AIli1 00 AUCTUIAIIT
3HaHb JO3BOJIUTH OMNTHUMI3yBaTH MoOJeTi Il CS(EKTHBHOTO aHaIi3y BEIUKOI

KUTBKOCTI1 BiJICOKOHTEHTY.

2.1.4. KpuTtepii BHOOpPY apXiTeKTypHu

Bubip apxiTexkTypu ajis BUPIMICHHS 3a/ladyl BU3HAYCHHS 3MIHU CIIEH €
CKJIQJTHUM TIPOIECOM, SKUH BKIIOYAE aHANII3 BUMOT JO TEXHIYHHMX Ta PECYpPCHUX
obmexeHb cuctemu. Takox HeOOX1THO BpaxOBYBAaTH 3JJaTHICTh MOJIEIII JI0 aHaJi3Yy,
30KpeMa BU3HAYEHHS TPOCTOPOBUX Ta YACOBUX 3aJICKHOCTEH.

CrouaTky ciii mpoaHani3yBaTW BHXIJHI JIaHl, SKl MOTpiOHO aHaji3yBaTH.
[Tpu anami3i BIICOKOHTEHTY Ba)KJIMBO BPaXxOBYBATHU K TEXHIUHI ()aKTOPH, 30KpeMa
TPUBAIIICTh BIJICOKOHTEHTY, YaCTOTY KaJpiB Ta JIO3BLI BIJICO, TaK 1 KOHIENITYyaIbHI
0COOJIMBOCTI, TaK1 K CKJIQJHICTh CII€H Ta MEePEX0/11B MI>K HUMH.

JIOLIbHUM TIXOJ0M J0 aHalli3y Bifieo € YHi(iKailis BiICOAAHUX IIISTXOM
MPUBEICHHS BCIX BiJIEO JO €IUWHOI YaCTOTH KaJpiB Ta YHI(IKOBAHOTO PO3MIpy
300paxkeHHs. Lle Moke 3HaYHO 3MEHIIMTH NMOTpeOy B HABUYAHHI MOJIEI Ha BiZIEO 3
PI3HOI0 4YacToTor KazapiB. [IpoTe, sKI0 HEOOXIMHO aHANI3yBaTH JaHI B PEKUMI
peaqbHOro 4acy, MOXKHa 3aCTOCYBATH IHIIMM MiJX1J, a caMe CTBOPEHHS Bapialliid
OJIHOTO ¥ TOTO Camoro BifIcO 3 PI3HOIO YaCTOTOIO KaJapiB Mij] Yac TPCHYBaHHS.

Pi3H1 103BOJIN BiI€O TAKOK MOXYTbh OyTH YHI1()IKOBaHI 0 CIUJILHOTO PO3MIipy
AK Ha eTaml HaBYaHHS, TaK 1 M Yac aHami3dy BIJACOJIAHUX Y pEalbHUX
3aCTOCYBAHHSIX.

Ha ocHOBI 11bOT0 aHaI3y MOXHA 3p0OUTH BUCHOBOK, 1110 TEXHIYHI TapaMeTpu

BIJIEO HE BIUIMBAIOTh Ha BHUOIp apXITEKTypH, MNPOTE BUMAraroTh yBaru IMpHU
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MIATOTOBIN JAaHUX 10 TpeHyBaHHA. KpiM Toro, Ha erari BUKOPHUCTAHHS MOJEII,
B1JIEO TaKOXK CIIiJI TpaHC(POpMyBaTH 10 yHi(iKOBaHOTO dhopMary.

[IpoTe, mpu aHaII31 KOHIENTYaJIbHUX OCOOJMBOCTEH BiJIEO CTA€E 3pO3yMIJIO,
110 MiJIXO/H, 3aCHOBaHI Ha MaTeMaTUYHUX MOJICIIAX, 3rOPTKOBI HEUPOHHI MEpexi,
PEKypEHTH1 HEHPOHH1 MEpEXi Ta Mepexki Ha OCHOBI TpaHCPOPMEPIB, HE MIAXOIATH
JUISL BUPIIIIEHHS 111€1 331241 yepe3 He3AaTHICTh OJHOYACHO OXOILTIOBATH ITPOCTOPOBI
Ta 9aCOB1 OCOOJIMBOCTI y BIJIEO.

[Ipote xOMOIHAIlIS ITUX TIIXOIB MOXKE JO3BOJIMTH BU3HAYATH 3MIHH CIICH
3aBASKA TIOEHAHHIO BU3HAYEHHS IPOCTOPOBUX OCOOJIMBOCTEH 3a JIOMOMOTOIO
3TOPTKOBUX HEUPOHHMX MEPEK Ta YaCOBUX 3aIGKHOCTEH 3a JIOMOMOTOIO
PEKYPEHTHUX HEHPOHHHUX MEPEX YU MoJIeJiel apxiTeKTypH Tpanchopmepis. Takox
JUISL BUPIIIEHHS TAaKUX 3a/lad MOXHA BHKOPHUCTOBYBATU TPUBUMIPHI 3TOPTKOBI
Mepexl Ta Bi3yallbHI TpaHC(OPMEPH ISl BIJI€O, OCKIIBKH BOHU 3JaTHI OJJHOYACHO
BHU3HAYATH IMPOCTOPOBI Ta YaCOBI 3aJIEKHOCTI.

[Ile onHMM BaXXJIMBUM AacHEKTOM € I1HTerpaumis Takoi CHCTEMH Yy OUIbII
MacimTabHy CHUCTEMY, SKa Ha OCHOBI BU3HAYEeHHS 3MIHMA CIIEH Ta IUIaHIB Oyje
BUKOHYBATH JIOJATKOBI 3ajadi, Taki K BU3HAYCHHS aTpHOYTIB y Bil€o. Y 1bOMY
BUMAJKy HEOOX1JIHO BpPaxOBYBaTH, 100 cucTema Oyjia JOCTAaTHbO IIBHUJKOIO, 1
IpolLieC BUBHAUCHHS CIIEH HE CIIOBIJILHIOBAB POOOTY 10 MOMEHTY, KOJIM PO3OUTTS Ha
CIIEHU CTaJIO O HeJJopeyHUM a00 MajoeheKTUBHUM.

3BaXkKarouyu Ha 110 OCOOIMBICTD 3a/1a4l, apXITEKTYPH, 1110 MICTATh PEKYPEHTHI
HEHUPOHHI MEpeXi, MOTaHO MAXOASTH JJIs 1i BUPIIMIECHHS Yepe3 HU3bKY MIBUIKICTh
BUKOHAHHS y TOPIBHSAHHI 3 1HIIMMHU TJIMOOKMMHM HEHPOHHUMH Mepexamu. [Ipu
HaBUYaHHI MOJIEJl TaKOX BAaKJIMBO BPaxOBYBaTH OOCSIT Ta SIKICTh JOCTYITHHX
HaBUYAJbHUX JaHUX. 31 30UIBIIEHHAM PO3MIpYy MOJIEJl BOHA MOYMHAE TTOTpeOyBaTH
OIBIIIOT  KUIBKOCTI JTaHMX JJI1 HaBYaHHS, 100 €(QEeKTUBHO HaBUYUTHUCS
y3arajbHIOBaTH 3HAHHS.

['iOpuaHi apXITEKTypH, sKI MOEAHYIOTh 3TOPTKOBI HEUPOHHI MEpPEkl Ta

MO/ Ha OCHOB1 TpaHCc(hopMepiB, MOTPEOYIOTh 3HAYHO OUIBINOI KITBKOCTI JAHUX



66

JUISI HABYaHHS, 10 MOTEHIIHO pOOUTh iX Hee(EeKTUBHMMH 4Yepe3 CKIIAIHICTh
e(deKTUBHOTO y3arajibHeHHs 3HaHb. OTHUM 13 HAaBaXIUBIIINX TAPaMETPIB € PIBEHb
TOYHOCTI,  SIKOTO  MOXE€  JOCSAITA  apXiTeKTypa  HEUpPOHHOI  Mepexl.
HaiinepcnekTMBHIIMMH apXITEKTypaMu B IIbOMY BUIAKY € TPUBUMIPHI 3TOPTKOBI
HEHPOHHI Mepexi Ta Bi3yallbHI TpaHchopmepu Asist BiJEO.

Xoya TPUBUMIPHI 3TOPTKOBI HEUPOHHI Mepexi NoTpeOyIoTh MEHIIO]
KUTBKOCTI IaHUX JUIS aHATI3y Ta MOXYTb OJTHOYACHO BU3HAUATH SIK IPOCTOPOBI, TaK
19acoBi 3aJIeKHOCTI1, BOHU MAaIOTh CYTTE€BUH HEAOIIK — BOHH HE 37]aTHI aHAII3yBaTH
3arajbHUNA KOHTEKCT Bieo. lle 3yMoBieHO 0OMEXEHUM PO3MIPOM siApa 3TOPTKH,
AK€ JO03BOJISIE TOPIBHIOBAaTH JIMILIE€ YAaCTUHU CYCIAHIX (pelMiB, 10 poOUTH
MOPIBHAHHSA 1H(OpMAIlii, pO3TaIIOBAHOI JaJIeKO OJIHA BiJl OAHOI y BiJICOKOHTEHTI,
HEMOKJIUBHUM.

BizyanbHi TpaHchopmepu s BII€O, Ha BIAMIHY Bl TPHUBUMIPHHUX
3TOPTKOBUX HEHWPOHHUX MEpEX, BUKOPUCTOBYIOTh MEXaHI3M CaMOyBaru, SKUi
JI03BOJISI€ aHAJII3yBATH P13H1 YACTUHU B1JICOKOHTEHTY OJIHOYACHO.

[le omarM BaxxIMBUM (PaKTOPOM € OOMEKEHICTh 00UUCITIOBAILHUX PECYPCIB.
Xoua BizyanbHI Tpanchopmepu I Biieo HE € Halle(PEKTUBHIIIO apXiTEKTYPOIO
JUISL aHali3y BIJICOKOHTEHTY, BOHU BIJINOBIIAIOTH YCIM IHIIMM BHUMOTaM, IO
3YMOBJIIO€ HEOOXIJTHICTh IIOIIYKY HOBHMX IUISXIB ONTHMI3aIlli TaKUX MOJICICH.
[lepcnieKTUBHMM HaNpsIMKOM IXHBOI ONTHUMI3alli € PO3BUTOK METOMAIB MPYHIHTY
nepe HAaBYaHHIM IS Bi3yallbHUX TpaHC(POPMEPIB JIJIS BIJEO.

Ha ocHOBI 11p0r0 aHamizy HaAMOUIBII MIIXOSAIION apXITEKTYpPOIO MJis
BUPIILICHHS 3aJ1a4ul po30UTTS BiJICO Ha CIIEHU € Bi3yaslbH1 TpaHCchopMepH JJ1s BiJI€O,
OCKUIbKM BOHHM 3a0€3M€4YyI0Th BUCOKY TOYHICTh, BPaXxOBYIOTh OCOOJIMBOCTI JaHUX

Ta BIJIMOBIJAIOTh BUMOTaM 10,10 €(peKTUBHOI 0OPOOKH BiJICOKOHTEHTY.
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2.2. ApxiTeKkTypa Bi3yaJbHHX TPaH(oOpMepiB 1JIs Bileo NP BU3HAYECHHI

3MIiHH CLIEeH

3 PO3BUTKOM CKJIQJHOCTI CY4YacHOTO BiJICOKOHTEHTY 3ajlaua BU3HAYCHHS
3MIHU CIICH CTa€ mopa3 OUTbIT HEOOX1THOI Ta BaXIHBINBOIO. KimacwuHi miaxoau
JI0 BUPIIICHHS ITI€i 3a7a4l MOKa3yl0Th HU3bKY TOYHICTh Ta €(EKTUBHICTh Yepe3
HE3/IaTHICTh BHU3HAYaTH KOHTEKCT YIPOJOBX YCHhOTO BIJE€O, IO 3YMOBIIOE
HEOOX1/IHICTh TOIIYKY HOBUX MIAXOJIB A0 11 BUpimieHHS. HalinepcnekTuBHIIINM
MIIX0J0OM JI0 BHU3HAYEHHS 3MIHM CIIEH 1 IUIAHIB € apxIiTeKTypa Bi3yaJbHHUX
TpancopmepiB st Bimeo. Ll apxiTtekTypa € ananraiiero TpaHchopmepis,
CIIOYATKy CTBOPEHUX JUIsi pOOOTHU 3 TEKCTOM, JIO 3ajJad, MOB’S3aHUX 3 aHAII30M
BiJleoaHuX. Bi3yanbHi TpaHcopMmepu ais BiIC0O BUKOPUCTOBYIOTh MEXaHi3M
caMOyBaru, 10 J03Bojsie €(GEeKTUBHO BHU3HAYaTH 3B’SI3KM  MIXK KaJpaMu,
BpPaxOBYIOUM MPOCTOPOBI Ta 4acoBi 3aynexxHocTi [23]. IIpu upoMy 1eil mexaHizm
JI03BOJISIE BUILISITH HE JIMILIE JIOKAJIbHI YaCOB1 3aJIEKHOCTI, SIK-OT IPU BUKOPUCTaHHI
PEKYPEHTHUX HEUPOHHHX MEPEX YU TPUBUMIPHUX 3TOPTKOBUX MEpex, a W
ro0anbHI yacoBi 3ayexHocTi. Lle poOuTh BidyanbHI TpanchopMepH Ijis Bijaeo
HaJ3BUYAHO €(DEKTUBHUM IHCTPYMEHTOM JIJII BU3HAYEHHS KOHTEKCTY Y BiJI€0, 1110
€ KPUTHUYHO BXJIMBUM JUIsl BUPIMICHHS 3a7a4l 3HAXOJKEHHS 3MIH CIEH Yy

BIJJ€OKOHTEHTI.

2.2.1. Apxirekrypa ViViT

ApXiTeKTypa Bi3yalbHOTO TpaHchopMmepa Uisi BIJEO € PO3IMIHUPEHHAM
apXITEKTYpH Bi3yaJIbHUX TpaHCPOPMEPIB, aJaniTOBAHOT 11 poOOTH 3 BiICOJaHUMU
3a paxyHOK JOJaBaHHsS aHali3y YacOBHX XapaKTepHCTHK. OCHOBHUN TPUHITUTI
po0oTH BizyarbHUX TpaHCHOPMEpPIB ISl BIIEO MOJSTAE y MPEACTABICHHI BiIEO 5K
MOCJTIJOBHOCTI 300pakeHb-T1aTuUIB Ta IXHOMY MOJAIBIIIOMY aHaJIi31 3a JOTIOMOTOIO

crietiayibHUX mapiB TpanchopmepiB, Takux sk Multi-Head Self-Attention (MHSA),
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map Hopmamizamii Ta feed-forward networks (FFN) [88]. Xoua apxiTekTypa
Bi3yalbHUX TpaHc(hOpMepiB IS BiJIeo Ma€ AeKijabKa Bapialiid, Halie()eKTUBHIIIO
JUIS. BUPIIICHHS 3ajayl BU3HAYCHHsI 3MIHM CIIEH Yy BiJICOKOHTEHTI € BapiaHT i3
BukopuctanHsaMm Factorized Encoder. Ils Bapiaris 103BOJIss€ PO3AUIATH aHATI3
BIJICOKOHTEHTY Ha JBI YaCTUHHU: MPOCTOPOBUI TpaHchopmep s BHU3HAUCHHS
IIPOCTOPOBHUX OCOOJMBOCTEH yCEpeIHMHI KaJpiB Ta YacOBHH TpaHchopMep IS
aHaJli3y B3a€MO3B’s3KiB MK KaJpaMHu Ta BU3ZHAYEHHS 4acOBHUX ocobmuBocTei. Lle
703BOJISIE  €(EKTUBHO aHAJI3yBaTH TMPOCTOPOBI Ta YacOBI XapaKTEPUCTUKU
BIJICOKOHTCHTY, 3/IMCHIOBATH OaraTropiBHEBUM aHaji3 Ta TOYHO BH3HA4YaTH
KOHTEKCT KOXHO1 cueHu [89]. Moaenp Bi3yalabHOTO TpaHchopMmepa MOXKHA

IMpCaACTABUTHU K

Xspatial = Tspatial (Xin; gspatial)
Xout = Ttemporal (Xspatial; Gtemporal) (21)

1€ Typatial - TPEACTABICHHAM MPOCTOPOBOTO TPAHCPOPMEDY, Opaiial — MAPAMETPH
IPOCTOPOBOTO TPAHCHOPMEDPY, Tiemporal — IPEACTABIEHHS 4aCOBOIO TpaHchopmepy,
BOtemporal — HOTO mapameTpu, X;, — BXiAHi mardi chopmoBaHi 3 Bineo, X,y -
(biHaTBEHUN IPEICTaBHUK Bi/I€O I Kiacudikaiii.

[Ipu aHani3i JaHUX BIJEO CIIOYATKY po30MBaeThes Ha natyi. Lline Bigeo nepen

aHaJ130M MOJKHA MPEJICTABUTH Y BUTJISAI TEH30pa:
Ve ]RTXHXWXC (2 2)

, 1e T 1ue KUIbKICTh KajpiB y Bineo, H,W mnpeactaBisiioTh BUCOTY Ta IIUPHUHY
KOXHOTO0 Kaapy Ta C € KIIBbKICTh KOJIbOPOBUX KaHamiB. Jlaii Bijieo po30MBaeThCs Ha

MIPOCTOPOBO-YACOBI TaT4l p X p X t, 1€ p € Po3MIpOM NPOCTOPOBUX MATHUIB, a ¢
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IpeACTaBIIsA€ KUIbKICTh KaJpiB y mardi. Jlay 3a JOMOMOroro JIHIHHOT MpOeKIi

KOJKCH IIaT4 IICPETBOPIOETHCA Y BEKTOP 3a JOIIOMOT OO HaCTyHHO'l' (I)OpMy.TH/I:
Zi:WE'xl'+bE,i= 1,...,N (23)

, e x; 1e 1-i nmaty Bigep, Wy -maTpuig npoexiiii, by — 3MimeHHs gaHux ta N 11e
3arajgbHa KUTHKICTh maT4iB. Jlam HEoOXiAHO ToAaTH MO3UIIHHE KOTYBAaHHS, TaK SK
MEXaHi3M caMOyBard HE BpPaxoBYeE IMO3WIIIHHUN MOPSIOK eneMeHTiB. JlogaBaHHS
MO3UIIAHOTO KOJyBaHHS JO3BOJISIE JI0AaBaTH 1H(OpMAII0 TMPO TMOJOKECHHS

KOYKHOTO TIaT4y Ta 00paxoBYETHCS 32 HACTYITHOIO (hOPMYJIOHO:

PE(i,2j) = sin 57 ,PE(i,2j + 1) = cos 57

10000a 10000a

(2.4)

, I [ 1e 1HJIeKC maTya, j MPeCTaBIsIe€ KOOPAUHATH y BEKTOPi Ta d € pO3MIpHICTIO
BEKTOPHOI'O IMpejacTaBieHHs nartda. Jlam mo3uuiiHe KOJOyBaHHS JOAA€THCA [0

BEKTOPIB MaTyiB 3a (HOPMYJIOIO:

z; = z; + PE; (2.5)

Jam apxiTekTypa Bi3yaJbHOTO TpaHcpopMepy TMepefae OTpUMaHi
pEe3yIABTaTH IO MPOCTOPOBOTO TpaHCHOpPMEPY 1 OTpUMaHI Pe3yJIBTATH TTEPEAAIOTHCS
no yacoBoro Tpanchopmepy. Lli Tpanchopmepu cknamarotecs 3 MHSA, mapy
nopmadmizamii Ta FFN. Mexanizsm MHSA 103BoJIsi€ maTyaM B3a€MOJIETH MK CO00I0
YTBOPIOIOYH B353KH MiX MPOCTOPOBUMH Ta YACOBUMH 3QJICKHOCTAMU. JIJIsI IbOTO
JUIS KOJKHOTO TIPEACTAaBICHHS HEoOXiaHO oOumciuTH Kioun — K, 3amutu - Q, Ta

3HAYEHHS — V, BUKOPCUTOBYIOYH BiAMOBIAHI POPMYIIH:
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Q = ZWy, K = ZWy,V = ZW, (2.6)

, e Wy, Wi, Wy € R%*dk ¢ MaTpUIIMUA TlapaMmeTpiB. Jlami Ha OCHOBI KIFOUIB,

3aMUTIB Ta 3HAYCHb PO3PAXOBYIOTHCS KOE(DIIIEHTH yBaru:

QKT
A = softmax
N

d, =d/h (2.7)

, d¢ h 1me KimpKicTh romB yBard. Jlami KOXEH IaTd OTPUMY€E OHOBJICHE

IMPpCACTABJICHHA 3a (bOpMYJ'IOIO
headi = AiVi,i = 1, ey h (28)

, Ta Ha OCHOBI IIOTO PO3PaXOBYETHCS BUXIJIHA MAaTPUIISI CAMOYBaru:

Z = concat(heady, ..., head,) W, (2.9)

, ne W, € R'M*d ¢ wyatpunero BUXiZHOTO TNepeTBOpeHHs. Jlami oTpuMani

PE3YIbTAaTU IICPCAAOTHCA 10 IBOX IIOBHO3B’ I3HUX HlapiB:

, e Wy, W, e BaroBumu koedimieHTamMu, a by, b, € BiAMOBITHAUMHA 3MimeHHIMHA. J{ami

OTpUMaHi pe3yabTaTH HOPMAJI3YIOThCS 32 (hOPMYJIIOI0

Z' =LN(Z + FFN(2)) (2.11)
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OTtpumani pe3yJIbTaTH Micis aHaNi3y IepeAaloThes 10 OCTAHHBOTO Mapy IS
OTpUMaHHS pe3yibTaTiB. Y BUMNAAKY 3 3a/Jayero Kiacudikaiii OCTaHHIN 1map

PO3paxoBYeETLCS 3a POPMYJIOIO:
y = softmax(W.Z.) (2.12)

, e W, € marpuniero knacudikariii, a Z, npeacraBieHHsM Bigeo. Jlami B mporieci
HABYAHHS 3aCTOCOBYETHCS MOJEIb HABYAETChS MIiHIMIZYBaTH KPOC-CHTPOIINWHY

GyHKIIIIO BTpATH:

L= —Z yilogP; (2.12)
i

B pesynbrati poOOTH apXiTeKTypH Bi3yallbHHX TpaHC(hOPMEPIB IS BiICO
BXIJIHE BIJICO PO30MBAETHCS HA MaTdi, JI0 KOKHOTO TMaTya JOJAETHCS TMO3UIIHHE
komyBaHHs. Jlam mpocTopoBuid TpanchopMmep BU3HAUYAE MPOCTOPOBI OCOOIMBOCTI
KOYKHOTO KaJIpy Ta IMepeaae pe3ysibTaTH aHali3y 4acoBOMY TpaHc(opMmepy, sIKAi
BU3HAYa€ 4YacoBl 3B’S3KM MK Kaapamu. Pe3ynbTaT aHamizy 4acoBOTO
TpaHchopMepa TMepefacTbcsi 0 TOBHO3B’SI3HOTO IIApYy, € BiAOyBa€ThCA

KJ1acudikaris.

2.2.2. 3acrocyBaHHI Bi3yaJbHHX TpaHc(opMepiB s Bixeo mNpH

BH3HAYEHHI 3MiHH CIIeH

ApXiTeKkTypa Bi3yaldbHUX TpaHc(OpMEpPIB i BIAEO BIAMNOBIAAE BCIM
BUMOTaM JIJIs BUPIIIIEHHS 3a]1a4l BU3HAYCHHSI 3MiHU CII€H, OCKIJIbKA BOHA JJ03BOJIsIE
e(eKTUBHO BHUJILISATH MPOCTOPOBI Ta YAaCOBI 3aJIEKHOCTI y BilieOKOHTEHTI. [IpoTe
3a/la4a BU3HAYEHHS 3MIHU CIIEH Ma€ HU3KY CKJIAAHOCTEH, 30KpeMa BU3HAYCHHS

KOHTEKCTY 3MIHM CIICHH, MaJuid OOCAT JaHUX /JIsi HAaBYAHHS Ta CKIATHICTh
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CTBOPEHHS HOBHX Ha0OPIB IaHUX Yepe3 TPYIOMICTKICTh ITPOIIECY Ta CyO’ EKTUBHICTh
JIOJTMHY TIPY BU3HAYEHHI MEXK CIICH.

OnuH 13 TMOTEHLIMHUX IUISIXIB BUPIMICHHS IM€l 3aJadyli — MOXKIIUBICTh
HaBYaHHS Bi3yaJbHOrO TpaHc(opmepa Jjisi BiIeO BU3HAYATH HE TUIBKU MEPEXOH
MDK CIIEHaMH, a W TEpexXoJud MK IUIaHAaMU y BIJICOKOHTEHTi. 3MiHAa CIIEHH €
OJIHOYACHO 1 3MIHOIO IUIaHY, MPOTE PI3HUII MDK 3MIHOIO TJIaHIB Ta 3MIHOKO CIIEH
MOJISITa€ B TOMY, 110 TUTAHHW BCEPEIHHI CIIEHU OB’ 13aH1 MIXK COOOI0 KOHIICTITYaIbHO,
TOJI1 SIK KOHIICTIIA CIEHH 3arajoM Bipi3HA€ThCA. Ha OCHOBI LIbOTO MPHUITYIIEHHS
MO>KHA 3pOOUTH BUCHOBOK, II0 MOJIENb, SIKa OJTHOYACHO BU3HAYA€ 3MIHY TUIaHIB Ta
CIICH, MOX€ BHWIUISTH SKICHIIIMHA KOHTEKCT BIJIEO Ta JEMOHCTPYBAaTH Kpallll
pe3yabTaTH.

[HIIMM MOTEHIIMHUM HUISIXOM PO3BUTKY MOJIETi MOK€ OYTH 3MEHIICHHS
00cAry BX1IHUX JaHHUX 3 METOI0 €()eKTUBHOI OOPOOKH TPUBAJIOTO BIJACOKOHTEHTY.
Ile Moxe mocsAraTucs 3a paxyHOK BUJIIJICHHS KJIIOYOBHUX KaJIpiB Ta Mepeaadl JIUIIEe
iX 1o Mojeni BizyalbHOro TpaHnchopmepa s Bigeo. CKIAAHICTD IILOTO MIAXOTY
MOJIATAE Y BU3HAUYCHHI KIIFOYOBHX KaJIpiB, OCKUIBKY MIPH KIIACUYHOMY ITiJIXOI1 T1CTIst
OTPUMAaHHS KJIIOYOBHX KaJIpiB HEMa€ YITKUX MEX, 3a SKUMU MOJeNIb Morja 0
BHU3HAYaTH 3MIHY CIICHH.

J1y1st BUpilIeHH 111€1 TPOOIeMH MOYKeE 3aCTOCOBYBATHCS MOTMIEPETHE POOUTTS
BIJIEO HA TUIAHM Ta BUKOPHCTAHHS KaJpIB 13 IJIAHIB 3 METOK BU3HAUEHHS 3MIHU
cueHu. Ilpm TakoMmy miaxonli, y BHUNAAKY BH3HAUEHHS 3MIHU CLEHH, Oyje
MOXJIMBICTh TOYHO BHM3HAYWTH Yac, KOJHU I 3MiHa BimOyiacs, OCKUIbKH BOHA

BIJIMOBI1AaTUME 3MiHI ILJIaHY.

2.2.3. E¢pekTUBHICTH BUKOPUCTAHHA J0AaTKOBMX BUXO0/AiB MO/IeJi mijx yac

HABYAHHA MOJeJIeH.

3 METOI JOCHIKeHHS €()eKTUBHOCTI BUKOPHUCTAHHS JOJATKOBUX BUXOJIB

Moziesl OyJ0 BHUPIIIEHO NPOBECTH EKCHEPUMEHTH Ha apXiTEeKTypl ClaMChbKUX
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HEHPOHHUX Mepex. Lle T03BOIMIO MIBHJIKO TPOBECTH BEIHMKY KUIBKICTh
€KCIIEPUMEHTIB Ta MMPOTECTYBATH pi3Hi rimore3u. CiaMChKi HEHPOHHI MEpeXi — I1€
CHeIiaJbHUN THUI HEHPOHHMX MEpEeX, NPH3HAYCHUHN IS BUPIMICHHS 3a7adi
MOPIBHSHHSA Ta BHUSABJICHHS CXOXXKOCTI MDXK BXIJIHUMH JaHUMH. Baxiuoro
OCOOJIMBICTIO TAaKMX HEHPOHHUX MEPEXK € IXHS 3AaTHICTh HABYATHCS Ha OOMEKECHHIX
obcsrax nmaHux. Takok Med miaxij J03BojIsie e(PEeKTUBHO BHU3HAYATH CXOXKICTh
00’€KTIB 3aBJIIKH TOMY, IIO CXOXICTh OIIIHIOETHCS SIK BIJICTAaHb MIXK BEKTOpaMH y
O6araroBuMipHOMYy mpocTopi [90-92]. Haif0imbIm momumpeHnM METOIOM BU3HAYEHHS
BIJICTAHI MK TIOpPIBHIOBaHUMHU OO0’ €KTaMHU € €BKJIJ0Ba BIJICTaHb, sKa

PO3paxoByeTHCS 32 (POPMYIIOO:

ne X ; — BX1/1H1 300paxkeHHs, Gy, — PYHKIlS IepeTBOPEHHS, B HAILIOMY BUMAJKY 1€
HEWpOHHA Mepexa, Dy, — BIICTaHb MK 300paXeHHSIMU. TyT BaKJIMBO 3BEPHYTU
yBary, I0 TUIKKA ClaMChbKOi HEMPOHHOI Mepeki MarTh OJHAKOBY apXITEKTypy Ta
CIIUJIbHI, CHHXPOHI30BaH1 Baru. lle /103BoJjisi€ micisi HaBYaHHS MOJENI 3alUIIUTH
TUIBKM OAHY TIIKY Ta 3 il JOMNOMOTOI0 MPOBOJUTH HEOOXITHI po3paxyHku. llpu
TaKOMY BUKOPHUCTaHHI ClaMCbKOi HEMpPOHHOI Mepexi BITKPUBAETHCS MOXKIUBICThH
BUKJIMKAaTH MOJENb JIMIIE OJMH pa3 JJid KOXXHOIO eJIeMEHTa Ta 30epiraTu
pe3yJbTaTH PO3Mi3HABAHHS ISl TOJAJBIIOTO iX mMopiBHSAHHA. lle Moxe Oytm
0COOJIMBO KOPUCHUM Tpu 3ajaayi kiacudikaili, OCKUIBKHA J03BOJIIE OJUH pa3
poaHatizyBaTH Ta 30epertu B 0a3i BEKTOpHE MPeACTaBICHHS HEOOX1THUX 00’ €KTIB
[93]. IIpote, OCKUIBKM TiJ Yac HaBYaHHS BHKOPUCTOBYIOTHCS OOWBI TiJKH, 1
pe3yJIbTaTOM HaBYaHHS € BEKTOPHI MPEJACTABJICHHSA JaHUX, HEOOX1JHO
3aCTOCOBYBATH CIeliaibHy (yHKIII0 BTpar. Hailbuibin nmommpeHoro € contrastive
loss, sika OOYMCIIIOE TMOMMJIKY BIJHOCHO OYIKYBAaHOTO pe3yjbTaTy, BUXOASYU 3

OTPUMAaHOT BIJICTaHI, Ta PO3PaXOBYETHCA 3a (HOPMYJIOIO:
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L, 1 1
LW, Y, X, X;)=(1-Y) > (Dy)? + (V) E{max(o,m — Dy)Y? (2.14)

ne W — mapaMeTpu CHCTeMH, Y- O4iKyBaHa BiJICTaHb MK BXITHUMHU JaHUMHU, M —
OYiKyBaHa BIJICTaHb MK PI3HUMH BX1THUMU JaHUMU [94, 95].

OTxe, METOI0 ILOTO JOCHIDKEHHS OyJ0 TOKpPAIIeHHS TOYHOCTI MOJENi
IIUISIXOM IITYYHOTO aKIEHTYBaHHS YBaru MOJIENl Ha JTOJAATKOBI OCOOJWUBOCTI MPHU
MOPIBHSHHI 300pakeHb. P03po0iieHni airopuTM MaB TOKpAIUTH pe3yIbTaTH
HaBYaHHS NUISIXOM JOJaBaHHs JIOJAaTKOBUX BUXO/IIB, SIKI BHUpilIyBaiau O 3agadi
kiacudikariii, perpecii abo ixHpoi koMOiHarii. Ile mociimkenns 6yjao MOTUBOBaHE
pobGoTtamu, mpucBsueHuMU po3podii moneni GoogleNet, sika BUKOPUCTOBYBaJia
JIOIATKOBI BUXOJU 3 Kjiacu(ikalli€ero Ha PI3HUX eTamax MOAENl ISl MOKpalieHHs
TOYHOCTI, MPUIIIBU/IIIICHHS] HABYaHHS Ta 3MEHIIICHHS BIUIMBY 3racaloyoro rpajiieHra
y IIMOOKUX HEUMPOHHUX Mepexkax [96]. st nux ekcriepuMeHTiB Oyia po3poOiieHa
apXxiTeKTypa, sKa J03BOJISE JOIaBATH JO JBOX JOJATKOBUX BUXOJIB 0 MOJEII, SK
POJIEMOHCTPOBAHO HA PUCYHKY 2.1.

J{ns HaBYaHHS TakUX MoJiesiel HeoOX1AHO MOAN(IKYBATH 1aTaCETH 3 METOIO
reHeparii J0JAaTKOBOiI PO3MITKH. J[JId IUX €KCIIepUMEHTIB OyJI0 BHPIMICHO, IO
JOJIaTKOB1 BUXOJM OyJlyTh BUPILIYBaTH MPOCTINIY 3aJady, H)K OCHOBHUN BHXIJ
nporpamu. Takox OyJi0 BHUPIIIEHO MPOBECTH EKCIEPUMEHTH MJI 3ajad PI3HOi
CKJIaJIHOCTI, a came Ha jgartacerax Fashion MNIST rta PlantVillage. /Ins nepiroro
excriepuMeHTy O0yB oOpanuii garacer Fashion MNIST, oCKUIbKHM BIH € Cy4acHOIO
ATHTEPHATUBOIO TPAAUIIITHOMY J1aTaceTy IS pO3Ii3HABAHHS PYKOIMUCHUX YMCET Ta

IITUPOKO BUKOPHUCTOBYETHCA TPU TECTYBAHHI MIXOIB Yy Traiay3l KOMIT IOTEPHOTO

30py.
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OcHoBHUI BUXIAQ
ClaMCbKOi HEMPOHHOT
mepexi

byHKUIA BTpaTH
Contrastive loss

[JopaTtkoBuin BUXig

[opaTtkoBun Buxig

dyHKUiA BTPATU ciaMCbKOi HEePOHHOI

Mepexi
T byHKUIA BTpaTH
o Contrastive loss
CMifNbHI
BUCOKOPIBHEBI BucokopiBHeBI Barv BucokopiBHeBi
ocobnusocTi Ne3 ocobnueocTi Ne1 ocobnueocTi No1

A A
T CNinNbHI
BucokopiBHeBi Barn BucokopisHeBi
ocobnusocTi Ne3 ocobnueocTi Ne3

O6'egHaHHA

ChiNbHI
HeWpoHHa ¢ Baru 3 HeWpoHHa
Mepexa Mepexa
Mepmi Opyrun
BXig BXia

Pucynok 2.1 — ApxitekTypa 3 J0JaTKOBUMH BUXOJaMU JJIsl BUBHAYCHHS

JIOTATKOBUX 0COOJIMBOCTEN

[le#t maracer mictuth 70 THUCSY YOPHO-OUIMX 300pa)K€Hb y JECSATH PI3HUX
KaTeropisix OAsry, Takux sK (yTOOJKM, INTaHM, CYKHI Ta 1HII, SK

MPOJAEMOHCTPOBAHO HA PUCYHKY 2.2 [97].
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Pucynok 2.2 - Knacu y nataceti Fashion MNIST.

e

Ankle boot i}

JIJ1st TpoBeIeHHS EKCIEPUMEHTY OyB pO3pOOJIEHUI aITOPUTM, SIKUI TpUiiMaB
Ha Bxia pgatacer Fashion MNIST Ta iioro momudikoBany Bepcito. CrouaTky
BiIOyBaIOCs 3aBaHTAXEHHS JaTaceTy Ta TeHepallis map JUisl ciaMChbKOi HEHPOHHOT
Mepexi. Jlami Ha OCHOBI IUX map OyJI0 3T€HEPOBAHO PO3MITKY ISl JOJATKOBHUX
BUx011B Mozeni. [Ticis boro naracet po30MBaBCs HA TPEHYBAJIbHY, BaJIiIAllIiHY Ta
TectoBy BUOIpkH. Ili yac HaBuUaHHS JaHl, MEpel HAAXOKEHHSM 10 MOJEI,
npoxoausiu 6a30B1 TpaHncopmMallii, Taki K BiI3EpPKaJICHHS, YAaCTKOBE OOpi3aHHS,
3MiHa ICKpaBOCTI 300paxkeHHs. [{ai BinOyBanocs TpeHyBaHHs 3BUYAHOI C1aMChKO1
HEUPOHHOI MEpEeXi, a TaKOX BepClid M€l MojAeNl 3 JOJAATKOBUM BUXOJOM JIJIst
kinacudikariii, BUKOPUCTOBYIOUM Ppi3H1 KoedirieHTn s GyHKiii BTpat. OOUABI
MOJIeJIl MaJli OJTHAaKOBY 0a30BY apXITEKTypy Ta CHUIbHY (QYHKI[II0 onTuMizaiii. B
pe3yJIbTaTi eKCIIEPUMEHTY OYJI0 BCTAaHOBJICHO, IO OpPHUTIHAIBHA ClaMChKa HEHPOHHA
Mepexa 0e3 T0JaTKOBUX BUXO/IIB MOKAa3ye Kpally TOUYHICTh Ta MIBUIIIC HABUYAETHCS,

Jlocsirarouu To4HOCT1 92,3%.
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Tabmum 2.1. [lopiBHSHHS pe3ysbTaTiB HaBYaHHSA ClaMChbKOI HEHPOHHOI

Mepeki 3 BAKOPUCTAHHSIM JI0JIATKOBOTO BUXOAY Kiacudikarii

JlomaTkoBi BUXOAU MOJE1 TouHICTE ISZEE:;;LHOI M]Zi;[:;c}m
f:TJ;:)a:TH q{g((?‘im’ et et 20,08% -2,22%
BKTJ;)aaCTH @ggf’ZHTH’ o @YHKHTI 20,93% -1,37%
] L
E;a:fq;gi)zum, Bard  (QyHKUI] 92.07% 023

PesynbraTty eKCepuMEHTIB TIOKa3alu, 0 ClaMChbka HEHpOHHA Mepexa 0e3
J0JIATKOBUX BUXO/IIB KPAILE CIPABIIAETHCS 13 33/1a4€I0 OPIBHAHHS, IEMOHCTPYIOUU
BUIIY TOYHICTb Ta IMIBUJIKICTb CXOKEHHSI MOJIEN1, HI’K ClaMChKa HEMpOHHA MepeKa
3 10JJaTKOBUM BUX0/I0M. Tomy OyJi0 BUPIIIEHO MTPOBECTH JOJIATKOB1 €KCIIEPUMEHTH,
Y AKUX BKJIMBICTb JIOJATKOBUX BUXO/1B 3MEHIITYBAIH M1 Yac 00UUCIECHHS QyHKIIT
noMmwiIku. B pe3ynbrari A0JaTKOBUX E€KCIEPUMEHTIB OyJ0 BCTAaHOBJICHO, IO 31
3MEHIICHHSIM BIUIMBY JOJAaTKOBUX BHUXOJIB Ha 3arajJibHUi TPOIEC TPEHYBaHHS
MOJIeJIel TOUHICTh Ta MIBUJKICTh CXOKEHHS TOYMHAIM 3pocTaTu [7].

JIJisi HACTYITHOTO EKCIIEPUMEHTY OyJI0 BHPIIIEHO B3ATH YACTUHY J1aTaceTy
PlantVillage. Po3mip 1iporo naracety ctaHoBuB 20 TUCAY 300pa’K€Hb Ta MICTUB 15
KJIAC1B JJIsl pO3ITi3HABAaHHS, SIK MOKa3aHO Ha pUCYHKY 2.3 [98].

3 METOI0 BUJIIJIEHHSI OCOOMBOCTEH OYyJIO BUPIMICHO PO3JIIUTH 1€ JaTaceT
Ha TPYIH, a caMe 3a BU3HAYCHHSIM KJIacy, J0 SKOTO HAJICKHUTh 300pa)KeHHS, Ta 3a
cTaHOM 00’€kTa Ha 300paxeHHl. Takuil poO3MOIiN J03BOJIMB BUIUIUTH TPU KJIACH
JUIS 33714l po3Mi3HaBaHHs, a came: "Pepper", "Potato" ta "Tomato". Takox maracer
OyJ10 pO3/1JIEHO Ha JIB1 YACTUHHU, SIK1 BKJIFOYAJIM CTaH POCIMHUA — 3I0POB1 UM XBOPI,
110 CTajo 3aa4ero perpecii. TakuM 9MHOM, T0aTKOBI BUXOIU MOJIEI BUPIIITYBaJIA

HE MOBHY 3a/1a4y, a JUIIe YaCTUHY OpPUTIHANBHOI 3ajayi. Take po3/iJIeHHs € JTyKe
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BKJIMBUM JUISl HAIIOTO JOCIIKEHHS, OCKIIBKM BOHO KOHIIENTYaJIbHO BIIOBIIAE

3a/1a4ul OTHOYACHOTO BU3HAUYEHHS TIJIAHIB Ta CIIEH Y BiJICOKOHTEHTI.

Pucynok 2.3 - 3o0paxkenns 3 natacery PlantVillage

[Tepmmii anropuT™ HaBYaHHS OyJI0 MOAU(DIKOBAHO MUIAXOM J0JaBaHHS
JI0JIAaTKOBOTO BMXOJAY JJIA BUpIIIEHHS 3amadi perpecii. Takox Oyio BUpIIIEHO,
3aMICTh HETJIMOOKOI 3rOPTKOBOI HEHPOHHOI MEpekKi, BUKOPUCTATA MOJEIb
apxitektypu ResNet50V2, 3apmsxu ii rambOokiii apxXiTEeKTypi Ta MOMKIHBOCTI
BUKOPUCTOBYBAaTH TOMEpPEIHRO HATPEHOBaHI Baru Ha jgaraceri ImageNet, sikuit
3aCTOCOBYETBhCS I 3ajadi Kjacudikalii Ta MICTUTh MUIBHOHHW PO3MIYCHHX
300pakenn[99-101]. Ilim wac TpeHyBaHHS TMOpPIBHIOBAJACS TOYHICTh TpHU
BUKOPUCTaHHI OJTHOTO JI0JIATKOBOT'O BUXOY I 3a7a4 Kiacudikalli ta perpecii, a
TaKOX JBOX JOJATKOBHUX BUXOJIIB OJHOYACHO, SK MPOJEMOHCTPOBAHO HA PHCYHKY

24.



Nopatkosa
3anava perpecii

[NlonaTkoBKMIA BUXIA

OYHKUA BTPATH
binary crossentropy

A

Buxig perpecii

A

O0'eaAHaHHA

A

OCHOBHMWI BMXIO
CiaMCbKOT HEWPOHHOT
Mepexi

OYHKUia BTpaTH
Contrastive loss

N CninbHi

BUCOKOpIBHEBI Barm BHUCOKOpIBHEBI
0CoBnMBOCTI 0COBNMBOCTI

/ \

ResNet50v2
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[opatkosa
3afgaya
Knacudikayir

[lonaTtkoBUI BUXIA,

OYHKUiA BTPaTH
categorical
crossentropy
A

Buxig
Knacudikauii

T

O0'eaHaHHA

A

~

J

CninbHi

HelpoHHa
Baru
<«——>» Mepexa
ResNet50Vv2

f

Opyrun
BXia

Pucynox 2.4 - CiamcbKka HEeHpOHHA Mepexka 3 IBOMa JI0JJaTKOBUM BUXOJaMU

Ta 3actocyBaHHsAM Mozen ResNet50V2 sk ocHOBH ciaMChbKOT HEHPOHHOT MEpexi

Takoxx Oynu 3actocoBani pi3HI Baru ais (ynkuii BTpar. B pesynprati

HaBYaHHS ClaMChKa HEMpOHHA Meperka 0e3 J0/IaTKOBUX BUXO/11B MOKa3aia TOYHICTh

96.54%.
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Tabmumg 2.2 - IlopiBHSHHS pe3yJIbTaTiB HaBYaHHS ClaMCbKOI HEHPOHHOI

MepeKi 3 BUKOPHUCTAHHSAM JIOJAaTKOBUX BUXOIB BUXOY Kiacupikarrii

TouHiCTh
BITHOCHO
OpUTIHATBLHOT
JlogaTKoBI BUXOIHU TouuicTe | MOmemi
Knacudikamist Ta perpecis, Baru (QyHKIII1
BTpart 100% 95,19% -1,35%
Knacudikarist ta perpecis, Baru GyHKIII1
BTpat 50% 97,26% +0,72%
Knacudikamist ta perpecisi, Baru (QyHKIIT
BTpat 20% 96,20% -0,34%
Knacudikamist ta perpecis, Baru (QpyHKIIi
BTpaT 10% 96,90% +0,36%
Knacudikars, Baru gynakmii Btpat 100% | 91,00% -5,54%
Krnacudikanisi, Baru dynkiii BTpat 50% 94,35% -2,19%
Knacudikanisi, Baru dyukiii BTpat 20% 95.,43% -1,11%
Knacudikanisi, Baru dyukiii sTpat 10% 96.,24% -0,30%
Perpecis, Baru ¢ynkiii BTpat 100% 93,92% -2,62%
Perpecis, Baru ¢ynkiii BTpat 50% 94,62% -1,92%
Perpecis, Baru dyukiii BTpat 20% 96,61% +0,07%
Perpecis, Baru @ynkiii Brpat 10% 96,60% +0,06%

B pe3ynbTaTi eKCriepuMeHTIB OyJi0 BU3HAUEHO, 10 HaWKpallll pe3yibTaTh

OyJI0 JOCATHYTO TIPH 3aCTOCYBaHHI JBOX JOJATKOBHX BHUXOJMIB MOJEIl 31

3MEHIICHHSIM BIUIMBY ixHIX ¢yHKIiH BTpaT Ha 50%. Ilpote, anamizyrouu BCi

pe3yJIbTaTH, CTa€ 3pO3yMUIO, IO el miaxiag He 3abe3rneuye CcTaOLIBLHOCTI Ta

noTpeOy€e BEIMKOI KIUIBKOCTI EKCIIEPUMEHTIB IS BHU3HAYCHHS ONTHUMAJbHUX

rapaMeTpiB, 10 MPU3BOIUTH JIUIIIE 0 HE3HAYHOTO 301JIbIIIEHHS 3arajbHO1 TOUHOCTI

mozeneit. KpiM Toro, 1iei miaxij BuMarae 3Ha4HUX BUTPAT Ha MIATOTOBKY JIAaHUX Ta

PO3pPOOKY JOaTKOBHX apXITEKTyp JUIsl TpeHyBaHHA. TakoX mMiJg 4Yac HaBYaHHS

BEJIMKUX MOJEJICH TeCTyBaHHS JOJAATKOBUX BUXOJIIB MOXE OyTH HAJITO TPUBAIUM 1

HECTaO1IbHUM, 3BIJICH MOYKHA 3pOOUTH BUCHOBOK, 1110 BUKOPUCTAHHS IIHOTO METOIY

€ HeJOIILHUM JIJIs1 BUPIILICHHS 3a]1a4l po3Mi3HaBaHHs CIIEH [7].
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2.2.4. BusHauenHs 3MiHH IUIAaHIB HA BiZe0 3 METOI0 BH3HAYEHHS

NMOTEeHUIHUX KPai CleH Ta KJIIY0BUX KAAPIB /1M aHATI3Y.

BusHayeHHs MJIaHIB € BaXKJIMBOIO 3aJ1ay€lo MPU aHalli3l BiJICOKOHTEHTY Ta
703BOJIsi€ e(PEeKTHBHIIIE BU3HAYaTH aTpUOyTH A BiA€O NUIIXOM BH3HAYCHHS
KJIFOYOBHUX KaJpiB Ta 3MEHIIICHHS HEOOX1THOT KIJIBKOCTI 3alUTIB JJIS PO3ITi3HaBaHHS
aTpuOyTiB. KnacwuHi miagxoau 0 BHU3HAUEHHS 3MIHU IUIaHY TPYHTYIOThCS Ha
3aCTOCYBaHHI MaTeMaTHYHUX METO/IB, TAKHUX SIK PO3PAXyHOK PI3HHII MIXK KaJapaMu
Yy aHami3 rictorpam. Xouya Il MiIX0au € e(heKTUBHUMHU Y CIIEHAPIsiX, KOJIU BiJI€O
MICTATh HHU3bKY JIMHAMIKy a0O HaBIThb CTAaTUYHI KaJpW, a TAaKOXK MpPU PI3KHUX
nepexojax MK IJJaHAMHU, iX 3aCTOCYBaHHS JIO CYYacCHOTO BIJCOKOHTEHTY
IPU3BOJIMTH JIO0 CTPIMKOTO TaiHHs TouHOCTI [102].

[le BUKJIMKAHO 3pOCTaHHSAM KUIBKOCTI JAWMHAMIYHUX CII€H 31 CKJIaJHOI0
KOMITO3HUIIIE€I0 Ta CKJIQJHUMH Bi3yaJbHUMHU TepexofamMu. MOKIUBUMHU NUISXaMH
BUpIIICHHS i€ TpoOjieMr € po3poOKa HOBUX MaTEMaTUYHUX MIAXOIIB 10
BU3HAYCHHS TEPEXO/IiB MUIaHIB Y BIJICOKOHTEHTI ab0 po3poOKka HOBUX METOIIB 13
3aCTOCYBaHHSAM HEUpOHHUX Mepex. [IpoTe mpu BUKOPHCTaHHI HEMPOHHUX MEpPEekK
3HAYHO 3pOcCTae Mnorpeda B OOUMCITIOBAIBHHMX pecypcax, 0 MOXKe 3poOUTH
BU3HAYCHHS 3MIHM IUJIAHIB Y BIJCOKOHTEHTI MajoepekTuBHUM. lle 3ymoBieHo
HEOOXITHICTIO HEMPOHHOI MEpEeKl OJJHOYACHO aHali3yBaTH MPOCTOPOBI Ta YaCOBI
3JIEKHOCTI.

Jlo Takux wMojened HaleXaThb TPUBHMIPHI 3TOPTKOBI HEHUPOHHI MEpexi,
Bi3yasibH1 TpaHC(HOPMEPH ISl BIJCO Ta MOETHAHHS 3TOPTKOBUX HEHPOHHUX MEPEK
13 PpEeKypeHTHUMHU HEHPOHHUMH MepeXaMu ab0 MOJCISIMU  apXITEKTYpH
TpaHchOpMepiB.

3 MeTow 30epekeHHs IIBUAKOJIL OYyJIO BHUPIIIEHO TOCTIAUTH TMOEIHAHHS
MaTeMaTUYHUX TMIAXOIB 13 HEUpPOHHHMMH Mepexkamu. lle moemHaHHS 103BOJIsE

MIBUAKO BU3HAYaTH Bi3yalbHlI aTpuOyTH BIAEO 3a JOMOMOIOI MAaTeMaTHYHUX
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MXO1B, a 332 IOIOMOI'OI0 MPOCTUX HETJIMOOKUX PEKYPEHTHUX HEHPOHHUX MEPExK
kJacu(iKyBaTH 3MiHHU TUIaHIB, BPaXOBYIOUH YaCOB1 3MIHHU.

Jlns BupiieHHs 3a7a4l BU3HAYCHHS 3MIHU IUIaHIB OyJIO BHUPIIICHO CIIOYATKY
MOAM(DIKyBaTH ICHYIOYl MaTeMaTH4YHI MiJAXOIH, SKI MOXYThb €(pEKTHUBHO 30upaTh
BOKJIUBY 1HGOPMAIIiO 13 300pakeHb JJIs OJAIBIIIOT0 BUKOPUCTAHHS Y BUSHAUCHHI
3MIiHU IUIaHy. 3alpOIIOHOBAHUHN AITOPUTM Tiepeadadae po30MBaHHs 300pakeHHs Ha
OJIOKH, CTBOPEHHS BI3yaJIbHUX MPEACTaBICHb 300paXEHHS y PI3HUX KOJIbOPOBHUX
MPOCTOpax Ta MOJaibIlIe OOYHCICHHS T1ICTOTpaMm.

Hexait L mo3Hayae KITBKICTh KajpiB, B; mo3nawae i-it 610k y kauapi, a C
MPEACTABIISIE KUIBKICTh OJIOKIB, CTBOPEHHUX IiJ] Yac MpOLECcy MOAUTYy, HNPUYOMY

KOKEH OJIOK Ma€ OJIHAKOBY OopMYy, sIK ITOKa3aHo Ha pUCyHKy 2.5 [103].

Y
-
BT Soul
B

Pucynox 2.5 - Po36utTs xaapy Ha OJI0KH

J1st KoHOTO 0JI0KY B; y p13HUX KOJIIPHUX NPOCTOPAX CTBOPIOIOTHCS BIAMOBIIHI
npeacraBienns [104]. ExcnepuMeHTambHUM NUIIXOM  OyJIO BHU3HAYEHO, IO

ONTHUMAJIbHUMH KOJIPHUMHU TMpocTopamMu € rpagauii ciporo ta HSV (Hue,
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Saturation, Value). Takox 0yJi0 BUSBIIEHO, IO JOCTATHHO BUKOPUCTOBYBATHU JIUIIIE

HACHYEHICTD 1 cKpaBicTh 13 cnektpy HSV. i nmpeacraBieHHs MO3HAYAIOTHCS SIK

gray saturation value
B9 B; Ta B!

; BinmoBimHO [105]. IToTiM 00YMCTIOIOTHCS TiCTOTpaMU

. . ra
JJIA KOXXHOI'O 6J'IOKy B KOJXHOMY IPCACTABJICHHI JdaHHX, ITO3HAYCH1 K ng y,

Hpaturation o gy alie K oskHa ricTOrpamMa CTHCKAE KiTbKICTh JaHHUX Y AianasoH [0;

gray
Bi

C,]1[106]. Kpim TOTO, 17151 KOKHOTO MU 00UYHCITFOEMO KOHTYPH 32 JJOTIOMOT OO

sobel
Bi

oneparopa CobOens-DenbaMaHa, OTPUMYIOUYU , TICJISI YOro BUKOHYETHCS

00uHCIIEH S TiCTOrpaMH, sIKe Mo3HadaeThes Ak H %P gk mokasano Ha pucyHky 2.6

[107].

Saturation

Pucynox 2.6 - [IpencraBnenns 300pakeHHs B pi3HUX KOJIPHUN MTPOCTOPax Ta 3

BHJIUVICHHSIM KpaiB

Bincranp Mik ricrorpamMmaMu 00YUCITIOETHCS 32 IOTIOMOTOI0 (hOPMYJIH:

(2.15)
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A€ a Ta b IMpCaACTaBJAOTh FiCTOFpaMH.

[Totim BimcTaHi MiX rictorpaMaMu 00’ €IHYIOTHCS B OJIUH CIHCOK:

i+1

di — d(HigTay’HQTQY) U d(Hisaturation’ His-ffuration) U d(Hg)alue'Hg)ﬁllue) n d(Hl-SObel,His_ffel) (2.16)

OTxe, pI3HUIIIO MK BIAMOBIIHUMHU OJIOKaMU Y ABOX KaJpax MO>KHA 00YUCIUTH

K

j=4Cp

1
Di=1gc ]Z (dij) (2.17)

OTPUMYIOUH €IMHE 3HAUEHHS, 1110 O3HAYA€ BiICTaHb MK LIMMH OJ0Kamu [9].

Jlaai 00UHCITIOI0THCS BIJICTaH] MK KaJIpaMu:
C
D™ = U (Dyy) (2.18)
J=

BiacTanp Mixk CyCiIHIMU KaJpaMu MOKHA OOUHUCIIUTH 32 JOTIOMOTOI0 HACTYITHOT

bopmymu:
D = igl(le rame) (2.19)

TexHiKM BUSBJIEHHS aHOMAaJil 3aCTOCOBYIOTHCS 0 TICTOTpaM JJIsl BUSIBJICHHS
BIJIXWJIEHB BiJ] OUiKyBaHUX po3noaitiB. Hexail D mpejacTaBiisie cepeHe 3HAUCHHS
D, a 0 — crangaptHe BiaxuieHHs D. e no3Bossie 11eHTU(RIKYBATH OJIOKU MIX

KaJipaMu, SIK1 BIAXUJISTIOTHCS B1J] 3aTaJIbBHOTO PO3IOILTY:

map _ {M} (2.20)

) 0:D;j<D+o
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[ToTiM BigXWJIEHHS Uil BCIX PI3HUIIL MDK KaJpaMd Ha OCHOBI BIJXHJIEHUX

OJIOKIB BU3HAYAIOTHCH K.

C
A ={D;| Z(DLJ-) > DMaP 4 gMap x (2.21)
j=1

ne D™ ta g™ nie cepeqiHe 3HAUCHHS Ta CTAHIAPTHE BIAXMICHHS JJISI PO3IIOILTY
D™ gignoBimHO, a k € Koe(ilieHTOM, SKHH BH3HAYA€ YYTJIMBICTH IOPOIY
BUSIBJICHHSI aHOMaJTii.

Jlnst mpoBeneHHs exkcriepuMenTy Oyio obpano natacer SHOT. Bin MicTuth
853 KOpoTKi BiJIeo, sIKi 3arajgoM HamiuyoTb 960 794 kanpu ta 6 100 manis [108].
BaxxnmuBoro 0coOMuBICTIO IHOTO HAOOPY HaHUX € HWOTO aKTyaJbHICTh, IO
3a0e3mnedye BEJIMKE PO3MAITTs BiJIEO Ta 3HAYHY KUIBKICTh CKIIQHUX TEPEXOJiB,

30KpeMa MOCTYTOBI MIEPEXO0/IH, SIK TOKa3aHO Ha PUCYHKY 2.7.

E> AR eslpplind mbid FRTEMHE LV

Pucynox 2.7. Ilepexoau B Habopi ganux SHOT
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[Ipu mpoBeneHH1 NEPIIOro eKCIePUMEHTY CIoYaTKy OyJio 3aBaHTa)XKeHO HalIp
JaHuX, 1 JUIsl KOKHOTO Bijeo OyJjio BWIydeHO Bci Kaapu. Jlam KoOKEeH Kauap
po30uBaBcs Ha OJIOKM, TEPETBOPIOBABCS y HEOOX1JHI KOJBOPOBI MPOCTOPH Ta
00YHCITIOBANIMCS KOHTYPH 32 AoroMororo oneparopa Codens-Denbamana. Jlami s
KOXHOI KOMO1HaIIi1 6JI0Ky Ta KOJIbOPOBOTO MPOCTOPY OYyJI0 OOUUCIEHO TiCTOrpamy,
a TOTIM Il TICTOrpaMHu TOPIBHIOBAIMCSA MDK cycigHiMu Kaapamu. [licns mporo
BU3HAYAJIOCS BIIXHIICHHS MDK OJIOKAaMH 3 MCTOIO BUSBJICHHS aHOMAJIM, SIKI
BiJIirpaBaiu poJib 3MiH Iutany. [licnsi mpoBeAeHHS LUX oOmepaliil BU3HAYAINCS
TouHicTh (Precision) Ta moka3nuk F1.

[lin 4Yac mpoBeNEHHsS EKCHEPUMEHTY OyJ0 MPOTECTOBAHO pI3HI BapiaHTH
KUTBKOCT1 OJIOKIB, KOJIIPHI MPOCTOPH, PO3MIPU TICTOrpaM Ta KOE(IIIEHTH IS
BU3HAYCHHS [TOPOTY 3MiHU CIIeHHU. ByJi0 BCTaHOBIIEHO, 1110 ONTUMAILHOIO KIJTBKICTIO
0JIOKIB € 64, sIKI PIBHOMIPHO PO3TalllOBaHI Ha 300pa)K€HHI 0€3 30H MEPEKPUTTS Ta
MOBHICTIO TOKPHUBAIOTH BCE 300paxeHHs. Takox 0yJI0 JOCIIHKEHO Pi3HI KOMOTHAITIT
KOJIIPHUX MPOCTOPIB, Y Pe3yJbTaTl YOrO BCTAHOBJIEHO, III0 BUKOPUCTAHHS CIPOTO
KOJIPHOTO TPOCTOPY MOXKE MOBHICTIO 3aMIHUTU TPUBUMIPHUN KOJIPHUN TPOCTIP
RGB. Ilpore mi€i indopmarrii 0yo HeIOCTATHBO ISl €(hEKTUBHOTO BHU3HAYCHHS
3MIHM IUIaHIB, TOMY OyJjo AojgaHo kojipHuil mpoctip HSV. Ilig yac nerampHOTO
aHa3y KOXKHOTO BHUMIpPY IIbOTO KOJIIPHOTO TPOCTOPY BCTAHOBJICHO, IO KaHaj
BiATIHKY (Hue) MicTuB HaamMIKkoBy 1H(GOpMAILito, 110 J03BOJNIIO BUKIIOYUTH HOTO
3 PO3paxyHKIB 3 METOIO MPUIIBUJIIIECHHS aIrOpUTMy 0€3 BTpaTH TOYHOCTI. Takox,
SK TOJATKOBUM KaHa, OyJI0 BUPIIIIEHO BUKOPUCTOBYBATH 300pakeHHS, CTBOPEHE 32
JIOTIOMOTOI0  BW3HA4YeHHS KpaiB. /[l BU3HAYEGHHS KpaiB OyJio BUPIMICHO
BuKkopuctoByBatu orepatop CobOems-denpamana dvepe3 WOro MIBUAKICTH Ta
3MaTHICTh €(PEKTHBHO BHUSBJIATH MEXKI O0’€KTIB UM PETIOHIB, Jie 1HTEHCHUBHICTH
3MIHIOETHCS MBUAKO. [111 yac Takoro aHaizy Jyist KOKHOTO MIKCENs 00UMCITIOITHCS
TOPU30HTAJIBHI Ta BEPTUKAIBbHI TpajiieHTH 3a gponomoroto saep Cobens. Ha ocHoBi
UX TPaJIEHTIB PO3PAXOBYEThCS MarHiTyAa rpaji€eHTa, sKa BKa3ye HAa BEIMYUHY

3MI1HU IHTEHCUBHOCTI, Ta HAPSMOK I'PAJIIEHTA, SIKUW € KYyTOM, I1J] SIKUM 3MIHIOE€THCS
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po3paxoBaHa IHTEHCUBHICTb. Ha OCHOBI BHU3HAQUEHHMX MArHITYJu Ta HaIpPSIMKY
rpajiieHTa OyayeThbCs 300paK€HHS 3 BH3HAYCHUMHU Kpasmu. Take 300pakeHHS
CIYrye JOAATKOBUM MPOCTOPOM Ta JO3BOJSIE TiJ 4Yac aHajlizy TricTorpam
BIJICTE)KYBaTH Pi3Ki 3MIHHU y MOJIOKEHH1 00’ €KTIB MK KaJpaMH.

[Ipu po3paxyHKy TicTorpaMm OyJi0 BHSBJICHO, III0 BUKOPUCTAHHS CTaHIAPTHOTO
po3mipy rictorpamMud B 256 OiHIB MICTHTh HAJJIMIIKOBY 1HGOpPMAIliIO, IO
MPU3BOIUTH JIO TEHepalii 3aiiBUX IIIyMiB MpW OOYHMCICHHI BIJCTaHI MIXK
ricrorpamMaMu 3a JOTIOMOTOIO €BKIIiIOBO1 BifcTaHi. [IInsxoM ekcrepuMeHTIB
BCTAHOBJICHO, MO HAWKpaluX pe3yibTaTiB MOXKHA JOCSITTA TpPH 3MEHIICHHI
KUIBKOCTI1 O1HIB y TicTorpami 10 64. Ilpote, npu anaiisi pe3yiabTaTiB po3po0IeHOT
MaTEeMaTUYHOI MoJiesi OYyJI0 BUSBIICHO, IO 3alPOMOHOBAHUI aJITOPUTM BHUSBUBCS
Hee()eKTUBHUM Ta HEHAAIMHUM Yy MOPIBHAHHI 3 METOJJaMUd Ha OCHOBI HEHPOHHHUX

MEpEeK.

Ta6nuis 2.3. [TopiBHSIHHSA MaTEMaTUYHOTO MIAX0Ay 3 MojesaMu TransNetV?2

ta AutoShot
Meron F1 Precision
TransNetV2 0.799 0.904
AutoShot@F1 0.841 0.923
AutoShot@Precision 0.826 0.939
MaTteMaTHYHUN T1aX17 0.473 0.448

HesBaxatoun Ha [eranpbHe JOCHI/DKEHHS PI3HUX BapiaHTiB  HabOpy
nmapamMeTpiB, MaTEeMaTHYHUN TiAXi BHUSIBUBCSI HeehEKTUBHUM TIPH aHami31
CydyacHOro KoHTeHTy. OCHOBHa mpoOiieMa mMojsirana y CKJIaJAHOCTI pPO3pPOOKH
aJanTUBHOTO AJITOPUTMY BUSIBJICHHS aHOMAJII{ MpU 3MiHI TJIaHIB MAaTEMAaTUYHUMU
MeTogamMu. ToMmy Oylio BHPIIIEHO MPOBECTH EKCIEPUMEHT, Y SIKOMY JIETEKTOPOM

3MiHH IJIaHIB OYyJI0 00paHO HEHPOHHY MEPEKY.
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Jlnst HaBuaHHS HEHpPOHHOT Mepexi Bcl Bijieo Oysio 0OpobIieHO, 1 HA OCHOBI
OTPUMAaHHMX JaHUX OyJI0 3reHEePOBAHO MOCIIITIOBHOCTI JIJIs1 HABYAHHS, TOBXKUHA SIKAX
craHoBmwia 50 kajpiB, K MOKa3aHO Ha PUCYHKY 8. Takoxk, 3 METOIO 3MEHIICHHS
XMOHMX BU3HAYEHb 3MIHU TUIAHIB, OyJIO 3reHEPOBAHO JOJATKOBI MOCIHIIOBHOCTI, Y

SKUX 3MIHA TJIaHy MOTJIa 3HAXOAUTHCS OJM3HKO 10 BUXOTY MOJIETI.

Tenoea mMana 3i 3MiHOI NnaHy B KiHLj Tenosa mana 6e3 3MiHW nnaxy

3Ha4eHHA rictorpamm
3HaYeHHs ricTorpamm

0 10 20 30 40 0 10 20 30 40
Homep kagpy Homep kagpy

Pucynox 2.8 - TemioBi kapTu TPEHYBAJIBHUX JAaHUX JIJIS1 ICTUHHUX 1 XUOHUX

MITOK BIJIIOBIJTHO

JIy1s BU3HAYEHHS 4YaCOBUX 3aJieXKHOCTEH Oysi0 0OpaHO peKypeHTHI HEWPOHHI
Mepexi. [lepeBaroro Takoro Bubopy OyJsia MOXKJIMBICTh afanTallii i€l Moae st
poOOTH B peasibHOMY 4aci Ta OOpOOKHM MOTOKIB JaHUX. Y X0/l €eKCIIEPUMEHTIB 0YJI0
BUPIIIEHO BUKOPUCTOBYBATH PEKYpEHTH1 HelpoHH1 Mepexi Tury Long Short-Term
Memory (LSTM) ta Gated Recurrent Unit (GRU) [109]. Mogens LSTM — 1ie Bun
PEKypEeHTHOI HEHpPOHHOI Mepexi, akuil OyB po3poOsieHuii /uis Kpauioi podoTu 3
JIOBFOCTPOKOBUMH YaCOBUMHU 3aJICKHOCTSIMU y TIOCHTIIOBHUX JAaHUX. B apxiTekTypi

mozeni LSTM e Tpu 0CHOBHI KOMIIOHEHTH:
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- Forget Gate — BiagnoBigae 3a KOHTPOJIb MONEPEIHBOTO CTAHY KOMIPKH Ta
BH3HAUae, Ky iHpopmaliro HeoOXiTHO 3a0yTH.

- Input Gate (BxigH1 BOpoTa) — BIJIMOBIIA€ 3a 10JJaBaHHS HOBOI 1H(OpMaIIii
JI0 CTaHy KOMIpKHU.

—  Output Gate (BuxizHi BOpOTa) — KOHTPOJIIOE, AKY 1H(OpMALIiIO MOTPIOHO
nepenaBaTy Ha BUXI/I.

Takoxx moxem LSTM marots MexaHni3m cell state, sikuii qomomMarae Mozaeii
e(deKTUBHIIIIE HABYATUCS Ta 3MEHIIYE WMOBIPHICTH BHUHUKHEHHS 3aTyXarouux 1
BUOyxarounx rpaaientis [35]. Kpim Toro, 6yi0 po3risiHyTO BUKOPUCTAHHS MOIeIIeH
tunty GRU. Ha Binminy Big moaeneit LSTM, moaeni GRU matoTh MEHIITy KUIBKICTh
napameTpiB Ta crpomleHy apxitektypy. is GRU Bu3HayaioTh JBa OCHOBHI
KOMITOHEHTH:

- Reset Gate — Bu3Hauae, sIKy 4acCTUHY MONEPEAHBOTO CTaHy KOMIPKHU
noTpiOHO 3a0yTH a00 BUKITIOYUTH IPU PO3PAXyHKY HOBOTO CTaHY.

- Update Gate — BiamoBifae 3a KepyBaHHS CTAaHOM Ta BHU3HAUae€, sKa
YacTHHA CTaHy Ma€ OyTH OHOBJICHA.

Ha Binminy Bin mozenet turry LSTM, moneni GRU e maroth cell state, a
3aMICTh HbOTO BHKOPHCTOBYETHCS OJIMH BHYTPIMIHIA CTaH, 110, Y CBOIO Yepry,
CIIPOIILY€E apXITEKTYPy Ta 3MEHIIY€E KUTbKICTh MapaMeTpiB. 3aBAsIKU IIbOMY MOJIEI1
tunty GRU HaBuarothes mBuaie, Hix Moaent LSTM, npote MOXXyTbh MaTH HUKIY
TOYHICTb.

[Tpu nopiBusiuai LSTM ta GRU 6yni0 BCTaHOBIIEHO, IO TTPY BUKOPUCTAHHI
OJIHOTO pEeKypeHTHOro mapy wmonaeib Ha ocHoBi GRU wmae kpamly TOUYHICTh
cxomkeHHst Ta Fl-ominky. [Ipote, 31 30UTbIIIEHHSM KUIBKOCTI PEKYPEHTHUX IIapiB
tounicth LSTM mounnae 3poctatu ta nepesepirye Tounictb GRU. Takox Oymo
BCTAHOBJICHO, IO MpU 30UIBIICHHI KITBKOCTI PEKYpEHTHHX IIapiB IOHAJ JBa
TOYHICTh MOYMHAE 3HAYHO ToTipiryBaTucs. KilbKicTh mapaMeTpiB y peKypeHTHHX
HEHPOHHUX MepeKax BHSIBUJIA 3aJIEKHICTh, 3a SIKOT MPU BUKOPUCTAHHI MEHILOT

KUIBKOCTI MapaMeTpiB 3pOCTAIOTh TOYHICTh BIIy4YaHHs Ta MOBHOTA, ane naaae Fl-
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OIliHKa. 3 IHOTO MOJKHA 3pOOMTH BHCHOBOK, IO 3aJ€KHO BIJ 3ajladyl MOKHa
MaKCHMI3yBaTH TOYHICTh BIy4YaHHS a00 TMOBHOTY, a00 30CEpeauTHCS Ha OlIbII
30amaHcoBaHoMy miaxoai. Takox OyJio TPOTECTOBAaHO PI3HY  KIJIBKICTh
MOBHO3B’SI3HUX IIApiB, SIKI WIIIM TICIA PEeKYpeHTHHX MapiB. Makcumizalis
To4HOCTI Biay4aHHs (98,2%) 3a paxyHok Brpatu F1-orminku (83,3%) Oyna nocsruyTa
Py BUKOPUCTAHHI JIBOX MOBHO3B’SI3HUX IIapiB, IO cligyBaiu 3a Asoma LSTM-
mapamu. [Ipote, pu 301bIIeHHI KITBKOCTI mapaMmeTpiB y mapax LSTM Tta tprox
MOBHO3B’SI3HUX IIapax BIAJIOCS JOCITTH OUIbII 30aJIaHCOBAHOTO Pe3yJbTaTy, Ipu
SAKOMY TOUYHICTb BiTyyaHHs Ta F1-ominka nopiBHioBaiu 93,9% ta 88,5% BinnosiaHo,

10 MPOJIEMOHCTPOBAHO B Ta0muIII 4.

Tabmuus 2.4 - TlopiBHSHHS MAaTEMAaTHMYHOTO IIJIXOIYy 3 BUKOPUCTAHHS

HCﬁpOHHHX MCPCK 3 CYyUaCHUMHU MOJCIIAAMMU.

Meroxn F1 Precision
TransNetV2 0.799 0.904
AutoShot@F1 0.841 0.923
AutoShot@Precision 0.826 0.939
MaremMaTuuHUM MiIX17] 0.473 0.448
MaremaTuuHUN TAX1J 3 BUKOPUCTAHHSAM 0.833 0.982
HerponHoi mepexi(2 LSTM(8) and 2 Layers)
MaremaTuuHUN TAX1J 3 BUKOPUCTAHHSIM 0.885 0.939
HerponHoi Mepexi (2 LSTM(128) and 3 Layers)

VY X0l eKCepuMEHTIB OyJI0 JOCSITHYTO MOKA3HHKIB, SIKI MEPEBUILYIOThH
TOYHICTh apxiTekTyp TransNetV2 ta AutoShot. [Ipu npoMy 11e#i miaxig TakoXK Mae
nepeBaru y MOXJIMBOCTI BUOOpPY MK MIIXOJaMH, IO BKJIOYAIOTh MaKCHUMI3allio
TOYHOCTI BJIy4aHHs, MOBHOTH a0o Fl-ominku. Takox 1ed miaxig BUTIAHO
BIJIPI3HSETHCS KOMIAKTHUM PO3MIPOM MOJIENl Ta HUZBKUMU OOYHCITIOBATLHUMU

BUMoramu. Po3po6iieHi HelpoHHI Mepexi BUKOpUCTOBYIOTH Bii 6 KFLOPs no 500
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kFLOPs nHa omuH ¢peiiM, 110 03BOJISIE 3aCTOCOBYBAaTH IEH MAXIT IS

pO3Mi3HaBaHHs B peabHOMY Yaci [8].

2.3. Metoa po30MTTH Bile0 Ha CIEeHH 32 JONMOMOIOI0 Bi3yaJbHOIO

TpaHcdopmepy AJis Bigeo

OCHOBHOIO CKJIQJHICTIO MPH aHali3l Cy4acHOTO BIJCOKOHTEHTY 3 METOIO
BHU3HAUEHHS CIIEH € MoTpeda 4YiTKO BU3HAYATH KOHTEKCT KOXKHOI creHu. [lpum
BUKOPUCTaHHI Bi3yaJbHUX TpaHCGOpPMEpIB U BiJIeO BUHHUKAe mpodiiema: 3i
30UIBIICHHSIM KUIBKOCTI KaJIpiB, 110 HAAXOMASTh HAa BXiJ MOAENI, 3HAYHO 3POCTAE
oOuuclOBaJIbHA  CKIAAHICTh. lLle 3yMOBIEHO KBaJpaTUUHOIO  CKIIAIHICTIO
MEXaHI3My yBaru y MOJIeisX Bi3yallbHUX TpaHchopmepiB 11t Bineo. [IpoTe, skino
KUIBKICTh TaKUX KaJpiB OyJe HEeIOCTaTHhOIO, MOJEIb MOKE OTPUMATH 3aMaio
iHdopmali i TOYHOTO BHU3HAYEHHA KOHTEKCTY Ta TpPaHUIb CIEHU.
AnpTepHATHBHI MIJIXO0/IM, TaKl SIK 3aCTOCYBaHHS PEKYPEHTHUX HEHMPOHHUX MEPEK
9u KOMOIHOBaHI METOJIM, TaKOX MaloTh IPOOJIeMH 31 30UIBIICHHSM BXI1JIHOI
MOCJIITOBHOCTI, OCKIJIBKM 3pPOCTAalOTh OOYMCIIOBalIbHI BHUTpath. Kpim ToOTO,
J0JIa€ThCA pobiieMa 3aTyXaloyux Ta BUOyXatouuX IrpaJi€HTIB. 3 METOIO BUPILLIEHHS
i€l mpoOjemMu OyJi0o BUPIMICHO MIJBUINATH €(PEKTUBHICTH Mepenadi JaHuX [0
MOl NUIAXOM 3MEHUIEHHS KIIbKOCTI KaJpiB MpU 30EpeKEeHHI KOHTEKCTY
MPOIYLIEHUX KaJPIB.

AHaJi3 CTpyKTYypH BiJICOKOHTEHTY TTOKAa3aB, 1110 CIIEHU CKJIAIat0ThCS 3 TUIaHIB,
3MiH MOJIOKEHHS KAMEPH, a TAKOXK MEPEXOAN MK CLIEHAMHU € 3MIHOIO Many. Kpim
TOTO, aHaJli3 TMOKa3aB, 110, OCKUIbKU IUJIAHW MalTh KOPOTKY TPHUBAJICTh Ta HE
MICTSATh BEJIMKO1 KUIBKOCTI PI3KUX 3MiH Y B1JI€OMOTOIII, 11€ A03BOJIsiE e()EeKTUBHIIIIE
nepeaaBaty iHGOpMaIliio 10 MoJieNiel BizyaabHoro Tpancdopmepa s Bigeo [110].
[Tpu Takomy miAXOAl BIIECOKOHTEHT CIOYATKy pPO30MBAEThCS HA IUIAHU, J1ajli 3 HUX
BUOUpAETHCS HEOOXiHA KUIBKICTh KIIFOYOBUX KaJpiB, 1 MOJENb Bi3yaJlbHOTO

TpaHc(opMepa aJis BiIeo BU3HAYAE, SIK1 IEPEXO0IU MIXK TIJIJaHAMU € YACTUHOIO OJTHIET
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CIICHH, a Kl CUTHAJI3YIOTh IIPO 3MIHY CLICHH. TakKuM YHHOM, HEOOX1THHUI pO3MIp
MOJCN JJIi OTPUMaHHS KOMIUIEKCHOTO TIPECTaBICHHS BiJCOKOHTCHTY 3HAYHO
3MEHIIY€ThCS, IO JI03BOJIsIE  ©(EKTHUBHIIIE BUKOPHCTOBYBATH apXiTEKTypy

Bi3yaJIbHOTO TpaHchopMepa s BiJICO.

2.3.1. Bumoru a0 mepeaoOpoOKM JaHUX Ta IeEPeBipKHM pe3yJbTaTiB

eKCIIePUMEHTIB

Jlns mpoBesieHHsT €KCIIEpUMEHTIB OyJIo MO€IHAHO HAOOpU JaHMX 3 PI3HUX
JOCJIIKEHb 3 METOI0 MaKCHUMI3allil 00CATy HOCTYIHUX JaHUX JJIs HaBYaHHS. [[s
1poro Oyno Bukopuctano Habopu nanux The Raid, OsVSD Ta BBC Planet Earth.
[Tpuknan nepexoaiB Mixk cuieHamu y Habopax manux OsVSD ta BBC Planet Earth

MPOAEMOHCTPOBAHO HA PUCYHKY 2.9.

Pucynox 2.9 - 3minu cuen s HabopiB ganux The Raid, OsVsd Ta BBC

Planet Earth

3 MeTor 30epeXeHHST MOKJIMBOCTI TIOPIBHSHHS PE3YyJIbTATIB MPOBEICHUX
€KCIIEpUMEHTIB 13  JIOCHIDKEHHSAMHM  IHIIMX  Y4eHUX OyJi0  BHPILIECHO
BukopuctoByBatn HabOip ganux BBC Planet Earth sk Baminauiiiny BuOipky. Y
pesynbTaTi moeaHaHHs HabopiB manmmx The Raid Tta OsVSD O6ymo orpumano

TpeHyBaJIbHUH HaO1p, sikui MicTUB 31 Bijgeo 3 7856 cuenamu. Bamipamiiinuii HaOip
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mauux BBC Planet Earth mictus 11 Bimeo 3 4844 cuenamu. Ilix gyac marotoBku
JaHUX J0 TPEHYBaHHS CTaj0 3pO3yMilo, IO OTpHMaHa KUIBKICTh CIIEH €
HEJ0CTaTHBOIO MJIsi €(PEeKTUBHOIO HABYAHHS MOJIEII Bi3yaJlbHOro TpaHcopmepa
JUIS BiZI€0, Yepe3 110 OyJ10 BUPINICeHO MOAM(IKyBaTH OPUTIHAJIbHI JaTACETH 3 METOIO
301bIICHHS 00CATY TPEHYBaJbHUX JaHHX.

[TinroToBKka qaTaceTy JJis TpeHYBaHHS BiI0yBajiacs y KuUIbKa €TaliB, IepIIuM
3 SKUX OyJI0 PO3OUTTS KOKHOTO Bifeo HA TuIaHW. [[1s IbOTO BUKOPUCTOBYBABCS
PO3pO0ICHUIT METOI PO3OUTTS HA TUJIAHHW, OCKUTBKH MPU HOTO CTBOPEHHI BIATIOCS
JOCSITTA TOYHOCTI, 110 TIEPEBUIILY€E pe3yJbTaTH 1HIIMX MOJIETEH Il BU3HAYEHHS
3MIHM IUTaHIB. ByJlo CTBOpPEHO cremialibHy pO3MITKY, y sIKid OyJiO 3a3Ha4eHo, SK1
IUTAaHW HaJeXaTh 10 KOXKHOI CIIEHW Ta siKi cueHu € cycigdimu. lle mo3Bommiio
30UTBIIMTH BapIaTUBHICTh CILEH IMiJ] Yac TPEHYBAaHHS 3aBJSIKA MOXJIMBOCTI Opatu
pi3HI KOMOIHAIli IJaHIB Ta PO3TAlIOBYBATH iX Yy JOBUIBHOMY MOPSAKY. Takox,
Malo4d TaKy PO3MITKY, CTaJO MOKJIMBHUM 3MIHIOBAaTH CIIEHH MICISIMU IIiJl Yac
TCHEPYBaHHS JaHWX JJIs TpPEHyBaHHSA. BUKOpPUCTaHHS TaKWX [aHUX 3HAYHO
30UTBIITY€E KUTBKICTh JIOCTYMHHUX JaHUX I aHamizy, 30epiraloud TpH I[bOMY
KOHIIETITH, 3aKJIa/ICH] B CLIeHU. {7151 MOKpaIrieHHs: pe3yibTaTiB OyJid CTBOPEH1 Pi3HI
KOMOI1HAIIT HOCHITOBHOCTEN JaHUX:

- TOCIHIJIOBHOCTI, IO MICTHJIM 3MIHY CII€HH, JJII HaBYaHHS MOJEII
BUSIBJIATH 1X;

- TOCHIJOBHOCTI, IO MICTUJIN IJIAHH 3 OJHIEI CIIEHM, 00 MOJIEC]IF MOTJa
HABYUTHUCS aJanTyBaTUCS IO JOBTOTO KOHTEHTY, KOJHM 3MiHA CIICHH MOXE He
BIJI0yBaTHUCS, TIONIPY 3HAYHI 3MIHU TUIAHIB,;

~  TOCIIJOBHOCTI, 110 MICTUJIM 3MIHY IUIaHY MOOJIM3Y BUXOIY MOJAEII, 1110
HEOOXIMHO JUIT HaBYaHHS OUIBII TOYHO BH3HAYaTH MOMEHT 3MIHM CIEH 3a
JIOTIOMOTOI0 KJTFOUOBHUX KaJIpiB 13 TIJIaHY .

[le#t miaxig TakoX BiJKPUBAE MOXKJIMBICTh BUKOPUCTAHHS PI3HOI KUIBKOCTI
KaJIpiB I KOXKHOTO IUIaHy, IO Ja€ 3MOTY KOHTPOJIFOBATH KUTBKICTh KOHTEKCTY 3

KOXKHOT'O IJIaHy, SIKUM OTPUMYE MOJIETb apXITEKTypH Bi3yallbHOTO TpaHchopMmepa
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Ha BXij. J{Js BUKOpUCTAaHHS TaKUX JIaHUX Yy HaBYaHH1 OyJI0O CTBOPEHO CHeIlialbHUMI

KJ1ac, SIKAM MaB AOCTYyII A0 HiI[FOTOBJ'ICHI/IX KIIFOYOBHUX KaﬂpiB I KOXKHO1 CICHU Ta

PO3MITKH, IO MICTWIA 1H(OpPMALI0 MPO CIEHH, CYCIIHI CIEHH Ta IUIaHH,

pUB’sI3aH1 0 KOKHOI CIIEHU. Y pe3yJibTaTi po3poOKU OyiI0 OTPUMAHO MauIliaiiH,

300pakeHnii Ha pucyHky 2.10.

OTPHMMaHHA Ta NiAroTOBKM
AaHKX 40 TPEHYBaHHA

Eran nigrotoeku
naracery

PosmiTka cuex
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Pucynox 2.10 — [linroroBka gaHux Ta reHepallis TpeHyBaJIbHUX JIAHUX.

Po3pob6nenuit miaxia 1t podoTH 3 JaHUMHU J03BOJUB €(DEKTUBHO MPaIOBaTH

3 HAOOpOM JaHWX 1 MIBUAKO aJanTyBaTHCS IO MOTPeOd EKCIEPUMEHTIB HUIIXOM
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3MIHM HEOOX1AHOI KUJIBKOCTI KJIFOUOBHMX KaJpiB YM KIJIBLKOCTI TUIAHIB JUIS CIICHHU.
Taxox miciig reHepariii KoKHOTo 0aTuy JUIs TPeHYBaHHS 3A1MCHIOBAINCA JOJATKOBI
Tpanchopmariii 300pakeHb 3 METOIO IMOKpPAIIECHHS y3arajlbHIOBAILHOT 3aTHOCTI
MOJIEIi, 30KpeMa 00pi3aHHs 300pa)KeHHs, BUIIQJKOBa 3MiHA PO3MIPY, HaKIaJaHHS
KOJBOPOBHUX (UIBTPIB, 3aCTOCYBaHHS TayCOBOTO PO3MHUTTA Ta 1HIII METOAU
ayrmenTaitii. /[ koxxHoro 300pakeHHs] BUOHpaIucs BUMaAKOB1 TpaHchopmarrii ta
napaMeTpH Ui HUX, IO JIO3BOJIMIIO 3pOOUTH BX1JHI JaHi OUTBII PI3HOMaHITHUMH,
MOKPAIUTH y3araJIbHIOBAJILHY 3/IaTHICTh PO3POOIIIOBAHOI MOAEHII Ta 3poowuTth il

OLIBIII CTIMKOIO /IO IITYMIB.

2.3.2. IlinBuIleHHSA TOYHOCTI PO3MiZHABAHHS BUSIBJIEHHSI 3MiHU CIIeH 3

BHKOPHCTAHHAM Bi3yaJbHUX TPaHc(opMepiB 1JI4 Bigeo.

B pesynbTaTi ekcrnepuMeHTIB OyJI0 BCTAaHOBJICHO, IO JJIi OTPUMAHHS
MaKCUMaJIbHOI TOYHICTh JOCTaTHHO BHKOPHUCTOBYBATH IO YOTHUPH TUTAHH IS
aHaii3y, MpU bOMY HEOOX1HA JIUIIE OJUH KIIOYOBUHN KaJp Ui KOKHOTO TUIaHY.
YMOBOIO Mepexory Mik CIEHAMHU € HaJSKHICTh NMEPIIUX ABOX KIOYOBUX KAJPIB 3
IJIaHIB SIKI HajieXaTh MEpIIii ClieHa, Ta HACTYMHI JBa KaJpu MalTh HaJEKaTu
HacTynHiil cueni. Lliei 1Hdopmarli BHUSABMIOCH AOCTaTHBO JUJII BU3HAYCHHS
KPUTHYHO BaXJHMBOI iH(OpMAaITii 11 BU3HAYCHHS KOHTEKCTY CIICH Ta BU3HAYCHHIO
nepexoay Mix HUMHU. [Ipu 1iboMy npu 30UTBIIEHH] KUIBKOCTI KIIFOUOBUX KaJIpiB 4d
30UIBIIICHHIO CIIEH JUJI1  aHaJi3y BHHUKAJIM TMPOOJIEeMH TIOB’S3aHI 3  IIEIO
po3pobIIeHOI0 apxiTekTypoto. [lepiioto mpoOeMor0 cTaBajao 3Ha4YHE 301IbIIEHHI
pO3Mipy MojeleH, o0 MoTpeOyBaJi0 3HAYHOTO 30UIBIICHHS HAaBYAIbHUX JTAHHX.
HaBiTh 3 3acToCyBaHHSIM PO3pOOJICHOTO AJITOPUTMY JJISl MITYYHOTO 301IbIIEHHS
JaTaceTy I[bOTO BHUSBHIOCH HEIOCTAaTHBRO Ta MOJICIh IMOYMHANIA CTPIMKO
nepeHaByaTUCh. [IpoTe Taka mMoOBeMIHKA CBIAYATH MPO Te, MO MPU PO3POOIT
JIOIATKOBUX HAOOPIB TaHUX JIsl BUBHAYCHHS 3MI1HU CIIEH IIeH MiX1]] Ma€ MOTeHIal

JUISL JTOCATHEHHsI HaBiTh OUIBIIOI TOYHOCTI. [HIIOK MPOOJIEMOIO 3 KO MU
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CTUKHYJIUCh 11€ CIIEHH SKI MICTWJIM Majldy KUIbKICTh IuaHiB. Ile xapakTepHo 10
Cy4aCHOTO KOHTEHTY SIKHUW 3aCTOCOBYETHCS B PEKIaMi YU KOPOTKI POJIMKH SIKi
HECYTh pO3BaXKaNbHUN XapakTtep. Jlias BupileHHS 1€l MpoOiIeMH MOXKHA
PO3pO0JISITH OUIBII JTOCKOHAIWM MIAXIT A0 TeHepallli JaHuX Kl MPU BKIFOYEHHI
OUIBIIOT KUTHKOCTI IJIaHIB Oy/1e MaTH MOJIMBICTH MaTH B MOCIIOBHOCTI ACKIIbKa
Mepexo/IiB MIXK CIICHAMH.

B pe3ynbrati HaBYaHHS MOJIENI apXIiTEKTYpH Bi3yaldbHOTO TpaHCHOpMEpY JIs
BiJICO 3 3aCTOCYBAaHHSIM ITUIaHIB OTPUMAHUX 3aBISKA PO3POOJICHOMY MIIXOMTy 10
PO30UTTS BiJI€O HA TUTAHU 3 BUKOPUCTAHHSM MO€EAHAHHS MATEMAaTUYHOTO MIIXO1y Ta
PEKYPEHTHUX HEUPOHHUX MEPEK BIAJIOCh PO3POOUTH MOJEIh SKa 3MOIJIa
nocsiruyT otiHku F1 72.1%, o Ha 5.1% kpaine 3a Deep Multimodal Networks Ta
NEPEeBEPIIUTA TOKA3aHHS IHIIMX MOJENeH Jii BU3HAYEHHS 3MIHM CIEH, SK

MoKa3aHo B Tabium 2.5.

Tabnuug 2.5 - [lopiBHSAHHSA pe3ybTaTiB BUSBICHHS 3MIHU CLEH.

Monens F1
Po3po6iaena Mmoaenn 0.721
Deep Multimodal Networks [3] 0.67
STG[4] 0.41
NWI5] 0.33

Takox po3poOsieHa MOjeNIb MOXKe OyTH JO0AATKOBO MOKpAIlleHAa IUIIXOM
3aCTOCYBaHHS MEXaHI3MiB OMNTUMI3allli, OCOONMBOi yBaru TMpPHU IOMY CIIiJ
NPUAUIATA TPYHIHTY TIEpel HaBYaHHSAM, TaK SK II€ JO3BOJIUTH HE TUIBKH
MPUIIBUAIIATHA MOJIENh Ta 3MCHIIIUTH 11 pO3MIip, aje TaKOX MPHUIIBUAINIATE IIPOIIEC
HaBYaHHS TaKOl MOJIEII.

Po3poOka MeToliB po3OUTTS BiJe0 Ha CIIEHU 3a JOMOMOTOI0 Bi3yaJIbHUX
TpaHchopMepiB TSl BiIeO Ta METOJIB BH3HAYEHHS 3MIHM IUIAHIB 32 JIOITOMOTOIO

MOEHAHHS MaTEeMaTUYHUX TIIXOMIB 3 PEKYPEHTHOI HEWPOHHOI MEPEXKEro
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BIIKPUBAIOTh  MOXJIUBICTh  JUIS  TPHUIIBUANICHHS  TPOIECY  BHU3HAUCHHS
BiJICOATPUOYTIB HUIAXOM 3MEHIIEHHS HEOOXiTHOI KUTHKOCTI KaJpiB AJIs aHAi3Yy.
IIpy mpomy 30epira€TbCs BHUCOKA TOYHICTh aHAI3y 3a PaxyHOK MOIKJIHUBOCTI
BUOUpATH HEOOXIAHY KUTBKICTh KJIIOUOBHMX KaJIpIB I KOXKHOI CIIEHH YH IUIaHY.
Takox nmerampHUN Po30ip BiIEO HA CKIIAIOBI KOMIIOHEHTH J03BOJISAE€ €(EKTHBHO
aHaJ13yBaTH BIJIEKOHTEHT Ta OyJyBaTH JIeTaJIbHY aHATITUKY. [loeTHaHHS TOYHOCTI
PO3pOOIEHUX MITXOIIB Ta X MIBUAKOIIT 103BOJIsAE€ €()EKTUBHO BUKOPUCTOBYBATH X
JUIA aHaji3y CydacHOTO BIJCOKOHTEHTY. HacTymHumu KpokamMu € onTuMmi3allis
M1X0/y O BUSHAUYEHHSI 3MIHU CIIEH Y B1JICOKOHTEHTI 3a JIOMNOMOT'OI0 BUKOPUCTAHHS
MOJIeJi Ha OCHOBI apXiTeKTypu TpaHchopMep Ta po3poOKa MPOrpaMHOIO
3a0€e3ne4eHHs sIKe JO3BOJIUTh €(h)eKTUBHO PO3OUTH BiJIcO HA CIIEHU Ta IUIAaHU Ta Ha

OCHOBI IIbOTO OyAyBaTH JIeTajdbHy aHANITUKY IS BIICOKOHTEHTY.

2.4. BUCHOBKH 10 po3aiiay 2

Y pe3ynbTaTi €KCIEPUMEHTIB OyJi0 BCTAHOBJIEHO, IO JJIS JOCSITHEHHS
MaKCHMaJbHOI TOYHOCTI JOCTaTHRO BUKOPHCTOBYBATH YOTUPH TUTAHU VISl aHAITI3Y,
OpU LbOMY MOTPIOEH JIMIIE OAUH KIIOUOBUHM Kajp JUIsl KOKHOTO IJIaHy. Y MOBOIO
Mepexoay MK CIEHaMHU € Te, 110 Mepill JABa KJIKYOBI KaJapu HajexaTh IUIaHaM
NEePINoi CIIEHH, a HACTYITHI JBa KaJpH — MJlaHaM HacTymHoi ciieHu. Lliel indopmarrii
BUSIBUJIOCS] IOCTATHBO ISl BUBHAYEHHS] KPUTUYHO BaXKIMBOTO KOHTEKCTY CIIEH Ta
iaeHTrdIKalli nepexoay Mk HUMH. [Ipote, 31 301IbIIEHHSAM KIJTBKOCTI KIIFOUOBUX
KazapiB ab0 CIEH /Ui aHalli3y BUHUKAIM MPOOJIEMH, TOB’SI3aHI 3 apXiTEKTypOIO
mozeni. Ilepmioro mpo6iemMoro cTajgo 3HayHE 30UIBIICHHS PO3MIpYy MOJENi, 110
BUMAarajio CyTTE€BOrO 3OLIbIICHHS O0OCATY HaBUaJIbHMX JAaHUX. 3aCTOCYBAHHS
pPO3pOOJIEHOTO  aNTOPUTMYy  INTYYHOTO PO3IIMPEHHS JaTaceTy BUSBUIIOCA
HEIOCTaTHBO, 1 MOJIENIb CXUJIbHA JI0 TIepeHaB4YaHHs. Taka MmoBeAiHKa CBIIYUTH PO
Te, 110 TIPH PO3POOITl T0AATKOBUX HAOOPIB TaHUX JJII BUSHAYCHHS 3MIHU CIICH Iei

M1IX17 Ma€ MOTEHIlal 10 JTOCATHEHHS I11€ BUINOI TOYHOCTI. [HIIOI0 mpobiiemMoro, 3
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SIKOI0 JIOBEJOCS 3ITKHYTHCh, OyJIM CIEHM 3 Majol KUIbKICTIO IuiaHiB. [le
XapaKTEPHO ISl CyY4aCHOTO KOHTEHTY, SKH BUKOPHUCTOBYETHCS B pEKJIaMi Ud
KOPOTKHUX PO3BKAJBbHHUX BiAcoponukax. JlJis BUpIIIEeHHS i€l mpoOieMu MoKHA
pPO3pOoOUTH OUIBII JOCKOHAIWN MIAXIA A0 TeHepallli JaHuX, KWW, BKIHOYAIOUud
OUIBLITY KUTBKICTH IUIaHIB, JO3BOJUTH (POPMYBATH MOCHIAOBHOCTI 3 JEKUIbKOMA
nepexoJlaMu MiXk CIIEHAMH.

Po3pobiena Mojiens mpoieMOHCTPYBaIa MOKIIMBICTh CTBOPEHHS alITOPUTMY,
KWW, BUKOPUCTOBYIOUH TIIXOMM PO3OUTTS BiJleO HA TJIAaHU Ta CIICHU, JO3BOJIIE
3HAYHO CKOPOTHTH KUIBKICTh HEOOXITHUX BHUKJIUKIB MOJENeH MJid BHU3HAUCHHS
B1/1€0aTpHOyTiB, 30€piratoum BUCOKY TOYHICTh OOYMCIEHb. TaKoX 3aCTOCYBaHHS
IIOTO IMJIXOAY J03BOJIsi€ €(EKTUBHO aHalli3yBaTH BIJICOKOHTCHT 3aBIISKU
iH(opMarii mpo YiTKi rpaHuIll IJIaHIB Ta ciieH. Po3po6iieHnii miaxiax Mae moTeHITiall
JUIST TIOAANbINOI  ONTUMI3AIlli HUISXOM 3aCTOCYBaHHS METOJIB  ONTHUMI3AILi.
HaiiGinpmmii moTeHIian Mae METOJ] MPYHIHTY Nepe/l HaBUYaHHSAM, OCKIJIbKHM BiH HE
JUIIe 3MEHIIYE po3MIp MOJEI Ta NPHUILBUALIYE iI BUKOHAHHA, aje il J103BOJIsIE

MIBUJIIIIE HABYATU MOJIEIII apXiTEeKTypHU Bi3yallbHOTO TpaHCchopmepa.
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PO3/IL 3. ONTUMIBAIIISI MOJIEJIEM APXITEKTYPH
BI3YAJIBHUX TPAHC®OPMEPIB /UUIA BIIEO

3.1. Meroau onTuMi3amii Mmoaese TpancopmepiB JJ14 Bigeo

[TocriiiHe 3pOCTaHHA KITBKOCTI CTBOPIOBAHUX BIJEO CTaBUTh TNEpeN
PO3pOOHHMKAMH 3aBIaHHS PO3POOKH MIBUIKUX Ta €()EKTUBHHUX Mojenei. Mopemi
apXiTeKTypHu TpaHCHOPMEPIB IEMOHCTPYIOTh BUIILY TOYHICTH MOPIBHSHO 31 CBOIMH
MOTIEPETHAKAMU Y 3a/1auax, IMOB’s3aHUX 13 KOMIT IOTEPHUM 30pOM Ta 0OpPOOKOIO
MOCJIITOBHOCTEM. 3acTOCYyBaHHSI MOJIEJIE Ha OCHOBI apXiTeKTypu TpaHchOpMepiB
noTpedye BUCOKHUX OOUYMCIIOBAIBHHUX PECYPCIB, IO OOMEXY€E iX BUKOPHUCTAHHS B
3alayax 3 OOMEXKEHMMH OOYMCIIOBAIBHUMH pecypcaMu abo y BHUIAJKaX, KOJHU
noTpiOHA BUCOKA MIBUAKICTh BUKOHAHHS. TakoX HaBYaHHS TaKMX MOJIENeH 3aiiMae
Oarato dacy depe3 iXHIO CKIAAHICTh. [li BUKIMKH CTalOTh KPUTHYHUMH IPH
pO3B’s3aHHI 3a/Jadl pPO30MTTS BiJIEO HA CIEHH 3a JOMOMOIOI0 apXITEKTypH
Bi3yaJbHOro TpaHc(opMmepa uisl Bieo Ta MOTPeOYIOTh MOKPAIICHHS 1CHYIOUHUX
METO/IIB ONTUMI3AIll 3 METOI MiJIBUICHHS €()EKTUBHOCTI, 3HMKCHHSI BUTPAT Ha

HABYaHHS Ta PO3IMIUPEHHS MOKIUBOCTEN JUIsi 0OpOOKM MacIITAOHUX 3a/1a4.

3.1.1. CxopoyveHHSs CKJIATHOCTI MoJIeJied apXiTeKTypu TpaHcpopMepiB

OgHuM 13 HampsIMKIB ~ ONTUMI3alli TpaHchopmepiB € 3MEHIIEHHS
OOYHUCITIOBAIEHOT CKJIQAHOCTI 3 METOI0 TMOJAJBIIOTO iX BHUKOPUCTAHHSA Ha
maTpopmMax 3 OOMEKEHUMH OOYHUCIIOBAJLHUMU pPECypCcaMHd Ta MIJBUILEHHS
MIBUAKOCTI iX BUKOHaHHA. OCHOBHA CKJIAIHICTh TpaHC(HOPMEPIB TMONSITAE Y
3aCTOCYBaHHI MEXaHi3My CaMOyBaru, sSKuii Mae ckiaagdicts 0(n?), me n — ue
KUIBKICTh €JIEMEHTIB y TIOCIITOBHOCTI. Y PE3yJbTaTi I[bOTO, IPU BUKOPUCTAHHI
MOJIeNIe apXITeKTypu Bi3yaIbHHX TpaHCPOpMEpiB, 31 30UIBIICHHSIM JOBKWHU

MOCIAOBHOCTI a00 PO3AIBHOT 37aTHOCTI BiJIe0, OOUYHMCIIOBajIbHA CKJIAJIHICTh
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CTPIMKO 3pOcCTae 4epe3 HeoOXIJTHICTh OOpOOKH BETHKOI KiJIbKOCTI MPOCTOPOBO-
gacoBux martyis [23, 111].

3 MEeTOI0 3MEHIIIEHHS CKIaAHOCTI Mojieiel TpaHchopmepiB 0yi0 po3po0IeHO
KUIbKa miaxo/iB. O HUM 13 OCHOBHUX IIJIXO/IIB € 3aMiHa MEXaHi3My caMOyBaru Ha
CIPOIIEHY BEPCito, Yy sAKii yBara OOYMCIIOETHCS JIMIIE JUIsl YACTHHH €IEMEHTIB Y
nocaigoBHOCTI. OJHUM 13 MeEXaHI3MIB JIOCSITHEHHS CHPOIIEHOI0 MEXaHI3MYy
CaMOYBard € 3aCTOCYBAaHHS MEXaHI3My PO3PIIKEHOI yBaru, KUl J03BOJISIE MO
00pOoOJIATH JHUIIE BAXJIMBI 3QJIKHOCTI MIXK TMaTYaMH, BUKITIOUAIOYH HEBAXKJIHBI.
[HIIMM MeXaHI3MOM CIIPOILEHHS yBark € METOJI MOPOTOBOTIO NPYHIHTY, SIKHi
BHJIaJIsi€ KOMITOHEHTH, 110 MaIOTh HE3HAYHHH BIIMB HA KiHIIEB1 pO3paxXyHKH MOJCITI,
TUM CaMUM 3MEHIIYIOUM 0OUUCITIOBAIbHY CKIIAHICTD [88, 112].

[HIIIM . TM1IX0/10M A0 OmTHMI3allli Bi3yadbHUX TpaHChOPMEPIB IS BifCO €
3aCTOCYBaHHS (pakTopuzalli yBaru. Y LbOMY BHUMNAJKY I00albHE OOYHUCIICHHS
MaTpPHUIIl YBaru JJis BCIX MaT4iB 3aMIHIOETHCS HA JIBA OKPEM1 MEXaHI13MHU CaMOYBaru.
[Tepmmii MexaHi3M caMOYBarw aHalli3y€ MPOCTOPOBY KOMIIOHEHTY ISl KOKHOTO
300pakeHHsI, MICIs YOro PEe3ybTaTH MepeAaaroThCs 0 IPYroro MeXaHi3My yBarw,
SAKUW aHaji3y€ YacoBy KOMIIOHEHTY. 3aCTOCYBAaHHS IIbOTO TMIAXOJYy J03BOJISE
CKOpPOTUTH CKJIaHICTh Mojeli g0 O(n'm), 1€ n — 1€ KUIbKICTh €JIEMEHTIB Y
MIOCJTITOBHOCTI, @ M — KIJIBKICTh MATYiB JJI KOKHOTO 300pakeHHs. dakTopuzartis
yBaru y MOJENSAX apXITeKTypH Bi3yasllbHOro TpaHc(opmepa ajid Bi€O0 3HAYHO
3MEHIIly€e OOYMCIIOBAJIbHI BUTPATH MpH 30€pe’KEHHI TOYHOCTI [23].

3 METOI0 3MEHIIICHHS] 00UUCITIOBAIBHUX BUTPAT TaKOK 3aCTOCOBYIOTH JIIHIMHI
TpaHchopmepu. OcCOONMBICTIO JIHIMHUX TpaHCHOPMEPIB € BUKOPUCTAHHS
HU3BKOPIBHEBUX aMpOKCHUMAIIN JyIsi oO0uuciieHHs MmaTpuilb yBaru. lle mo3Boisie
CIIPOCTUTH CKJIAJIHICTh Mojieni 10 O(n), 110 pOOUTH MOKITUBUM i BAKOPUCTAHHS JIJIS
PO3B’sI3aHHS 3a7]ay Y peaIbHOMY 4Yaci, TaKUX SIK B1JICOCIIOCTEPEKEHHS UM aHai3
MOTOKOBUX JaHux [111].

Pe3ynbraTi mocimipKeHb oKa3aiiy, 0 METOIA 3MEHIIIEHHS 00U CITFOBATLHOL

CKJIaJIHOCTI MoOjieJiel € e(PEKTUBHUMM Ta JI03BOJISIIOTH 3HU3UTH OOUHCIIOBAIBLHY
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CKJIQJHICTh MeXaHi3My camoyBaru g0 O(n). Ha ocHOBI 1ux pe3ynbrariB Oyiio

BHPIIIEHO JIETATBHIIIE TOCTIANTH METOIN ONITHMI3AIlli 32 TOMOMOTOI0 TIPYHIHTY.

3.1.2. IIpyHiHT Ta CKOPO4YEHHS MAapaMeTpiB

3acTocyBaHHS METOAY MPYHIHTY € HIMPOKO PO3MOBCIOJIKEHOIO CTPATETIEI0
onTuMi3alii HeHpOHHUX Mepex. JloCTHiKeHHsI METOAIB YCYHEHHSI HaJJIUIIKOBUX
napaMmeTpiB 6epe cBiif moyatok y 1990-x pokax 13 po0iT Optimal Brain Damage ta
Optimal Brain Surgeon, siki 3anpoBajuin KOHIEIIII0 BUKOPUCTaHHS 1H(OpMAIIi
Ipo JApyri MOXIJHI I OLIHKKA BIUIMBY OKPEMHUX BaroBUX KOE(ILIEHTIB.
[TouaTkoBuU# MiaX1J1 BUKOPUCTOBYBAB ampokcumMailito matpuii ['ecce, mpore #oro
3aCTOCYBaHHS BHUMAarajo 3HA4YHUX OOYMCIIOBAIIBHMX BUTpaT. OnmHak 11l
JOCTI/DKEHHST JTOBENW, 10 BUIAJICHHS MaJjO3HAuyIIUX MapaMeTpiB CUCTEMH Ma€
MIHIMAQJILHUN BIUIUB HA 3arajibHy TOYHICTh MOJIENI, aje MpU I[bOMY MOXE 3HaYyHO
MABUIINATH 11 mBuAKo A0 [113, 114].

3 PpO3BUTKOM TIIHOOKMX HEUPOHHUX MEPEK TEXHIKH TMPYHIHTY TaKOX
YAOCKOHATIOBAIKMCSA 3 METOI ajanTallii J0 CKIATHINIAX Ta MAacCIITaOHIIMINX
apxiTekTyp. JocmipkeHHs moka3aid, 0 Majli Bard, sIK MpaBUjlo, MalOTh HU3BKUI
BIUIMB Ha pe3yJbTaT poOOTH MOJENi, IO MPU3BEJIO 10 LIIUPOKOTO 3aCTOCYBAHHS
METO/I1B NPYHIHTY HAa OCHOBI MarHiTyau. L1 miaxoau 103BOJISIN YHUKHYTH BUCOKOT
OOUYHCIIIOBANIBHOI  CKJIQHOCTI MpuU poboTi 3 wMarpuusamu ['ecce 3aBnsku
3aCTOCYBaHHIO O1JIbIII €BPUCTUYHOI OILIHKU BaXKJIMBOCTI mapameTpiB. Takox Oyio
3aMpONOHOBAHO BUKOPUCTaHHS ITEPATMBHOIO MPYHIHTY, MiJ Yac SKOIro
MPOPIKYBaHHST TapaMeTpiB MOJel BUKOHYBAJOCS KiUIbKa pa3iB y MpoIeci
HaBYaHHA. TaKUM YMHOM, MICIST KOXKHOI 1Tepallii IpyHIHTY MOJeb JOHaBUYasacs,
IO JI03BOJISIO 1€ OlIbllle 3MEHIIyBaTH ii po3Mip MpU 30epeKeHHI TOYHOCTI.
BaxxiuBUM BHECKOM Yy PO3BHUTOK IMPYHIHTY cTano jgociipkeHHs "['imoresa
noTepeitHoro kBuTKa". 1le AOCHIPKeHHST CTBEPKYE, M0 B IIIMOOKUX MOJEIAX 3

BUCOKOIO IIIJIBHICTIO ICHYIOTH MiAMEpexi, fKi 37aTHI JOCATaTH aHaJOT14HOl
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POJYKTUBHOCTI MPH MOBTOPHOMY HaBYaHHI 3a YMOBH BIJIOBIJHOI 1HIIiamizamii
noyaTKkoBUX mapametpis [115, 116].

Takoxx Oyl0 JIOCHKEHO MMAXOAW J0 TMPYHIHTY, 3a SKUX BHUIAJICHHS
napaMmeTpiB BiIOYyBA€ThCS CTPYKTYpPOBAHO. Y IIbOMY BHUIAAKY 3aMICTh OKPEMHUX
3B’SI3KIB MOXKYTh BHUIAISATHCS IIUTI HeWpoHH, (GimbTpu abo kanamu. [lepeBaroro
3aCTOCYBaHHS CTPYKTYpPOBAHOTO TMPYHIHTY € HE€ JIMIIE 3MEHIIEHHS KIJIbKOCTI
mapamMeTpiB, aje W e(EeKTUBHE CKOPOUYCHHS BHKOPHUCTAHHS IaM’siTi Ta
NPUIIBUIIICHHS pOOOTH MOJENl Ha amapaTHUX 3aco0ax, ONTUMI30BaHMX IS
pobotu 3 ryctumu wmatpuusmu  [117]. IlopiBHIOIOYM CTPYKTYypOBaHUM 1
HECTPYKTYpOBaHUI TMPYHIHT, BAKIMBO BPaxOBYBaTH HU3KY KIIOYOBHX (PaKTOPIB.
[epur 3a Bce, BapTO 3BEpPHYTH yBary Ha Te, 1110 X04a HECTPYKTYPOBaHUM MPYHIHT HE
3MIHIOE apXITEKTYpPy, a JIHUIIE OOHYJIS€ IEBHI TapaMeTpPH, 11€ HE 3aBKIU IPU3BOAUTD
0 NOpUIIBUAIICHHS Mojeni. Ile 3yMOBJI€HO HEOOXiJTHICTIO 3acCTOCYBaHHS
CHeIlaJbHUX QJITOPUTMIB I OOYHCIICHb PO3PIIHKEHUX MATpHIlb, MPOTE TakKl
OoOYHCIIeHHS 3a3BMYail HEJIOCTATHHO ONTHMI30BaHI B CTAHAAPTHOMY amapaTHOMY
3a0e3neyeHHl. lle Moxe mpu3BecTH He JMILE 10 BiJICYTHOCTI HMPUILBUIIICHHS
MoOjieNl, a i 10 1i croBUIbHEHHs. Ha mpoTuBary 11s0My, CTpyKTYpOBaHUMN MPYHIHT
3MIHIOE TOTOJIOT1F0 MOJIEN], 1110 03BOJISIE BAKOPUCTOBYBATH ONTUMI30BaHy MO/JIEIb
0e3 3aiiBuX O0YHCIICHb, & TAKOXK POOUTH ii €PEeKTUBHOIO HA Cy4yaCHUX rpadiuyHuX
mpoliecopax Ta CIHEUIali30BaHUX arapaTHUX MPUCKOPIOBaYax, OCKUIbKK IMICTs
CTPYKTYpPOBAHOTO MPYHIHTY MOJIEJIh 3JIUIIAETHCS KOMITAKTHOO. [HIITMM BasKITMBUM
(dakTOpoM € MOXJIMBICTH MIHIMI3yBaTH a0O TOBHICTIO YHUKHYTH JOHABUYAaHHS
MOJZEJl TICAS HECTPYKTYPOBAHOIO MPYHIHTY, TOAL AK MICJIS CTPYKTYpOBaHOTO
NPYHIHTY JOHABYaHHS € HEOOXIIHUM JUIsl BIAHOBIEHHS TouyHOCTi mozeni [118].
Takoxx MOXHa BUAUIMTH HaMiBCTPYKTYpOBAaHUM MPYHIHT, KU J03BOJISE 3HANTH
KOMIIPOMIC MIX CTPYKTYPOBaHUM Ta HECTPYKTYPOBAaHUM IIPYHIHTOM, SIK II€

MPOJIEMOHCTPOBAHO HAa PUCYHKY 3.1.
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MPYHIHT onokamu KaHarniB
Huabka LLsnakopis Bucoka
Bucoka To4HicTb Hunabka

Pucynox 3.1 - [lopiBHSIHHS pi3HUX IIa0JOHIB NPYHIHTY

Takox OyJi0 po3po0JIEeHO aJanTUBHI METOJM MPYHIHTY, Takl sk Dynamic
Network Surgery (DNS). Ile#t MmeToa npyHIHTY 3aCTOCOBY€EThCS 0€3MOCEPEAHBO i1
yac HaBYaHHS, AaHaMI3ylOYM BaXKIMBICTH BaroBUX KOE(DIIIEHTIB Yy mporeci
TpeHyBaHHs. Jlanmi, Ha OCHOBI TMOPOTOBUX 3HAY€Hb, BU3HAYAIOTHCA Baru, sKi
notpiOHO Bupanutu. [IpoTe, Ha BiAMIHY BijJ KJIACMYHUX MIAXOMAIB JO TMPYHIHTY,
meton DNS npornoHye MexaHi3M BIJHOBJIGHHS Bar Ha OCHOBI aHaI3y TPaIIEHTIB.
[Tix yac TpenyBanHst Metoa DNS ananizye rpafieHTH AJi1 KO>KHOI Bar HEMPOHHOT
MEpPEXi, 1 SIKI0 0OHYJIEHA Bara OTPUMY€E BUCOKUM TPAJIIEHT, BOHA TTOBEPTAETHCA 10
Mozeni. 3aBasku 1boMy Metoa DNS n03Bosisie afanTUBHO 3MIHIOBATH CTPYKTYPY
HEWPOHHOI Mepexi, MIHIMI3YIOUH BTpaTh TOYHOCTI [119].

[HIIMM Ba)XTMBUM JOCSTHEHHSIM CTajo PO3pPOOJIECHHS METOIB MPYHIHTY Ha
OCHOBI 4yTJIMBOCTI, Takux gk Single-shot Network Pruning based on Connection
Sensitivity (SNIP). 'onoBHOI0 oco6mmBicTioO MeToxy SNIP € fioro BukopucTanHs
nepea HaBYaHHSM, HA BIAMIHY BiJ 1HIIMX METOMIB MPYHIHTY, SIKI IHTETPYIOThCS B
poliec HaBYaHHA a0O0 3aCTOCOBYIOThCS MICHsI HbOro. ANroput™M podotu SNIP
noJisirae B TOMY, IO OepeTbcs MoOJelh HEHWPOHHOI MEpexi, IHilianri30BaHa

BUITAAKOBHUMMU BaraMmu, a TaKOXK BI/I6I/Ipa€TBC$I HCBCJIMKA 4YaCTHHA OAaTaceTy, TICIIS
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4Oro BHUKOHYETHCS MPOX1J udepe3 HeHpoHHY Mepexy. Ha ocHOBI oTpumaHOro
pe3ysbTaTy BU3HAYA€THCS BIUIMB KOXKHOI Baru Ha ¢yHKIlif0 BTpaT. [licnsa ominku
BaYKJIMBOCTI Bar BUKOHYETHCS MPYHIHT, a MapaMeTpH, 10 3aJUIIMINCS, TPEHYIOThCS
CTaHJAAPTHUM MIJXOJ0M. XO04Ya MPHU 3aCTOCYBaHHI ILOTO MIAXOAY MOJEIb MOXKE
MaTy OOMEKEHUH TPOCTIp IS aJanTallii, a BUIaJeHHS BEIMKOT KITBKOCTI Bar MOXe
NPU3BECTU JI0 3HUKEHHS TOYHOCTI, IIeM METOJ| ycyBae MoTpeldy B J0JaTKOBOMY
HABYaHHI, 03BOJIAE KOHTPOIIOBATH BTPATy TOYHOCTI Ta 3HAUHO MPUIIBUIIYE HE
JIUIIIE TBHUIKOIIF0 MOJIET, a i cam mporiec HaBdaHH: [120].

AHaN3yI0uMd ICHYIOYl MIIXOJIM N0 TMPYHIHTY, MOXHa YITKO MPOCTEKHUTH
TEHJEHI1}0, SIKa BKa3y€ Ha HEOOXIAHICTh MOIIYKY KOMIPOMICY MIXK TOYHICTIO
Mojienielt Ta iX mBuAKoAier0. [Ipu boMy TOCIIIKEHHS METO/TIB IPYHIHTY TTHOOKUX
HEHPOHHUX MEpPEX JAajo MOIUTOBX JO BUBUYEHHS POOOTH PO3PLIKEHUX MEPEX,

JUHAMIKY HaBYaHHS HEMPOHHUX MEPEXK Ta IX y3arajabHIOBAJIBHOI 31aTHOCTI.

3.1.3. IIpyHiHr apxiTeKTyp TpaHchopmep

3acTocyBaHHSA apXiTeKTyp TpaHCHOPMEpIB 03BOJISE 3HAYHO IMiIBUIIUTU
TOYHICTh PO3MI3HABAHHS Yy 337a4ax, Kl HOTPeOYIOTh BU3HAYEHHS TPOCTOPOBUX YU
YaCOBUX 3JIEKHOCTEU. [IpoTe BHKOPHUCTAaHHS TaKMX MOJIEIIEN BHUMara€ 3HA4YHHUX
0o0UHCIIIOBAIbHUX pecypciB Ta mam’sTi. L1 oOmexeHHs 3poOwiM MmiaAXoau 0
KOMIpecii Mojeneil Haa3BUYaliHO BaXJIMBUMHU ISl MIATOTOBKKM MOJENEH 10
BUKOPUCTAHHS HA TIPUCTPOSX 3 OOMEKEHUMHU PEeCypcamu, a TaKOXK Yy 3a/Jauax, 1o
MOTPEOYIOTh BUCOKOT IIBUIKOCTI BUKOHAHHS.

[Ipote, Ha BiAMIHY BiJl 3BUYATHUX TTTHOOKNX HEUPOHHUX MEPEXK, APXITEKTYypH
TpaHchOpMepiB MaIOTh YHIKAJIbHI BUKIIUKH, TTOB’3aH1 3 ONTUMI3AIlIEI0 MEXaHI3MIB
0aratorojoBoi caMOyBarm Ta IMO3ULIMHO-3AJIEKHUX  3TOPTKOBUX  IAPIB.
JlociikeHHsT MeXaHI3My yBard Mokasaju, 1110 30UIbIIEHHS KUIBKOCTI TOJIIB yBaru
Ja€ MIHIMAJIbHUA BHECOK y 3arajbHy TOYHICTH Mojeni. Ilpu mpomy Oyio

BCTAHOBJIEHO, IO 3HAYHY YACTUHY TOJIB yBark MOXHa BUIAIATH, 30epiraroyu
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BUCOKY TOYHICTb MOJEII, IO CBIAYUTH MPO HAIMIPHY KUIBKICTH IapaMeTpiB y
mapax yBaru [121]. IHme mOCHiDKEHHS MPENCTaBUIO EMIIpUYHI JTOKa3u
e(DEeKTUBHOCTI CKOPOUYCHHS KUIBKOCTI TOJIIB yBaru y MOJENsx TpaHchopMmepiB 31
30€pEKEHHSAM BHUCOKOI TOYHOCTI, IO MIJATBEPAUSIO €(PEKTUBHICTh BUKOPUCTAHHS
METO/IIB MIPYHIHTY JUI TOJIiB yBaru B TpanchopMmepHux Mojaensix [ 122].

OcTaHH1 TOCHIKEHHSI Y cepl IPYHIHTY 3alpONOHYBalik, OKPIM MPYHIHTY
TOJIiB yBaru, Tak0>k 3aCTOCOBYBATH JUHAMIUHI Ta CTPYKTYPOBaHI METOIH MIPYHIHTY.
OanuM 13 METOAIB AMHAMIYHOTO TMpPYHIHTYy cTtaB Movement Pruning, y sxomy
3alpONIOHOBAHO BUKOPHUCTAHHS TPA€KTOpii OHOBJIEHHS Bar MOAENl Iija dac
JIOHABYAHHS JIs1 1AeHTU(IKali napamMeTpiB, MO poOJATh HaWMEHIIUNA BHECOK Y
pe3yiabTaTH Mojedi. Y 1[bOMY MiAXOAl BiAOyBaeTbCs ajamnTallisi CXeMHU
PO3PIKEHOCTI MaTpullb MiJ YaCc HaBYaHHS, IO JO3BOJIIE MOjeNl €(pEeKTUBHO
30epiraTi 3[JaTHICTh 10 TOYHOIO mpeacTaBieHHs 1HpopMauii. Lleil miaxig Oyno
YCHIIIHO TPOTECTOBAHO HA NONEPEAHBO HATPEHOBAHUX MOAEIAX, TakuxX K BERT, 1
B pe3yJbTaTl MOT0 3aCTOCYBaHHS [Jisi MPYHIHTY BJAJOCS 3MEHIIUTU KUIbKICTh
napameTpiB Outbm HIX Ha 50% npu 30epekeHH] TOYHOCTI MOJIENIi BiJIMOBIIHO 0
MeTpuk, Takux Sk GLUE [123]. Takox BaXXJTMBO 3a3HAYMUTH, 0 EMITIPUYHUN aHATI3
BILJIMBY METO/IB IPYHIHTY HA MOJIENI TpaHC(OPMEPIB NMOKA3AB HE JIMILIE 3MEHIIECHHS
PO3MIpy MOJIEII, a i 3MiHY 11 BHYTPIIIHIX MPEACTABICHb PO AaHi. L{e mosicHioeThCs
TUM, L0 MICJS JOHABYAHHS PEITa FOJIiB yBAard MOYUHAIOThH MEPEPO3NOIISATH CBOI

byHKIII1, SIK TOKa3aHO Ha PUCYHKY 3.2.



106

‘ [o3UUINHWIA TOKEH
‘ CHWHTAKCUYHWUIA TOKEH

18~ - Pigkuin TokeH

6 Hesigomo
5_
8 —
7 7
2
6__
2 2 2 2
2 2 2 2
2 2 2 2 2 2
2 2 2 2
3 2 3
48 30 17 14 1" 9 7 6 5 4 3 2 1

Pucynok 3.2 - [lepepo3mnoaiiienHst PyHKIIIH TOJIB yBark Npu 3aCTOCYBaHHI

PI3HOI CHUJIU IPYHIHTY

AHaN3yloud TaKy peopraHi3alilo JaHHX, CTa€ OYEBHMJIHUM ii BIUIMB Ha
3MIAaTHICTh MOJIEI JI0 IHTEPIPETOBAHOCTI Ta CTilikocTi. Ha OCHOBI 1IIbOTO MOXHA
3pOOUTH BUCHOBOK, IO 31 30UIBIIIEHHSM KUTHKOCTI TTapaMeTPiB, sIKI BUAAISIOTHCS
1] 4ac MPYHIHTY, MBUAKICTb pOOOTH MOJEII 3pOCTAaE, & BUKOPUCTAHHS IaM ATI
3HAYHO 3MeHIIyeTbea. [IpoTre BuHHMKae moTpeba B JeTalbHOMY aHami3l
MPOJYKTUBHOCTI Ta HAAIHHOCTI MOJIEN1 Mijl Yac pO3B’sI3aHHS PI3HUX 3a/1a4.

Takox 0yJ10 MPOBEICHO AOCIIKEHHSI PYHIHTY HA PiBHI IIApiB A1l MOJIeen
TpanchopmepiB. Y IbOMY BHUMAAKYy CTPYKTYpOBaHUN TPYHIHT Ja€ MOXJIHUBICTH
BUJIAJIATH 11171l KOMIIOHEHTH, TakKi SK TOJIOBM yBaru 4Yd IapH, 110, TOPIBHSHO 3
HECTPYKTYPOBAaHUMH METOJIaMH TIPYHIHTY, J03BOJSIE (OPMYBaTH PETYJISIPHI
mabyioHu pospipkeHocTi. Lle, cBoero ueproro, gae 3MOTY TaKUM MOJACINSM MiCIIs
OPYHIHTY 3HAayHO €(EeKTHUBHIIIE BUKOPUCTOBYBATH amapaTHe MPUCKOPEHHS.

BaxxnBo BpaxoByBaTH, 10, OCKUIBKH 3aCTOCYBAaHHS CTPYKTYPOBAHMX ITIIXOIB
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TICHO TIOB’SI3aHE 3 alapaTHOIO0 apXITEKTYypOl0, ONTHUMAJIbHUN pe3yibTaT MOYKHA
JOCATTH 32 yMOBHM  Yy3TO/KEHHS CXEMH PO3PLKEHOCTI  MaTpullb 3
OOYMCIIIOBAIBHUMU MOKJIMBOCTAMM LUJIBOBOI IJIATGOPMHU JUII BUKOPUCTAHHS
MojieNl. Y pe3yibTaTi aHalizy OyJIo BCTAHOBIICHO, 110 3aCTOCYBAaHHS MPYHIHTY Ha
piBHI mIapiB 0 apxXiTeKTypu TpaHchopMmepiB moTpedye ocobnmBoi yBaru. Lle
3YMOBJICHO 1€pApXI4HOI0 CTPYKTYPOIO TpaHCHOPMEPIB, Y SIKIK pi3HI IIAPH KOAYIOTh
pi3HI PiBHI CHHTaKCHYHOI Ta ceMaHTH4HOI iH(opmamii. EMmipuyHi qocmiKeHHs
MOKa3ajau, IO BUIAJCHHS CEepeHIX MIapiB MOJETl Ja€ 3MOry MiJBUIIUTH
OPOAYKTUBHICTh 32 HE3HAYHOI BTPATU TOYHOCTI, TOAl SK BMJAJECHHS LIapiB Ha
Mo4aTKy ado B KIHII MOJIENl NPU3BOAUTH 10 3HAYHOI BTPATH TOYHOCTI, 10 MOXKE
CTaTU KPUTUYHUM JJI1 BUKOPUCTAHHA LbOTO MiIXoy. Ll ocobmuBicTh miaKpecatoe
BaXUIMBICTh PO3POOKH MPaBUIIBHOI CTpATErii IPYHIHTY 3 YpaXyBaHHSAM CTPYKTYpHU

MOJeJIel apXiTeKTypu TpaHCHOPMEPIB.

3.1.4. Bumoru a0 nporpamMHoro 3a0e3le4YeHHHA Ta 00YHMCIIOBAJIbHUX

pecypciB

Jns  po3yMiHHA  OOYMCIIOBIBHMX BHUMOI  MOJEJNEH  apXITEeKTypH
TpaHcopMep HeoOXigHE AeTaTbHE BUBUYCHHS OCHOBHUX apU(PMETUUHHUX OIEpallii,
amapaTHOro 3a0e3MedyeHHs, SKe iX BUKOHYE, Ta ICHYFOUHMX CTPATeTii, 1[0 aKTUBHO
BUKOPUCTOBYIOTBCS JUIsI 3MEHIIIEHHS OOYHMCITIOBAJILHOTO HABAaHTAKCHHS Ha
CUCTEMY.

OCHOBHOIO OJIMHHUIICI0 OOYHCIICHb Y YHCEIBHHUX aJTOpUTMax € omeparii 3
pyxomoto komoro (FLOP). IIpu 3actocyBaHHI 1€l OMMHUIN O HEUPOHHUX MEPEK,
30kpema TpaHchopmepiB, kiumbkictb FLOP BimoOpakae 3araibHy KUIBKICTh
apu(pMETUYHUX Omeparlii, siki BAKOHYE MOJENb IMiJ 4ac MPSIMOTO MPOXOJKEHHS
naHux depe3 Hei. OCHOBHUMU OTeparlisiMy [t HEUPOHHUX MEPEXK € T0aBaHHs Ta
MHOXXCHHS MaTpuilb. llepeBakarounMu € omepailii MHOKEHHS MaTpHIlb, SKi

3aCTOCOBYIOTBCS B MEXAHI3MI CaMOYBaru Ta MOBHO3B’SI3HUX IIapax 1 JOMIHYIOTh 3a
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kubkicTio FLOP. Po3paxynok FLOP n103Bosisie BUKOHYBaTH anaparHy JA1arHOCTUKY
JUTSI OITIHKY TEOPETUIHOTO HaBaHTAXKCHHS T 9ac POOOTH MOJENTI.

[Tinpaxynoxk FLOP nns moneneit apXiTeKTypu TpaHCHOpPMEpIB Mae JIyxKe
Ba)KJIMBE 3HAYCHHS, OCKUILKHU JO3BOJISE TOCIIIHUKAM OL[IHUTH ITIOTCHIIMHI BUMOTH
70 OOYHCITIOBAJIBLHUX PECYypCiB Ta MOBEAIHKY MOJCTI TiJ dYac MaciTa0yBaHHS
BIJIMOBIAHO /O amapaTtHoro 3ade3mnedeHHs. Lls Merpuka nae 3mory yHi(pikoBaHO
MOPIBHIOBATH MOJIEJI Ta JAOMOMarae mpuiMary pilieHHs SK i 4ac MPOEKTYBaHHS
CHUCTEMU Ta MOJIEJI, TaK 1 B mporieci 11 ontuMizartii. [IpoTe BaxXIMBO 3ayBaKUTH, 1110
xoua BuMiptoBaHHs FLOP 3abe3neuye abcTpakTHe po3yMiHHS CKIAIHOCTI MOJIEII,
BOHO HE BPAXOBY€E HIOAHCIB MTPOTrPaMHOro 3a0€3MEeYEHHS.

Posrnsmatoun cydacni mopem TpancpopmepiB, Ttaki sk BERT, GPT ta
Transformer-XL, MoxHa 100auuTH, IO iX IMIHUPOKE BHUKOPHUCTAHHS CTaJlo
MO>KJIMBUM HE JIMILIE 3aBASKA BUCOKII TOYHOCTI, sIKa 3HAYHO NIEPEBEPILYE TOYHICTh
IHIIMX apXITEKTyp, aje W 3aBASKUA iX 3MaTHOCTI €()EKTUBHO BHKOPHUCTOBYBATU
napaienbHl o0uncieHHs. OCKUIbKM apXITeKTypa TpaHchopMmepiB 0Oa3yeThCcsl Ha
BUKOPUCTaHHI 0aratorojioBoi camMoyBard Ta TMO3HIIINHO-3aJIEKHUX IIapiB, II€
dbopmye 0OUMCITIOBAIIbHI CXEMH, K1 CKJIQJAIOThCS 3 HIIJILHUX MHOKEHb MaTPHIlh
[124-126]. BukopucTaHHs cy4aCHUX LIEHTPaJIbHUX Ta IpadiyHUX IPOLECOPIB, SIKI
MaloTh CHelllaaizoBaHi anapatHi npuckoproBaui, Taki sk NVIDIA Tensor Cores Ta
BEKTOpU30BaH1 1HCTpyKUIi AVX-512, nae 3Mory 3acTOCOBYBaTH HaJ3BUYANHO
ONTUMI30BaH1 omeparlii AJisi MHOXKEHHSI IIITbHUX MaTpullb. Lle no3Bossie epeKTuBHO
IPAIIOBATU 3 AJITOPUTMIUYHOIO CTPYKTYPOIO MOJIENIEH apXiTeKTypH TpaHnchopmepis,
BUKOPUCTOBYIOUYHM MOKJIMBOCTI Cy4YaCHUX anapaTHUX IpuckoproBadiB [127, 128].

Mopneni apxiTekTypu TpaHchopMep MarOTh BOYJAOBaHH BUCOKWW PIBEHb
napajienizMy, M0 J03Bojsie e(EeKTHBHO OOpOOIIOBAaTH MUl  TMOCHIIOBHOCTI
OJIHOYACHO, YHHMKAIOYM BY3bKHUX MICI[b Yy CHCTE€Mi, SIKI MOXYTh 3HAa4yHO
YIOBUIBHIOBATH pO3paxyHKu. Ha BiMiHY B HUX, PEKypPEHTHI HEHPOHH1 Mepexi
MaroTh OOMEXEHUHN PIBEHb MapajenizMy, o poOUTh iX MEHII e(EeKTUBHUMU JUIs

BEJMKOMAacIITaOHUX oOuucieHb. Ll mepeBara crae imie OLIBII BUPAKEHOIO MPHU
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BUKOPHUCTaHHI ONTHMI30BaHUX O10110TEK, SIKI MPUIIBUIIYIOTH Omepartii JiHIHHOT
anrebpu, Takux sk cuBLAS g rpadiunoro mporecopa ta Math Kernel Library
(MKL) ans nentpaibHOTro mpoiiecopa. Takok 3acTOCyBaHHSI Cy4acHHUX armapaTHUX
IIPUCKOPIOBAYIB JI03BOJIIE €(PEKTUBHO BUKOHYBATH BEJIMKOMACIITAOH1 omeparlii 3
IUIAaBAlOYOI0 KOMOIO, IO € BaXIMBUM (AKTOpOM TpU pPOOOTI 3 MOAENIAMHU
apXiTeKTypu TpaHCchOpMEpiB, SIKI MICTATh BEJIHUKY KUIBKICTH MapameTpiB. Takum
YHHOM, BHCOKa TMPOMYKTUBHICTE MOJENEH apXiTeKTypu TpaHchopMepiB
JIOCSITAETHCS HE JIMIIE 3aBMSIKA aITOPUTMIYHOMY JU3aliHy, a ¥ 3aBISIKH PO3BUTKY
amapaTHoro 3a0e3MeuYeHHs], SKEe aJanTyeTbcs JO BUKIHKIB, TOB’SI3aHUX 13
pO3paxyHKaMH MaTeMaTUYHHUX ONepaliid Juisl IUTbHUX MaTpulb [129,130].

BaxnuBum ¢aktopom mnpu aHamizi €()EKTUBHOCTI BHKOHAHHS MEBHOI
kutbkocTi FLOP € BpaxyBaHHS TUIy MpoIecopa, Ha SIKOMY MPOXOJUTUMYTh
po3paxynku. llentpansauit nporecop (CPU) Mae HeBENUKY KUIbKICTh MOTY>KHHUX
a1iep, K1 ONTUMI30BaH1 JIs1 pOOOTH 3 PI3HUMH TUIIAMU JJAHUX Ta XapaKTePU3YIOThCS
HU3BKOIO 3aTPUMKOIO TIPH BHUKOHAHHI omepauiid. OcOoOJMBICTIO LEHTPaJIbHHUX
IIPOLIECOPIB € HASIBHICTh CKJIAJHOI JIOTIKM KEPyBaHHS Ta BUCOKA TAaKTOBA 4acTOTa,
3aBJISIKM YOMY BOHU MOXKYTh IIBHJIKO BUKOHYBATH 3aAa4i pi3HUX TUMiB. CriemiaabHi
THCTPYKIi 1711 poOOTH 3 BEKTOPHUMHU Habopamu JaHuX, Taki sk AVX-512, natotb
3MOTy TMpoIlecopaM MapajieiabHo 00pobyaTu maHi po3mipom ao 512 Oit, mpote
3arajbHa KUIBKICTH siiep Il 0OpoOku 1HQopMalii 3aauiaeTbcsi 0OMEKEHOIO.
VYHacmigoK LbOro, HE3BAXKAIOYM HA MOXKJIMBICTh LEHTPAIbHUX MPOLECOPIB
JeMOHCTpyBaTu BUCOKY mBHAKICTE FLOP Ha okpeme sapo 3a onTUMaIbHUX YMOB,
iXHi¥ piBeHb MapajneaizMy oOMeKeHH yepe3 apXiTekTypHi ocodauBocti CPU.

Ha nporuBary 1eHTpaspbHUM mporiecopaM, rpadidyHi  IPOIECOpH
CKJIQZIAIOThCS 3 THCSY MPOCTIMIUX SAEp, MO POOUTH X OUIBII €PEKTUBHUMH TMPHU
3aCTOCYyBaHHI MacoBoro mnapanenizmy. OcobiuBoi epekTUBHOCTI rpadiyuHi
MPOLIECOPU AOCATAIOTh i Yac PO3B’si3aHHS 3a4ad, U0 MOTPeOYyrTh OOpOOKU
OJIHOPIJTHUX, ajie BOJHOYAC IHTEHCUBHUX OOYMCIICHB, IO € XapaKTePHHUM JJIs

MojeNel apXiTeKTypu TpaHcpopMmepiB. Takox rpadiyHi TPOLECOPH MOXKYTh
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MICTUTH criemiani3oBani 0y10ku, Taki sk NVIDIA Tensor Cores, siki, B CBOIO 4epry,
PO3IIKUPIOIOTH TXHI MOXKJIMBOCTI Ta I03BOJISIIOTH BUKOHYBATH MaTeMaTUYHI Oneparii
3MIIIAaHOT TOYHOCTI TPH Jy»K€ BHUCOKIM MpOIyCKHIA 31aTHOCTI. Buxomsuum 3
0COOJIMBOCTEM IIEHTpAIBbHUX Ta TpadiuyHUX IPOIECOPIB, HABITh 3a OJIHAKOBOI
kinbkocTi FLOP rpadiuni mpouecopu 3a3Buyail JEMOHCTPYIOTH 3HAYHO OLIBIIY
e(EeKTUBHICTb, TEHEPYIOUHW OlIbllIe pe3yJbTaTiB 3a CEKYHIy IOPIBHSIHO 3
HEHTPaTbHUMH TMpoIiecopamMu. TakuM YNHHOM, MOXKHA 3pOOUTH BUCHOBOK, [0 X04a
merpuka FLOP € He3MIHHMM TOKa3HHMKOM HaBAaHTAXEHHS Ha CHUCTEMY,
OPOAYKTUBHICTh MOJIEJII 3HAYHOIO MIPOIO 3aJIC)KUTh B MOXKJIMBOCTEH anapaTHOTO
3a0e3ne4eHHs], 30KpeMa BiJ PIBHA HapajenizMy Ta €(peKTUBHOCTI apU(PMETUUHHUX

00YUCIIEHD.

3.2. AITOpUTM NMPYHIHTY

Bukopucrtanss amnapaTHOro 3a0e3rneyeHHs! 3 BUCOKUM PIBHEM Mapajeli3my,
Takoro sK rpadiuHi TPOILECOPU, 03BOJISIE 3HAYHO MIABUIIUTH €(EKTUBHICTH
pobotu Mojenelt apxitektypu TpaHchopmepi. [IpoTe po3mip Takux mMojenen Bce
OJIHO BHMarae HaJ3Bu4aitHo Benukoi KiabkocTi FLOP, ska 3a3Buuail BUMIpIOETHCS
B MUTbApAAX. YHACHIJOK IIbOTO BUKOPUCTAHHS TaKUX MOJETECH MPHU3BOAUTH [0
3HAYHUX OOYMCITIOBAIILHUX Ta eHepreTuyHux ButTpar. OnaHiel0 3 e(peKTHBHHX
CTpaTeriil sl CyTTEBOTO 3MEHILEHHS! 0OYMCIIIOBAIILHUX Ta EHEPreTHUYHUX BUMOT €
BUKOPUCTaHHS METOJIIB MPYHIHTY, SKI JaI0Th 3MOT'Y BUAAIATUA NapaMeTpyu MOJEII,
10 HaliMeHIlIe BIUTMBAIOTh Ha KIHIEBUH pe3yibTaT, MiHIMI3YIOUH BTPATy TOYHOCTI.

[TpuHun poOOTH METOAY MPYHIHTY MOJISITa€ y BUSIBICHHI Ta MOAABIIOMY
BUJIAJICHH] Bar, HEWPOHIB UM IIJIMX TOJIIB yBaru, AKi € HAWMEHII BaXTUBUMU. [licis
3aCTOCYBAaHHS METOJIB NpyHIHTY KuIbKicTh FLOP Moneni 3MeHIIyeTbesi, OCKUTBKU
JUIS pO3paxyHKY pe3yJIbTaTiB MiJl 4yac MPsIMOIro MPOXOJY 3MEHIIYEThCS KUIBKICTh
apudmMeTHIHUX orepamnii. Baacmimok 3meHmeHHs KuibkocTi FLOP  Takox

CKOpPOUYYETbCA YaC BHKOHAHHA MO)IGJ'Ii Ta CHCProCIOXHMBAHHA, IO 0COOJINBO
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BXXJIMBO JIJIS 3aja4, sIKI TOTpeOyIOTh BUCOKOI IIBUIKO/III, a00 B cepeloBHINaX i3
0OMEXEHUMH PECYPCaMHU, TaKUX SIK TiepudepiitHi mMpUcTpoi.

[IpoTe BaXJIMBO 3a3HAYUTH, IO AapXITEKTypa Mojene TpaHchopMepiB
NEPEeBAXKHO CKIIAJIAETHCS 3 MHOKEHHS IIUIBHUX MaTpUllb y 0araToroJoBUX IIapax
camMOyBard Ta MOBHO3B A3HUX IIapax. ToMy miciisi 3aCTOCYBaHHS METO/IIB IPYHIHTY
0 MojeNield apXiTeKTypu TpaHC(hOpMeEpiB, MOMpPHU TEOPETUYHE 3MEHILIEHHS
kitbkocTi FLOP, mpaktruna 3MiHa MIBHAKOIIT MOMEN 3ajie)KaTUME Bij THITY
PO3PIIKEHOCTI, SIKa YTBOPIOETHCS MICIs 3aCTOCYBaHHs NMpyHiHTy. [Ipu 3acTocyBanH1
HECTPYKTYpPOBAHOI'O MPYHIHTY MOJENIb CTa€ HEPEryJIpHOI, YHACIIIOK YOro,
HE3BakKalouu Ha 3MeHmeHHs KuibkocTi FLOP, edextuBHICTh ii poOOTM Ha
CTaHJApPTHUX TpapiyHMX Ta LEHTPAIbHUX IMPOLECOPAX 3aJIMILAETHCS HE3MIHHOIO
4yepe3 BIICYTHICTh MIITPUMKH OIeparii jisi poOOTH 3 pO3pIIHKEHUMHU MaTPHUISIMHU.
[Ipy BUKOpUCTaHHI METOAIB CTPYKTYPOBAaHOTO NPYHIHTY OJIOKH (POPMYIOThH
peryJisipHi abI0HH, 1110, CBOEIO UEPT OO0, JA€ 3MOT'Y Kpallle aAanTyBaTH Takl MOJENI
JUTSl BAKOPUCTaHHS €()EKTUBHUX OIepalii 3 HUIbHUMHA MATPULSIMHU Ta iX aHami3y 3a
JIOTIOMOTOIO CIICITiaTi30BaHUX PO3PIKCHHX SJIEP.

MOXJIMBUM MIIXOJIOM JI0 ONTUMI3aIli poOOTH 3 OOpi3aHMMH BaroBUMU
MaTpuIsIMUA € 30€epiraHHs JMIIe HEHYJbOBUX €JIIEMEHTIB Ta iXHIX I1HIEKCIB Y
dopmarax CSR a6o CSC, mo nmae 3Mory 3MEHIIMTH BUMOTH JO TPOIYCKHOI
3M1aTHOCTI mam’sTi. TakokX y BHIAIKaxX, KOJHU CTPYKTypa PO3PIIKEHOCTI €
PEryJISIPHOIO, 3 MOJIEN1 BUAAISIOTHCS [Tl CTOBMIN 3 MaTPUIlh 3HAYEHb, KIIIOUIB YU
3amuTIB a0o0 1Tl TOJIOBU yBaru, 10 Ja€ MOJIMBICTH OOPOOJISATH PEIITY IUIBHUX
M1IMAaTPUIlb 32 JOMOMOTOI0 BUCOKOONTUMI30BAaHUX METOIB POOOTH 3 MATPUIISIMHU.
JlocmimkeHHs pO3p1IKEHNX MOJIesiei TpaHChOpMepIB, sIKi YTBOPIOIOTHCS BHACIIIOK
3aCTOCYBaHHS CTPYKTYPOBAHOTO MPYHIHTY, IO Ja€ 3MOTY BUAQIATU Il TOJOBU
yBaru, JI€MOHCTPYIOTh 37aTHICTh MOJIEJEH apXITeKTypu TpaHchOpMepiB 3HAYHO
3MEHIIYBaTH OOYMCIIIOBAJIbHY CKJIAIHICTh, 30€piralouu Mo4aTkoBY TOYHICTb, SKa

OyJia 10 3aCTOCYBaHHS METO/1B IPYHIHTY.
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3.2.1. ®opmaru 30epiranHs po3piKeHUX MATPHIb

OaHUM 13 HAWMPOCTIMHX CHOCOOIB MPEACTABICHHS PO3PIIKEHOI MaTPHIIl €
BUKOPUCTaHHSI CHUCKY KoopauHat. [lpuHuun 30epiraHHs MaHUX Yy CHHCKY
KOOPJIMHAT TOJISTaE y 30€PEKCHHI JINIIE HEHYJIhOBUX CJIEMEHTIB Ta BiAMOBIIHHX
1HJIEKCIB PSAAKIB 1 CTOBIIIIB Y TPhOX OKpeMHUX MacuBax. [111 yac nmepeBeieHHS TaHUX
13 PO3PIHKEHOI MaTpHIll 10 CIHCKY KOOPAWHAT YTBOPIOIOTHCS KOPTEXKI 3 TPHOX
€JIEMEHTIB, JIe TIepII JBa MPEACTABISIOTh 1HIACKCH PSIAKAa Ta CTOBIIIS, y SIKAX
3HAXOAUTHCS 3HAYEHHS, @ TPETIN eJIeMEHT MICTUTh came 1ie 3HadeHHs. Lleit popmar
30epiranHs JaHux A00pe CHpaBise€TbCs 13 3aJadyaMHd MOOYJOBH MATpHUIll YU
IHKPEMEHTHUX OHOBJIEHb, OCKIJIBKU J03BOJISIE €(DEKTUBHO BMIIIyBaTH MOBTOPIOBaHI
IHIEKCH 1 He TNoTpedye BU3HAYEHHS CTPYKTypH 3a3ganerigs. [lpote mpu
BUKOPUCTAHHI CIHCKY KOOpPAMHAT JOBOJUTHCA BHUKOHYBaTH Hee(EKTHBHI
apu(pMeTHYH1 oreparlii Ta onepaiii 3pi3y, 4epe3 110 3aCTOCOBYIOTh MOAM(IKOBaHI
BapiaHTH 1IbOTO (popMmary.

dopmar ctucHeHHs po3pimkeHux psaakiB (CSR) e mokpaieHoro Bepciero
CIIUCKY KOOPJUHAT, OCKUTbKM BUKOPUCTOBYE CTUCHEHHS 1HAEKCIB psA/KiB. OCHOBHA
BIJIMIHHICTb IIbOTO METOJy MOJIsirae y 30epeKeHH1 MaCUBY BKa31BHHUKIB Ha MOYATOK
Ta KiHEIb JaHUX JJI1 KOXXKHOTO pPSJKa B MacHBI HEHYJILOBHUX 3HAUYCHb, 3aMICTh
30€pEeKEHHS 1HJCKCY pAAKa JUIs KOXKHOIO HEHYJIhOBOTO ejieMeHTa. OxpiMm
30epexeHHs] HEHYJbOBUX 3HAYEHb PO3PIIKEHOI MATpPHIIl Ta BIAMOBIIHUX 1HJIEKCIB
croBmiB, Matpuils CSR MiCTHTh MOJAaTKOBHUM MAacHB BKa3iBHHUKIB IJIsS PSIKIB,
pPO3MIp SIKOTO Ha OJUH OUTBIIMHM 32 KUIBKICTh PSAIKIB, K MPOJAEMOHCTPOBAHO HA
pucysky 3.3. 3acTocyBaHHS IIbOTO MIIXOy M03BOJsE €PEKTUBHO BUAUISTH PSIAKA
Ta MIBUIKO BUKOHYBATH MHOXKCHHSI MATPHIIl HA BEKTOP 3aBJSKH IIBUIAKOMY JIOCTYITY
710 BC1X HEHYJIbOBUX €JIEMEHTIB Y KO)KHOMY psaky. @opmat 36epiranns ganux CSR
IITUPOKO 3aCTOCOBYETHCS B 010110T€KaX, sIKI BUKOPUCTOBYIOTHCS JIJIsI PUCKOPEHHS
omepauiid, mo oOpoOJAIOTs JaHl MO pPSIAKaX, 3aBASKH BHKOPUCTAHHIO

ONTUMI30BaHUX OTeparlii JiH1iHOI anredpu [131].
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3HayeHHs: | 1 2 4 5 3 1 4

Ilngekc ctoenus: | 1 0 2 3 2 0 2

3miweHHs B pagky: | 0O 1 4 )

Pucynoxk 3.3 - 30epiranns nanux y ¢opmati CSR.

AJIbTEpHATUBHUM METOJIOM CTUCHEHHS JaHux € ¢opmar compressed sparse
column (CSC), saxuii, Ha Bigminy Binm CSR, crtuckae ingexcu croBmiiB. [lpu
30epiranHi qanux y ¢popmati CSC HEHYJIbOB1 €JIEMEHTH 30€pIratoThCs 10 CTOBIIIISX,
a TAaKOX CTBOPIOETHCSI MACUB BKA31BHUKIB Ha CTOBIIIII, 110 MO3HAYAE MOYATOK JAHUX
y KOXXHOMY CTOBIIII JjIsi MacwBy 3Ha4eHb. 3actocyBaHHs ¢opmary CSC €
e(EeKTUBHUM JJIsl BAKOPUCTAHHSI B aJITOPUTMAX, sIKI BUMAratoTh pO30UTTS JTaHUX Ha
CTOBII, & TaKOX B OMeEpauisix, A€ JOCTYI 0 JaHUX BIIOYBA€THCS Yy MOPSAKY
30UTBIIIEHHST CTOBIIIIB. BaXkKIMBO 3ayBakKWTH, IO BEJIMKA KUIBKICTh MPOTPAMHHX
3aco0iB, 30kpema BOyaoBaHi (yHkili MATLAB mns pobotu 3 po3pimkeHUMHU
MaTpUIIMU, BUKOPUCTOBYIOTH popmat CSC niis BUKOHAHHS €(PEKTUBHHX OTepariii

Ha ocHOBI croBmIlB [117].
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3.2.2. HamiB-cTpyKTypOBaHa po3piakeHicTb popmary 2:4

[1i gac 3acToCyBaHHS METOIB IPYHIHTY JJI ONTUMI3aIlli HEHPOHHUX MEPEK
HaWOIbI  e(PEKTUBHUM € HaNIBCTPYKTYPOBAaHMM MeTOJ TNpyHIHTY 2:4.
Oco0nuBICTIO METOy HPYHIHTY 2:4 € Te, M0 y KOXHOMY CyMiXKHOMY OJjori 3
YOTUPHOX BaroBUX KOMIIOHEHTIB JBa KOMIIOHEHTH OOHYJISIOTHCS, TO/I1 SIK JIBA 1HIII
3aNUIIAIOThCs 0€3 3MiH. YHACHIJOK 3aCTOCYBaHHS METOYy MPYHIHTY 2:4 mMaTpuil
HaOyBalOTh (DIKCOBAHOI, PEryJSIPHOI PO3PIIKEHOCTI, IO A€ 3MOTy e(EeKTHBHO
CKOpPOUYYBaTH KUIBKICTh OOYHMCIIEHb, BOJHOYAC 30€piraroyMl penpe3eHTaTUBHI
BJIACTUBOCTI MOJIETI, IO € KPUTHUYHO BAXKIIUBUM JIJIS1 BEIMKUX HEUPOHHUX MEPEIK,
30KpeMa MOJIeJIeH apXiTeKTypu TpaHCHOpPMEPIB.

MeTton npyHiHry 2:4 IUTMTH MaTPUIIl BariB Ha TPYIH [0 YOTUPH MOCITIAOBHUX
€JIEMEHTH, MICIS YOro Ui KOXKHOI TPYIH OKPEMO 3aCTOCOBYETHCS MPYHIHT Ha
OCHOBI1 MarHiTyiu. BHaciiiok 110ro 30epiratoThCs JUIIE JBa BaroBi KOeQiIi€HTH,
AK1 MalOTh HalOUIbIIMI BIUIUB Ha CUCTEMY, TOJL AK JIBa 1HILI BaroBl KOEQILIEHTH
OoOHyIsItOThCA.  Takuil  KOHTPOJIbOBAaHMM TpPYHIHT 3abe3nedye  (ikcoBaHy
po3piKeHicTh MaTpulll Ha piBHI 50% Ta cTBOpIOE mependadyBaHy 1 peryJsipHY
CTPYKTYpPY MaTpHIll B MOJIEJ1. 3 METOIO ONTUMI3alli1 00UHMCIICHb MiCJIsl 3aCTOCYBaHHS
NPYHIHTY 2:4 BUKOPUCTOBYETHCS TAOJHUIIS 1HIEKCIB, KA MICTUTh 1HGOPMAIIIIO PO
MO3uIlli 30€peKeHUX Bar JJisi KOKHOTO OJIOKy, SIK TMOKa3aHO Ha PUCYHKY 3.4.
Tabmuug 1HAEKCIB JO3BOJSE 3a JOMOMOIOK) BHKOHAHHS MaTpUYHUX ONEpallii
MIBUKO 3YMTYBATH JIMINE T1 Barw, M0 3aJUIIMINACS MICIs MPYHIHTY, ITHOPYIOUH
obnyneHi. [lpu oMy cydacHi creriangizoBaHi OOYMCIIOBaIbHI OJIOKH, Taki SK
Tensor Cores, 703BOJISIIOTh BUKOPUCTOBYBATH TAOJIHIIIO 1HAEKCIB A5l €(EKTUBHOTO
BUKOHAHHS PO3PIHKEHUX O0YMCIIeHb. 3a PaXyHOK IIbOTO TAOJHIIS 1HIEKCIB A€
3MOTYy NPY BUKOPUCTAHHI METO1Y MPYHIHTY 2:4 BUKOHYBATH IIBUAKI OOYUCIICHHS Y
PO3PIIKEHUX TeH30pax Ta e(EeKTUBHO 3aCTOCOBYBATH MPOTPaMHI MPHUIITBUIIITYBadl

[132].
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PospigxeHa martpuus
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Pucynox 3.4 - 36epexeHHs BariB Ipu 3aCTOCYBaHHI METOJy NMPYyHIHTY 2:4

CydacHe amapaTHe 3a0€3ME€UEHHs J103BOJI€ €(PEKTUBHO BUKOPHUCTOBYBATH
PO3PIKEHICTh MAaTPHULIb 3aBJSKU CIELIAIIBHUM sIpaM JIsl MHOKEHHS pO3P1IPKEHUX
MaTpuilb, ONTUMI30BaHUM J1JI1 OOPOOKHU PO3PIIPKEHUX CTPYKTYP 3a 1adioHoM 2:4.
TeopernyHo 11e Aa€ 3MOry OTpUMAaTH TPUCKOPEHHS BIBIYI TMOPIBHAHO 3
OO0YHCIIEHHSM TIOBHUX MATPHIlh, TPOTE HA MPAKTHIII MPUCKOPEHHS € JEII0 MEHIITUM
yepe3 BUTPATH Yacy Ha 3aBAHTAKEHHS METAJIaHUX 1 3alyCK CIel1ali30BaHUX SIEp.

Xo4a HECTPYKTYpPOBaHHWI NPYHIHT, KM BUJAJsiE Bard JOBUIBHO IO BCIH
MaTpulll, J03BOJISE JOCITaTh BUCOKUX PIBHIB KOMIIPECIi, BIH CTBOPIOE HEPETYJIAPHI
CXeMH JOCTYIly N0 TlaM’§iTi, 10 He 3ale3neuye e(pEeKTUBHOTO MPUCKOPECHHS Ha
CHeIiajgi3oBaHOMY arapaTHOMY 3a0€3leUeHHl 3 BHCOKMM PIBHEM IMapaelni3alii,
TaKOMY sIK rpadi4yHi IpoLecopy. 3aBIKH YITKO BU3HAYEHIN CTPYKTYpI1 adiony 2:4
3 SBISIETHCSI MOXKJIMBICTH  PO3POOJIATH CHEIIali3oBaHl snpa IJs poOoTH 3
PO3PIKEHUMH MaTPULISIMHU.

CremianizoBaHi sipa Juist pOOOTH 3 PO3PIKEHUMU MATPHUIISIMH JT03BOJISTFOTh
30epiratu BaroBy MaTpUII0 Y KOMIIAKTHOMY BUIJISII1, PEECTPYIOUH JIUILIE HEHYJIbOBI

3HAYEHHsS Ta HaAOlp METaJaHuX MPO IXHI MO3UIII JJIS KOKHOI I'pyIHU, a TaKOoXK
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BUKOHYBAaTH OOUYMCIICHHS JIMIIIE HA HEHYJIOBUX €JI€MEHTaX MaTpHIll. 3aCTOCYBaHHS
TaKOTr0 CTPYKTYPOBAHOTO MiIX0y HE JUIIIE CIPOIIY€E anapaTHy peasisailio, a if 1ae
3MOTy 30epiraTi BHCOKY TOYHICTh Mojeli. EMmipudHi J0CHiKEHHS, TPOBEACHI
kommanielo NVIDIA ta B Mmexax mpoekty Sparse-Llama, mpoaeMoHCTpyBaiu
Maii>ke TOBHE BiTHOBJICHHS TOYHOCTI MICIIsI BUKOPUCTAHHS METOAY MPYHIHTY 2:4
[133].

OCK1JIbKM OCHOBHI €JIEMEHTH MOJIENIeN apXiTeKTypH TpaHChOpMepiB, Takl K
OaraToroysoBa camMoyBara Ta IIOBHO3B’SI3HI IIapW, MICTATh UIUIbHI MAaTpUII,
3aCTOCYBAaHHA METOAY NPYHIHTY 2:4 i iXHbOI onTHMI3allili € HaJA3BUYANHO
epekTuBHUM. [IpoTe, OCKUIBKM 3aCTOCYBaHHS METOAY NPYHIHTY 3MIHIOE
pPENpPE3eHTATUBHI BJIACTUBOCTI MOJENEH, 1€ MOXE IMPU3BECTH [0 3HW)KECHHSA
TOYHOCTI. TOMY MiCJsl BUKOPUCTAHHSA METOAY NPYHIHTY 2:4 Ba)KJIMBO MPOBOJUTHU
JIOHABYAHHS MOJEJNIEH apXITEKTypH TpaHCPOpPMEpIB A1 KOMIEHCAlli MOKIUBOI
BTpAaTU TOYHOCTI. JIOCHIIXKEHHS MOKa3yOTh, U0 3aCTOCYBAaHHS METOJY HPYHIHTY
2:4 3 moJadbIIUM JOHABYAHHIM MOJEJ1 I03BOJIIE HOCATTA Mailke 1JIEHTUYHOIL
TOYHOCTI MOPIBHSHO 3 MOJACISAMHU J0 3aCTOCYBaHHS METOJy MPYHIHTY, BOJHOYAC
3HaYHO 3MEHILYIOYH BUKOPUCTAHHS ITaM STl Ta 0OUNCIIOBAaIbHUX BUTPAT.

[Ticnst 3acTOocyBaHHA METOAY MPYHIHTY 2:4 BaroBi MaTpulll 30€piratoTbCs y
CTHCHEHOMY (opMaTi, 10 MICTUThH JIMIIE HEHYJbOBI 3HAYCHHS Ta iXHI MO3HII Y
KOXKHIA rpym. Ilig yac pobGoTH 3 TakKMMH MOJAEIAMH MaTpHIll y CTUCHEHOMY
dopmMari mepenaroThCAd A0 CHEIali30BaHUX SIIEp MHOXEHHS PO3PIIKEHUX
MaTpHIlb, IO BUKOPUCTOBYIOThCS B 010mioTekax cuSPARSELt ta NVIDIA
CUTLASS, ski nOpomyckalTb HYJbOBI 3HAYEHHs, 3aBISKHM YOMY 3HAYHO
MPUIIBHUIIYETHCA MHOKEHHS MaTpullb [ 134, 135].

[Ipu BuKOpHCTaHHI CydacHUX 010J110TEK 1)1 HABUAHHS TNIMOOKUX HEUPOHHUX
Mepex, Takux sk PyTorch, MoxHa 3acTocoByBaTH cremiaabHl (yHKII IS
MEPETBOPECHHSI TEH30PIB Bar y HAMIBCTPYKTYPOBaHI PO3PIIKEHI MPECTaBICHHS.
@OyHKIii, Takl gk to_sparse_semi_structured y 0i6mioteri PyTorch, natots 3Mory

NEepPEeTBOPIOBATH BaroBl MAaTpUIll Micld MNPYHIHTY Yy Qopmat, cymicHUM 13
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CIeliali30BaHUMU SApaMu TpadidyHUX MPOIECOPiB Il pOOOTH 3 PO3PIIKCHUMHU
MaTpHIIMU. [HTEeTpaIlis TakiuxX METOAIB 3HAYHO CIPOIIY€ BUKOPUCTAHHS MOJEIeH
apXiTEeKTypHu TpaHc(OpMepiB MICs MPYHIHTY METOA0OM 2:4 1 3MEHIIY€E 1H)XXEHEPHI1

BUTpATH Ha iX pO3rOpTaHHS.

3.2.3. AaropurMivyHe 3a0e3ne4yeHHs] ONIHKH BaKJIUBOCTI BariB sl

HAIIiB-CTPYKTYPOBAaHOI PO3PiIKEHOCTI

[Ipuniun  po6otu wmetony mpyHiHry SNIP monsirae 'y 3HaxoJKeHHI
cHenlagbHOI MIMHOXKUHY Bar Wy e , IKa € YACTHHOIO [TOYATKOBOro Habopy Bar W
1 mMae miHiManbHe 3HaueHHs (QyHKIIT BTpaT L (W peet) AT 1I€T TIAMHOXKUHA. Y
KOHTEKCTI poO0TH HEepoHHOT Mepexi W € MHOKHMHOIO BCixX Bar moneni, a L(W) —
(yHKLI€IO BTPAT, IKY HEHPOHHA MEpeXa ONTUMI3YE IT1]1 YaC HaBYaHHS.

[TpuHLIMIT POOOTH ANTOPUTMY CKJIAA€THCS 3 KIIBKOX KPOKIB, MEPIIUM 3 SIKHX
€ IHIlam3anisd Bar HEWPOHHOI MEpeXi BHUIIAJIKOBUMHU 3HAUEHHSIMHU Ta CTBOPECHHS
Ha0Opy MAacoOK ISl BaroBHUX BEKTOPIB, sKI MpuiMaroTh 3HadeHHs 1 a6o 0. Mdami
BiJIOYBAETHCS MPOIEC TPEHYBAHHA MOJIEIN HAa YAaCTHHI TPEHYBAJIBHHUX JAHUX, 110
JI03BOJISIE BU3HAYMTH TPai€eHTH (PYHKIIIT BTpaT AJIs1 KOXKHOI Macku m; . Po3paxoBaHi
TpaJllEHTH BKa3ylOTh HA BIUIUB HE3HAUHUX 3MIH y Mackax Ha (yHKI[IIO BTpaT, 110

J1a€ 3MOTY OLIIHUTH BaXXJIMBICTh KOKHOI Baru, BUKOPUCTOBYIOUU (HOPMYITY:

_ dL(m;) |
B ami

(3.1)

i

BaxxnuBicTh KOKHOT Bard w;, 10 BXOJUTH A0 MHOKHHHU W, 00YHCITIOETBCS
K a0COJTIOTHE 3HaYEHHS YaCTKOBOT MOX1AHOT (PYHKIIIT BTpAT BIIHOCHO BiAMOBITHUX
Macok m;. Iliciiss oTpuMaHHS Ba)KIMBOCTEH Bar BOHM HOPMAJI3YIOTBCS 3 METOIO

BU3HAYCHHS IXHBOI BIIIHOCHOT BAXJIMBOCTI 32 (POPMYIIOI0:
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= (3.2)

[Ticns 1BOTO HOPMaTi30BaHI TIOKA3HUKH BAXKIMBOCTI COPTYIOTHCA 32
3pOCTaHHSIM, a HaWMEHINl 3Hayylll Bard, IO BIANOBIIAIOTH 3aJaHIA YacTii p,
oOHyIsAI0ThCs. TakuM 9YMHOM (OPMY€EThCS HOBA MiAMHOXKHMHA Bar W, sika MICTHTD

JIMIIe HaWOUTBII 3HAYYII ITapaMETPH:
Ws = {Wi e W: §i = p} (33)

KinbkicTh Bar, 110 BUIANSIOTHCA, BU3HAYAETHCS MapaMeTpoOM p, 3HAUYCHHS
AKOro MoO)e 3MiHioBatucs BiJ 0, KOJM NPYHIHT HE BUKOHYEThCS, 10 1, Koiu
BUJAJIAIOTHCS BC1 MOXKJIMBI Baru. TakuM YMHOM, IapaMeTp p BU3HAYAE BIJICOTKOBE
CHIBBIAHOILIEHHSI Bar, fKi NOTPIOHO BUAAIUTH, 1 MOXE OYTH MpEeACTaBICHUM
HACTYITHOIO (POPMYJIOIO:

N,

pruned

(3.4)
N total

p:

[Ticnst 3acTOoCyBaHHS METOAY MPYHIHTY MOJIENb HABYAIOTh, BAKOPUCTOBYIOUHU
craHfapTHi maxoau. OpHak, s 3a0e3nedeHHs e(PEeKTUBHOCTI IBOTO MPOLECY
BXJIMBO 30epiraTd OJHAKOBY JHUCIEpPCII0 Ui Bcix mapiB. Jas 1poro
BUKOPHUCTOBYIOTH iHILIam3alio KcaB’e, sika 3abe3nedye onTUMaNbHUI pO3MOALT

Bar HEMPOHHOT MEPEXKI Ta PO3PAXOBYETHCS 3a TAKOIO (POPMYIIOIO:
G G

w~uUl- , (3.5)
\/ N, + Nout \/ Ny, + Nout
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3anponoHOBaHU aNrOPUTM MPYHIHTY € MOAUQIKAIIEID METOAY MPYHIHTY
SNIP, sika BpaxoBy€ MOKa3HUKH yBard Moeliel apXiTeKTypu TpaHchOopMepiB Mia
Yac OLIIHKU Ba)KJIMBOCTI Bar.

Ha BigMmiHy Bia kjacuuHoro 3actocyBaHHs merony SNIP, skuii Bu3HauaB
PO3pLIKEHICTh MAMHOXUHU Bar W, ne W, € W, 3 metoro MiHIMI3amil QyHKIT
BTpaT, HOBUI MIJX1J BKIIOYAE aKTHBAIII0 YBaru Ta BEKTOPH BUXOJY MOJEII, IO

dbopMaizyrOThCs TaKOIO (HOPMYJIOIO:

L =LW) + z A +0 (3.6)
7

, Ie Aj mo3Havae CymMapHi BUXOJM JUIA j-TO apy yBaru, a O NpeicTaBise cymy
TEH30pa BUXOJIIB, 110, CBOEIO YEPTOI0, A€ 3MOTY PO3PAXOBYBATH BAXKIIMBICTD Bar 3a

PO3ILIUPEHOI0 POPMYJIOIO:

,
s = 2, (3.7)
dc;

3acTocyBaHHS 1€ MOAMQIKAIIIT Ja€ 3MOTY I11]1 4aC 3BOPOTHOTO MPOXOPKCHHS
301JIbIITYBaTH 3HAYEHHS TPAII€HTIB BIAMOBIAHO 0 Yy TIUBOCTI KOKHOT OKPEMOT Baru
y m1apax yBaru. BpaxoByroun BaXJTUBICTh MEXaHI3My YBaru B MOJICIISAX apXiTEKTypH
TpaHchOopMepiB, BKIIOUECHHS WX IMapaMeTpiB J0 KPUTEPIiB MPYHIHTY JI03BOJISE
3HAYHO MiABUIIUTH €(DEKTUBHICTH 3aIIPOTIOHOBAHOTO METO/Y.

Ocob6nuBicTio opuriHansHOro Mmetony mpyHiHry SNIP e crBopenHs
HEPEryJSIPHUX MATPUlb MiJ Yac OOpi3aHHA, 10 3YMOBJEHO HECTPYKTYpPOBaHUM
HiIX0A0M OO MeToy. OCKUIBKM B PE3yJIbTaTi HECTPYKTYPOBAHOIO MPYHIHTY
BUHUKAE HEpEryJsipHa PO3PIIHKEHICTh MaTpHUllb, IIBUAKICTH OOPOOKM TaKHX
Mojiesiell MOKe He 30uIblyBaTUCs ab0 3pOCTaTh MIHIMaJbHO HAaBITh 3a YMOBHU

BUKOPUCTAaHHS CyYacHUX alapaTHUX TMPUIIBUJIIYBAadiB, TaKuX SK TpadivHi
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npouecopu. Lle moB’s13aH0 3 TUM, 1110 rpadidHi TPOLIECOPH MAIOTh BUCOKUN PIBEHb

napasiesnizarii Ta po3po0ieHi Ajist poOOTH 3 PETYISIPHUMH MIa0JI0HAMUA 00YNCIICHb.

Tomy s BupimieHHs 1iei mpoOiieMu Oyjo BHUPIIIEHO J0JAaTH JI0

3aMpONOHOBAHOTO0 METOAY TMPYHIHTY I1HTErpalil0 HAMiBCTPYKTYPOBAHOI CXEMU

po3pimxeHocTi 2:4. YV wmiif cxemi BaroBa MaTpuIlsl po30UBA€ETHCS Ha CYMIKHI TPYIH

I10 YOTUPH CIICMCHTH, ITICJIS YOTO ABa CJICMCHTH, 11O MAarOThb HaMECHIIIMM BILUIMB Ha

CUCTEMY, OOHYISIIOTBhCS, AK IMOKa3aHo Ha pucyHKy 3.5. OnmHak 1€ HakjIaaae

oOMexeHHsI Ha (PIKCOBaHy PO3PIIKEHICTh MaTpuilb y po3Mipi 50%. BomgHouac

TaKu# MiAX1]1 Ja€ 3MOTY MPOBOAUTH €(EeKTHUBHI OOUMCIICHHS Ha CIeliali30BaHOMY

anapaTHOMy 3a0e3le4YeHHl, 30KpeMa Ha pO3pLKEHUX sApax y TpadiuHux

nporecopax NVIDIA Ampere.

Kputepii
BaXNMBOCTI

71 ({42111 |6.9

36|169(52]|23

2682|1347 Po3pifvkera
MaTpuuA ana
30epeKeHHA

74151(49|24 012 043
0.39|0.96
0.57 0.77

Martpuua earis
0.54(0.22

0.12]0.13{0.83(0.43

0.54]0.39(0.96(0.43

0.31(0.57]0.83)|0.77

0.54|0.22]0.69)0.53

Pucynok 3.5 - 3acTocyBaHHs NpyHIHTY 2:4

[Toennanns monugikoBanoro Meroxy SNIP 13 3acTocyBaHHSIM PO3PIHKEHOCTI

Matpuilb 2:4 ngae 3Mory €QeKTHBHO ONTHMI3yBaTh MOJEII

apXITEKTypH

TpaHchopMepiB, BOAHOYAC 30epiraroud HamiBCTPYKTYpPOBaHICTh MaTpullb. Lle,
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CBOEIO YEproro, 103BoJIsi€ e(heKTUBHO BUKOPUCTOBYBATH arapaTHi MPUILBHUILITYBaYi
JUTSI AOCSATHEHHS 3HAYHOTO IPUCKOPEHHSI HE JIUIIIE M1/ 9ac 3aCTOCYBaHHS MOCII IS

BUPIIICHHS NPUKJIAIHUX 3aJ1a4, ajie ¥ mij yac i1 HaBuyaHHs 06€3 BTpaTu TOYHOCTI.

3.2.4. ExciepuMeHTaIbHA OLIHKA YI0CKOHAJIEHOr0 METOAY ONTHMI3amii

3 MeTor TmepeBipKrd e(PEeKTUBHOCTI PO3POOICHOT0 METOMy MPYHIHTY Oyiio
BUPIIICHO OINTHUMI3YBaTH MOJIEIb APXITEKTYPH Bi3yalbHUX TpaHC(hOpMEpiB A
BiJIEO, OCKUIbKM BOHA €(EKTHUBHO aHAJII3y€ MPOCTOPOBI Ta YaCOBI 3aJIEKHOCTI
BUpIIIY€E 3a/a4yy BU3HAYEHHA 3MIHM CLEH. Mojeni apXiTeKTypu Bi3yallbHHX
TpaHchopMepiB ST BiI€O TOTPEOYIOTh BUCOKUX OOUMCITIOBATIBHUX PECYPCIB SIK ITi]T
yac BUKOHAHHS, TaK 1 B Ipolieci HaB4YaHHSA. ToMmy 3acTOCyBaHHSI pO3pOOJIEHOTO
METOJy NPYHIHTY JUIsl iX onTuUMi3alii mae 3a0€3MeYrTd 3HA4YHE IT1JIBUIICHHS
e(DEeKTUBHOCTI TAaKUX MOJIETICH.

[lin yac HaB4YaHHS MOJEl apXITEKTypH Bi3yalbHOTro TpaHcopmepa st
BiJICO 3 METOIO BUINICHHS 3a/adl PO3Mi3HaBaHHS 3MIHM CIIEH OYyJI0 BHPIIIEHO
BukopuctoByBaTu naracetu Raid, OsVsd ta BBC Planet Earth. Ii gatacetu 6yio
pPO3MJIEHO HA TPEHYBajbHY Ta BalijamiiiHi BUOIpkHU, ki MicTwin 7 856 clieH
3aranbHOI0 TpuBamicTio 1 047 xBuUWH Al TpeHyBaHHS mojeni T1a 4 844 cueHu
3arajJpHOI0 TpUBAIICTIO 539 XBWIMH AJii TECTYBaHHS pe3yJbTaTiB HaBYaHHS
PO3p00JIEHOT MOJIeNTT apXiTeKTYpHU Bi3yallbHOTO TpaHchopmepa sl Bijieo. 3 METOIO
onTuUMi3allli HaBYaHHS Ta TIABHIINCHHS TOYHOCTI Mozeni OyJo BHPIIICHO
MTOKPAIIUTH JJaTaceT NUITXOM TOAATKOBOTO BU3HAYCHHS IIJIAHIB ISl KOKHOTO BiI€O
Ta CTBOPEHHS CHEIlaTbHOI PO3MITKH, sSIKa MICTHIIA 1HGOPMAIIIIO TIPO CIICHH, IJIAHH,
0 BXOJSATH JI0 KOXHOI CIIEHH, a TaKOX MpO CYCAHI CIHEHU. 3aBIAKH 1A
Moau(ikallii JaTaceTy CTajio MOXJIMBUM BUKOPHUCTAHHS JIMIIE KJIFOYOBUX KaapiB
JUI KOYKHOTO IUIaHy Ta 3MiHa MOPSAKY CLEH 1 IUJIaHIB YCEepPeIUHI CLEHU 3 METOH0
MITYYHOTO PO3IIMPEHHSI JaTaceTy MNpu 30epeKeHHI OpPUTIHAIBHOTO KOHTEKCTY

cueHu. TakoX 1€ J03BOJWJIO MiJ Yac pO3pOOKK apXITEKTypH BI3yallbHOTO
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TpanchopMmepa IS BiJE€O 3HAYHO 3MEHIIUTH JOBXKWHY TIOCHIJIOBHOCTI, sKa
HAJXOUIa Ha BX1J MOJIET, 3aBISKN BUKOPUCTAHHIO JIMIIE KIFOUOBUX KaIpPIB IS
KOKHOTO I1any. I[licis HaB4aHHS MOJIeNl apXiTEKTYpH Bi3yallbHOTO TpaHchopMepa
JUISL BiJIeo OyJio BUPIIIEHO 3aCTOCYBaTH PO3pPOOJICHUI METO/ MPYHIHTY 3 METOIO
MOPIBHSIHHA 3MiH Y TOYHOCTI Ta MIBUJIKOIT MOJIEINI JI0 Ta Micis HOT0o 3aCTOCYBaHHSI.

B pesynbrari 3acTocyBaHHS pO3pOOJIGHOTO METOAY INIPYHIHTY OyJio
BCTAHOBJICHO, L0 PO3Mip Mojeil 3MeHIUBCs Ha 43%, MBHUIKOIIS MOJEN 3pociia
Ha 10%, a 11 TounicTe mokpanmiacs Ha 0,4%, MO MPOIEMOHCTPOBAHO B TaOIHUII
3.1.

Tabmuug 3.1. [lopiBHSAHHA pe3yIbTaTIB BUSABJICHHS 3MIHH CLIEH

Mopenn F1
Po3po6iena Mmozaenn 0.721
Po3pob6riena MOJIEJTb micas 0.725

3aCTOCYBaHHS METOAY IIPYHIHTY

Deep Multimodal Networks [3] 0.67
STG[4] 0.41
NWI5] 0.33

OmHak  B@XJIWMBO  3ayBaXWTH, MIO A TECTYBaHHS  IIBUIKOMII
BukopuctoByBanacs Biieokapta NVIDIA RTX 3070, sika, xoua it mae Tensor Cores,
HE MIITPUMYE pOOOTY 3 pO3PIHKEHUMHU MAaTPpULIIMH (hopmaTy 2:4, IO YTBOPIOIOTHCS
MPU 3aCTOCYBaHHI PO3POOJICHOTO METOJy MPYHIHTY. 3BakKarouW Ha OCOOJMBOCTI
JOCTYIHOTO JJisi TECTyBaHHS amapaTHOro 3a0e3Me4eHHs, He BJAlocsi AOCSAITU
MaKCUMaJIbHOTO PIBHS MpHUIIBUANICHHS. [IpoTe mpu BHUKOpUCTAaHHI MO
apXITeKTYpu BI3yaJbHOTO TpaHchopMepa Miclsd 3aCTOCYBaHHS pPO3pOOJIEHOrO
METOAYy TPYHIHTY Ha CIeHiali30BaHOMY arapaTHOMY 3a0€3MeUeHHi, TaKoMy SK
rpadiuni npouecopu Big NVIDIA 3 miaTpuMKo0 00poOKH po3piIKEHUX MaTPUILh
dopmary 2:4, takux sk A100, A30 uu HI100, MOXIUBO OCATTH 3HAYHOTO

MM IBUIIEHHS BUIKOIIT MOJETI.
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OTxe, OCHIIKEHHS TOKa3ajo, M0 3aCTOCYBAHHS PO3POOJIEHOTO METOMY
MIPYHIATY JTO3BOJISIE 3HAYHO 3MEHIIUTH PO3MIp MOJIEN, MiJBUINIATHA IMIBUAKICTh il
BUKOHAHHS, 1 TpHU IbOMY 30€epiracThCs OpHUTiHAJIbHA TOYHICTh. lle poOuTh
3aCTOCYBaHHS pPO3pOOJIEHOr0 MeToay e(eKTHMBHHM Yy 3ajadax ONTHMi3allii
HEHPOHHUX MEpeX Ha OCHOBI apXIiTeKTypH TpaHchopmepiB, OCOOIMBO TpHU
MOJATBIIIOMY BHKOPHUCTaHHI OINTHMI30BaHUX MOJENed Ha CIeliadi30BaHOMY

amapaTHOMY 3a0€3TICUCHHI.

3.3. BucHoBKH 10 po3aiiay 3

B pe3ynpTaTi NpOBEAEHMX EKCHEPUMEHTIB OyJI0 BCTAaHOBJIEHO, WIO
PO3pO0ICHUI METOJT IPYHIHTY JIEMOHCTPY€E BUCOKY €(hEeKTUBHICTD MIPU ONTUMI3aIlIi
MoJIeNIel apXITeKTYpH BI3yalbHUX TpaHCPOPMEpPIB ISl BiIEO 3aBISKH 3HAYHOMY
3MEHIIEHHIO PO3PaXyHKOBHX BUTpPAT IpH 30epekeHH] ToUHOCTI Mozei. [Ipu npomy
OyJi0 JOCHIHPKEHO Pi3HI MIAXOAHU A0 MPYHIHTY TJIMOOKUX HEUPOHHHX MEPEK, IO
J03BOJIMJIA TOKPAIIMTH HaOLIbII BaXXJIMB1 €JIEMEHTH MIPYHIHTY HEHPOHHUX MEPEK
Ha OCHOBI apXITEKTypH TpaHC(HOPMEPIB 3 METOIO OJJHOYACHOTO 3MEHIIICHHS PO3MIPY
MOJICIT, TIABHUIICHHS MBUAKOIIT Ta 30€peKeHHs OpUTiHAIBHOT TOYHOCTI. Ileproro
YaCTUHOI MOJHU(PIKOBAHOIO METOAY MPYHIHTY CTaj0 MOKpAalleHe BU3HAYEHHS
BaXMBOCTI Bar y metoni SNIP 3a paxyHOK A0/aBaHHsS PO3paxyHKY aKTHBAIIli
yBaru Ta BEKTOPIB BUXOy MOJIEJNI JI0 3arajibHO1 (hyHKIIIi BTpat. J[pyrorw 4acTUHOIO
MOKPAILIEHOT0 METOJy MPYHIHTY CTajla IHTErpallis po3piKEHOCTI MaTpHUIlb 3a
mabI0HOM 2:4, 1110 T03BOJISI€ TIPAIFOBATH 3 HAMMIBPO3PIIKEHUMU MATPHUISIMHU.

B pesynbraTi excrnepuMeHTIB Oyj0 BCTaHOBJIEHO, 10 IPU BUKOPUCTAHHI
amapaTHoro 3a0es3nedeHHs1 0e3 MiATPUMKH POOOTH 3 PO3PIIHKCHUMH MaTPHIISIMU
MOJIEINIb TEMOHCTpY€E mpuIBUIIeHHs pubau3Ho Ha 10%. [Ipu mpomy mMoneni Ha
OCHOBI apXITEKTypu TpaHCHOpMEpiB MalOTh MOTEHIIA] 3HAYHOTO 301IbIICHHS
IIBUIKO/I11 TPY BUKOPUCTAHHI CTIEIIaTi30BaHOTO alapaTHOTO 3a0€3MeUYeHHS], TAKOTO

gk NVIDIA A100, A30 un HI100. Takoxx BaXIMBUM AaCHEKTOM IMOKPAIIEHOIO
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METOy IIPYHIHTY € 30€peKEHHS OPUTIHAJIBHOI TOYHOCTI MOJIEN, 110 POOUTH Iiei
METO/ HaJI3BUYAMHO ¢()EKTHBHUM IS 337a4, y SKAX BTpaTa TOYHOCTI MOXKe OyTh
KpuTHuHOIO. KpiM TOro, 3acTocyBaHHS I[bOTO TIAXOMy JJO3BOJSE HE JIUIIC
NPUIITBUIIIATHA BUKOPUCTAHHS MOJICII, a i 3HAYHO IPUCKOPHUTH MPOIIeC 11 HAaBYaHHS.

[IpoBenene HOCTIMKEHHS MIATBEPKYE €(DEKTUBHICTh 3aMpPONOHOBAHOTO
METOJy TIPYHIHTY TIpH HOTO 3acTOCyBaHHI JI0 MoOAeNeH  apXiTeKTypu
TpanchopmepiB. Meton 3abe3nedye MiABUIEHHS MPOAYKTHBHOCTI, 3MEHIIECHHS
po3Mipy Momeni Ta 30epekeHHs 11 opuriHambHOi TowHOCTI. lle mo3Bossie
BUKOPUCTOBYBAaTH WOTO [l BUPINMICHHS 3aB/iaHb, I0 MOTPEOYIOTh BHUCOKO1

IIBUJIKO/II1, 30KpeMa JIJIsi aHaJli3y BiJICOKOHTEHTY.
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PO31J1 4. MNIPOEKTYBAHHS TA PO3POBJIEHHSA
HHPOI'PAMHOI'O 3ABE3IIEYEHHSA U1 BUSHAYEHHSA
BIZEOATPUBYTIB

Jlna 3a0e3neyeHHs] BUKOHAHHS BUMOT JIO MPOTPAaMHOTO 3a0e3MedeHHs AJis
aBTOMATH30BaHOT'O BU3HAYCHHS B1J1€0aTPHUOYTIB 13 BUKOPHUCTAHHAM PO30OUTTS BiJI€O
Ha CIICHW Ta IUIaHW, 10 Oynu chopmynboBaHi y po3niai 1, MPOMOHYEThCS
yHIBepcalibHa apXiTeKTypa MpOorpaMHOi CUCTEMH, 10 300pakeHa Ha PUCYHKY 4.1.

KoMrioHneHTH 11i€1 apXITeKTYpH MOKHA PO3JAUIUTUA HA YOTUPH TPYTIH:

— Moayii g oOpoOKM  Bileo, B3aeEMOMAll 3 PO3MOAUICHUMU
O0OUHCIIIOBAILHUMHU pECypcaMu, MapajebHOro OOYMCIICHHS BiJ€OAaTpUOYTIB Ta
KepyBaHHS MMOTOKOM JIaHUX;

— KOMIIOHEHTHU IS TIPYHIHTY TMepell TPEeHYBaHHSAM, $SIKI JI03BOJISIOTH
ONTHMI3yBaTl HEHUPOHHI MEPEXKI IUIIXOM YCYHEHHS MajlO3HAUYYILIUX [apaMeTpiB,
10 3HIKYE OOYHCIIIOBAIBHI BUTPATH Ta MIJBUILYE MIBUIKOIII0 MOIEII O€3 3HAYHOT
BTpaTH TOYHOCTI;

— MOy JUII aBTOMAaTU30BAHOTO PO30UTTS BiJleO HA MJIAHU Ta CIICHH, IO
BUKOPUCTOBYIOTh BI3yalibHI TpaHChOpMepU JJisi TOYHOTO BHSIBICHHS 3MIH Yy
B1JICONIOTOKAX;

— cuctema 30epeKeHHs Ta aHaIi3y OTPUMAaHHUX PE3yJIbTaTIB, SIKa JO3BOJISIE
30epiraTi Ta 0OpOOJSATH METPUKH, OTPUMAaH1 B MPOIEC] BU3HAYEHHS 3MIHU ILJIAHIB,
CIICH Ta BiJie0aTpuOyTiB.

OCHOBY apxITEeKTypH CTAHOBIATh MOJIYJ JUIsl 3aBaHTAXKEHHS BIJEO,
MIATOTOBKM JI0 aHalli3y, BHW3HA4YCHHS 3MIiH KajapiB (MJIaHIB) 1 KepyBaHHS
pPO3MOJIICHUMH  pecypcaMu Uit  OOpoOKM  BiJICOKOHTEHTY. Mogemi, sKi
BUKOPHUCTOBYIOTHCS JJI1 BU3HAYCHHS 3MIH CIICH, IIJIaHIB Ta aHAJI3y BiJIe0aTpHOYTiB,
30epiraloTbcs B okpemMomy cxoBuili. Lle 3abe3neuye 3pydHHii AOCTYN A0 HUX, a

TaKO0 MOKJIMBICTh OHOBJICHHS a00 J0/IaBaHHS HOBUX MOJIEIEH sl aHATI3Y.
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[1ix yac ananizy BiJieo Kaipu TpaHCPOPMYIOTHCA Ta MEPEIAIOTHCS 10 MOTYJISI
BU3HAYCHHS 3MiH IJIaHIB, IKHH JeTaIbHO omucaHo B po3aim 4.4. Komu et Moy
BUSIBJISIE 3MIHY IUIaHy, BiH oOWpae KiIto4uoBl Kaapu. [Ipu oMy € MOXKJIUBICTH
JIOIATKOBOT'O HaJAITYBaHHS MOJEII JJIs 301IbIIEHHS KUIBKOCTI KIIIOUOBUX KaJIpiB
y TUTaHi, 10 JTO3BOJISIE OTPUMATH OLIbIIE JaHUX JUIst aHamizy. Jlami i kaapu pasom
13 1H(opMaIIi€rO PO IJIaH MEePEIArTHCS J0 MOJIYIIB, 110 30€piratoTh TaHUX MEPEe
aHaJI130M ISl TOJANIBIIOTO aHAJ3y Ta KePYIOTh OOUHUCIIOBATIbHUMH OTOKAMU JJIst
00poOKH BiJIcO, a camMe MOTOKAMH ISl BU3HAUYEHHS CIIEH 1 aTprOyTiB.

Monyni nnst 30epiraHHs JJaHUX Tepe]l aHaTi30M JI03BOJISIOTH €(PEKTUBHO
00po0sATH 1H(OpMAaILII0 Ta TPYIMYBATH ii BIANOBIIHO 10 BUMOI MOJYJIB aHATI3y.
Jlyist aHauizy ciieH po3poOseHuil MOTyIb 30€piraHHs TJaHUuX Tpymnye iHopmarriio 3a
rpynaMyd Ta mepefae iX y BUIIAL HAOOpIB 300paxeHb, IO HEOOXITHO MJis
BU3HAYEHHS IU1aHy. Lle nae 3Mory e)eKTUBHO aHaji3yBaTH 3MiHY IUIaHIB HAa PI3HUX
MOTOKaX, OCKIJIbKUA KOXKEH MOTIK OTPUMYE BIIACHY KOO 300pakeHb, HEOOX1THUX
Ut aHami3y. Jig BU3HaueHHs aTpuOyTiB MOAYJIb 30€piraHHs JaHUX Mepe]l aHali30M
JI03BOJISIE  HAKOMHMYYBaTHU 1H(OpMaIiio Ta TepeaaBaTH il y BUIISAI HAOOPIB
300paxkeHb, 1o 3abe3neuye e)eKTUBHE BUKOPHUCTAHHS PO3MOAIICHUX OOYHCIICHbD,
3aKJIa/ICHUX B apXITEeKTypy HEMpOHHUX Mepex. [Ipu nbomy Habip JaHUX MOXKe OyTH
HAJIAIITOBAHUN 3aJIEKHO B1J] XapaKTEPUCTUK armapaTHOTO 3a0€3MeUYCHHS.

Mopyni asis o0YUCTIOBAIBHUMH TTOTOKAaMU MarOTh JOCTYH JO BiJAMOBIIHUX
0a3 gaHuX, y gKux 30epiraeTbcs 1H(pOpMaIlis Ipo NOTOKH Ta Pe3yJbTaTH iXHbOT
po0oTH. 3aBASKK I[LOMY CHCTEMa MOXKE MPUIMATH PIlIEHHS MPO 3MIHY KUTBKOCTI
AKTUBHUX ITOTOKIB, a TaKOXX BHW3HAYaTH, SKi MOTOKH IOCTYITHI TSI TTOJANBIIOT
00poOku iH(opMmarii. Ilicns 3aBepieHHsT aHANi3y PE3yJNbTaTU TMEPENAIOTHCS [0
MoayJIsl 30epexeHHs] Ta Bi3yaii3amii craTUCTHKU. KopucTyBau Mae MOXIIMBICTD
B3aEMOMISATA 3 UMM MOJYyJEM, OTPUMYIOUM JeTaji3oBaHy iHGOpMaIlI0 MOpo
00po0IIeHE BiJICO, sIKa BKJIFOYAE B ceOe TOYHI YaCOBI MITKH 3MiHH IIJIaHIB Ta CIICH, a
TaKOX aTpUOYTIB 5Kl OyJIM BU3HAUYEHI B MPOILIEC] aHAMI3Yy, K AJI1 KOKHOI CIIEHU Ta

IJIaHy, TaK 1 y3arajbHEH1 JJIsl BCbOTO BiJ€O.
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[1ix yac BU3HAYEHHS aTPUOYTIB KOPUCTYBAau MOXE BUKOPUCTOBYBATH BJIACHI
MeTonu aHamizy. BoaHodac apxiTekTypa MIATpUMY€ aBTOMAaTUYHE HaBYaHHS
MojieJiel 13 BUKOPUCTAHHAM PO3pO0JIEHOT0 METOy IPYHIHTY Mepe]l HABYaHHSM, 110
JI€TaNbHO OMKcaHo B po3aiii 4.3. Jljis BUKOpUCTAaHHSA [IbOTO MOIYJIsl KOPUCTYBayeBl
NOTPIOHO TepenaTH TPeHYBaJIbHUN HaOlp Ta apXiTEKTypy HEHpOHHOI Mepexi. Y
pe3yibTaTi CUCTEMa HABYUTh ONTHMI30BaHY MOJEINb, ska Oyne 30epexeHa y
CXOBHIII MOJIeJIEH AJIsl TOJIaIbIIIOTO BUKOPUCTAHHS.

BaxnrBoro 0coOIuBICTIO po3p00IIeHOT apXITEKTYPH € 11 31aTHICTh €(PEKTUBHO
BUKOPHUCTOBYBATHCSI B XMapHOMY CEpEJOBHILI. ACHHXPOHHI 3aJadl BU3HAYEHHS
CUEH Ta aTpuOyTiB Ha BIJEO MOXYTh 3allyCKaTUCS y BUIJISAAlI KOHTEHHEPIB Ha
BIpTyaJIbHUX MaiuHaX, Takux sk AWS EC2, mo no3Boiise o6upatu onTuMaibH1
HaJAIITyBaHHS 3aJIEKHO BiJl 00CIry 004HCIIeHb Ta IXHBOI ckiagHocTi. Kpim Toro,
1€ J1a€ 3MOTy BHKOPHCTOBYBATHU CIEIlialli30BaHE amapaTHe 3a0€3MeUeHHs, TaKe sSIK
NVIDIA A100, A30 ym HI100, nns e(ekTMBHOTO BHKOHAHHS MOJCICH,
ONTHMI30BaHUX METOJAOM TMPYHIHTY y (opmati 2:4. Jlng kepyBaHHSA LUMHU
KOHTEHHEpaMu MOKHA 3aCTOCOBYBATH CIEI1ali30BaHl XMapHi TEXHOJOTI, TaKi K
Kubernetes. 30epiranHs JaHUX MOXXHA peai3yBaTH IUISXOM TO€THAHHS
BIPTYyaJIbHUX MAalllMH YM aCHUHXPOHHHUX 3adad, Takux sk AWS Lambda ta Azure
Functions, 13 cxoBuiiamu Jyist 30epirants JaHuX, TakuMu ik Amazon DynamoDB.

Po3pob6rena apxitektypa 3a0e3neuye eeKTUBHUN aHAII3 BIICOKOHTEHTY 3
MO>KITUBICTIO THYYKOT'O KEpYBaHHS 00UYMCIIIOBAIbHUMHU PECypcaMu Ta aBTOMaTUIHO
aJanTy€eThCs 10 PI3HOTO PIBHS HABAHTAXKEHHS, 1110 OCOOJIMBO BAXKIMBO MIPHU pOOOTI
3 BeNmuKUMHU obcsaramu nanux. [Ipu mpoMy apxiTekTypa CTBOpEHa 3 ypaxyBaHHSIM
MOKJIMBOCTI 1HTETpaIllii 13 Cy9aCHUMH XMapHUMH CEPEAOBHINAMU, TAKUMHU K AW'S,
Azure Ta Google Cloud. Po3po6iieHa apxiTeKTypa € THy4YKOIO, aJaITUBHOIO Ta MOXKE
BUKOPUCTOBYBATHUCS K JIJISl aHAJI3Yy BEJIMKUX OOCATIB JIaHUX, TakK 1 st 0OpoOKH

BiJICO B pEaIbHOMY Yaci.
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4.1. 3aco0u po3po0lJieHHs IS IPOTPAMHOIO0 3a0e3Ne4YeHHs] BUSHAYCHHS

BizeoaTrpuOyTiB

CepenouiieM po3poOku Oyino 0OpaHO IHTETpOBaHE CEPEIOBHUIIE PO3POOKHU
(IDE) PyCharm, cTBOpeHe cremiajibHO JiJIsi pO3pOO0KH MPOrpaMHOro 3a0e3nedeHHs
MoBoI0 miporpamyBanHs Python. PyCharm mae BOynoBany cucteMy aBTOMaTHYHOTO
JOTIOBHEHHS KOAY, IHCTPYMEHTH IS IIBUIKOTO Ta e(heKTUBHOTO pehaKTOPUHTY, a
TAaKOX 3aco0M JUIsl HaJlaroJKeHHs Koxy. KpiM Toro, cepefoBHINE MIATPUMYE
BUKOPUCTaHHA BOYJOBaHUX I1HCTPYMEHTIB Jisi MIJBHUILEHHA €(QEKTUBHOCTI
HaBYaHHI Ta poOOTH 3 HEHUPOHHUMM Mepexamu, Takux sk Jupyter Notebook,
NumPy Ta TensorFlow.

Jlnst 30epexxeHHs JaHux OyJ10 BUPIIIEHO BUKOPUCTOBYBATH HEPEISILINHY 0a3y
nanux MongoDB, po3pobneny st poOOTM 3 BEIMKMMHU — OOcsiramu
HECTPYKTYpPOBaHUX a00 HAMIBCTPYKTYPOBaHUX JaHUX. Ha BiAMIiHY B pessiliiHUX
0a3 ganux, MongoDB BHKOpHCTOBY€ JOKYMEHTO-OPIEHTOBAHY MOJEIb
30epexeHHs, 110 JI03BOJISIE THYYKO 3MiHIOBaTH cxeMy naHux. Lle poouts MongoDB
e(EeKTUBHUM DIMICHHSIM JJI aHAJIITUKHA, OCOOJIMBO Yy CHUCTEMax KepyBaHHS
KOHTEHTOM. 3aBJSKH 1IbOMY MO>KHA IIBUKO 3MIHIOBATH HEOOXIAHI aTpuOyTH IS
noOyZI0BH B1JI€OAHATITUKH, BIIPOBAIXKYBATU HOBI PIIICHHS Ta TECTYBATH ITiIXOJIH.
Kpim toro, MongoDB Mae onTumi3oBaHi MEXaHiI3MHU 1HJEKcAIlll Ta arperariii, 1110
3a0e3neuye e(heKTUBHUHN MOIIYK 1 MBUIKY 00poOKy nanux [136].

Jlns xkepyBaHHS 0a3010 JaHUX OyJ0 BHUpIlIEHO BUKOopucToByBaTH DataGrip,
OCKIJTbKM 1€ 1HCTPYMEHT J03BOJISIE €(PEKTUBHO aAMIHICTPYBaTH Oa3uW JaHUX 1
niaTpumye Benuky Kuibkictb CYBJl, Brmowaroun MongoDB. DataGrip mae
BOYZIOBaHy CHCTEMY aBTOAOMOBHEHHS SQL-3amuTiB, MOMJIMBICTH Bi3yasizalii
3B’SI3KIB MK TaONMISIMHU, THCTpYMEHTH Ui omtumizanii SQL-3amuTiB, a Takox
BOYZOBaHUN penakTop AOKyMeHTIB y (opmati JSON, 1m0 € 0co0IMBO KOPUCHUM

npu po6oti 3 MongoDB.



130

Hns  pobGotm 3  OaraTOBUMIpHUMH  MacHMBaMH  OyJIO  BHPIIICHO
BUKOpPUCTOBYBaTH 0i0mioteky NumPy, ska npomoHye mupokuid Habip
MaTeMaTUYHUX (QYHKIN Ay poOoTu 3 MaTpuilsiMu. NumPy 3abe3nedye BUCOKY
MIBUAKICTD BHUKOHAHHS MaTEeMaTHYHHX OMepaliid 3aBASKM BHKOPUCTAHHIO
ONTHMI30BaHUX 010i0TEK, HamucaHuX MoBamu nporpamyBanuas C Ta Fortran. Lle
pOOUTH 11eH IHCTPYMEHT HAJ3BUYANHO KOPUCHUM Ui aHaNi3y JaHUX, MPOBEJICHHS
HAayKOBUX OOYHMCIICHB Ta IMiATOTOBKY JAHKX ISl MAIIMHHOTO HaBuaHHA [137].

Jlnst pobotu 3 300pakeHHsMu Oyna oOpana 6i6miotexka OpenCV 3aBasku
BEJUKIM KUIBKOCTI ONTHUMI30BAHMX OIEpaliid s a”amizy Ta TpaHchopmarlii
300paxenb. OpenCV MICTUTh pealizallli KIaCUYHUX MaTEMaTUYHUX METO/IIB, TAKUX
K BUJUICHHS KJIIOYOBHMX TOYOK, pO3Mi3HaBaHHA 00'€KkTiB, MOOya0Ba TiCTOrpam,
reoMeTpuyHi Tpancdopmali Ta BU3HAYEHHS KpaiB, 10 pOOUTH If0 010J110TEKY
HaJ3BUYAHO KOPUCHOIO JJIA 33/ad, MOB'S3aHUX 13 KOMIT'FOTEPHUM 30poM. Kpim
toro, OpenCV 3abe3nedye BUCOKY IIBUIKICTh OOYMCIICHb, OCKUIBKU pealli30BaHa
MepeBaXXHO MOBOI TMporpamyBaHHa C++ Ta BHUKOPUCTOBYE ONTHUMI30BaHI
016;0TeKN I IPUCKOPEeHHsST oOumciienb, Taki sk Intel IPP, OpenCL ta CUDA
[138].

Jnst cTBOopeHHsT Ta 30epeXeHHS HEUPOHHUX Mepexk OyJio BHPILIEHO
BukopuctoByBatu 0i6mioTekun PyTorch 1 TensorFlow, 3anexxHo Bim Tuiy

CTBOPIOBAHOT HEHPOHHOT MEPEXI.

4.2. ITlporpamuHe 3a0e3meyeHHs /JJs peajizalii Ta BIPOBAJKECHHS

HEHPOHHHMX Mepex

Jlnst peamizaiii HEHpPOHHHUX MeEpeX OyJI0 BUPINIEHO BUKOPUCTOBYBATH
616moTtexy TensorFlow, sika no3Bonsie epeKTMBHO HaBYaTH TIMOOKI HEWPOHHI
MEpexi Ta MICTUTh IHCTPYMEHTH [UIsl MaciuTa0yBaHHA iX BUKOPHUCTAHHA U

HiArOTOBKH J0 3aCTOCYBaHHS Y MPOMHUCIIOBUX cucTeMax. 3okpema, TensorFlow mae



131

BOy/nOBaHI 1HCTpyMeHTH, Taki sik TensorFlow Serving st edeKkTUBHOTO
posroptanHs wmozene 1 TensorFlow Lite nmns onTumizamii Mopenei mis
BUKOPHUCTaHHSA Ha MOOUIbHUX TpucTposix. biomoreka TensorFlow BukopucroBye
cTtaTuyHi Tpadu AIsi 00YUCIICHB, IO J03BOJISE MIIBUINMTH MPOIYKTHBHICTH Ta
e(heKTUBHO BUKOHYBATH OTepallii Ha Pi3HUX TUTIAX arlapaTHOTo 3abe3nedeHHs. [[nsa
pob6otu 3 nanumu TensorFlow npormonye naker tf.data, sskuit MICTUTh (yHKITIOHAI
11 €PEeKTUBHOTO 3aBaHTAXKEHHSI Ta 00pPOOKH JaHMX, 10 3HAYHO CIPOIIYyE HAaBUaHHS
Mozeneil mpu poOoTi 3 BenukuMu obcsiramu iH(opmarii. Takox y TensorFlow e
crieriajJbHe PO3MIMPEHHS JUIsl CTBOPEHHS IMOBHOIIIHHUX KOHBEEPIB MAITUHHOTO
HaBYaHHS, SKI aBTOMATHU3yIOTh MpOLECH BiA 300py Ta oOpoOKM HaHUX MO
posroptanus moaeni[136, 139].

[Ipore mim wYac JOCHIKEHHS MOMIIMBOCTEH MOJENEeH apXITEeKTypH
BI3yaJIbHUX TpaHc(OpMepiB A BIAEO Ta ONTHUMI3alli Takux Mojaened O0yIio
BUpilIeHO BUKopuctatu O16mioreky PyTorch, sika Takox € crerianizoBaHUM
IHCTPYMEHTOM JIJIi HaBYaHHSA TIJIMOOKMX HEHUPOHHUX Mepek. (OCHOBHOIO
ocobmmBicTio PyTorch € BukopucTanus tuHaMigHOTO 00YUCITIOBATILHOTO Ipady, 110
3a0e3nedye OUIbIIYy THYYKICTH y PO3pOOI HEHPOHHHX MEpEeX, CIPOIILYE
BIJIJTArOJIKCHHST MOJIeIeH Ta JO3BOJISIE€ aIallTUBHO 3MIHIOBATH apXiTEKTYpy il 4ac
HaBuaHHs. PyTorch TakoX miATpUMYy€E€ HOBITHI TEXHOJOTII s TpadiuHuX
MIPOIIECOPIB, IO POOUTH HOTO €HEKTHBHUM JJIT POOOTH 3 BETUKHUMH HEUPOHHUMU
MepexxaMu Ta OOpOoOKM JaHMX y peadbHOMY Haci. JloAaTKOBOIO IepeBaroro €
HasBHICTH 1HCTpyMeHTy TorchScript, sikuil 103BOJIsIE KOHBEPTYBATH MOJENI JUIS
e(EeKTUBHOTO PO3ropTaHHs Ha MaTdopMax 3 0OMeXeHUMH pecypcamiu. Lle 3HauHO
po3iMpioe MOXIMBOCTI BuKopuctanHs PyTorch y MoOutpHuX 1 BOyIOBaHHX
CUCTEMAaX, a TAKOXK y XMapHUX obuncneHusx [140].

KitouoBum komnonentom 0i0miotexkn PyTorch € torch.Tensor, sikuit €
OCHOBHOIO CTPYKTYpOIO ISl TIPEACTaBlieHHs Ta oOpoOku nanux. lleit 00’exT
n03BOJIsIE €(DEKTUBHO TMpaIfoBaTH 3 0araTOBUMIPHUMH MacCHUBaMH, BHUKOHYIOUH

onepaiiii sik Ha rpadiunomy (GPU), Tak 1 Ha neHTpanbHOMY Tiporiecopi (CPU). Kpim
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Toro, torch.Tensor mae BOy1oBaH1 PyHKIIIT /1711 aBTOMAaTHYHOTO JU(EpEHITiFOBaHHS,
0 poOUTH HOro HAA3BUYAMHO KOPUCHUM [JIsl HABYAHHS TIHMOOKHUX HEHPOHHHX
mepex. biomioreka PyTorch Takox MICTUTh CHCTEMY aBTOMAaTHYHOTO OOYMCIICHHS
rpaqieHTiB — torch.autograd, sika m03BOJIsIE JIETKO 3aCTOCOBYBAaTH aJIfTOPUTMU
ONTHMI3allii, BUKOPUCTOBYIOUH TPABUJIO JIaHIIOroBoi moxigHoi. Lle 3abe3meuye
e(eKTUBHUN Mpollec 3BOPOTHOTO NomMpeHHs moMuiku (backpropagation) Ta
3HaYHO CHPOIIy€ peai3allilo HaBuaHHSA Mojenel. (s CTBOpEeHHs apXiTEeKTypu
HEHPOHHUX MEpEeX BUKOPUCTOBYETHCA MAKET torch.nn sIKuii MICTUTH B COO1 TOTOBY
peanizalliio pi3HUX IIapiB, TaKuX sK torch.nn.Linear, a5 poO60TH 3 MOBHO3’ I3HUMU
mapami, torch.nn.Conv2d, 1151 BAKOpUCTaHHS 3rOPTKOBUX 1IapiB, un torch.nn.RNN
JUIsl peKypeHTHuX ImapiB. Ili 4ac CTBOpEHHs IIapiB Il HUX aBTOMATHYHO
CTBOPIOIOTHCSI BIJIMOBIHI MapaMeTpH (BaroBi KOE(MIlIEHTH), SIKI OHOBIIOIOTHCS 1T
yac onTtuMmizamii Mozeni. Kpim Toro, torch.nn MicTUTh MeXaHI3MH ISt
aBTOMATHYHOTO JoJaBaHHS (yHKIIM akTtuBamii, Takux sk ReLU, Sigmoid um
Softmax, 110 103BOJIsI€ JETKO IHTETPYBATH HENHIMHICTh Y CTPYKTYPY HEMpPOHHUX
MEPEK.

biomoreka TensorFlow wmae amnanor torch.Tensor, skuii Ha3HBa€THCA
tf. Tensor. BiH € OCHOBHOIO CTPYKTYpOIO Ji TPEACTaBJICHHS OaraTOBUMIPHHUX
MAacuBIB 1 MIATPUMY€ BHUKOHAHHS OIEpaliidl y pO3MOIITIEHOMY CEpEIOBHIIL.
Bukopucranus cratuyHoro rpada oOuucnenb y TensorFlow mo3Boisie
ONTHUMI3yBaTH YaCTUHY PO3PaxXyHKIB L€ Ha €Tanl KOMIUIALII MOJENeH, 1110 3HaYHO
MOKpaIye MPOAYKTUBHICTD 1T Yac pOOOTH 3 BEIMKUMH HEHPOHHUMHU MEPEKaAMHU.
MexaHi3M aBTOMATUYHOTO JU(EpeHIlitoBaHHs, SKUM 103BOJIsiE  €(EKTUBHO
oOYHCIIOBaTU TpaJleHTH Mia vyac HaB4yaHHA, y TensorFlow peanizoBanuii 3a
normomoror kiacy tf.GradientTape. Bin 3a0e3neuye aBTOMaTH4HE BiJICTECKEHHS
BCIX omepariiidi sl MOoJadbIIoro OOYMCIEHHSI TPaJl€HTIB MiJ Yac 3BOPOTHOTO
MIOIITMPEHHS MOMIIIKY. Peaizaris BXKe roOTOBUX IapiB JIJIs HABYAHHS 3HAXOIUTHCS
B nakeri tf.keras.layers, sixka Bkiitouae B cebe Taki mapu sk tfkeras.layers.Dense,

tf.keras.layers.Conv2D ra tf.keras.layers. LSTM. lllapu MoxxyTh OyTH BUKOpPHCTaHI
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i moOynoBM Mozen 3a jgomnoMororo kiaciB tf.keras.Sequential, ne BoHHM
JOJAIOThCA Yy 1IeH Kiac y BUTIAAlI macuBy, uu tfkeras.Model, sxuil mpuiimae sk
nmapaMeTpd BXOAW 1 BHUXOJM MOJINl, a Iapud 3B S3YIOTBCI MIXK COOO0
(GyHKITIOHATBHUM CTUJIEM MPOTrpaMyBaHHS.

OCHOBHUM aJTOPUTMOM Il HaBYaHHS HEHPOHHUX MEPEK HA3UBAETHCS
3BOPOTHIM TIOIIMPEHHSAM IIOMHUJIKH, Ta 0a3yeThbCs Ha OHOBJICHI BariB MoJeI
HEHPOHHOI Mepexi Ha OCHOBI QYHKIIIT BTpat. s 00UuCIeHHs rpaaieHTiB QyHKIIT
BTpPaTH IIOAO KOXHOI Baru y KOKHOMY IIapi MOJEIl 3aCTOCOBYETHCS TPABUIIO
JAHIFOTOBO1 TOoX11HO1. OOYKCIICHHS TPATIEHTIB CKIAIAETHCS 3 IBOX €TalliB, a CaMe
MPSIMOTO Ta 3BOPOTHOro mommpeHHs. 1lig yac mpsMoro mommpeHHs BXiJHI JaHi
IIPOXOSATh Yepe3 BCl IIapu HEHPOHHOI MEPEexKi, /e KOKEH HEMPOH BUKOHYE JIHIHHE

NEPETBOPEHHS 32 HACTYIHOIO (POPMYIIOLO:

z=Wx+b (4.1)

Ta HEJHIHE aKTUBaIllitHE IEPETBOPEHHS

a=o(z) (4.2)

ne W e marpuriero BariB, b — 3MIIIEHHS, TPOTE BAXJIMBO 3ayBaKUTH, IO IICH
napameTp MOKHa HE BUKOPHUCTOBYBATH B JICSKUX BUMIAJKAX, X 1€ MATPHUIIS BX1THOTO
curHaiy, a 6(z) — (yHKIIIS aKTUBAIII] sSiKa 3a0e3euyt0 HEeHIHHICTh IEPETBOPEHb,
Hanpukiaa Gyskimii ReLU uu sigmoid. B pe3ynbrari poOOTH NMPSIMOTro NOIMHUPEHHS
Ha [Iapax BUXOJY YTBOPIOETHCS pe3yJIbTaT aHali3y BXITHUX JaHUX 32 IOTIOMOTOIO
HEHUPOHHOI MEPEXK1, MICIS YOTO OTPUMAHUMN pe3yJIbTaT MOPIBHIOETHCS 3 OUIKYBAaHUM
3a 1OMOMOTOr0 (PYHKITT BTpaTH. DyHKIIISI BTpATH 3aJIKUTh Bl 3a7a4l Ky BUPIIITYE
HEWPOHHA MEpeka, MPHU IbOMY I JEIKUX 3a7a4 MOKE MiIXOIUTU JEeKUIbKa
dbyukiii Brpar. Hailboinbi po3noBCIOKEHOI0 € (QYHKINiS BTPATH sIKa PO3PaxOBYeE

CCPCAHBLOKBAAPATUIHY ITOMHIIKY:
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1 N
L =NZ<yi —$)? (4.3)

HactynmHuM ertamoM € 3acTOCYBaHHS 3BOPOTHBOTO TMOLIMPEHHS, 1€ 3a
JOTIOMOTOI0 TPaJIIEHTHOTO CITYCKY OOYHCITIOIOTHCS YaCTKOBI MOX1/1HI (yHKIIT BTpaT
UL KOKHOTO TapaMeTpy MOJeNi, BUKOPHCTOBYIOYHM JIAHIILOTOBE IPABUIIO, SKE

MO>KHa MPEJCTABUTH 3a JOOMOTOI0 (hOPMYJIH:

dL_dL da dz 44
aw " da dzaw (44)

YacTkoBi MOXiAH1 B JIsl KOKHOI Bapy € CUJIOI0 Ta HAIMPSMKOM KOPEKIIii, Ky
HEOOX1THO 3pOOUTH 3 METOI0 MOKpAIIeHHS TOYHOCTI poOoTu Mmoxeni. [lpere
BAXKJIMBO 3a3HAYUTH, 1110 MMOX1JHA BKA3y€ JUIIE HANPSIMOK Ta CUJIy 3MiH, 4yepes3 110
MiJl 4Yac OHOBJICHHS BAariB 3aCTOCOBYIOTh KOE(ILUIEHT 7], SKUM MpeCcTaBIise
MIBUKICTh HABUAHHS, Ta JI03BOJISIE€ ONTUMI3YBaTH MPOIIEC HABUYAHHS. TaKUM YHHOM

OHOBJICHHSI KO’KHOT'O MapameTpy, Tpadl€eHTHUMN CITyCK, BIIOYBa€ThCs 3a (HOPMYII0H0

dL

WD) — @ —
Taw

(4.5)

TakuM YMHOM BUKOPUCTAHHS aJITOPUTMY 3BOPOTHBOTO MOIIMPEHHS JO3BOJISIE
HEHPOHHUM MepekaM MOCTYNOBO 3MEHIIYyBaTH TOMUJIKY IpU aHaji3l BXIJHUX
JAHUX 3aBJASKU IHTEPAaBHOMY OHOBJIEHHIO BariB HeWpoHHOI Mepexi [141].
biomorekn PyTorch Ta TensorFlow maroThk cTranmapTHi peanizallii 3BOPOTHBOTO
MIOITUPEHHS TTOMUJIKM Ta MalOTh CIHEIIalibHI MaKeTH 3 peayn3alisiMd HaWOLIbII
e(EeKTUBHUX QJITOPUTMIB TPAIIEHTHOTO CHYCKY, TaKMX $K CTOXaCTUYHUI

rpanienTHUl cyck, Adam ta RMSprop.
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Po3risnaroun cToXacTUYHUI rPpaJiEHTHHN CITyCK Ba)KJIMBO 3ayBaXKUTH, 11O B
610miorekax PyTorch ta TensorFlow peamizoBaHO pO3MIMPEHHS CTOXAaCTHYHOTO
IPaJliEHTHOTO CITyCKY SIKE JTO3BOJISIE BHKOPHUCTOBYBATH NpuHIMI iHepuii. [Ipum

BUKOPHUCTaHI I[bOTO PO3IIMPEHHS /ISl 3MIHA BariB pO3paxoBYETHCS 3a POPMYIIOL0

dL
Vy = UVp_q T+ UW (4.6)

1€ V; € HAKOITMYEHOO MIBUAKICTIO OHOBJICHHS, @ [ € KO€(II[IEeHTOM MPUILBUIIICHHS,
110 TO3BOJISIE YHUKATH JIOKAJIbHUX MIHIMYMIB Ta MPUILIBUALIYBAaTH HaBYaHHA. Jlaimi
i Yyac OHOBJICHHS BariB YacTKOBA IOX1JHA MOMHOXEHA Ha IIBHUJIKICTb HaBYaHHS
MOJIEl 3aMIHIOEThCS HA HAKOMWYEHY IMIBUIKICT, OHOBJICHHS [142]. IHmmmwu
HOMYJISIPHUMU METOAAMM TPAIIEHTHOrO ciycky € Adam, sikuii BUKOPHUCTOBYE
HNO€JHAHHS 1HEPUIHHOTO CTOXAaCTUYHOIO TPAIIEHTHOIO CIYCKY 3 aJalTHUBHOIO
MIBUAKICTIO HaBYaHHs, Ta RMSprop, B SKOMy BUKOPHCTOBY€ETHCS KOHTPOJIHOBAHE
OHOBJICHHSI IIBUJKOCTI JIJIsi KOXHOTO MapaMeTpy OKpPEMO, 10 JO03BOJISE YHUKATH
MpoOJIEMU 3 BUCOKOIO BapiaTUBHICTIO IPA/IIEHTIB JIs1 YACTUHU MapaMeTpiB.

OTtxe 616morekn TensorFlow ta PyTorch mMaroTe mmpokuid ¢pyHKIIOHAT Ta
J03BOJISIIOTh  €PeKTUBHO OyayBaTh Ta HaBYATH HEUPOHHI MeEpexi, MpoTe
0COOJIMBOCTI iX apXITEKTyp Ta PO30LKHOCTI y (yHKLIOHAIl poOasTh 010110TEKy
TensorFlow 6inbi eexTHBHOIO TTPY BUKOPUCTAHHI 11 1)1 TOOYIOBU CKJIAIHUX Ta
ONTHMI30BaHUX CUCTEM 3aBJSIKHU MOXJIMBOCTI €EKTUBHO OOpOOIIOBATH JaH1 Ta
Moau(dikyBaTH MOJENl IJii BUKOPUCTaHHS I1X Ha NPUCTPOSIX 3 OOMEKEHUMH
pecypcamu. biGmioreka PyTorch nHa mpotuBary mae OuIblI THYYKy CHCTEMY IS
CTBOPEHHI Ta TECTYBaHHS HEHPOHHUX MEPEXK, 0 POOUTH i1 O171bI1 €hEKTUBHOIO JIJIS

JOCIITHUIIBKAX IIIJIEH.
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4.3. IIporpamue 3a0e3me4eHHS MOAYJIIO 1JIsl IPOBEICHHSI PYHIHTY Mepe/

TPEeHYBAHHAM

Jlnia peamizaiii MeTOMIIB ONTUMI3allii HaBYaHHA OyJIO BUPIIIEHO PO3pOOUTH
lepapXxiuHy CTPYKTYpy KIaciB, ska Oyae peai30ByBaTH BIJAMOBIIHI METOIU
MpYHIATY. BignmoBigHO A0 OMHMCaHUX aJITOPUTMIB TPYHIHTY OyJIO pO3p0OJIECHO
(GyHKITIOHAN g pOo3paxyHKy KpUTepii s HaOOpiB BariB sIKi MICTSATh MacKyroyi
Baru (Macku), Skl MOXYTh MIiCTUTH 3HadeHHs 1 ab6o 0. Takoxx mnsa amanrarii
apxiTEeKTyp HEHPOHHHX MEpEeX N0 3aCTOCyBaHHS METOAYy TMPYyHIHTY OyIio
po3po0ieHo GyHKIIOHAT IS JOJJaBaHHS MACOK a apXIiTEKTypy HEHPOHHOI MEpEexi
1] 9ac 11 CTBOPEHHS.

Po3poOneni Mmeroau Oynu ananrtaBadi ais poOoTH 3 610morekoro PyTorch,
TaKk SK BOHA MPOMOHYIO MOJIYJBHY CTPYKTYpH TMpH SKii HEHPOHHI MeEpexi
CKJIaJIal0ThCA 3 CYKYIMHOCTI 0a30BUX OJIOKIB. 3 METOIO JIOJaBaHHS MACOK JI0 TaKUX
0JIOKIB OyJIO peasii3oBaHO HaOIp KiaciB, Kl PO3MIMPSIOTH (PYHKIIOHAT HAHOUIbII
HOLIMPEHUX IIapiB HEUPOHHUX MEPEK.

Jlnst peanizanii METO/IIB IPYHIHTY OYyJIO CTBOPEHO 0a30BUIl aOCTPaKTHUM Kiac
BasePruning sxuii okpecitoe (QyHIaMeHTanbHy CTPYKTYPYy Ta METOIU SKI €
HEOOX1THUMU JJIs 3aCTOCYBaHHs OyAb-siKOi cTpaTerii mpyHIiHTY. Jlami Ha OCHOBI
1BOT0 Kjacy OyAylOTh KJIACH SIKI pealli3yl0Th KOHKPETHI CTpaTerii MpYyHIHTY, L0
JI03BOJIsI€ €(PEKTUBHO NEPEBUKOPUCTOBYBATH KO/I.

[Ipu iHimiamizamii abCTpakTHOrO kjiacy Tpeba mepeiaTd B HbOTO CIHCOK
MacoK JJIs TapaMeTpiB HEUPOHHOT MEpexi, I KX Tpeda 3acTOCYBaTH MPYHIHT.
Takox abcTpakTHUH Ki1ac Mae aOCTPAaKTHHIA METOJ SCOre SKUN BUKOPHUCTOBYETHCSA
IUTS paHKyBaHHS BRXXJIUBOCTI JJIs1 KOKHOTO TTapaMeTa Ta moTpedye nepeBU3HAYCHHS
y KJiacax HaciigHukax. Takox kimac BasePruning mae metonu update masks, sikuii
OHOBIIIO€ 3HAYEHHSI MACOK OCHOBYIOUUCH HAa OOYUCIIEHUX KPUTEPIAX BAXKIUBOCTI T

3aIaHOTO PIBHS CTUCTEHHS JUIsi MoOKeni, Ta Meroxy get model stats, skuii
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BIJIMOBIA€ 3a BHU3HAYECHHS KUIBKOCTI IIapaMeTpiB Mepexi 3a JOMOMOIOI0
MipaxyHKy HEHYJbOBHX €JIEMEHTIB.

Jns peamizamii merogy SNIP Oyno ctBopeno kimac SNIP Prining, sikuii
posimproe abctpakTHui Kiac BasePruning, Ta Mae peanizaiiito METOIy score Ha
ocHoBi anroputMy SNIP, n03BOisI0YM pO3paxOByBaTH OILIHKH, BiJIKPUBAE
MO>KJIMBICTh MackaM MaTy TPaJIlEHTH Ta BUKOHYE BUKOHY€E 3BOPOTHIN MpOXia JIs
OOYHCIIEHHSI TPAIIEHTIB BTpaT UIg KOXHOTO mapameTrpy. Jlami 1 OLiHKH
HOPMAJTI3YIOTBCS 3 METOI0 HAaJaHHS BIHOCHOT MIPH BaXUIMBOCTI JIJIST KOKHOTO
napameTpy.

Ham Oyno peanizoBano kinac AttentionBasedPruning sxuii Takox €
PO3UIMPEHHIM a0CcTpakTHOTO Kiacy BasePruning, peanizoByioun HE TIIBKH METOJ
score, ajie 1 MOAM(IKYIOUYH KOHCTPYKTOP HUISIXOM JI0J[aBaHHs 10 HbOT'O TTOCHJIaHb Ha
TEH30pW aKTHBAIlli yBard Ta BUXOM IIapiB yBarw, sIK IMOKa3aHO Ha PUCYHKY 4.2.
Merton score y peainizallii I[bOT0 KJIacy BpaxoBYye He Juiie (PyHKIIiI0 BTpaTH, ajie 1
BKJIIOYA€E B ce0e CyMy aKTHBalllld Ta BUXOIB YBaru OTPUMaHI Mijl 4ac 3BOPOTHHOTO
npoxoay. Takox 1ei MeToj aJisi MPUBEICHHS BariB 0 PO3PIIHKEHOT0 (opMary
BUKOPHCTOBY€E (YHKIIIIO to sparse semi_structured momyimo torch.sparse, Takum

YUHOM peaji3ylouu 3alpONOHOBAHUIM METO MPYHIHTY.



=

BasePruning

# output_fn: function
# masked_params: list[np.array]
# scores: dict

+ update_masks(sparsity): None

+ get_model_stats() : (int, int)

+ _init__(masked_params, output_fn): None
+ score(model, loss, dataloder, device):None

+ update_prune_mask(treshold, mask, param): None

Inheritence

Inheritence
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=l SNIP_Pruning

= AttentionBasedPruning

+ __init__(masked_params, output_fn): None

+ score(model, loss, dataloder, device):None

- __accum_grads(model, loss, dataloader, device): None
- __update_scores(): None

- __norm() : None

- attention_outs: dict
- attention_activs: dict

+ __init__(masked_params, attention_activs,

attention_outs output_fn): None
+ score(model, loss, dataloder, device):None

Pucynok 4.2 — lepapxis kJ1aciB 1Jisi IPYHIHTY

Mopyns npyHiHTy Oyio peanizoBaHO sIK 010J10TE€KYy MOBU MpPOTpaMyBaHHS

python, 1mo 103BOJIslE BUKOPUCTOBYBAaTH 1i B IHIIMX MPOEKTAaX IOB’S3aHUX 3

JOCJIIDKCHHSIM Ta ONTUMI3AIIE€0 MOJIeNIel 3a IOMOMOTOI MOKPAIIEHOT0 METOMY

npyHiHry. Jlms BUKOpUCTaHHS I1i€l O10JIOTEeKM HEOOXiTHO MaTh JaHi IS

TPEHYBaHHS, apXITEKTYpy MOJIEN], OMKC TilepnapaMmeTpiB, TaK JOJATKOBO MOMXHO

Matu TpaHchopmariii, iki He0OX1JJHO MPOBECTHU JIJIs JaHUX Mepe epeaadeto X 10

MOJIENI.

[licnss BUKOpUCTAHHS PO3pPOOJIEHOT

010710TEKM KOPUCTYBa4 MOXKE

OTPUMATHU METPUKHU SKOCTI MOJEII, METPUKHU WBUAKOAII, Takl sk FLOP, ctyninb

CTUCTEHHSI Ta Yac BUKOHAHHS Ha rpadiyHOMY Ta LEHTPaJIbHOMY IMpOIEcCopax, Ta

MOJEJIb 3 po3plIKeHUMU Baramu, y (hopmati ONNX, sik moka3zaHo Ha pUCyHKY 4.3



BxinHi nani
TpenyBanbHHUI OyHK11ii TpaHchopMmaii
Habip JaHHX 300pakeHb
BaniganiiHui ) )
i ApxiTeKkTypa Mozeni
HaOIp JaHHX
TectoBuii Habip )
I'imepnapameTpu
JaHHX
[IpyHIHT 1 TpeHYBaHHS

v

Buxinni maxi

MeTpuKH TOYHOCTI MOz

Mertpuxku mBuakonii moaeni (FLOPs, cTucHeHHS Mozeni,
Jac BUKOHAHHS Ha rpa)iTHOMY Ta IIEHTPAIbHOMY

Iporiecopax

HaBuena Mozenb 3 po3pikeHHIMHU BaraMu 30epeKeHa y
¢dopmati ONNX

Pucynok 4.3 — BxiaHi 1 BUXi/iHi JaH1 IpA poOOTI 3 KOMIIOHEHTaMU

010JII0TEKH.
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JI1st OLHKM MIBUAKO/IT MOJIEN TICIs 3aCTOCYBaHHS METOJy MPYHIHTY OYyJI0o

3alpONIOHOBAHO TMPOBOJUTH OLIHKY 4Yacy BHUKOHaHHS Ha TrpadiuHoMy Ta

LHEHTpaJIbHOMY Tpouecopax. JJis OIiHKM MIBUIKOCTI BUKOAHHS HA LIEHTPAIbHOMY

MpoIIECOPl BUKOPUCTOBYEThCA O101i0TeKa deepsparse, sika JJa€ MOKJIIMBICTh 3aITyCKY

Mozeneil HelipoHHux Mepex y dopmati ONNX [108], mpu npomy OGibmioTeka
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deepsparse MicTUTh B €001 (yHKIIIOHA] JJisg ONTHMI3allii OOYUCIEHb HU3BKOTO
PiBHSI, IO JO3BOJIAIOTH OTPUMATH JOJATKOBHM MPUPICTh MIBUAKOIIT HA Cy9acCHHUX
IEHTpaIbHUX Tporecopax. st OIIHKK MIBUAKOAII MOJENi MpU 3acTOCyBaHHI
rpadiyHOTO MPOIECOPY BHUKOPUCTOBYEThes Oibmioreka PyTorch, Tak sk BoHa
JI03BOJISIE BUKOPUCTOBYBATU (YHKINT JJIsT poOOTH 3 PO3PLIKEHUMH MaTPHUISIMU

dopmary 2:4, 110 € BaXJIMBOIO CKIIAJ0BOIO 3aIIPOIIOHOBAHOTO METO1y TIPYHIHTY.

4.4. IIporpamue 3a0e3ne4eHHs] MOAYJIIO JI PO30OMTTS Bileo HA IJIAHU

Jns peanizaiii po30UTTA Bifieo Ha IJIaHU OyJio pO3pOOJICHO CrHeliadbHUN
Moy ShotDetection, sikuii 103BosIsI€ IEpeiaBaTy Ha BX1J] BIZIEO Ta OTPUMYBATH B
pe3yibTaTi TpaHulll IIaHIB Ta KI04YoBl Kajipu. CroyaTky OyJ0 CTBOPEHO KJiac Jis
poGotu 3 Bineo VideoReader, sikuil n03BOJIsIE CUMTYBATH Bijeodailan Ta MOTOKU
Bijmeo. Koncrpykrop kinacy VideoReader mpuiiMae Ha BXija HUISX A0 Bif€o Ta Mae
JOJIATKOBHI MapameTp resize, IpH Mepeaadi SKOro MICHs CYMYTBAHHS KOXHOTO
KaJpy Horo po3mip Oyje 3MiHIOBATHCh Ha 3aJaHWN B IiM 3MiHHIA. Takox s
3pY4YHOCTI poOOTH 3 BiJieo OYyJIO peasii3oBaHO BIACTHUBOCTI, SIKI MOXKYTh 3a0MpaTH 3
METaJaHuX BiJI€0 HOro IMPHUHY, BUCOTY, YACTOTY KaJpIB Ta 3arajbHy KUIBKICTh
Ka/piB. Takox IiJ1 9ac CYUNYTBAHHS BiJICO € MOXKJIMBITH IT1IBUIIICHHS KOHTPACTHOCTI
KaJIp1B, sIKA JOCATAETHCS MUIAXOM MEPEBEACHHS 300paKeHHs y KOJIbOPOBHU MPOCTIP
hsv Ta monudikauii yactTuHu npoctopiB. st OUTBII MIMPOKUX MOKIMBOCTEN IiJT
4ac CUUTYBaHHS Bi/Ie0 OYJI0 peaaizoBaHO METO/IU SIKi MOXKYTh HE TUIbKH CUUTYBaTH
KaJIpu 3 B1JI€O, ajie MOBEepPTaTH J0AATKOBY 1H(pOpMAIlilo, TaKy K HOMEp Kaapy 4u
TOYHUIN YaCOBHUI MPOMIKOK B SIKOMY 3HaXOAUThCA KaAp. Takox Oyja peanizoBaHa
MO>KJIUBICTh 3YMTYBATH JACKIIbKA KaJpiB OAHOYACHO.

Takox Oyno TBopeHo nonomixkHuil kinac ImageComparer sikuil 103BOJIUB
3py4YHO TIOpPIBHIOBATHM 300paxkeHHs 3a Jgomomororo Oi6mioreku OpenCV.

KoncTpykTop 11bOr0 KiIacy mnpuiiMae Ha BXiJ KOPTEX 3 KIJIBKICTIO OJIOKIB JJIst
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po3ouTTs Kanapy. Takox kiac ImageComparer MICTUTh METOIU UISl TEPEBOY
300pak€Hb y PIi3HI KOJBOPOBI MPOCTOPH, IWHAMIYHOTO BHUJIUICHHA YacTUH
300pakeHHs, OOpaxyHKy TICTOTpaM [Jisi JBOBUMIPDHUX MaTpHIlb, PO3pPaXyHKY
oneparopa CoOensi, Ta IUCTaHLIN MK ricrorpamaMd. OCHOBHUM METOJIOM KJ1acy
ImageComparer € compare sSKuii MpuiMae Ha BXij 300pakeHHS TSI aHAITI3Y, SKE
Jlajal TepeBOJUTHCS y JO0JIATKOBI KOJIHOPOBI MPOCTOPH, PO3OMBAETHCS Ha OJIOKH,
BU3HAUAIOThCA Kpai 300pakeHHs. Takox pe3ysnbTaTu aHajiizy ux TpaHchopMariii
30epiraeTeCsi B CHEIabHIA 3MiHHIM  00’€KTy  Kiacy, IO JIO3BOJISE
NEPEBUKOPUCTOBYBATH 1X, MPU aHaJI31 HACTYMHOrO Kajpy. TakoM YHMHOM IMiCIis
MPOBEJICHHS aHAII3y KaJpy Ta BU3HAYEHHSI MOro OCOOJMBOCTEH, 111 OCOOJIMBOCTI
HOPIBHIOIOTBCSI 3 OCOOJMBOCTSIMH IIONEPEAHBOIO Kajpy, I[OBepTaroun HaOlip
JUCTAHIIIN JJIsI KOSKHOTO OJIOKY.

Takoxx OyJo CTBOpEHO KJiac Jyisi poOOTH 3 HEUPOHHOI MEPEXKEI0
ShotDetectionRNN, KOHCTpYKTOp SIKOTO pUiiMae Ha BX1J MUBSIX 10 Mojenl. Takox
Hed Ki1ac Mae METOAM i 3aBaHTAXEHHS MOJEell HaWpOHHOI Mepexl
iHcTpyMeHTamu 010mioTeku TensorFlow, oHOBIIEHHS MPUXOBAHOTO CTaHy MOJIEINI Ta
IEepeBE/ICHHS] MPUXOBAHOIO CTAHY Yy MOYAaTKOBE MOJIOKEHHS. OCHOBHUM METOJ0M
kiacy ShotDetectionRNN e process frames sikuii mpuiiMae Ha BXiJ 3aKOJIOBaHY
PI3HHIIIO MDK 300paKeHHSIMH 3a jgomnoMoror kiacy ImageComparer. am y
BUTIAAKY SKIIO II€ MEPIIUH BUKIMK IIHOTO METOAY, TO 3a JOTIOMOTOI METOMIY
update_states OHOBIIIOIOTBCSI CTaHU PEKYPEHTHUX CIOIB, JJs BUKOPUCTAHHS
KOHTEKCTYy IonepeaHporo anamsy. Jlami BimOyBaeThCs BHUKIMK MOJETI, Ta
30epiraeTbCsi HOBUM MPUXOBAHWM CTaH, A MOJAIBIIMX PO3paxyHKiB. Taki
0COOIMBOCTI POOOTH 32 CTAHAMH PEKYPEHTHHX CJIOIB HEHPOHHOT MEPEKi BUKJIUKAH1

MOTPe0O0I0 OMTUMI3YBAaTU MOJIEIb JIJIsl PO3PaXyHKIB B peaIbHOMY Yaci.

Kmac ShotChangeAnalyzer € KIIOUYOBUM  KJacoM, SIKMH  TOEIHYE

BUKOPHUCTAHHS 1HIIMX KJIACIB, Ta JIO3BOJISIE CIPOCTUTH IPOIIEC aHAJI3y BIEO s
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KopucTyBada. KoHCTpYKTOp Ki1acy nmpuitmae nuisix 10 (aitny kondirypariii, B skoMy
BKa3aHi JOJATKOBI XapaKTePUCTUKH JJIA 1HIIIami3amii KiIaciB, Takl SK KUTBKICTh
OJIOKIB JIIs1 PO30OMTTA YU HUISAX 10 HEHPOHHOI Mepexki. ['0JOBHUM METOJIOM €
analyze, sskuii mpuiiMae Ha BX1J IIJISAX JI0 B1JI€O, METOJ JUIs 30epiraHHs pe3yibTaTiB.
Ilett MeTom BIAMOBIZAE 3a MOCTYIOBE 3UMTYBAaHHS KaJpiB, mepenadi ix 0 Kiacy
MOPIBHSHHS 300pa)KEeHb, Ta IMOTIM PE3YJIbTATH MOPIBHAHHS MEPEIAIOTHCS 0 KIIacy
ShotDetectionRNN. V Bumanky BU3HauY€HHS 3MiHH CIIEHU BUKIMKAETHCS METO/T JISI
30epiranHs naHux 3arajibHa cxema moayio ShotDetection mpoaeMoHCTpoBaHa Ha

pucyHKy 4.4.

VideoReader ShotChangeAnalyzer

- __capture: cv2.VideoCapture - __video_reader: VideoReader
- __resize: int - __image_comparer: ImageComparer
- __is_add_contrast: bool - __model_handler: ModelHandler

+ length: int - __config: ShotChangeConfig

+ fps: int - __save: Callable[tuplelfloat, dict]]l, Nonel

+ height: int - . X

+width: int + __init__(config_path: str, save: Callable[tuple[float, dict]], None]): None

- __load_config(config_path: str): ShotChangeConfig
+ analyze(src: str): Generatorffloat]
- __reset(): None

+ __init__(src:str, resize:int, is_add_contrast: bool): None
+ read(is_resize:bool): Generator[MatLike, None]

+ read_frame(index:int): tuple[bool, MatLike]

- __add_contrast(bgr_image: MatLike): MatLike

- __increase_darkness(hsv_image: MatLike): MatLike

- __increase_brightness(hsv_image: MatLike): MatLike

ImageComparer ShotDetectionRNN

- __splits: tuple[int, int]

- __width: int

- __height: int

- __previous_frame: [MatLike, None]

- __model: tf.keras.Model
- __initial_state: Tensor{float32]
- __last_state: tuple[Tensor]float32], None]

+ __init__(splits: tuple[int: int]): None
+ compare(frame:MatLike): NDArray
- __get_split_window_sizes(image: MatLike): tuplefint, int]

+ __init__(src:str): None

+ call(data: NDArray): float

- __init_model(): tf.keras.Model

- __register_states(): Tensor[float32]

- __prepare_color_spaces(frame:MatLike): tuple[MatLike, MatLike]

- __get_sub_frame(frame: MatLike, i:int, j:int, c:int): MatLike

- __calc_norm_hist(frame:MatLike, channel:int, hist_size:list[int], ranges: list[int]): MatLike
- __calc_hist(frame:MatLike, channel:int, hist_size:list[int], ranges: list[int]): MatLike

- __calc_sobel(frame:MatLike, ksize:int, scale:int, delta:int): MatLike

- __calc_sobel_distance(frame:MatLike, i:int, j:int): NDArray

- __calc_hist_distance(frame:MatLike, i:int, jiint, c:int): NDArray

- __update_last_state(): Tensor|float32]
- __update_model_state(state: Tensor{float32]): None

Pucynox 4.4 — Jliarpama kiaciB moayito ShotDetection

[lepenava pe3ynbTaTiB BU3HAYEHHS 110 METOAY JUIsl 30epiraHHs JTaHHUX
JI03BOJISIE KOPUCTYBAUEB1 3aCTOCOBYBATH PI3HI cTpaTterii s o0poOku iHpopmarlii,
Taki K 30epiraHHs pe3yibTaTiB 10 (aily, 30epiraHHs KJIIOYOBHX KaJpiB YU
nepefada JaHUX JI0 1HIIMX CHUCTEM YW TOTOKIB. Takoxk Imel Mojenb peamsye

CreLlaJIbHUN KJIac [JI BWJIYYEHHS KJIIOUOBHX KaJpiB y CIEHAx, IO MOXe
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BUKOPHCTOBYBATUCH JIJIsI Tepefadl OTPUMAaHUX KajpiB 0 METOMy 30epekeHHS
nanux. L{e 703BoMsi€ HE TUTBKHU PO3UITUPUTH MOXKITUBOCTI MOJANBIIOTO aHATI3Y, ajle

1 MOXe OYyTH KOPUCHUM IPH TECTYBaHHI CUCTEMH.

4.5. IIporpamue 3a0e3me4eHHSA MOYJIIO VISl BUSHAYECHHS CIIeH

Jlis BU3HAuYEHHS 3MIHU CLIEH Ha Bieo Oyso po3poOJeHO cremialbHuN
Moayib SceneDetection, skuil po3mupsie MOKIUBOCTI Moynto ShotDetection. Jlis
poOoTu 3 Bi3yadbHUM TpaHchopMepoM Juisl Bijeo OyJI0 CTBOpPEHO HaOIp
CIeliali30BaHUX KJaciB JIJIsi PO3LIUPEHHs MOJuBocTe Oi0miorexku PyTorch, a
came KJIacH JiJIsi POCTOPOBOI Ta YaCOBOi yBaru, HOpMasi3allii pe3yibTaTiB MIapiB.
Jlami Ha OCHOBI IIMX KJaciB OyJio peanizoBaHO ocHOBHUHM kiac ViViT, skuii 3a
JIOTIOMOTOI0 TIapaMeTpiB sIKI TEePeqaloThCs A0 KOHCTPYKTOpY Oyaye MOelnb
BI3yaJIbHOTO TpaHcopMmepy s Bijmeo. Takox 1ei kiac mae (yHKIIOHAT s
CTBOpEHHS MPOCTOPOBUX MATUiB JUIS 300pa)KE€Hb Ta BUKJIMKAE MOOYA0BaHY MOJIEIb.

Jns iHTerpamii 3 MoayieM po3Ii3HaBaHHS CIEH OyJa0 po3poOJIeHO Kiac
FrameLoader, sxuii 1o3BoJ1si€ B co01 30epiratu 300pakeHHS JJis aHai3y. Llel kmac
Mae B co01 MexaHi3M aCHHXPOHHOI poOOTH 3 uepraMu Ta crelliajibHi METOJIH, SIKI
JI03BOJISIIOTH HAKOMUYYBATH KaJpH JJisl TIepeaadl Ha aHaji3 Biapazy OaTdy JaHUX.
[Tpu bOMy € MOKIIMBICTD JUTsI TIEpeAadl KJIacy aCUHXPOJOHOI YepTH K JT0AaTKOBO
napaMeTpy B KOHCTPYKTOPi, IO J03BOJISIE BUKOPUCTOBYBATH CIUIBbHY Yepry s
JIEKUTbKOX TOTOKIB. Jlms 1poro  Oysno  peani3oBaHO METOJ 30epe’KeHHs
add frame to analyze, sxuii Moxxna mnepematu g0 ShotChangeAnalyzer sk
¢ynkmito s 30epexenHs ganux. Meton add frame to analyze BukopucToBye€
BOYJIOBaHy 4epry, po3Mip BiJMOBIAA€ KUIBKOCTI 300paxeHb, 10 MEPEAAIOTHCS 10
MOJIEJIl apXITEKTypHU BI3yaJbHOTO TpaHCcPopMepy Mg BiJ€O, Ta MOYMHAIOUU 3
MOMEHTY 3allOBHEHHS YeprH, 300paKeHHS KOMIIOIOTHCS JI0 3arajibHOi 4eprH, sKa

30epirae B co01 KOpTexXi 300pakeHb. Tak sk 1eH Kilac peaxizoBaHui 3a JOTTOMOT OO
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ACUHXPOHHOTO BUKOHAHHS, 11€ J103BOJIsi€ €()eKTUBHO OTPUMYBATH JaH1 apajieIbHO
3 BUKOHAHHSM 33]1a4l pO3MTi3HaBaHHS 3MIiHH CLICH.

Takox Oyno po3pobieno kiac SceneChangeAnalyzer sikuii BianmoBigae 3a
MOEMHAHHSA I[MX METOJIB Ta TIPOMOHY€E 3pydyHUM 1HTepdeiic i1 poOoTu
KopuctyBada. [lig gac iHimiamizamii IbOTO KJIACy CTBOPIOIOTHCS O0’€KTH KJIacy
FrameLoader ta ViViT. [lani 3aBaHTaXyHOThCS Bard JjIsi MOJIEIi Bi3yaJbHOI'O
TpaHchopMepy I Bif€o, NUIAX 0 SKUX TMEPEAAEThCS K OAUH X IMapaMeTpiB
KOHCTpYKTOpa. Takok KOHCTPYKTOp Npuiimae (aiin 11 koHgpiryparii knacy ViViT
ta FrameLoader. OcnoBaumu metogamu kiacy SceneChangeAnalyzer € analyze ta
start analyze. Meton analyze pae 3mory Bukiaukatu Mojaenb ViViT Bigpasy
nepenaBiIy 0 Hei mapaMmeTpu, MICHs YOro MOBEpTae pe3yjbTaT poOOTH MOJEII.
Meron start_analyze 3amyckae UK SIKU TIEpEBIpsi€ HASIBHICTH 00’ €KTIB B U€p3i SIKY
Haslae 00’ ekt kiacy Frameloader, Ta mpu HasiBHOCTI OJHOTO 4u Olibliie 00’ €KTIB
rotye ix J0 a”ami3y Ta BUKIMKae Metoj analyze. [Ipu nbomy meton start analyze
npuiiMae K napameTpu (QyHKUIIO I 30€peKeHHsT pe3yJbTaTiB Ta CHelladbHUuN
TOKEH JIJIA 3aKiHYeHHS poOotu (GyHKIi. 3araibHa cxema Moy SceneDetection
IPOJIEMOHCTPOBAHA HA PUCYHKY 4.5.

Po3pobiena cTpykTypa MOIYNIO JO3BOJSE JIETKO IHTETPOBYBATH HOTO JI0
THIITMX MOJYJIIB TH BUKOPUCTOBYBATH MOTO IS MapajeIbHOTO BU3HAYEHHS 3MIHH

CIICH Y OKPEMHUX MOTOKaX.



- FrameLoader

- __group_size: int

- __queue_timeout: float

- __frame_queue: [queue Queue, asyncio.Queue]
- __is_running: bool

[queue.Queue, asyncio.Queue, None]): None

+ start_analyze(): Generator{List[np.array]]

+ add_frame(frame: [np.array, sfr]): None

- __decode_image(image: str): np.amray

- __adjust_frames(frames: list[np.array]): lisi{np.array]
+ stop(): None

B SceneChangeAnalyzer

- __frame_loader: FrameLoader

- __vivit_model: ViViT

+ result_queue: [queue.Queue, asyncio.Queue]
- config: SceneConfig

- __save: Callable[tuple[float, dict], None]

- __is_running: bool

+ __init__(group_size: int, queue_timeout: float, queue:

= torch.nn.Module

Inheritance

+__init__(model_weight_path: str, config_path: str, queue: [None,
queue.Queue, asyncio.Queue], save: Callable[tuple{float, dict],
none]): None

- __load_config(config_path: str): SceneConfig

+ start_analyze(): None

+ add_frame_to_analyze(frame: [str, np.array], extra: dic[str, Any])
None

g

B PreNorm

+ fn: torch.nn.Module
+ norm:torch.nn.LayerNorm

+ __init__(dim: int, fn: torch.nn.Module): None

+ forward(x: Tensor. kwargs: dic[str, any]): Tensor

s FeedForward

+ net:torch.nn.

+ __init__(dim: int, hidden_dim:int, dropout: float): None
+ forward(x: Tensor): Tensor

.
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= ViViT

+ to_patch_embedding: torch.nn.Sequential
+ pos_embedding: torch.nn.Parameter

+ space_token: torch.nn.Parameter

+ space_fransformer: Transformer

+ temporal_token: torch.nn.Parameter

+ =T

+ dropout: torch.nn.Dropout

+ pool: str

+ mip_head: torch.nn.Sequential

dropout: float, emb_dropout: float, scale_dim: int): None
+ forward(x: Tensor): Tensor

+ __init__(image_size: int, patch_size: int, num_classes: inf, num_frames:
int, dim: int, depth: int, heads: int, pool: sir, in_channels: int, dim_head: int,

4

:

= Attention

+heads: int

+scale: float

+to_gkv: torch.nn.Linear

+to_out: [torch.nn.Sequential, torch.nn.Identity]

+ forward(x: Tensor): Tensor

+__init__(dim: int, heads: int, dim_head: int, dropout: float): None

J

B Transformer

+ layers: torch.nn.ModuleList

Y

+ norm: torch.nn.LayerNorm

+ __init__(dim: int, depth: int, heads: int,
dim_head: int, mip_dim: int, dropout: float): None
+ forward(x: Tensor): Tensor

Pucynox 4.5 — Jliarpama knaciB Mmoayito SceneDetection.

4.6. ApxiTekTypa PpO3NOALIEHOT0 NPOrPaMHOr0 3a0e3medYeHHs JIsl

BHU3HAYCHHA BieoaTpuoOyTiB

Jlnst peasnizarii mapajaesbHOT0 OOYUCIICHHS BieoaTpuOyTiB OyiI0 CTBOPEHO

cnemianbHui Moayb AttrubuteAnalyzerParallel. Lelt moaynb ckiana€eTses 3 TphOX

YacTHH,a caM€ BU3HAUYEHHSI 3MIHHU IJIaHy, CLIEHH Ta BU3HaYeHHs aTpuOyTiB. [lepiia

YacTHHA BIJMOBIJIa€ 3a CYUTYBAHHS BiJI€O, BU3HAYCHHS 3MIHU CIICHH, BUITYUYCHHS

KJIFOUOBHUX KaJpiB Ta mepenadi iHdopmallii 10 1HIIMX YacTUH mnporpamu. s

BHU3HAUYCHHS CIIieH Oys10 po3po0JIeHO creliaibHy 0OTOPTKY sika J03BOJISIE 3aITyCKaTH
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kiac SceneChangeAnalyzer sik okpemMuit moTik y BUrsiai cepepy. Lle mo3Bommino
CIPOCTHTH B3a€EMOJII0 3 UM KjacoM Ta BHKopuctoByBath Docker nmms nms
obroptku moaeneit. Cepep IpH 1Himiani3alii crBoproe kiac SceneChangeAnalyzer,
Ta JaJi 3a JIOMOMOTOI0 BEO-3alMTIB J03BOJISE MEpeaaBaTd AaHi Ha aHami3. Xoda
HEJOJIKOM I[bOTO MIiAXOMy € MoTpeda B KOAYBaHHI JAaHUX Ta 301JIbIICHHS Yacy
NEPEHECeHHS! JaHUX MK MOJYJISAMH, MPOTE 3aBASKA 3MEHIIEHHIO HEOOX1IHOT
KUTBKOCTI IaHUX IS Iepeadl Ha aHaji3 el HeIOMIK He € KpUTUYHUM. Takox 1en
M1IX1] JO3BOJISIE YHUKHYTH IPOOJIEMH 3 HaJallTyBaHHSIM MaKeTIiB /Ui aHaTI3y, sKa
MO>K€ BUHUKHYTH 4epe3 MoTpely y 3aCTOCYBaHH1 pi3HUX BEPCii OHUX 1 TUX CaAMUX
MAKETIB YU MPU KOHQIIKTI 3ayekHocTell. Takoxk 1e J03BOJISE 3alyCcKaTH MOl
pO3p0o0JIeH! Ha 1HIIKMX MOBax MporpamMyBaHHS, TakuX sk C++, mo crae 0coOIMBO
KPUTUYHUM TIPU BU3HAUYECHHI aTpUOYTIB, TaK SIK MOJIET1 JJIsl aHATI3y BileaTpuOyTiB
MOXYTh OyTM HalMCaHl Ha PI3HUX MOBAaX MPOTpaMyBaHHSA Ta 3 3aCTOCYBAHHSIM
pi3HuX naketiB. [IpoTe 11e BUCyBa€ BUMOTHU /10 MOOYAOBU TaKOro KOHTEHHEpY, a
caMe BiH Ma€ MICTUTH B co01 cepBep, kUil Oyae mpuilMaTH 3aluTi Ha 00poOKY,
poTe NJisi TaKUX CUCTEM, sIKI HamucaHi Ha MOBI mporpamyBaHHs Python Oyio
pO3pOOJICHO CHEeliaibHUM TaKeT, SKUA JI03BOJISIE JIETKO BHKOPHUCTOBYBATU
pO3p00JIeH] MOJIENi 3a JOTIOMOTOI0 BEO-CEPBEPY.

Takox Oy0 CTBOPEHO KJac AJIsi KOHTPOJIIO 3@ MOTOKAaMHU YU KOHTEHHEepaMu
SceneWorkerBalancer, sikuii Mae aHamizyBaTh 3aBaHTaXEHICTh Yepru, Ta Ha ii
OCHOBI CTBOPIOBATU JOAATKOBI MOTOKM YU KOHTEMHEPH IJisl aHai3y a00 HaBIaKu
BUJAJIATH TIOTOKM Ta KOHTEHHEpPHU sIKI HE BUKOPUCTOBYIOTHCA, SIK MOKA3aHO Ha
pucyHky 4.6. Takox 1eil Kjlac BUKOPUCTOBYETbCA JJII OTPUMAHHS pPE3YJIbTATIB

PO3IM3HABaHHS Ta IMOJAIBIIOT0 30epeKEeHHS 10 0a3u TaHUX.



“Ocramsi narix

=)

[for frame in video)

[Mrses suivwmcsy]

cetact_scane

Pucynox 4.6 - Jliarpamu mociiIoBHOCTEHN pO3MOAIIEHOTO aHai3y BiJleo.

B pesynbratn po3pobku Momymio AttrubuteAnalyzerParallel Bnmamoch
moOyIyBaTH apXiTEKTypy SKa J03BOJISIE €()eKTUBHO KEPyBaTH MMOTOKOM JaHUX MPH
napajeiabHuid 00poOIti iHdopmarlrii, sk mokazaHo Ha pucyHky 4.7. Ilpu mpomy
pO3pO0IeHUIT MOAYJh TO3BOJISIE BHUKOPUCTOBYBATH JI03BOJISIE BHUKOPUCTOBYBATH

MOro YaCTUHM JIJIs1 PO3MOIIJICHHS 11€1 apXITEKTypH Ha Pi3HI CEPBEPHU.
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Pucynok 4.7 - Jliarpama mOTOKIB JaHUX ISl apXITEKTYPH PO3MOILIEHOTO

aHai3y BIJEO

Jlnst mopiBHAHHS €(PEKTUBHOCTI PO3POOJICHOTO MOMYJIO OYJI0 BHPIMIEHO
MPOBECTH EKCINEPUMEHTH 3 TIOPIBHAHHA MIBUAKOJII 3BUYAHHUM METOIOM
BU3HAUCHHS BIJ€0ATPUOYTIB Ta 3a JOMOMOTOI PO3pOOJIEHOI apXITeKTypH. [ms
BHU3HAUEHHS BiAe0aTpuOyTiB OyJi0 BHUPIIMIEHO BHUKOPUCTOBYBATHM MOZENl JUIs

3HaXOJKCHH 06J'II/I‘III$I, BH3HAYCHHSA KIIOYOBHUX TOYOK TIIa JIOAMHU Ta
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3HAXOJ/[KEHHsI 00’€KTIB Ha 300pakeHHI Ta MOJIeJIb BU3HAYCHHS 3MIHU CIICHU Ha
BiJI€O.

CrnovaTky O0ys0 BUMIPEHO MIBUAKICTH 00poOKHU kaapiB B cekyHny (FPS) npu
aHaii3l KoXHOTro Kajapy, mo crtaHoBwio 0.95 FPS. Jlami Oyno BupilieHO
pPO3paxoByBaTH BijieoaTpHOYTH Ta 3HAXOHKCHHS 3MIHH CIIEH B OKPEMUX IMOTOKAX,
10 JI03BOJIMJIO MPUIIBUAIIUTU poOoTy cuctemy B 2.17 pasiB. HacTtynHum kpokom
OyJ10 BUPIIIEHO BU3HAYATH BiJICOATPUOYTH Ta CLIEHU CHHXPOHO, MPOTE aHATI3yI0UH
JUIIEe KIIOYOBI KaapW OTPHUMAaHI 3a JIOMOMOTOI0 JETEKI[il 3MIHU IUIaHIB. 3aBIsKA
BEJIMKIM MIBUAKOCTI aHAJI3y 3MIHU CIIEH Ta 3HAYHOMY 3MEHIIIEHHIO KUTBKOCTI KaJpiB
JUTSL aHaJTI3y BAAJIOCh MPUIIBUAIINTA OTPUMAaHHS PE3yJbTaTIB Ta aHAI3yBaTH B11€0O
3a mBuaKicTio 10.58 FPS. Jlami O6ymo 3acTocoBaHy po3poOJieHy apXiTeKTypy, A0
JO3BOJIMJIO ~ MIABUIIMTH  IMIBUJKICTH aHami3y 1Iie Ouiblle, JOCSITHYBIIN

npuIIBUALLIECHHS B 24.21 pa3u, sk nokazaHo B Tabmnuii 4.1.

Ta6nus 4.1 — [lopiBHSIHHS IIBUAKO/IT aHATI3Y BijI€O

IMigxin FPS | [TpumuBuameHHs

Busnauennst BigeoarpuOyTiB Ta 3MiHM cueHu miud | 0.95 | 1x
KOXHOI'0 KaJpy

BusnauenHs BigeoarpuOyTiB Ta 3MIHM cueHu aid | 1.85 |2.17x
KOXHOTO KaJ[py 3 BUKOPUCTAHHSIM 0araTomoTOYHOCTI

Busnauennst BimeoarpuOyTiB Ta 3MiHu cuenu s | 10.58 | 11.14x
BUKOPUCTOBYIOYM KJIIOYOBI Kaapu OTpUMaHI 3a
JIOTIOMOT'O0 3HAXO/[KEHHS 3MI1HH TJIaHIB

BusnauenHss BigeoaTpuOyTIiB Ta 3MIHM  CLEHHU | 23 24.21x
BUKOPUCTOBYIOUHM pPO3pOOJIECHUN MOAYITh

BaxxnuBo 3ayBaxHTH, 110 OTPUMAaHE MPHUILBUIIICHHS MOXKE 3MIHIOBATHCS B
3aJIeKHOCTI BiJl TOBKUHU TIJIaHIB, TPOTE pO3pOOICHUN MOTYJTb TOKa3aB MOKJIMBICTh
3HAYHO 3OLIBIIYBAaTH IIBUAKICTh BHU3HAYEHHS BIJIEOATPUTUOYTIB, TPHU IBOMY

JI0JIaTKOBO BU3HAYAIOYM 3MiHY TUIaHIB Ta CIICH Ha BIJEO.
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4.7. IIporpamue 3a0e3me4eHHS MOIYJIIO 30epeKeHHsI Ta AHAJI3Y JTaHUX

30epexeHHsT JaHUX TMPO pe3yJbTaTh aHajidy BiJIe0 BIIOYBAEThCS 3a
JIOTIOMOTOI0 BHKOpHUCTaHHs 0a3u nanux MongoDB, sika mo3Bossie edekTuBHO
IpaIoBaTy 30epiraTy pi3Hy aHAJIITHKY, OTPUMAaHy B pe3yJbTaTi Po3Ii3HABaHHS
BimeoaTpuOyTiB. OCHOBHMMH KOJIEKIisMH € users, videos, shots, scenes Ta
video_attributes, B skux 30epiraerbcs Bcs iH(poOpMaIis mpo oOpobieHi Bifeo.
bazoBoro konekiiiero € videos, B Akux 30epiraetbcs id KOpucTyBaua, 3aKOJI0BaHE
1M’4 BiJIe0, OT0 pO3/iibHA 3/1aTHICTh, YACTOTA KaJIpIB Ta TPUBATICTh. Y KOJIEKIIISIX
shots Ta scenes 30epiraroThCs MOPSIKOBI HOMEpaA CIIEH Ta IUIAHIB, IX MOYATOK 1
KiHelnp y ¢opmari yacy. Komekiisi video attributes 306epirae B co0i atpudyTtu

OTpUMaHI1 MIPHU aHaji3l, K MOKa3aHO Ha PUCYHKY 4.8.

_id:shot_id
attributes scenes
[Field Description Field [Description
eors L id |Vaikamsmiit ID > id Vaikamernit [D
, - shot_id D xazpy video_id 1D sizeo
[Field [Description — - -
ttributes i Json-00'eKT, MmO MiCTHTB
id Viikammmit D € [iroutesjson aTpHGYTH Kampy scene_number [Honep cresn
username [\ KOPHCTYBa4a start_time Lac mosarky cueru
- end time 'Yac 3aKiHYeHH
lemail [ETeKTpOHA MOmTa - CIIEHH
ipassword_hash [Xem mapons
full_name [ToeHe iM'E
’ _id:video_id
i _id:user_id shots
(date_of_birth \TaTa HapOKeHHS
. videos Field [Description
registered_at \ara peecTpanii
ast login \OcTagHii BXiT ¥ Field Description | id Veikatssnit [D
= CHCTeMY
lrole [POTTE KOPHCTYBa4a |id Veikamsrmit [ID € video_id 1D Bizeo
(admin, user)
ctatus (Cratyc (active, user_id [D KopHCTyEa9a shot_number [Honep miamy
[banned, suspended) g Saxomosane Mz :
video_name Bizeo start_time (Yac movaTKy CUeHH
: [PozaiTeHa . 'Yac 3aKiH9eHHT
fresolution s arHicTs end_time o
frame_rate YacToTa Kaapie
duration TpHBATICTE Bileo

Pucynox 4.8 — Cxema 0a3u nanux ajis 30€pexeHHs JaHUX Mpo

KOPHUCTYBAUiB Ta pe3yJIbTaTH PO3Mi3HABAHHS
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Jloctym o 6a3m maHWX BiAOYBAa€THCS 3a JOMOMOTOIO CHEIiaThbHOTO KJIacy,
SKAW Mae (PYHKIIOHAN JJIs MAKIIOUEHHsS 10 0a3u JaHuX, MEPEeBIPKH JaHUX Ha
BaJIIJTHICTh Ta 3anucy. Taka CTpykTypa 0a3u JaHuX JI03BOJISIE €PEKTUBHO 30epiraTu
iH(pOpMaIliI0 Ta aBTOMAaTHYHO aJaNTyBaTUCh 10 MOTpeOU BU3HAYATH Pi3HI HAOOpHU
BijieoatpuOyTiB. [Ipu moganmbIriit poOOTI 3 6a3010 JaHUX € MOXKIIUBICTh OyayBaTH
JETaNbHY CTATUCTUKY M POOWTH TONIYK MO aTpuOyTaxX EKCIOPTYIOUW AaHl s

nonasnsinoro ananizy y Power Bl ta Tableau.

4.8. BucHoBKH 10 po3ainy 4

Po3pobiniena apxitekTypa JA03BoJisiE €PEKTUBHO BUKOPHUCTOBYBATH PO3OUTTS
BiJICO HA CIICHU Ta IUIAHU, IS 3HAYHOTO MPUIITBUIICHHS IIBUAKOCTI BU3HAYCHHS
BiJIeOATUPUOYTIB.  APXITEKTYpHI PIIIEHHS  JO3BOJIAIOTh  BUKOPHUCTOBYBATH
pO3p0o0JIeHy CHUCTEMY SIK Ha OJIHIM MalluHi, TaKk 1 Ha PI3HUX, 10 MOXE OyTH
BUKOPHUCTAHO JUIsl 3aCTOCYBaHHI XMapHUX TexXHOJOTi. Po3pobiena apxitektypa
Ma€ MOXKJIUBICTh €(h)eKTUBHO BUKOpPUCTOBYBaTH Docker 1yisi cripoiiieHHs iHTerparii
HOBUX TMIJIXOMIB JJIsl BUBHAUYCHHS Bi/1€0aTpUOYyTIB. AJNTOPUTM BU3HAUCHHS 3MIHU
TUTaHIB pealli30BaHi 3a JOMOMOTOI0 TakuX 1HCTpyMeHTiB Ak Opencv Ta TensorFlow,
a aJITOPUTM BU3HAYEHHS 3MIHU TUTAHU CLEH Ta IPYHIHTY peai30BaH1 3a JOIOMOTOr0
616moTexu PyTorch, Ta MOXyTh OyTH pO3IMIMpPEH] 15 TOJATBIINX €KCIIEPUMEHTIB.
CucreMa BUKOpHCTOBYE 0a3y maHux MongoDB, sika no3Boise 30epiraty gai s

pi3HOro HabOpy BiCOATPUOYTIB Ta HAAA€E JOCTYI JJIs MOAANBIIOTO aHATI3Y.
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BUCHOBKU

VY pesynbTaTi AMCEPTALIMHOTO JOCIHIKEHHS BUPIIIEHO aKTyalbHE HayKOBE
3aBAaHHS PO3POOKU MOJIEICH Ta MPOrpaMHUX 3aCO01B TSI TABUIIICHHS MTBUIKOIIT
BU3HAYCHHs aTpuOyTIB y BiJIEO 3a JIOMOMOTOK PO30OMTTS Ha IUJIAaHU Ta CUEHU 3
BUKOPUCTAHHAM Bi3yaJbHHX TpaHCGOpPMEpIB Ta 3aCTOCYBAaHHSM PO3IMOALIECHOT
apxiTekTypu. J/[aHe HaykoBe 3aBIaHHS Ma€ CyTTEBE 3HAUCHHS I TEOPETHUYHUX
OCHOB Ta MPOTPAMHO-AITOPUTMIYHOTO 3a0e3nedyeHHss B 00JacTi MIHMOOKUX
HEUPOHHUX MepeX. BUCOKI MOKAa3HUKU MOKpAIIeHHS TOYHOCTI 1 IIBHUAKOMIIL B
MOPIBHSHHI 3 pOOOTaMH BITYM3HIHUX Ta 3aKOPJOHHUX BUCHHUX POOUTH pe3yJbTaTH
JOCIIIKEHb TPIOPUTETHUMU.

B nucepTarnii onep:kaHi Taki OCHOBHI pe3yJIbTaTH:

1. IIpomeMoHCTpOBaHO HarajabHy MOTPeOy B PO3pOOJICHHI YHIBEPCATILHOTO
MIPOrpamMHOro 3a0e3MeyeHHs AJis1 BU3HAYEHHS 3MiH IJIaHIB 1 CLEH Yy Bijeo. AHami3
ICHYIOUMX METOJIIB PO3OUTTS BIJIEO Ha IJIaHU 3a JOMOMOTOI0 MAaTeMaTUYHUX
1JIX0/11B TIOKa3aB HU3bKY TOYHICThH IIPH BUCOKIM IMIBUAKOII1, TOMI SK BUKOPUCTAHHS
HEWPOHHMX MEPEX MIJBUILYE TOUYHICTh, aJl€ CYTTEBO 3HUKYE MIBUAKOAIID. AHamI3
METOMIB PO3OUTTS BIEO HA CIEHM BHUSBUB HHU3BKY TOYHICTh, 3yMOBJICHY
O0OMEKEHHSIMH 1CHYIOUMX T1IX0/IIB 110/I0 BU3HAUYCHHSI KOHTEKCTY CIICH.

2. Bmepmie po3poOsieHO pPO3MOAITIEHY AapXITEeKTypy MJis IIBUAKOIO
BU3HAYCHHs aTpUOYTIB y BiJIeO IUIAXOM PO3OUTTS HA TUIAHU Ta CIICHH Ha OCHOBI
HEeWpOHHMX Mepex. Ha BiAMIHY Bijl ICHYIOUMX pILIEHb, BOHA JO3BOJISIE PO3NOALUIATH
aHaii3 BIJEO MDK PI3HUMU CHUCTEMaMHd, €(QEKTHUBHO BUKOPHUCTOBYIOUHM OOMIH
JaHAMH MDK CEPBEPHUMH KOMIIOHEHTAMH. 3aBISKH 3MEHIIEHHIO KIiIbKOCTI
BUKJIMKIB METOJIIB i1 BHU3HAUYEHHS aTpUOyTIB JIOCATAETbCS MPUCKOPEHHS
HioHaliMeH1e y 2,5-3 pasu.

3. Po3po0isieHo HOBUI aNropuT™ po30UTTS BiI€O HA MJIaHU, IKUH, HA BIIMIHY
Bil ICHYIOYMX METOMIB, TMOEIHYE MATEMAaTUUYHMM MIAXiJg 13 PEKypEeHTHOIO

HEUPOHHOI0 Mepexero. 1{e 103BoImI0 3HaYHO MiABUIIATHA TOUYHICTh PO3ITI3HABAHHS,
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nocsirayBid F1-ominku 85,5% ta TounocTi BiaydeHHs 93,9%, 30epiratour BUCOKY
MIBUIKO/IIT0, IO JJA€ 3MOTY aHATI3yBaTH BiJIeO B PEKUMI PEaTbHOTO Yacy.

4. Po3p00JieHO HOBUH aJITOPUTM PO3OUTTS BIJICO HA CIICHH, SIKUH, HA BIIMIHY
B1Jl ICHYIOUMX M1JXO/IIB, 1[0 aHATI3YIOTh YC1 KaJIpy, BUKOPUCTOBYE JIMIIIEC KJIFOYOBI
KaJIp¥, OTpUMaHI B pe3yjbTaTi po30UTTs Bifeo Ha riaHu. Lle m103BonmI0 3HAYHO
M1IBHUIIWTH MBUAKICTh aHAII3Y BIJICO Ta TOYHICTH PO3ITi3HABAHHS MOJIEI Ha OCHOBI
Bi3yanpHOTO TpaHchopmepa, nocsaruysiu F1-ominku 72,1%, mo Ha 5,1% Buie 3a
noka3Huk Deep Multimodal Networks.

5. HalyB mojanpmioro po3BUTKY METOJ MPYHIHTY Iepes] HaBYAHHIM IS
MOJeJIel apXITEeKTypH Bi3yalIbHUX TpaHCPOpPMEPIB ISl BIAEO, KU1, Ha BIIMIHY Bi1Jl
ICHYIOUMX MIJIXO/IB, BPaXOBY€ BAXKJIUBICTb MEXaHI3My «yBarm» Ta 3a0e3rnedye
NPUCKOPEeHHsI BUKOHaHHS mojeni Ha 10%. [Ipu mpomy 3ampornoHOBaHUN METON
MPYHIHTY BUKOPHCTOBYE HAIMIBPO3pIIKEH1 Marpull ¢opmary 2:4, mo J03BOJIAE
JIOCSITTH 1€ OUTBIIIOTO MPUCKOPEHHS 1] YaC BUKOHAHHS ONTHMI30BaHOI MOJIEN1 Ha
CIel1aJIlI30BaHOMY arlapaTHOMY 3a0€3I1EeUeHHI.

6. IlpakThyHe BUKOPWCTAHHS PE3yJbTaTiB pOOOTH, PO3POOJICHUX MOENeH
Ta MPOTrpaMHUX 3ac00iB JO3BOJMIJIO MIJBUIIUTH TOYHICTH 1 MIBUAKOMIIO aHAJI3y
BIJICOKOHTEHTY 3aBISKH PO3POOJIEHIA apXITEKTypl PO3MOAICHOTO MPOrpamMHOTO
3a0e3nedeHHs 1711 BU3HAYCHHs aTpUOyTIB Y BiI€O HA OCHOBI PO30UTTS Ha IJIaHU Ta
cueHu. Ha BigMiHy BiJl ICHYIOUMX pIILI€Hb, 1151 apXITEKTypa €(PEKTUBHO PO3MOILISE
O0OYHCIICHHS Ta peali3ye 3aMpoNOHOBaHI ¥ YJIOCKOHAJIEHI METO/IU Ta AJITOPUTMIUHE
3abe3nedeHHs. Peainizaiiis yJIOCKOHAIEHOTO METOMY MPYHIHTY IS apXiTeKTypu
BI3yaJIbHOTO TpaHc(opMepa Ha BiJEO J03BOJIUIIA HATPEHYBAaTH HEUPOHHY MEPEKY,
sxa Ha 10% mBuaIa 3a opuriHaiabHy. Peanizaliis po3po061eHOoTo METOAy MOETHAHHS
MaTeMaTUYHOTO MIAXOAYy 3 PEKYPEHTHUMH HEHUPOHHUMHU MeEpeXamMu JI03BOJIMIIA
HATPEHYBaTH 1Bl HEHPOHHI Mepexi, Kl NEPEBUILYIOTh TOYHICTh BiIy4yaHHs Ta F1-
OIiHKY BigHOCHO minxomy AutoShot na 4.3% Tta 4.4% BignoBigHO. [Ipu oMy
pO3po0IIeHUNI miAXia Mae 00uKCIOBalIbHI BUMOTH Y po3Mipi g0 S00 KFLOPS, mo

JI03BOJIsIE BUKOPUCTOBYBATH LEH MIX1J AJI1 pO3B’sI3aHHA 337]a4 Y peajbHOMY 4acl.
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Peanizariist po3po0aeHoro MeTo 1y Jj1sl BU3HAUCHHS 3MIHU CIICHH B BiJIcO HA OCHOBI
Bi3yaJIbHOTO TpaHchopmMepa IS BiZIeo JO3BOJIMIIA HATPEHYBATH HEMPOHHY MEPEXKY,
ska mnepeBuirye F1-omiHKY BIJHOCHO TJAXOAIB OCHOBAaHHMX Ha TJIMOOKHUX
MYJIBTUMOJIATBHUX Mepexkax Ha 5.43%. Po3po0neHo nporpamue 3a0e3neueHHs, sike
Ha BIIMIHY BiJ ICHYIOUHX, JO3BOJI€ €PEKTUBHO aHANI3yBaTH aTpuOyTH AJs BIACO
BUKOPUCTOBYIOUM CIICHH Ta IJIAHU OTPUMAaHI B PEXKUMI PEAIbHOTO Yacy

7. Pesynbraté QOCHIIKEHb MPUNHATI 1O BIPOBAKCHHS B TOBapUCTBI 3
obmesxenoro BiamoBinaneHicTIO « BOTUED» (akt Bix 10.02.2025.); B HaBUaIpHOMY
npouieci HamioHankHOTO TEXHIYHOTO yHiBepcuTeTy Ykpainu «KuiBchkuii
MOMITeXHIYHUN 1HCTUTYT iMeHl Irops Cikopchkoro» (akT BIPOBAKEHHS BiJ
24.02.2025p.) mpu BukiananHi qucuuiiinu «ludposa o0poOka 300pakeHb»» s
CTYJICHTIB OCBITHhO-KBali(ikaiiifHoro piBHs «Marictp» choemiaabHocTi 122
«Komn’roTepH1 HayKu».

8. Sk MOXJIHMBI HANpSMKH TMOJANBIIUX JIOCHIIKEHb MOKHA BIJ3HAUUTH
pO3pOOKY HOBHUX METOJIB BHU3HAUYEHHS 3MIHM CII€H 13 BUKOPHUCTaHHSIM
MYJIBTUMOJIATPHUX JaHUX, 30KpeMa ayaio Ta TeKcTy. [HTerpariis Mojeneu s
po3Mi3HaBaHHs Ta KiIacudikaiii ayaioCUTHANIB JO3BOJIUTh TOYHIIIE BU3HAYATH
KOHTEKCT CIIEH 1 nepexoau Mix HUMU. KpiM Toro, aHami3 ayJlOCUTHAJIB 1 TEKCTY
CIOpHUSATUME TIUOIIOMY aHali3y BIJCOKOHTEHTY Ta CTBOPEHHIO JCTAJIbHINIOT

CTaTUCTHUKMH.
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Jonaroxk B

JlicTUHT KOy KJIaciB JJIsi BU3HAYCHHS 3MIHU CIICH:

import os

import time

import numpy as np

from trailer analyses.utils.image comparer import ImageComparer
from trailer_analyses.video 1o import VideoReader

from trailer analyses.utils.base utils import del extra indexes
import pandas as pd

from datetime import datetime, timedelta

from trailer analyses.video 10.video reader cv import VideoReaderCV

class VideoTimecodesAnalyzer:
def  init (self, batch size = 60, std k = 1., std k2 = 1.7,
min_distance=None):
#std k2 =1.5
self.batch size =30
self.batch_size = batch_size
self.image comparer = ImageComparer()
self.std k=1.
self.std k =std k
self.std k2 =6.5
self.std k2 =std k2

self.min_distance = min_distance

def analyze(self, data source, path):
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save path, detailed save path=  path.replace('.mp4',
".csv').replace('data/’, 'data/results/"), path.replace('.mp4', ' det.csv').replace('data/’,
'data/results/")
start_time record = time.time()
assert isinstance(data_source, VideoReader) or isinstance(data_source,
VideoReaderCV)
self.data_source = data_source
self.min_distance = self.min_distance or self.data_source.fps//2
start_index =0
global data =[]
global data indexes =[]
while start index + self.batch size*self.data source.fps <=
self.data_source.length:
data = self. get distances(start index)
data, data indexes = self. find scenes(data, start index)
if len(data_indexes):
if start_index !=data indexes[-1]:
start index = data indexes[-1]
else:
start_index = start index + self.batch size*self.data source.fps
global data.append(data[:data_indexes[-1]])
global data indexes.extend(data indexes)
else:
start_index = start_index + self.batch_size*self.data_source.fps
print(start_index + self.batch size*self.data source.fps, '/,

self.data_source.length)

data = self. get distances(start index)

data, data indexes = self. find scenes(data, start index)
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# start_index = data indexes[-1]
if len(data_indexes):
global data.append(data[:data_indexes[-1]])
global data indexes.extend(data indexes)
global data indexes = del extra indexes(global data indexes,

self.min_distance)

start_time = datetime(2000,1,1,0,0,0,0)
times =  sorted(set(['00:00:00.000']+[(start time  +
timedelta(seconds=t/self.data_source.fps)).strftime('%H:%M:%S.%f') for t in
global data_indexes]))
detailed df = pd.DataFrame({'start time':times})
detailed df['name'] = range(1,1+len(detailed df))
if detailed save path:
os.makedirs(os.path.dirname(detailed save path), exist ok=True)
detailed df.to csv(detailed save path, index=False)
df = self. rename_results(detailed df)
if save path:
os.makedirs(os.path.dirname(save path), exist ok=True)
df.to _csv(save path, index=False)
end_time = time.time()
print(f'Video timecodes analysis took {end time-start time record}
seconds')

return df

def rename results(self, df):
dff'start_time'] = df'start_time'].apply(lambda x: x.split(".")[0][1:])
df = df.drop duplicates()
df['name'] = range(1,1+len(df))
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return df

def get distances(self, start):

prev_frame= None

results = []

for frame in self.data source.read batch(start, self.batch_size):
if prev_frame is None:

prev_frame = frame

result = self.image comparer.compare(prev_frame, frame)
results.append(result)
prev_frame = frame

return np.array(results).T

def find scenes(self, data, extra):

results =[]

for item in data:
self.model.layers[1].reset states(states=final states)
y = self.model.predict(np.array([[item]]), verbose=0)[0][0]
results.append(y>self.detection threshold)
final states = self.model.layers[1].states

data indexes = np.where(data)[0]

data indexes = data_indexest+extra

data_indexes = del extra indexes(data_indexes, self.min distance)

return data, data_indexes
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