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HNuceprarniitna po0oTa mnpuUCBAYEHA PO3pPOOI  KOMILJIEKCHOTO  METOMAY
riopuan3aiiii KJIaCHYHUX Ta KBAHTOBUX OOYHUCIICHB JJIS TT1IBUIICHHS IMPOTYKTHBHOCTI
Ta e(PEeKTUBHOCTI POOOTH CHUCTEM IITYYHOTO IHTENEKTY, sIKi OyIyIOThCS Ha OCHOBI
rITUOOKUX HEHPOHHUX MEPEXK.

Bnepimre 6yno po3po0ieHO KOMIUIEKCHHM METOJ ITiIBHINCHHS €(eKTUBHOCTI
poOOTH TIUOOKUX HEUPOHHUX MEPEX 3a JIOMOMOTOK) BUKOPUCTAaHHS KBAHTOBHX
00YHCIICHb.

JlocimKeHo METOI BUKOPUCTAHHSI KBAHTOBOTO MPUCTPOIO Y BUTIISI OHOTO 3
NPUXOBAHUX PIBHIB TIOpUIHOI TIAMOOKOI HEHPOHHOI Mepexi MAns MiABUIICHHS
IIBUJIKOMIT MOJIENl IITY4YHOTO iHTenekTy. [[iABUIIEHHS] MIBUIKOMIII JOCSATAEThCA 3a
PaxyHOK 1HKaICyJIsIii YaCTUHU OOYMCIIEHb Y KBAHTOBUI MPUCTPIi, 110 BUKOHYETHCS
Ha KBaHTOBOMY arapaTHOMY 3a0e3leueHHi, sKe HaJaa€ 3Ha4YHe MPUCKOPEHHS
BUKOHAHHS OOYMCIIEHb MOPIBHSHO 3 KJIACMYHUM amnapatHuMm 3abe3nedeHHsMm. Lle
pOOUTH KJIAaCHYHY YaCTHUHY TIOPUIHOI MOJEIl MEHII TJIMOOKOK Ta BIAMOBIIHO
3MEHILYE KUIBKICTh KJIACMYHMX OIepaliid, Mo HeoOXigHa ajisi poOOTH HEWpPOHHOI
Mepexi, IO BIJMOBIIHO 301IBIIIY€ IIBUIKOJIIF0 MOEITI.

Po3po0sieHo MeToj; BUKOPUCTAHHS KBAHTOBOT'O MPHUCTPOIO JJIsi MOINEPEAHBOI
00pOoOKM BXIAHUX JaHUX JJIA 30UIbIIEHHS BapiaTUBHOCTI TPEHYBAJIBHOTO HabOpPy
JAHUX Ta TMIJIBUIICHHS TOYHOCTI PoOOTH MOJAENI 3a PaxyHOK 3adydyeHHS OUIBII
PI3HOMAHITHUX JIaHMX U TPEHYBaHHS Mojeni. BiAnmoBimHO 10 MeTOay, KBaHTOBUI

HpHCTpifI BHUKOPUCTOBYETHCA JII KBAHTOBOI'O «3alIyMJICHHA) TPCHYBAJIBHUX OAaHUX
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Ta BUKOHYE POJIb KPOKY IITYYHOTO PO3IIUPEHHS TPEHYBAJIBHOTO HaOOpy nanux (data

augmentation, abo > ckopoueHo DA) mpum miarotoBii wmoxemni. lle mo3Bomse
PO3IMIMPUTH TPEHYBAJIbHHUIM HAO1P JaHUX Ta BIAMOBITHO TOCSTHYTH BUIIUX MTOKA3HUKIB
TOYHOCTI MOPIBHSHO 3 peEepEeHTHUMHU MOJEISIMHU, OCOOIMBO y KOHTEKCTI 3ajad, Je
TpeHyBaJIbHUI HaO1p JaHUX € OOMEKEHUM.

Po3po0sieH0 MeTon BUKOPUCTAaHHS KBAaHTOBOI CXEMH Yy SKOCTI IE€pUIOro
3TOPTKOBOTO TMapy TJIMOOKUX 3TOPTKOBUX HEHPOHHHX MEPEeX IS IiIBUIICHHS
TOYHOCTI pOOOTH MOJEI IITYYHOTO 1HTENEKTY. BiIMoBiAHO 10 pO3pO0IEHOTO METOY,
KBaHTOBHI 3TOPTKOBUH IIAp CTBOPIOE OaraTOKaHaJIbHE TMPEJCTABICHHS BXIJTHOTO
300paKE€HHsI Ta MOJIeNIb BHUKOPUCTOBYE TJIMOOKY 3TOPTKOBY MEPEXY VY SKOCTI
KJIACMYHOI YaCTHHHU T10pUJTHOT MOJIEI1 JJTs1 OTIpalfOBaHHS OaraToOKaHaJIbHOI'O BapiaHTy
300paKeHHs, IO CIPUSE KPaIOMY BUAUICHHIO XapaKTEPHUX PUC KJIAciB Ta CIpUsIE
T1IBUIIICHHIO TOYHOCTI pOOOTH MOJIEII.

Po3pobisieno HaOip MporpaMHUX KOMIIOHEHTIB JIJIi BUKOHAHHS SIK KJIACUYHUX
3a1a4 Kiaacudikarii 300pakeHb, 110 BUKOPHUCTOBYIOTHCS I aHali3y €()EeKTUBHOCTI
MO/IeJIeH MTYYHOTO 1HTEJIEKTY, TaK 1 TOKa3aHOo €(hEKTUBHICTD ITiAXO1B IS BUPIIIIEHHS
MPaKTUKO-OPIEHTOBAHOI 33/1a4l aHaJ13y 3HIMKIB MICIIEBOCT1, OTPUMAHHUX 3 CYIyTHUKA,
JUTSI BUSIBJICHHSI TUITHOK Ypa)X€HUX MPHUPOAHOI0 KaTacTpodoro. s ekcrepuMeHTIiB
OyJI0 BUKOPHUCTAHO TiOpHJIHI MOJei, MoOyA0BaHI Ha OCHOBI ITMOOKHX 3TOPTKOBHX
HEHPOHHHUX MEPEK, SIK MPOCTOT MipaMiIadbHOI apXiTEKTypH, TaK 1 CKJIQIHIII Ta O1IbII
cyuacHi pimenHs, Taki gk ResNet50 ta EfficientNet.

[IpoBeneHo aHami3 pe3yibTaTiB 3aCTOCYBaHHS 3alpPONOHOBAHUX METO/IIB
riopyau3zaiii  KJIaCUYHUX Ta HEKJIACHMYHUX OOYHUCIEHb. 3a pe3yjibTaTaMu
€KCIIEpUMEHTIB 3 3aCTOCYBaHHSAM  3allpONIOHOBAHMX  METO/IIB, Oyio
MPOJIEMOHCTPOBAHO iX €(PEKTUBHICTb y KOHTEKCTI MiABUINEHHS TOYHOCTI POOOTH
MoJIeJIel 3 MPOCTIIIMMH apXITEKTypaMHu (3ropTKOBI HEMPOHHI MEpPEeXi MipamiTaibHOI
apXiTEeKTypu) Ha KIACMYHMX Ta JOCTaTHHO MOBHUX HAOOpax [aHUX, TaKUX SK
CIFAR100 (mokpaiiensst TouHocTi kinacudikaiii Ha 2.9% mopiBHSIHO 3 peepeHTHOIO
moaemio VGG-16). Ha mpakTuko-opieHTOBaHIM 3amaul kiacudikaiii 300pakeHb,
MPEACTABICHOI HAOOPOM JaHWUX CYNyTHHUKOBUX 3HIMKIB, SKUH € MEHII ITOBHHM,

30UTbIICHHST €(PEKTUBHOCTI OyJIO0 MPOJAEMOHCTPOBAHO TIOPUIHMMH MOJACISIMU Ha
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OCHOB1 SIK TPOCTINUX, TaK 1 CKJIagAHMX apxiTekTyp (takmx sk EfficientNet Tta

ResNet50). Ta Oynio 1ocarHyTO HOBOT HaliCy4acHINIOl Ta HAMBUINOI «state-of-the-arty»
(SOTA) tounocti 98.81% (mokpamends Ha 0.31% mnopiBHAHO 3 pedepeHTHOIO
MOJIEJIJIIO) 32 JOMOMOI'OK0 TOPHUIHOT KBAaHTOBO-KJIIACHYHOI MOJEN1, MOOY/I0BaHOI Ha
ocHoBl EfficientNet. Takox Oyl0 [I0BEAEHO MOXKJIUBICTb Ta MPAKTUYHICTh
BUKOPUCTAHHA METONy TiOpuau3aiii, M0 MOJSIrae Yy BHOKPEMJIEHHI YaCTUHU
MPUXOBAHUX IWIAPIB TIIMOOKOI HEMpPOHHOI Mepexkl y KBAHTOBUW NpucTpiil. Jlanuit
N1ax11 riopuan3anli noka3aB HUK4Yy TOYHICTb pOOOTH MOJENI, TOCATHYBIIH TOYHOCTI
y 72.75% (3umkeHHs: TO4YHOCTI Ha 3.25% BIJHOCHO pedepeHTHOI MOJIeNl) Ha Habopi
JaHUX CYMyTHUKOBUX 3HIMKIB. [IpoTe 11e 3HMKEHHSI TOUHOCT1 MOXe OyTH HECYTTEBUM
y psAl 3a/1a4 BIIHOCHO MPUIIBUIIIEHHS ONEpalliil 3a paXyHOK NePEeHECeHHs] YaCTUHU
00YHCIIeHb HA KBAHTOBE arapaTHe 3a0e3MeueHHS.

Po3po6ieni meTonu € CKIaJOBUMU KOMIUIEKCHOTO METOAYy TiOopuau3aiii
KJIACMYHUX Ta HEKJIACHYHUX OOYMCIICHD Ta JO3BOJISIOTH MIATOTYBAaTH MOpUIHI MOJIEI
Ha OCHOBI KJIACHYHUX HEUPOHHUX MEPEXK, 3aJIeKHO BiJ THUITy 3a/Jadi Ta BUMOT 3
MIJIBUINICHHS IIBUIKOJII Y TOYHOCTI pOOOTH Mojeield NpH BHPIIMICHH] PsIy
PI3HOMAaHITHUX MPAKTUYHUX 3a7a4.

Knrouosi cnosa: ribpuaHi HEHPOHHI MEpeXi, KBAHTOBI OOYHCICHHS, TITHOOKI

HEHWPOHI Mepexki, MAITMHHE HaBYaHHS, KiIacudikarlis 300pakeHb.



ABSTRACT

Trochun Y.V. Method of classical and non-classical computations hybridization
for artificial intelligence. — Qualified scientific work on the rights of the manuscript.

Dissertation for the degree of Doctor of Philosophy in the specialty 121 —
Software Engineering and 12 — Information Technologies. — National Technical
University of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute", Kyiv, 2025.

The dissertation focuses on the development of a comprehensive method for
hybridizing classical and quantum computations to enhance the performance and
efficiency of artificial intelligence systems based on deep neural networks.

A comprehensive method to improve the efficiency of deep neural networks
through quantum computing utilization was developed.

A method that involves a quantum device as one of the hidden layers in a hybrid
deep neural network to enhance the speed of artificial intelligence models was
investigated and evaluated. The acceleration is achieved by encapsulating part of the
computations within the quantum device, which is executed on quantum hardware that
provides significant computational speed compared to classical hardware. This reduces
the depth of the classical portion of the hybrid model, thereby decreasing the number
of classical operations required, which, in turn, increases the model's speed.

A method was also developed that uses a quantum device for preprocessing input
data, increasing the variability of the training dataset and improving the model's
accuracy by incorporating more diverse data. This involves utilizing the quantum
device for quantum noise injection in training data, effectively serving as a "data
augmentation" step during model preparation. This expands the training dataset and
results in higher accuracy compared to reference models, particularly for tasks with
limited training data.

Additionally, a method was designed to use quantum circuits as the first
convolutional layer in deep convolutional neural networks to improve artificial
intelligence model accuracy. This quantum convolutional layer creates multi-channel

representations of input images, enabling the classical convolutional network in the
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hybrid model to process these enriched representations, which improves feature

extraction and boosts model accuracy.

A set of software components was developed to handle classical image
classification tasks for benchmarking artificial intelligence models and to demonstrate
the practical effectiveness of these approaches. These methods were applied to satellite
imagery analysis for identifying areas affected by natural disasters. Hybrid models
based on deep convolutional neural networks — ranging from simple pyramidal
architectures to more advanced solutions like ResNet50 and EfficientNet — were used
in experiments.

An analysis of the proposed methods of hybridizing classical and quantum
computations demonstrated their effectiveness. Experiments showed an accuracy
improvement of 2.9% on the CIFAR100 dataset using simpler architectures like
pyramidal convolutional neural networks, compared to the reference VGG-16 model.
For satellite imagery classification with a less complete dataset, hybrid models with
both simpler and more complex architectures (such as EfficientNet and ResNet50)
showed improvements, achieving a new state-of-the-art accuracy of 98.81% — an
increase of 0.31% over the reference model — with a quantum-classical hybrid model
based on EfficientNet.

The practicality of hybridizing neural network layers with quantum devices was
also demonstrated. Although this method resulted in slightly lower accuracy (72.75%,
a 3.25% decrease compared to the reference model) for satellite imagery classification,
the trade-off for faster operations through quantum hardware could be valuable for
specific tasks that value computation speed higher than classification accuracy.

These methods are components of a comprehensive approach to hybridizing
classical and quantum computations, enabling the preparation of hybrid models based
on classical neural networks tailored to task requirements for speed or accuracy
improvements across various practical applications.

Keywords: hybrid neural networks, quantum computing, deep neural networks,

machine learning, image classification.
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BCTYII

AKTyaJbHicTh TeMH. KBaHTOBI 00UHCIICHHS € OAHIEI0 3 HAHOUIBII aKTyaIbHUX
TE€M JOCIIKEHb OCTAHHIX POKIB, 1 Il Tally3b € HAJ3BUYAITHO LIKaBOIO 3 TOYKH 30PY
MO>KJIMBOCTEH, K1 HOBI JOCSATHEHHS B HI MOXYTbh MPUHECTH B PI3HI cPepHU HAYKH,
TaKl SK IITYYHUH 1HTENEKT, (i3uKa, XiMist Tomo [1,2]. JlocarneHHs B cepi KBaHTOBUX
KOMIT IOTEpIB OOISAI0Th MPUHECTH 0araTo 1HHOBALIN 1 PEBOJIOLIMHUX 3MiH y OaraTto
pi3HUX cdep KUTTA Ta JociaikeHb. ONHIE 3 TaKUX 00JacTel, sKka MOXe 3Ha4HO
BUTpaTU BiJ 1boro, € mrydHud iHTenekT (IIII) 1, 30xkpeMa, KBaHTOBE MaIlIMHHE
HaByaHHA. Y koHTekcTi LI kBaHTOBI KOMIT'IOTEpH MOXYTh OYTH BUKOPUCTaHI JIs
MiBUIICHHS €(EeKTUBHOCTI omepalliii MalmmMHHOTO HaB4yaHHA. lle peamizyerbecs y
dhopmi aNrOpUTMIB KBAHTOBOTO MAIIMHHOTO HABUAHHS, SIKI JO3BOJISIOTH OOy IyBaTH
HEHPOHHY MEpPEKy, siIka MOBHICTIO MpaIlo€ Ha KBAHTOBOMY oOsagHaHHi [3,4], Ta
riOpUIHUX KBAaHTOBO-KIACHYHUX HEHPOHHUX MEPEX, /e YaCTUHA MOJIEI TPAIoE Ha
KJIACHYHOMY O0JIa/IHaHH1, a 1HIIIa YaCTUHA BUKOHYETHCSI HA KBAHTOBOMY O0JIa/[HAHHI.
OCKIJIbKM KBAaHTOBI KOMM'IOTEPU 37aTHI BUKOHYBaTH TIEBHI OOYMCIICHHS 3HAYHO
MIBUIIE 1, KPIM TOTO, € OUIbII eHeproeEeKTUBHUMHU MOPIBHSIHO 3 KJIACUYHUMH, iX
Bukopuctanus s 3anad I oGitsge OyTu qyke MepCcrneKTUBHUM Yy MaiiOyTHROMY.

B cboronenni, cucremu Ha 6a3i 11 mmpoko BUKOPUCTOBYIOTHCS Y BCiX chepax
’KUTTS Ta IOYACTY BUKOHYIOTH 3a/1a41 KPUTUYHOT BaXKIIMBOCTI, K1 € BUCOKOUYTIUBUMU
70 TOYHOCTI Ta e(eKTUBHOCTI iX pobotu. [amy3s Il € gyxe auHamMiYHOIO Ta
KOHKYPEHTHOIO c(peporo K 3 TOUKU 30py HAYKOBUX AOCTIIKEHb, TaK 1 KOMEPIIIHHIX
PO3pO0OOK.

[Tpote, xou ramy3p I € BUCOKOPO3BUHEHOIO Ta HACUYEHOIO PI3HOMAHITHUMHU
17IeAMH Ta JOCTKEHHSIMU c(Peporo, ICHYE MUTUHI psi ICTOTHUX TTpoOJieM Ta 3aj7ad B
i cepi. Hax ix pilieHHSIM aKTUBHO KMIIUTH poOOTa Ta MPOBOJAATHCS PI3HOMAHITHI
nociian. € KiUIbKa OCHOBHUX TIpyn mpoOsiemM, IO JOTHYHI [0 TEeMaTUKU
JMCEPTaLITHOTO JOCIIKCHHS.

[lepmoro 3 Takux mpobrem e mBuakomis cucrem LI, mo OGa3zyroTecs Ha

HEUPOHHUX Mepexax, ajke HEHWPOHHI MEpeXi BUMAararoTh MPOCTO KOJIOCAIBHOI
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KUTBKOCT1 00YHCIIEHB JIJIs1 IX POOOTH Ta 3 4ACOM PO3MIpP apXiTEKTyp HEHPOHHUX MEPEK

Ta iX CKIAAHICTh TUIBKH POCTE, IO MPU3BOIUTH JO IIBUIKOTO 301IBIICHHS BUMOT 3
NorJsiAy amapaTHoro 3a0esnedeHHs. Ll mpoGnema cTOiTh HaA3BHYAaWHO TOCTPO,
0CcOOMMBO I 3a7ad, IO BUMAaralOTh OMpPALIOBaHHS JaHUX y HAOMMKEHOMY 110
peaslbHOTO Yacy, 3BayKal0uu Ha Te, 1110 3aTPUMKH B POOOTI KPUTHYHO BAXKIUBUX CHCTEM
MOXKYTh MIPU3BECTHU JO CEPUO3ZHUX HACTIIKIB.

[HIIOIO0 BaXKJIMBOIO Ta AyXke aKTyaJbHOIO MPOOJIEMOI0 € BHCOKE CIOXUBAHHS
eJIeKTpoeHeprii HeHpOHHUMU Mepekamu. [ mpukiamy, BijiloMa BeJIMKa MOBHA
mozaenb GPT-3 mae Onusbko 175 minbsdpaiB mapamerpiB [S], B Toi yac sk ii
«HactynHuk» GPT-4 — Bxe 6;1m3bk0 1.7 TpuiibiiOHIB mapameTpiB [6] Ta, BIAMOBIIHO,
CIOKMBA€ HaA3BUUYAWHO Oarato eHeprii, 100 MpoayKyBaTu pe3yibrat. Llsg npobiema
TaKoX MOB’s3aHa 3 po3BUTKOM cdepu I Ta mocTiitHUM 301IBIICHHSIM CKJIATHOCTI
HOBHUX apXiTEKTyp HeHpoHHHX Mepex. Hapa3i gana npoOnema mae cBiii HeraTUBHUN
BIUIMB HE JIMIIE HA KPUTHUYHO BAXJIMBI CUCTEMH, ajie 1 Ha Oyab-sKi 1HII1 CUCTEMHU Ha
OCHOB1 HEMPOHHUX MEPEXK, aJKe 30IbIIICHHS CTIOKUBAHHS €HEPrii TAKOK 03HAYAE SIK
1 3HAYHE 3POCTAHHA BAPTOCTI KOXKHOTO 3alMUTy JO HEHPOHHOI MEpEexi, TakK 1
30UTbIIIEHHST 00’ €My TTAPHUKOBUX Ta3iB, IO MPOAYKYIOTHCS B aTMOC(EpPy B HACTIOK
poOOTH 1IeHTPiB 00pOOKM TaHMX, TaK 3BaHUM KapOoHOBHIA ciif (carbon footprint) [7].

i oOuaBi TpoOIEMHU BUHHKAIOTH YEPE3 3POCTAI0UY CKIIAIHICTh HAalCydaCHIINUX
apXITEKTYp MOJEJICH, sIKi BUMAraroTh 3HAYHUX 00YUCIIOBAIBLHUX pecypciB. Kpim Toro,
npobiemMa eHeproe(peKTUBHOCTI, UMOBIPHO, CTaHE OUTBIT TOCTPOIO B MaOyTHHOMY,
BpPaxOBYIOUM IMOLIMPEHHS 3acTOCyBaHb cucreM Ha ocHoBl LI y pisHux cdepax
cydacHOro WrTs. PosmmpenHs BuxopuctanHs I gus ugymmBux 10 dyacy
3aCTOCYHKIB MIJKPECIIIOE MOTEHUIadl KBAaHTOBUX OOYMCIEHb [JIsI MPUCKOPEHHS
00YUCIEHb, 1O MIJIBUILIUTH MPOAYKTUBHICTb KPUTUYHUX CHUCTEM, SIKI 3aJI€’KaTh BiJ
pimiens Ha ocHoBi LI. Hanpuknan, aHami3 CynmyTHHKOBHX 300pa)K€Hb, TaKHX SK
BUSIBJICHHSI TEPUTOPIH, TOCTPAXKTAIHUX Bi MPUPOTHUX UM aHTPOMOTCHHUX KaTacTpod,
3HAYHOIO MIPOIO 3JICKUTH BiJl 3aBJaHb CETMEHTAIIli Ta Kiacudikallli 300pakeHb, 110
BUKOHYIOTHCS 32 JOMIOMOTOI0 aITOPUTMIB, 110 0a3yIOTHCS Ha MAIIMHHOMY HaBUYaHHI.
Taki 3acTocyBaHHSI MOXYTh CYTTEBO BUTPATH BiJ] MPUCKOPEHOTO OOPOOJICHHS Ta

M1IBUIIEHOT €PEeKTUBHOCTI Mojiesiei. ToMy KBaHTOBE MaIllMHHE HABYaHHS 1 T1OpUIHI
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KBaHTOBO-KJIACHYHI HEHPOHHI MEPEkK1 BBAKAIOTHCS JyKE MEPCIECKTUBHUMU 3aBIISKU

iXHIA BUIIN eHeproe(eKTUBHOCTI Ta 3HAYHOMY IPUCKOPEHHIO OOYHUCIICHB, IO
CIPHUATUME PO3POOIIl HOBHX 1 OLTBIIT €KOJOTIYHUX PIIIEHb.

['iOpuaHi KBaHTOBO-KJIACHYHI HEHUPOHHI MEPEkKl J03BOJSIOTh IEPEHECTH
YacTUHY OOYMCIIEHb HEHPOHHOI MEpexl Ha KBAaHTOBHUM NMPUCTPIH, SKUU MpPALIOE Ha
KBaHTOBOMY oOsagHaHHi. e o3Hauae, n10 HallCKIIaqHIIa YaCTHHA HEMPOHHOT MEPEXKI
MO>K€ BUCOKOE(EKTHBHO MPAIIOBATH 32 JIOMOMOTOI0 KBAHTOBOT'O KOMIT FOTEPa, TOI SIK
yCl 1HII YaCTMHU MEpexi OOUMCIIIOITHCS HAa KJIacMyHOMY oOnaaHaHH1. KBaHTOBO-
KJIaCMYHa T10puM3allisi HaBaHTaXEHb € 0araTooOIlsII0OU0I0 B KOHTEKCTI OCTaHHIX
JOCSITHEHb Y TIOpUJIHUX cUCTEMaX, siki BUKOpUcToBYIoTh sik CPU (Central Processing
Unit, ToOTO LIEHTpaJIbHUI TIPOIIECOP), TaK 1 Pi3HI CIeIiai30BaHl MPUCKOPIOBaYl, TaKi
sk GPU (Graphical Processing Unit, To6To rpadiuni npuckoproBaui) Ta TPU (Tensor
Processing Unit, ToOTO mpuCKOprOBayi TEH30PHUX OOYHUCIEHb). 3A1MCHEHHICTh Ta
edextuBHIicT, miaxoay riopuamszanii CPU-GPU-TPU Oyna mgoBejgeHa B pi3HHUX
00JacTsX, 10 MOKE BKa3yBaTH Ha Te€, 110 KBAaHTOBO-KJIACMYHA T1OpHUAM3AIlS TaKOXK
MOe OyTH TUTITHOIO B MailOyTHROMY [8, 9].

3B’A30K TeMH 3 HAayYKOBHUMHM TMporpaMaMu, IJIaHAMH, TeMaMHU.
3anponoHoOBaHi y AUCEpTallii MeTO U OyJI BUKOPUCTaH1 Y HAYKOBO-JOCIITHIM POOOTI
3a rpanToM Harionaneaoro ®ouny Jlocmimkens Ykpainu «Hayka mns BinOymaoBu
VYkpainu y BoeHHHI Ta moBoeHHuW mepioaw» (https://nrfu.org.ua), peectpamiitamii
Homep Tpanty: 2022.01/0199. OtpumMaHo 3ampomIeHHS 0 Y4acTi y MIXKHAPOTHOMY
koHcopuiymi COST Action OC-2024-1-27129 “Quantum Artificial Intelligence”
(https://www.cost.eu), MOJaHO CIJIbHY 3asBKY.

Meta i 3aBaaHHA AOCJi:KeHH. MeETOW JucepTaliifHOro JOCIHIIKEHHS €
NiABUIIEHHS e(deKTUBHOCTI podoTu cucteM I muisixomM CTBOpEeHHS KOMILJIEKCHOTO
METOAY riopuan3anii HEMPOHHUX MEPEXK NIl BAKOPUCTAHHS KBAHTOBOI'O alapaTHOro
3a0e3MeueHHs 1JIs MABUIIEHHS MBUAKOA1T 200 TouHOCTI podoTu Mozeneit LIII.

JI1st focsiTHEHHST MeTH OyJ10 BUIIJICHO HACTYITHI 3aBJaHHS:

- IlpoBecTu orfsa cydacHUX MiAXO/IB rOpUan3allii KIIAaCUYHUX Ta KBAHTOBHX

oOuucieHs s nodyaoBu riopuaHux mozaenei LI



15
- Bukonatu mnomyk Ta aHam3 HAOOPIB JaHWUX Ta 3adad IS aHATIZY

edekTuBHOCTI poboTu riopuaaux moaenei 111

- Po3pobutn migxim riOpuausamii, M0 JO3BOJIMTH INJBHUIIUTH TOYHICTH
podotn wmozeneir Il B KOHTEKCTI NpakTUYHUX 3ajay, IO MarOTh
HEJOCTaTHbO IIMPOKHM TpeHyBaJbHUM HaOlp JaHUX, Ha OCHOBI
BUKOPUCTAaHHSA KBAHTOBUX OOYMCIICHbD.

- Po3pobutu KoMIuieKCHUIN Miaxij riOpuansanii KJIaCMYHMX Ta KBAHTOBHUX
oOuucieHsp s e(eKTUBHOTO BUKOHAHHS OOpaHMX 3aj1ay.

- IlpomemoHcTpyBaTH NPaKTHYHICTh BUKOpPUCTaHHS TiOpuaHux cuctem Il
JUTSl BUPIIICHHS MPAKTUYHUX 3a]1ay.

- Buninutn nepeBaru Ta HEAOJIKHM PO3POOJIEHUX Ta PO3MVISHYTUX METOIB

riopuan3ailii KJIaCHYHUX Ta KBAHTOBUX OOYHCIICHb.

OO0’ ekT aociaigkeHHs: — crnocoOM ridpuaM3anli KJIACUYHUX Ta KBAaHTOBHUX
oOuucieHb JUisl MOOYJ0BM TIMOOKHX T1OpUAHMX KBAHTOBO-KJIACUMYHUX HEHPOHHHUX
MEPEK.

IIpeamer mociigzkeHHsI — KOMIUIEKCHI METOAW TiOpuau3allii KJIaCUYHUX Ta
KBAaHTOBUX OOYMCIICHBb ISl MOOYIOBU TJIMOOKHX T1OpHIHMX KBAaHTOBO-KIACHYHUX
HEHPOHHHUX MEPEXK.

Metoam nocaigxenHsi. MeToIMYHOIO OCHOBOIO JTOCIIJIKEHHS € aHA13 METO/IIB
Ta MIiAXOMAIB 3aCTOCYBAaHHS HEKJIACUYHUX KBAHTOBHX OOYHCIECHb i TOOYAOBH
riOpUIHUX KBAHTOBO-KJIACUYHHUX MOJIeNIel Ha OCHOBI IITMOOKMX HEUPOHHUX MEPEXK Ta
METOAIB TOOYJOBH TIOPUAHUX KBAaHTOBO-KIACHYHUX HEHPOHHHX MEpEex s
MiABUIICHHS edeKTUBHOCTI poootn Mozenei 1. B mocmimkeHnHi 0yj10 BHKOPUCTAHO
METOJM MAIIMHHOTO HaBYAaHHS, TPAHCPEPHOTO HABUAHHS, TEXHIKH MOMEPEIHBOI
00poOKu JaHUX, MepeXpecHoi mepeBipku (cross-validation) MmeTpux podoTH MoEeH,
METPUKH TOYHOCTI POOOTH Mojeiel, TexHika rojocyBaHHs OumpuiicTio (Majority
Voting) Ta cuMynsTOpY KBAHTOBUX OOUNCIICHb.

HaykoBa HOBH3HA OTPMMAHMX Pe3yJIbTATIB:

- Bnepmie 3anpornoHoBaHO KOMITIEKCHUH METOJ| TOpuAn3aIii KJIaCHYHUX Ta

KBaHTOBUX OOYHCIICHb, SIKHA Ha BIAMIHY BIiJ ICHYIOUMX MOXe OyTH
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HaIpaBJICHUI Ha 30UIbIIeHHS mBUAKOIT Moaenei LI abo Ha 30iIbIICHAS

TOYHOCT1 POOOTH MOJeiel 3aJIeXKHO Bl BUMOT 3aJa4i 32 paXyHOK 3aJTy4eHHs
KBaHTOBHUX OOYHCIICHb Y PI3HUX YACTHHAX T1OpUIHUX HEHPOHHUX MEPex (Y
AKOCT1 KBAaHTOBO-3TOPTKOBOT0 (quanvolutional) mapy a0o Xk y AKOCT1 3aM1HI
YaCTUHU NPUXOBAHUX MOBHO3B’ I3HUX LIAPIB TIIMOOKOT HEHPOHHOT MEPEK1).
Brnepuie 3anpononoBano Metoa nodyaosu riopunnux cucrem LI, skuii Ha
BIIMIHY BIJl ICHYIOUMX JO03BOJISIE 3ailydaTH He3MmiHeHl kiacuyHi SOTA
MO/l Ta J03BOJISIE€ NOCSITHYTU BUIKX 3HAYE€Hb TOYHOCTI poOOTH MOAENEH
MOPIBHSAHO 3 aJbTCPHATUBHUMH IMJAXOJAAMH 33 PaxXyHOK 3aydeHHS
KBaHTOBMX OOYMCIIEHb Y SKOCTI TMEPIIOr0  KBAaHTOBO-3TOPTKOBOTO
(quanvolutional) mapy ribpuHIX MOJIEIEH.

HaGyB mnopanbmioro po3BUTKY METOJ, BHUKOPHUCTaHHS TpaHchepHOTo
HaBYaHHS Y KOHTEKCTI FOPUIHUX KBAHTOBO-KJIACUYHUX HEUPOHHUX MEPEK,
0 JI03BOJISIE 3MEHIIUTH OO0CIT pecypciB (4ac oOYHMCIIEHb, €Hepris),
NOTPIOHUX IS TIATOTOBKM MOJIENI Ta MMABUIIATA TOYHICTH POOOTH
riOpUIHUX KBAaHTOBO-KIacuuHUX mMojeneit 1.

HaGyB momanbmioro po3BUTKY METOJI BUKOPHCTaHHS OararoKaHaJIbHOCTI
(multi-channel) nanux ayia BupimeHHs 3aqa4i Kiaacudikaiii 300paxeHsb, 110
JI03BOJISIE TIABUIIUTH TOYHICTH poOOTH Tiopuanoi mozxem LI 3a paxyHok
BUKOPUCTAaHHS KBAaHTOBOTO MPHUCTPOIO ISl CTBOPEHHS JOJATKOBUX KaHATIB
Ha OCHOBI BX1THUX JIAaHHX.

HaGyR  momambmoro  po3BUTKY  METOJ  INTYYHOTO  PO3IIMPEHHS
pi3HOMaHITHOCTI JaHux (data augmentation) ajis BHpIIICHHS 3a7adyl
kiacudikamii 300paxkeHb, IO JO3BOJSE MIJABUIIUTUA CTIMKICTH 1O
BIIHOIIICHHIO 70 HEBiJOMUX aHuX (generalization) riopuanoi monemni 111 3a
paxXyHOK BHUKOPHCTAaHHS KBAaHTOBO-3TOPTKOBOTO INTYYHOTO PO3IIHPCHHS
pi3HOMaHITHOCTI JaHux (quanvolutional data augmentation) 1 BuUKOpucTaHHs
pe3yJbTaTiB pOOOTH KBAHTOBOI'O MPUCTPOIO B SKOCTI JIOJaTKOBUX KaHAIIB
BXIIHUX JaHUX.

HaOyB momanmbmioro po3BUTKY METOJ BUKOPUCTAHHS 0araTOCTPYKTYpPHOI

(multi-backbone) Mozeni y IKOCT1 KJIACMYHOT YaCTUHU T1OPUIHOT KBAHTOBO-
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3ropTkoBoi (quanvolutional) mMomeni st BupimieHHS 3amadi Kiacuikarii

300pakeHb, IO JTO3BOJISE IMiABUIIUTA TOYHICTh POOOTH TIOPUAHOI MOl
[l 3a paXyHOK HE3QJIEKHOTO MNAPaJEIbHOIO ONMPALIOBAHHA JOJATKOBUX
KaHAIIB, 1[0 OyJX CTBOPEHI 3a JIOMOMOIOK KBAHTOBOI'O IPHUCTPOIO,
CHeliali30BaHUMU  0a30BUMH  MOJIENIAIMHM, 1[0 BXOJATh [JI0 CKJAIy
0araToCTpyKTYpHOI KIIACUYHOI YaCTHHH MOJEI.

- Pesynbrarn Oyno NpoAEMOHCTPOBAHO Ha MPHUKIAAl MPAKTUYHOI 3aaayl
kiacudikamnii MOMIKOMKEHbh B 30HAX CTUXIMHUX JIMX Ta B KOHTEKCTI
BukopucTtanHs cuctem LI 3araapHOrO 3acrocyBaHHs, 0COOJUBO JJIsI 3a/1a4,

[0 BUMAraroTh HaJABUCOKOI IIIBUIKO/II].

IIpakTHyHe 3HAYEeHHS] OTPUMAHMX pe3yJbTaTiB. Pe3ynbTaTd, OTpUMaHi B
XO/I1 TOCHIJIKEHHS, T03BOJISIOTh 3aCTOCOBYBATH IOpPUAHI KBAHTOBO-KJIACUYHI MOJEII
T ns1st BUpilIeHHS! pi3HOMAHITHUX MPAKTUYHUX 3a/1a4, 110 MAIOTh M1J{BUILIEH] BUMOTH
710 WIBUAKOA1T aNropuTMiB a00 K MIJBUILIEHI BUMOTH 10 TOYHOCTI poOoTu cuctem I,
0COOJIMBO B KOHTEKCTI 3ajad, 110 MaloTh OOMEXeHUW Habip AaHUX, SKI MOXKHA
BUKOPUCTAaTU JUIsl TpPEeHyBaHHA Mojeni. Po3poOiieHnii MeToj NpoIroHye JBa
aNbTEPHATUBHUX MIAXOAM TiOpuaM3alii HEHPOHHHX MeEpex, 10 MOXYTb OyTH
BUKOPUCTaH1 3aJIEKHO BiJl BUMOT 3ajaadi. [lepmmii 3 miaxo/iB mojsrae B 3MEHIICHH]
MIMOWHU KJIACUYHOI YaCTMHU HEHPOHHOI MEpEeXi 3a paxyHOK ii 3aMiHU KBaAaHTOBUM
OPUCTPOEM, IO HAJAE MPUPICT MIBUAKOAIT CUCTEMHU. J[pyruM migXxoJ0M € CTBOPEHHS
JI0JIaTKOBMX KaHAIIB BXIJHUX JIaHUX 3a JIOMOMOIOK0 KBAaHTOBOTO MPHUCTPOIO Ta
BukopucTanHd SOTA kiacHYHHX MOJENIeH s OnpalfoBaHHS J0JIaTKOBUX KaHaJiB
BXITHUX JIaHMX Ta 3ajydae Miaxia «majority voting» (MV) nis BuU3HaAYCHHS
(GhIHATHPHOTO BEPAMKTY MOJICJII HAa OCHOBI ONpAIOBaHHS JOJATKOBHUX KaHAJIB,
CTBOPEHUX KBAaHTOBUMH MEPETBOPEHHSIMH.

Ocobuctuii BHecok 3mo00yBaua. J[ucepraiiisi € pe3yiabTaTOM CaMOCTIHHUX
HAyKOBUX JOCTIIKEHb, B PE3YyJbTaTi SKUX OYyJIO PO3pOOJICHO aBTOPCHKUN TiIXiJ
riopuaun3aiiii KJIaCHYHUX Ta KBAaHTOBUX oOuucieHb mis 3aBganb LI, OcHoBHI
pe3yibTaTH Ta HAYKOBI TIOJIOKEHHS, OTPUMaHI B pe3yJbTaTl MPOBEAEHHS

AUCEPTALIITHOrO JOCIHIJKEHHs, Oyl OTpHUMaHl 3400yBayeM CaMOCTIMHO Yy IpoLect
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HAYKOBO-10CNI1IHOT poOoTH. B poOoTax, omy01iKOBaHUX y CIIBaBTOPCTBI, AUCEPTAHTY

HaJeXWUTh: [1] — aHami3 BIUIMBY apXiTEKTypH KBAHTOBOT'O MPHUCTPOIO HA TOYHICTH
poOOTH TIOpUIHUX HEUPOHHUX MEPEXK, MOOYyJOBaHUX HA WOTO OCHOBI; [2] — aHami3
e(heKTUBHOCT1 pOOOTH MiAXOY TOpUIU3aIlli KTACUYHUX Ta KBAHTOBUX OOUHCIICHB, 110
MOJIAra€e y 3aMiHl YaCTHMHHM MPUXOBAHMX IIAPIB KIACHMYHOI HEHMPOHHOI Mepexki Ha
KBaHTOBHI NPUCTPI, JJI1 BUPIIIECHHS IPAKTUYHOI 3a7]a4l Ha MPUKJIA1 3a7a4l aHAITI3Y
CYIYTHUKOBHX 300paxeHsb; [3] — a”Hai3 e()eKTUBHOCTI poOOTH MIAX0Ay TOpuan3arii
KJIACHYHUX Ta KBAHTOBUX OOYHCIICHB, IO TMOJISITAE€ y 3aMiHI YaCTUHU MPUXOBAHHUX
mapiB KJIACMYHOI HEHMPOHHOI Mepeki Ha KBAaHTOBUM MPUCTPIH, A1 BUPIIIEHHS
KJIaCMYHMX mpobjeM kiacudikaiii 300paxenp; [4] — aHami3z e(QeKTUBHOCTI
BUKOPUCTAHHSI KBAHTOBUX OOYMCIICHb JJII BUKOHAHHS KPOKY MOMEpeHbOoi 00poOKu
BXIJTHUX JaHUX, aHalll3 €(EKTUBHOCTI BUKOPUCTAHHS JOJATKOBUX KaHAJIB BXI1JHHUX
JaHUX, 10 CTBOPEHI HAa OCHOBI KBAHTOBHUX OOYHCIEHb; [5] — po3pobiieHuil MeTox
ribpuauzaiii KJIaCMYHMX Ta KBAHTOBUX OOYHMCIIEHb HAa OCHOBI BHKOPUCTaHHS
KBaHTOBOT'O MPUCTPOIO Y SIKOCTI MEPIIOro 3rOPTKOBOTO IIapy T1OpUIHOI 3rOpTKOBOI
r0oOKOiT HEWpOHHOI Mepexi; [6] — aHam3 eQeKTHUBHOCTI PO3TIASHYTHX Y
TUCepTalliftHOMY JOCHIPKEHHI METOJIB TiIOpuau3allii KJIaCMYHMX Ta KBaHTOBHX
oOuucnenp; [7] — aHami3 eQEeKTUBHOCTI BHUKOPUCTAHHS TMIAXOAy 3aTydeHHS
0araToCTpyKTypOHOi apXITeKTypyd KJIACHYHOI YacCTUHU TiOpUAHOI KBaHTOBO-
3rOpTKOBOI IITMOO0KOT HEMPOHHOI Mepexi Ha mpukiiai Habopy manux CIFARI10.

Anpobaunia pe3yiabtatiB gucepraunii. OCHOBHI pe3yJlbTaTH IUCEPTAIIHHOTO
TOCIIKEHHST OyJI0 TIPEICTaBICHO, OOTOBOPEHO Ta OMYyOJIIKOBAaHO HAa MiKHAPOHHUX
HayKOBUX KoH(pepeHUisx, a came Ha: 19th International Conference on Smart
Technologies, EUROCON 2021 (M. JIbBiB, 2021 p.); International Conference on
Space-Air-Ground Computing, SAGC 2021 (m. Xyeitwkoy, Kutaii, 2021 p.); 11th
IEEE International Conference on Intelligent Data Acquisition and Advanced
Computing Systems: Technology and Applications, IDAACS 2021 (M. Kpakis,
[Tonbma, 2021 p.); The International Conference on Security, Fault Tolerance,
Intelligence, ICSFTI 2021 (m. Kuig, 2021 p.).

Iy6aikamii. 3a pesynbraramu AOCHIKEHb OMYyOJIKOBAaHO 7 HAyKOBHUX

myOJiKaiii, y ToMy 4ucii: 3 cTaTTi y NepioAMYHNX HAyKOBUX (haxOBUX BUIAAHHAX: 2
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CTaTTi Yy BHJAHHAX, OpoiHAeKcoBaHUX y 6a3ax WoS Ta Scopus, BimHeceHux 10 Q2

BiIMOBITHO 10 Kiacudikaiii Journal Citation Reports, 1o BimoBigat0Th 3a3HaYCHUM
BuMoram Ta | crarts B (paxoBomy BumaHHi kareropii «b»; 3 momoBiai Ta Te3u Ha
HayKOBUX KOH(pEpeHIisAxX Ta 1 cTaTTs, 10 J0JATKOBO BiI0Opa)ae MaTepiaid poOOTH.

CrtpykTtypa Ta odcsar poodoru. Jlucepraiiitna po6oTa CKIaga€eThCs 31 BCTYIY,
YOTUPHOX PO3ALUIIB, 3arajlbHUX BUCHOBKIB, CIIMCKY BHUKOPUCTaHUX Jikepen 13 117
HaliMeHyBaHb Ta JOJATKIB. 3arajdbHUN 00CST JucepTallii CTaHOBUTH 151 CTOpiHOK, 3
akux 149 cTOpIHOK OCHOBHOI'O TEKCTY, | 10AaTOK Ha 2 cTopiHKax. J(ucepranis MiCTUTb

55 pucyHkiB, 12 ¢dopmyn ta 7 Tabnuiib.
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PO3JLT 1

TEXHOJIOI' IITYYHOTI'O IHTEJEKTY TA KBAHTOBI OBUUCJIEHHSA

1.1. KBaHTOBIi 00uMcC/JIeHHSA

KBaHTOBI 0OYMCIEHHS [JO3BOJSIOTH BHUKOpPHCTaTH ()EHOMEH KBAHTOBOI
MEXaHIKM JJisl BUKOHAHHS TEBHUX OOYHUCJIEHb EKCIOHEHLINHO IIBUJIIE Ta
e(EeKTUBHILIE HIK TOTO J03BOJISIOTH KJIACHYHI KOMIT IOTEpU, Ta HaBITh OLIbLIE —
KBaHTOB1 OOYMCIIEHHS J103BOJISIIOTH BUPIIIYBAaTH 3aj]layl, sIKI € HEBUPIUIYBAaHUMH 32
JOTIOMOT 00 KJIacMyHuX komm torepiB [1, 2]. KBanToBi koM’ oTepu OyayrOThCSl Ha
OCHOBI KyOiTiB — KBaHTOBHUX OITiB. B TOl Uac sk 3BUYalHUI «KJIACUYHUI» OIT MOXKeE
nepedyBaru yuile B BOX cTaHax — 0 Ta 1 B KOXEH OKpeMuil MOMEHT dYacy, KyOir
3aBkau mepedyBae B cymeprnosuiii [3] o0ox craniB. Ilpu 3amipi cTaHy KyOiTy
pe3yJbTaToOM 3aMipy € WMOBIPHICTh NepeOyBaHHs KyOiTy B TOMY YH 1HIIIOMY CTaHi,
TOOTO 3HAYEHHS OTPUMAHE Yy pe3yJbTaTli 3aMipy CTaHy KyOiTa € Oyab-SKuM
pallioHaJIbHUM YHCIIOM B MPpoMDKKY [0; 1]. KBaHTOBHIT KOMIT’ F0T€p MOKE BIUIMBATH Ha
CTaH KyOITy 3a JIOMOMOTOI0 1HTEP(EPEHIT XBUIb Ta 3MIILYyBaTH pPe3yjbTaT 3amipy
CTaHy KyOiTy J0 3aJlaHOr0 0a)KaHOT'0 3HaYCHHs. ICHYIOTh aJIrOPUTMH ISl KBAHTOBHX
KOMIT IOTEpIB, SIKI JO3BOJISIIOTH BUKOPUCTOBYBATH JaHI OCOOJIMBOCTI KyOITIB ISt

HaHSBH‘laﬁHO MBUAKOI'O Ta C(I)GKTI/IBHOFO BUKOHAHHA IICBHUX 3aJa4.

1.1.1. CyuyacHuii CTaH KBAaHTOBOI'0 ANIAPATHOTIO 3a0e3MeYeHH

Hapas3i BuroroBsieHHs cTablIbHUX Ta AKICHUX KyOITIB € HAI3BUYAHO CKIIATHOIO
3amauero. HalickmaaHimmM Ta HaWBa)KIUBIIIUM €TarioM BUTOTOBJICHHS KyOITY € HOT0
1307151111 B/l 30BHINIHBOTO CBITY, aJKe€ SKIIO KyOIT HE € JOCTaTHBO 130JbOBAHUM,
pe3yNbTaTu 00UYHCIIEHb, 110 1X MPOBOJUTH KyOIT, CTAIOTh 3allyMJICHI.

Hapa3i akTHBHO IPOBOASATHCSA TOCIIKEHHS, SIK1 CIPSMOBAaHI Ha MOLIYK METO/1B

CTBOpPEHHS OlfbI CTA0IIBHUX KyOITIB 3 HIKYMM pIBHEM IOMHIIOK, SKI OYyIyTh
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nepeOyBaTH B KOTEPEHTHOMY CTaHI JIOBIIMHM Yac, MO0 JO03BOJUTH BUTOTOBIIATH

OaraToIiIboBi KBaHTOBI KomIT totepu [10].

OnHi€0 3 HaMMEPCHEKTUBHININX TEXHOJOTI BUTOTOBJICHHS KyOITIB € 10HHI
MACTKH, 110 JO3BOJISIIOTH BUTOTOBJISATH KyOITM Ha OCHOBI 10HIB, SIKI YTPUMYIOTHCS
eleKTpoMarHiTHUM TiosieM [11]. Pe3ynbratu eKCHepUMEHTIB TOKa3aia, IIo 3
Cy4YacHUM PIBHEM PO3BUTKY OOJaJHAHHS Ta TEOPIi MOXKJIMBO CTBOPUTU KBAHTOBY
CXeMy, 10 MICTUTh 32 KyOiTH Ha OCHOBI 10HIB [12].

[HII0FO0 HaA3BUYANHO LIKABOIO Ta MEPCIEKTUBHOIO € TEXHOJIOT1] BUTOTOBJICHHS
KyOIiTiB Ha OCHOBI HaaANpoBiAHUKIB [13]. HaanmpoBigHuKU MatoTh OJIU3bKO HYJIbOBHI
Omip TMpU HEHMOBIPHO HHU3BKUX TeMmiepaTypax. Jjii BHUrOTOBIEHHS KyOITiB
HaifyacTille BUKOPUCTOBYIOTh TAHTAIYM Ta H10011yMm [14]. JlaHy TexHoIOTiI0 Hapasi
IIUPOKO BUKOPHUCTOBYIOTh TE€XHO-TiraHtH, Taki sk Google, IBM, Intel, Rigetti, mo
MPaIIOI0Th HaJl JOCIIIPKCHHSIMHU Ta PO3POOKOI0 KBAHTOBUX KOMIT IOTEPiB. bUIbIIICTh 3
cyuacHux Bepciii QPU — KBaHTOBUX IPOLIECOPIB — MPAIIOIOTh caMe 3a JO0MOMOTOI0
KyOIiTiB, BUTOTOBJIEHHX 3a JOIMOMOTOK HAJNPOBIIHHMKIB. HalmoTyXHila KBaHTOBA
cxema, mo0y/I0BaHa 3a JIONMOMOTO0 IaHO1 TeXHOJIOr1i, Hamuye 53 kyOitu [15].

HaiiGinp1oro  mepemkoAor 10 CTBOPEHHS 0araroiijbOBUX KBaHTOBHUX
KOMIT'IOT€pIB Hapasl € BIJCYTHICTh MEXaHI3My aBTOMATHYHOI KOPEKI[li MOMMIIOK
[16,17]. Jlanmii MexaHI3M HaI3BHYAHHO BaXXJIUBUM 1 IIPOCTO HEOOXIMHHH IS
MPOBENCHHS OUTBII CKIAJHUX OOYHMCIICHB, 10 BUMArarTh 4acy OUIBIIOrO HIXK dYac
BTpaTu KorepeHTHOCTI [18] kybitom [17]. AnropuT™M KBaHTOBOI KOPEKI(li TOMHIIOK
TaKOX TTOBMHEH OYTH JOCTATHHO IIBUJIKUM, 100 MATH 3MOTY BUIPABIISATH TOMUIKA
Ta NpUOMPATH IIYyM IIBHUJILIE, HI)K MOrO0 BHOCUTH IPOLIEC BTPATU KOTE€PEHTHOCTI
KyOITIB. | OCKIJIbKH BIH T€X BUMaraTMuMe KBaHTOBOI'O anapaTHOro 3a0e3nedeHHs AJis
CBO€T POOOTH, 3 OTJIsAly Ha HAA3BMYAMHO BHCOKI BUMOTH 31 IIBUAKOAIl, BIH TaKOX
3HAYHO 30UIbIIye BUMOTM JO CaMOIO KBAaHTOBOI'O KOMII IOTepa, 301IbLIYIOUH
HEOOXIIHY U1 BUKOHAHHS OTepauii KUIbKicTh Ky0iTiB. OTxKe, po3po0Ka e(peKTUBHOTO
Ta MPaKTHYHOTO MEXaHi3My KBaHTOBOI KOPEKIIii MOMIIIOK € HalO1IBIIIOI0 TIEPETIOHOI0

JUISl CTBOPEHHS 0araToIijibOBUX Ta MacIITA0OBaHUX KBAHTOBUX KOMII 10TepiB [19].
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1.1.2. IIpakTH4He 32CTOCYBAHHA KBAHTOBUX 004HCJICHb

B Hamr gac KBaHTOB1 KOMIT IOT€pH € OLIIbIIIE TEOPETHIHOIO CHEPOI0 3HAHD, HIK
MPaKTUYHUM 1HCTpyMeHTOM. KBaHTOBE amapaTHe 3a0e31eUeHHs] Ma€ BEJIUKY KIJIbKICTh
HEBUPIIICHUX HA MOMEHT HaIllMCaHHS JaHoi poOoTu mpobiem Ta s chepa nepedyBae
JIUIIIE HA TEePITNX MMOYATKOBUX €Tarmax Po3BUTKY TexHoJorii. [IpoTe HaBiTh 3apa3 3a
TaKkuX OOCTaBUH JIOCHIHUKU BXKE€ BUKOPUCTOBYIOTh KBAHTOBI OOYHCICHHS IS
BUKOHAHHS TIEBHUX BY3bKOCIICIIATI30BaHUX Ta BaXJIMBUX 3aaad. Hapasi kBaHTOBI
KOMIT FOT€pH BUKOPHCTOBYIOTHCS IIBU/IIIE SIK TPUCKOPIOBAYi JIJIs crieluivHUX 3a71a4,
AKl KBAHTOBA MEXaHIKa JOMOMAarae BUPIIIUTH, HIXK 3BUYAlHI KJIACUYHI KOMIT IOTepU
ITUPOKOTO MPOGIITIO.

OcHoOBHOI0O cdeporo, Ae Hapaszi Ha MPaKTUI[l BUKOPHUCTOBYIOTHCS KBAaHTOBI
OOYHCIICHHS, € PI3HOMaHITHI CHUMYJIALIi KBaHTOBUX mporeciB [20]. Cumymsamii
KBaHTOBHX MPOIIECIB € HE JIUIIIE JIOCHITHUIIBKUM IHTEPECOM, ajie 1 MatoTh BaXKJIUBI Ta
MPaKTUYH1 3aCTOCYBaHHs. KBaHTOB1 CUMYJISIIIT BAKOPUCTOBYIOTHCS B TaKUX cdhepax sk
XiMisl, MaTeplaJIO3HABCTBO Ta (papMaKOJIOTis.

B 2022 pomi [xomrya ['oiHrc mpoaeMOHCTpyBaB TMOTEHIIIHE MpaKTUYHE
3aCTOCYBaHHS KBAaHTOBUX OOYMCICHb [UIsI aHali3y Ta JOCHIJKCHHS EH3UMY
«cytochrome P450» [21]. lanuit eH3uM Ha3BUYAHO BAXIJIMBHH, aJ’Ke BIIMOBIIA€ 32
3acBoeHHs Onmm3pko 70% dapmakonoridaux mpemnapatiB. Ilpomec, y sikomy Oepe
y4acTh JaHWUW C€H3UM, 32 CBOEI TPUPOJOI0, € KBAHTOBHUM 1 II€ POOUTH MOTO
HaJ[3BUYAWHO CKJAJHUM JUIsi CUMYJISIi 32 JOMOMOIOI KJIACHMYHOIO arapaTHOTO
3a0e3MeyeHHs.

[HmMM BaXXJIMBHM 3aCTOCYBAaHHSIM KBAaHTOBHUX OOYHCIICHb € MO/ICTIOBAHHSI
PI3HOMaHITHUX XIMIYHUX peakuUiid, IK HalpUKJIaJ, peakiii, o JeXaTh B OCHOBI 1HIIOI
HOBITHBO1 Ta HAJ3BUYANHO MEPCIEKTUBHOI TEXHOJIOTIi — CeKBecTpalii Byrieio [22].
Hapa3i npoBoasiTbCs MOCHIKEHHS 3 MNOUYKY €(QEeKTUBHUX KaTali3aTopiB s
MIePETBOPEHHSI BYTJICIIIO 3 TTOBITPSI B TBEPAUMN 0cajl, AKUI MOXKHA B CTaO1JIbHOMY CTaHi
30epiraTd MPOTATOM TPHUBAJIOT0 Yacy Ta TaKUM YHHOM CYTTEBO 3MCHIIUTH 00’ €M

MapHUKOBUX T'a3iB B aTMOc(epi Ta MO3UTUBHO BILUTMHYTH Ha MPOOJIEMU 3 KJIIIMATOM, 110
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BUHUKJIM BHACHIJIOK JIsUTBHOCTI JtoauHu. [Iporiec momryky moTpiOHHMX ISl TaHOTO

MpOIECy KaTani3aTopiB MOXke OyTH 3HAYHO MPUIIBUAIIEHO 32 JOTIOMOTOI0 KBAHTOBOTO
amapaTHOro 3a0€3MeUeHHs, KE 3MOXKe OLIBII TOYHO Ta MIBUKO CUMYJIIOBATH PEaKIIii
BYIJIELIO 3 PI3HOMAHITHUMH €JIEMEHTaMH.

Oxkpim cexBecTpallii ByIJI€It0, 1HIIIOK BAXKIIMBOIO 3a7a4eio B cpepi XiMmii, B K1
KBaHTOBI KOMIT IOTEpU OYyIyTh KOPHUCHI, € MOIIYK €(PEeKTHUBHOrO crnocoly ikcarii
HITPOTEHY JIsi BUPOOHUIITBA TOOPHB, KU HE BUMaraTUME BHCOKOI TEMIIEpaTypH Ta
TucKy. Ll TexHomyoris 00ilf€e PEeBOJIOLIOHI3YBaTH MPOUEC BUPOOHHULITBA
CLIbCBKOTOCTIOAPCHKUX ~ JOOpPUB, 3HAYHO CHIPOCTUBIIM K caM Mpouec ix
BUPOOHUIITBA, TaK 1 BIAMOBIAHO 3HAYHO 3HU3UTH iX IIHY Ta MiABUIIUTH TOCTYIHICTD.
Jlani peakiii HEMOXJIMBO TOYHO Ta €(GEKTUBHO CHUMYJIOBAaTH Ha KJIACUYHHUX
KoMIT totepax. CUMyJISIIs, a OTXKe 1 MoJaiblia po3poOKa caMoi TEXHOJIOT1l MOKIIMBa
3a JIOTIOMOT'O0 T10PHIHOT KBAHTOBO-KJIACUYHOT cucTeMH [23].

Tako)x KBaHTOBI CUMYJISAIIT MOXKYTh OyTH HaJ3BUYAMHO BaXKJIMBUMHU Y cdepi
eHepreTuku Ta ekojiorii. Hapa3i HalOIbll momwupeHuid Tum Oarapei mist yciei
CJIEKTPOHIKM — JIiTiH-loHHI Oarapei. BoHM BUKOPUCTOBYIOTH KOOAIbT Jis
BUTOTOBJICHHA KaToA1B. BunoOyBanHs k00ansTy Ma€e HaJ3BUYAHO HETATUBHUM BILJIUB
Ha JIOBKULIA. AJIBTEpHATUBOIO KOOANBTY JIJISl KATOJ11B MOKE OYTH OKCHJI JITIIO HIKEIIO,
IIPOTEe 3a 3BHYAMHMX YMOB BIiH JyXK€ HECTaOLILHHUM Ta WOro CTPYKTypa clado
JOCTiKeHa Ha JaHuil MOMeHT. [IpoTe cuMyIsIii maHOi CHOMYyKH 3a JTOMOMOTOIO
KBaHTOBOT'O KOMII IOT€pa 3MOXKYTh JIOMOMOTTH BHBYHMTH HOTO Kpalie Ta po3poOuTH
METOAM U1 BUTOTOBJIEHHS CTaOLIbHOI Bepcii AaHoi cnionyku [24]. Lle mo3BosauThb
no30yTUCh BlJ BHUKOPHUCTAHHS KOOAIbTy Ta 3aMIHUTH MHOro MEHII €KOJIOTTYHO
IIKIJIMBUM MaTepiajioM Ta BIJANOBIIHO MO3UTUBHO BIUIMHYTH HA CTaH JOBKULISA B
KpaiHax, sKl 3apa3 aKTUBHO 3aJly4eHl Y BHUPOOHMIITBO JITIH-10HHUX Oarapei Ta ix
KOMITIOHEHTIB.

[Ipore Hapa3zi, IMOBIPHO, HANOUIbII MPAKTUYHUM BUKOPUCTAHHAM Cy4YacHHUX
KBaHTOBHMX KOMII IOTEPIB € poOOTa 3 KBAaHTOBUMU ceHcopamu [25]. KBaHTOBI ceHcopu
1Ie Hapaszl HaWOUIBII MpPAaKTUYHE BUKOPUCTAHHS KBAaHTOBUX OOYMCIICHb HABITH 3
TEMEepilIHIM CTAaHOM KBAaHTOBOI'O amapaTHoro 3abesneuyeHHs. KBaHTOBI CeHCOpH I1ie

cydacHuit SOTA B cdepi BUCOKOTOUHHX CEHCOPIB [26], iX Hapa3i BUKOPUCTOBYIOTh
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JUTSI BUSIBJICHHS Ta 3aMipy TpaBITAIliiHUX XBUJIb IS PI3HOMAHITHUX aCTPOHOMIYHHUX

Ta GIBUYHUX JOOCHiDKeHb, no mnpukimamy B LIGO [27]. OxpiM neTekTopis
rpaBiTAIliiHAX XBUJIb, BEIYTHCS JOCTIDKEHHS 3 PO3POOKH 1HIIMX KBAHTOBUX CEHCOPIB
IUIsL PI3HOMAaHITHMX 33Ja4: BiJ 3aJady CKaHyBaHHS MO3Ky [28] 1o po3poOku
BHCOKOTOYHHMX KBAaHTOBHUX pajapiB Uil TouHimoi Hasiramii [29]. KBanToBi ceHcopu
P MPOBEACHHI 3aMipy 3aMIpsIOTh CTaH KBAHTOBHX YACTHHOK, SIK1 JIEXATh B OCHOBI
poOOTH CEHCOpY, Ta MEPETBOPIOIOTH KBAHTOBUM CTaH B KIIACUYHUI pe3yJIbTaT 3amipy,
0 BUMAara€ BEJIMKOI KUIBKOCTI omepaunid Ta 3aiiMae mneBHUM dyac. KsaHTOBI
KOMIT FOT€pH CIPOMO>KHI €KCITOHEHIIIITHO ONTHMMI3yBaTH JIaHUM MPOIEC 32 PaxyHOK
TOTO0, 1110 3HUKAE MOTpeda NePEeTBOPEHHSI KBAHTOBOT'O CTaHY B KJIIACUYHUH, 1110 B CBOIO
4yepry MOXe CYTTE€BO MPUCKOPHUTH BECh MPOIEC Ta 3pOOMTH KBAHTOBI CEHCOPH Il

O17bIII TOYHUMH Ta mBUAKKMU [30].

1.2. T'iOpuaHi KBAHTOBO-KJIACUYHI HEMPOHHI Mepexi

3aranoMm, KBAaHTOBE MAIlIMHHE HABYaHHS 1 TIOpPUIHI KBAaHTOBO-KJIACHYHI
HEHPOHHI MepeXl € MEePCNEeKTUBHUMHU Ta aKTyaJbHUMHU HANpPSIMKaMU JOCIIIKEHb.
OcCk1JIbKM KBaHTOBI OOYHMCIICHHS Ha JaHUH MOMEHT IIe JYy>K€ MOJIOJa TEXHOJOTid Ta
BOHa OYKBaJbHO 3HAXOJIUThCA HA 3apPOJKOBUX €Talax, iX 3aCTOCYBaHHS B 00JacTi
MAIIMHHOTO HABYaHHS € TEOPETUYHUM 1 3HAXOJUTHCA Ha eTalll JTIOCHIKEHb, 1 HE Ma€
Hapasl MPaKTUYHOTO BIPOBaKeHHS. OJIHAK HU3KA OCTAHHIX JIOCIIKEHb CBIIYUTH
PO MOXKJIMBICTH 3aCTOCYBaHHS TIOPUIHMX HEUPOHHUX MEPEK MJis BUPIMICHHS SK
TEOPETHUYHMX, TaK 1 MPAKTUYHUX 33/1a4 y PISHOMAHITHUX Taly3sX TOCHIKEHb.

Menuuni 3actocyBanHs Il € omHiero 3 HalBaXIUBIMX chep TOCTIIKCHB,
OCKIJIbKM BOHH CIIPSIMOBAaH1 Ha MPSMIi MOKPAIICHHs CTaHy MAIll€HTIB, JOTIOMAaramyu
JKapsM aHai3yBaTH PE3yJIbTaTh PI3HOMAHITHUX JOCIHIKEHb Ta OOCTE)KEHb. Y i
o0jacTi MPOBOAMTHCS BEIMKA KIIBKICTh JOCHIIXKEHb, II0 30KpeMa 1 3aly4aroTh
riopuaHi MeTonu, Taki sk gociaiypkeHHs Mecyrta Torakapa [31] mo0 BUSIBICHHS
3aXBOPIOBAHb CITKIBKA Ha OCHOBI 300pa)K€Hb, OTPUMAHUX 32 JIONOMOTOK ONTHUYHOI

korepeHTHoi Tomorpadii (OKT). Menuuuna ne oaHa 3 Taiy3eil, Je TIOpuaHi
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KBaHTOBO-KJIACUYHI HEWPOHHI MEPEKl BUSBIIHNCS >KUTTE3IATHOIO AIBTEPHATHUBOIO

KJIACHYHUM MOJIEJISIM y BUSIBJIICHHI 3aXBOPIOBAHb HA OCHOBI PE3YJIbTATIiB OOCTEKEHHS
narieHTiB. OMHUM 3 HAWHOBIMIMX YCHIIMTHUAX TMPHUKIAAIB € mocuimkenHs Aran'i P.K.
[32] 3 BUSBIEHHA PEBMATOIHOIO apTPUTY HA OCHOBI TEIUIOBHX 300paXXeHb PYK
namieHTiB. [le gocmiikeHHs mokaszano, M0 TOYHICTh POOOTU TIOPUIAHUX KBAHTOBO-
KJIACHYHUX HEUPOHHUX MEPEXK € TOCTaTHHO BUCOKOIO ISl BUKOHAHHS JJaHO1 3a7a4i Ta
BOHU € €(pEKTUBHUM 1IHCTPYMEHTOM. [HIII1 JOCIKEHHS B MEIMYHIH raitys3i, IpOBeIeHI
VYnnaxom [33], moao knacudikaiii imemiyHO1 Kapjaionatii Ta gociimkenHs KOMiH
Jlona [34] mono knacugikamii myXJauH TOJI0BHOTO MO3KY Ha OCHOBI pe3ynbTaTiB MPT-
CKaHIB T'OJIOBH MOKA3aJH, 10 FOPHUIHI KBAHTOBO-KJIACUYH1 HEHPOHHI MEPEkKl MOXKYTh
JOCSITaTH HaBITh BMINOI TOYHOCTI, HDK IXHI KJIaCHMYHI aHaJIOTd, IO JOBOJUTH
MOXJIUBICTh 3acTocyBaHHsl TiOpugHux cucrem I nns BupilmeHHS NTPaKTUYHUX
3aBJaHb Kiacu@ikailii MeIUuIHUX 300PaKEeHb.

[HImIIUMU  Tany3sMU TOCTIIKEHb, JI€ KBAaHTOBO-KJIACHYHI HEHWPOHHI MEpexi
JIOBEJIU CBOIO €(PEKTUBHICTD, € XiMis Ta O1oJoris. JlocmimkenHs, mposeaeHe ' peropi
B. Kipo [35], noka3zasno, mo riopuaHi HeipoHHI Mepexi MoxyTh gocsratu SOTA
TOYHOCTI y MiepeI0aueHH1 CIIOPIAHEHOCTI 3B’ I3yBaHHS OLIKA 3 JIITAaH[OM.

ANTOPUTMHU Ta MOJEN1 3 3aTy4YeHHSM KBAaHTOBOTO MAIIMHHOTO HABYAHHS JIJIS
00po0OKHu 300pakeHb 3HAYHO PO3BUHYJIMCH Ta MPOCYHYJHCH 32 OCTaHHI poku [36].
JIOCTITHUKY TPAIIOIOTh HAJ PO3KPUTTAM TOTEHINIATY KBAaHTOBUX OOYHCICHB IS
YAOCKOHAJICHHS TPAIUIIITHIX METO/IIB ITHOOKOro HaB4aHHsA. OCTaHH1 JOCTIHKCHHS B
bOMY HanpsAMi BKJIIOYAIOTh AJITOPUTMHU KBAHTOBOI'O BUJIIJIEHHS 03HAK [37], KBAHTOBY
00poOKy 300paxeHsb [36], KBAHTOBO-HATXHEHHI 3rOPTKOBI HEHPOHHI Mepexi [38], m1o
He OyAyIOThCS Ha KBAaHTOBOMY amapaTHOMY 3a0e3MedeHHi, MPOTe BUKOPHUCTOBYIOTH
171e1 Ta MOAXOAM, sKI OyJIM HAaTXHEHHI KBAaHTOBHUMH OOYHMCIICHHSMH, Ta T1OpHIIHI
KBaHTOBO-KJIaCU4HI apxiTekTypHu [39, 40].

KBaHTOBE BHIIEHHSI O3HAK € MPOLIECOM BUJLJICHHS XapaKTEPHUX O3HAK abo
XapaKTEPUCTUK 3 KBAaHTOBMX HAOOPIB JJAHWX 3a JIOIIOMOTOI0 TEXHIK, IO 3aTyd4aloTh
KBaHTOBI oOuunciacHHsA. KBaHTOBE BHIIJIECHHS O3HaK TIiepeadadae BHKOPHUCTAHHS
MPUHIIUAIMIB KBAaHTOBOI MEXaHIKM ISl aHam3y Ta iaeHTudikamii maliaoHiB ado

BJIACTUBOCTEHU Y KBAHTOBUX JTdHHUX, SIK1 TTIOTIM MO>KHA BHUKOPHUCTOBYBATH JIA piSHI/IX
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3a/1a4 MAITMHHOT'O HABYaHHS, HANPHKIA] JUIS MOAaibInoi Kiracudikamii gaHux, ix

KjacTepu3ailii abo 3MEHIIIEHHS PO3MIPHOCTI CETy JMaHuWX 0e3 BTpaTH iX KITFOYOBHX
XapaKTEPUCTUK. AJTOPUTMH KBAaHTOBOTO BHUAUICHHS O3HAaK 0a3yrOThCS Ha
BUKOPHUCTAHHI MOKJIMBOCTEW KBAHTOBUX OOYMCIIEHB ISl MiJIBUIICHHS €(DEKTUBHOCTI
Ta J11€BOCTI AJITOPUTMIB BUJIIJIEHHS 03HAK, OCOOJIMBO B CLIEHAPISIX, 1€ KIIACHYHI METOIN
MOXYTh OyTH HEIOUIIbHUMHU a00 HEe(PEKTUBHHMH, 3BaKalOUM Ha BEIUYHMHY a00
CKJIQJHICTh HAa0OpIB JaHUX, 1I€ OCOOJIMBO aKTyaJlbHO MpPH poOOTI 3 KBAaHTOBUMU
HaOopamu gaHux [36].

HocnixeHHss B cepi KBAaHTOBOiI OOpOOKM 300pakeHb 30CEPEIKYEThbCS Ha
BUKOPUCTAHHI KBAaHTOBUX OOYMCIICHb JUIS KOJIyBaHHS, MAaHIMyJIIOBaHHS Ta
BIJITBOPEHHSI KBAHTOBUX 300pakK€Hb y pI3HUX (opmMarax s pi3HOMAHITHUX 3a]a4
[37]. AKTUBHO BeIyTbCS JOCHIKCHHS HAIlUJICHI Ha PO3pO0KY CXeM KOJyBaHHS, K1 O
BUKOPUCTOBYBAJIM BJIACTUBOCTI KBAHTOBOI MEXaHIKM KBAaHTOBOTO amapaTHOTO
3a0€e3MeUeHHs.

KBaHTOBO-HATXHEHHI 3rOPTKOBI HEHPOHHI MEpEeXi BHUKOPHUCTOBYIOTH YSBHI
MOJ/IaHHS Ta ONEparlii, e BXIHUI MPOCTIp pealIbHUX YUCET CIIOYATKY MePETBOPIOETHCS
Ha KOMIUIGKCHHM TMpOCTip. Y IIbOMYy KOMILIEKCHOMY MPOCTOPi BiAOYyBarOThCS
MaHIMyJAIii MmapaMeTpiB 3a JIONMOMOTOI0 OIepalliid, HATXHEHHUX MPUHIIUIIAMA
KBAaHTOBUX  oOuuciaeHb. OcTaHHI  JOCHIDKCHHS  IMJKPECIIOITh  IepeBaru
BUKOPUCTAHHS KOMIUICKCHUX MapaMeTpiB JJiA TIIMOOKOTO MAIIMHHOTO HAaBYAHHS, 110
TI03BOJISIE IOCATTH IEPEBar y 00U CIIOBaIbHIN, O100rivHiM chepax Ta chepi o00poOku
curHainiB  [38]. KowmruiekcHi uMclia HaJalOTh  MOXKJIMBOCTI  MOKPAILIEHOTO
MPEACTABICHHS Ta BIANOBIJIHO MOTEHILIMHO MOJIETHIYIOTh ONTHUMI3ALII0 JAHUX, Ta
MIPOTIOHYIOTh €(PEKTHBHIIIE y3arajdbHEHHS Ta TPUINBHIIICHHS IMPOIECY HaBYAHHS
MOJENI.

['iOpuaHi KBaHTOBO-KIacu4Hi apxiTekrypu [39, 40] HaOuparoTh NOMYJISIPHOCTI
B JIOCIIJPKEHHSIX, HAIIpaBJIE€HUX Ha €()EKTUBHE BUJIJICHHS BHCOKOPIBHEBHX O3HAK 13
JAHUX, K MPUKIaJ 3 300paxeHb, 1 3a/1a4 kinacudikamiinux nanux. Hanpuknan, y
Oaratbox Bapiallifix rOpUIHUX KBAHTOBO-KIACUYHUX 3rOPTKOBUX HEUPOHHUX MEPEK
KBaHTOBA YaCTHHA € MapaMETPHU30BAHOIO0 CXEMOIO ISl BHIIJICHHS BAKJIMBUX O3HAK

300pakeHb, a KJIaCMYHa 4YacTUHA BIAMOBIAae 3a kiacudikaiiro, 0a3ylouuch Ha
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O3HAKaX, OTPMMAHUX 3 KBAHTOBOI YaCTWHU Mepexi. KpiM Toro, icHyHOTh 1 Mopeni

KBaHTOBO-KJIACHYHUX 3TOPTKOBUX MEPEXK, IO BUKOPUCTOBYIOTh TEXHIKY KOJTYBaHHS
aMIUTITyIl U1 3aBlIaHb kKiacu@ikarii 300pakeHb, MO BHMAara€ MEHIIE KyOiTiB,
MOPIBHIOIOYH 3 BUKOPUCTAHHAM KOJYBAaHHS HAa OCHOBI oOumciieHb [39]. [Hima rpyna
apXITEKTYp KBaHTOBO-KIACUYHHUX 3TOPTKOBUX HEWPOHHUX MEPEXK — HEMIHOOKI
riOpUHI KBAHTOBO-KJIACHYHI 3rOPTKOBI HEMPOHH1 Mepexi. Jlanuil miaxig 6a3yerbces
Ha JIONOBHEHI1W BapialiiiHId KBAHTOBIM CXeMl Ta JEMOHCTPYE MOMITHY €(EKTUBHICTb
y 3aBlaHHIX Kiacudikaiii 300paxkens [40]. Lleit miaxig BUKOPUCTOBYE 3rOPTKOBUI
map SK BXIJHUM 1Iap HEWPOHHOI MepexXi Ta CHellaibHO PO3po0JieHy BapialliiiHy
KBaHTOBY CXEMY Y SKOCTi IMPUXOBAHOTO APy MEPEeXki, TAKUM YHMHOM, 3MEHIITYIOUH
MIMOWHY Ta CKIaAHICTh MOJIETII.

OcTaHHIM YacoM KBaHTOBI 3TOPTKOBI HEHPOHHI MeEpexkl CcTalu 00'eKToM
BEJIMKOTO JOCIAHUIIBKOTO 1HTEpeCy Ta 0araTo HelloAaBHIX JOCIIKEHb CIIPSIMOBaHI
Ha BHMBYCHHS JIAHOTO MIAXOMy JUIsl BUPIIMICHHS 3aBJaHb Kiacudikaiii 300pakeHb
PI3HOTO PIBHA CKJIQIHOCTI, 3€0UIBIIOTO JOCITIHKEHHS ITPOBOIMIINCH HA OCHOBI O1JIBIIT
KIIACUYHUX, HDK TMPAKTHYHUX, 3ajadax Ki1acudikamii 300pakeHb, TaKuUX SK
kiacuikaiiisi 300pakeHb PyKOMUCHUX CUMBOJIB [41, 42] abo kimacudikaiiis KBiTiB
[43]. Hesxi 3 mociimkeHb OyJu MpoOBEJEHI Ha CYTTEBO OUTBII CKIATHUX MpoOIeMax,
TaKuX SIK JOCHiKeHHs kiacudikamii 300paxens ImageNet 13 momaHuM 1Iymowm,
nposenene Jlebanmkanom Konapom [44], ske mpoaeMOHCTpPyBajo, IO TIOpHUIHI
KBaHTOBO-KJIACUYHI HEHPOHHI MEpPEekK1 MOXKYTh MEPEBEPIIATH KIIACHYHI MOJEI, TaKi
ak ResNet-18 [45], y ToyHOCTI NHpH BUPILIEHHI CKJIAJHOI 3ajadl KiIacu@ikamii

300paxeHb.

1.3. CyuacHuii CTAaH BUKOPUCTAHHS KBAHTOBHX KOMII’IOTEPiB

He 3Bakaroum Ha HaJ3BUYAWHO OYpXJIMBHUI Ta CTPIMKHI PO3BUTOK KBAHTOBOTO
anapaTHOro 3a0e3MeUYeHHs, PIBE€Hb JOCTYMHOCTI KBAHTOBUX OOYMCIICHb 3aIUIIAETHCS
HU3BKUM (Ha MOMEHT IIPOBEACHHS HaHOT0 JociiakeHHs). Hapasi € kijabka KOMITaHiH,

1o 3alMarOThCs PO3BUTKOM KBAHTOBHX 00YHCIICHL Ta HaAaroTb AOCTYII OO CBOIX
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MPOIYKTIB Yy (opmaTi XMapHUX OOYHUCIICHb, B JTAHOMY PO3MiJi OyJe pO3TIASHYTO

HaWO1IBIIT MOMTUPEH] Ta MEPCIIEKTUBHI TUIATPOPMHU, 110 HATAIOTh TaKi MOCTYTH.

Opniero 3 HaWOUTBmUX TWIATGOPM, MO HAMAKOTH JOCTYH N0 KBAaHTOBHX
0o0YHCIIeHb JJISI IUPOKOTO 3arajy y BUMIISAlI XMapHUX oOuuciieHs, € IBM Quantum
[46]. Lls miardopma Hagae TOCTYI O BUKOHAHHS 3a/1ad HA KBAHTOBOMY KOMIT FOTEPI,
mo mae 127 kyOiTiB Ta 0azyerbcsi Ha KBaHTOBOoMY mpoiiecopi IBM Eagle [47].
[Tnarpopma IBM Quantum Hagmae 10 XBUIMH KBAaHTOBUX OOYMCIICHH HAa MICAIb
0€3KOLITOBHOTO Ta 3 MOMJIMBICTIO MJIATHOTO BUKOPUCTAaHHA 32 (POPMATOM OILJIaTH 3a
BUKOpUCTaHUN Yac oOuucieHb monan 10 xBwimH 3 BapTicTio $96 3a XBHIMHY
oOuucnienb. J{7s BUKOHAHHS 3aj7a4 Ha KBAHTOBUX Ipoliecopax, 1o HajawThes IBM,
BUKOPUCTOBY€EThCSI 010sioTeka 3 BiakputuMm kojgoM Qiskit [48], ska Takox Hamae
ITUPOKUN HAOIp THCTPYMEHTAPII0 3 PO3POOKU Ta BUKOHAHHS KBAaHTOBUX CXEM, JaHa
Oi0moTeka omucaHa B OUTbIIMX AeTansax y posaim 2. [Ipore, He 3Bakarouun Ha
HasIBHICTb, XO04Y 1 0OMEKEHOro OE3KOIITOBHOTO JOCTYIY /10 KBAHTOBUX OOYMCIIEHB,
BUKOPUCTAHHS JaHOi IUaTGOpMHu ISl TPOBEICHHS EKCIEPUMEHTIB B MeEXKax
JOCITIDKEHHST BUSIBUJIOCH MPoOJIeMaTHIHUM, ajpke Ha paszi IBM 3aboponsie gocrym 10
naHoi raTGopMu KOpUCcTyBadyaM Ha TEPUTOPIi Y KpaiHu.

[H1110%0 BETMKOIO Ta MOMUPEHOIO TIATHOPMOIO, 10 HAAAE TOCTYT 10 KBAHTOBUX
obuucnenb € Microsoft Azure Quantum [49]. lana mmardgopma € CBOEpITHUM
arperaTopoM Ta HaJa€ JIOCTYH JIO KBAHTOBOI'O alapaTHOro 3a0e3TNeUYeHHs BiJ 1HITHUX
KoMraHii, Takux sk loniQ [50], Pasqal [51], Quantinuum [52] ta Rigetti [53]. Takum
YMHOM, JIaHa IaTdopma Hajlae Ay>Ke MHUPOKUM BHOIp KBAHTOBUX KOMII IOTEPIB SIKi
0a3yloThCs SIK HAa BMOIMMaHMX 10HaX, TaK 1 Ha TEXHOJOTIi HAJAMPOBIIHOCTI Ta 3
PI3HOMaHITHOKO KUIbKICTIO KyOITIB (9-100 ky6iTiB). [lnmatdopma Azure Quantum
HaJla€ JOCTYI J0 KBaHTOBUX 4imiB lonQ, mo 0a3yroThCs Ha TEXHOJIOTIT BIIMMaHUX
10HIB, CTaH SIKUX MAHIMYJIIOETHCS 3a JOIMIOMOIOI0 Jla3epiB, Ta MarOTh 25 Ta 32 KyOITH.
JlocTym 10 TaHOTO KBAaHTOBOTO amapaTHOTO 3a0e3MeUeHHs 31MCHIOETHCS Ha OCHOBI
OIUIaTH 3a KOXKHY KBAaHTOBY OIlEpallil0 BUKOHAHY Ha KBAaHTOBOMY KOMIT IOTEpi Ta
BapTICTh OAHIET omeparii He Moxe OyTH Hmkdua HDK $12. IHIIMM KBaHTOBUM
anapaTHUM 3a0e3MeYeHHsIM, TOCTYTHUM Ha JIaHii nmiaaT@opmi € KBaHTOBI KOMIT I0TepU

BiJ1 koMraHii Pasqal, mo OyayroThbcsl Ha TEXHOJIOT1T HEUTPaTbHUX aTOMIB, CTaH SKUX
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MaHIMyJIOETHCS 3a JOMOMOTIOI0 Jla3epiB, Ta ki MatoTh 100 kyO6iTiB. BapTticTh goctymy

10 maHoro amapaTHoro 3abesmedyenHs craHoButh $3000 Ha romuny. I[HIIAM
JOCTYITHUM KBAaHTOBHM amnapaTHUM 3a0e3nedeHHs M Ha miatdopmi Azure Quantum €
KBaHTOBI KOMIT IOTEpU BiJ Kommadii Quantinuum, siki 0a3yrTbCi HAa TEXHOJOTIi
BIIiiMaHUX 10HIB Ta MaroTh 20 Ta 56 KkyOITiB. JlocTym 10 aHOrO KBAHTOBOIO
anapaTHoro 3abe3neyeHHs HalaeTbes y (opMaTi MiAMKUCKH, BAPTICTh SIKOI BAPIFOETHCS
y mexax $135000 — $185000 na Micsips. OcTaHHIM THIIOM JIOCTYITHOTO KBAaHTOBOTO
anmapaTHoro 3a0e3leyeHHsl € KBaHTOBI KOMI'toTepu BiJ Rigetti, mo 0a3yroTbca Ha
TEXHOJIOT1i HAJIIPOBITHOCTI Ta MalOTh 9 Ta 84 KyOiTH. BapTicTh BUKOHAHHSI KBAHTOBUX
orepariiii Ha JaHOMY arapaTHOMY 3a0e3IeueHHI CTAaHOBUTh $78 Ha XBUJIMHY.

Takox ofHI€0 3 HAUOLIBIIMX XMapHUX IUIaTGOpPM, 0 HAJAIOTh IMOCIYTU
JOCTYNy N0 KBaHTOBMX oOuucieHb € Amazon Web Services (AWS) Braket Bifg
kommaHii Amazon [54]. Jlama mmatdopma TakoX € arperatopoM MPOIMO3UIIIH
KBaHTOBUX OOYHMCIIEHb HAJIAHUX 1HITUMU KoMMaHisaMmH, a came lonQ, Rigetti, IQM [55]
ta QuEra [56]. Takum unnoMm, mnatgopma AWS Braket, Tak camo sik 1 BiKe pO3IIISIHYTa
Azure Quantum, Hajae MHUPOKUM BHUOIP KBAHTOBOTO amapaTHOrO 3a0e3MeYeHHS,
moOy/TOBAaHOTO HAa PI3HUX TEXHOJOTIAX Ta PI3HOTO PIBHA MOTYXHOCTI. [Ipomo3wurii
JOCTYyIy J0 KBaHTOBOI'O arapaTrHoro 3abe3reuyeHHs Io0yJI0BaHOTO Ha OCHOBI
kBaHTOBHX 4imiB Bix lonQ Ta Rigetti nyOmroe mpomo3wuilii H1ocTymnHiI Ha 1atgopMi
Azure Quantum, mpoTe Ma€ JEIIO IHIITY CTPYKTYPY BapTocTi, amke AWS Braket nanae
JOCTYT JI0 MOTYKHOCTEH yCiX TUITIB HAa OCHOBI OIUIATH 32 KOXKHY KBaHTOBY OIEpaIlio,
10 BUKOHYETHCS Ha KBAHTOBOMY amaparHOMy 3a0e3leYeHHi, Ha BIAMIHY Bia Azure
Quantum, sikuil 17151 NEBHUX BUIB KBAHTOBOTO amapaTHOTO 3a0e3MeUYeHHs O0UHCITIOE
BapTICTh Ha OCHOBI Yacy BUKOHAHHS KBAaHTOBUX 3aJad. TakuM YWUHOM, 3aIyCK
KBaHTOBOI 3a1aui, o Mae 1000 «moTiB» (shots) Ha kBaHTOBHUX yinax Big lonQ Oyae
korryBatu $30.3 — $80.3, 3a1€5KHO BijI KOHKPETHOTO THUITY KBAHTOBOTO Mporiecopa. B
TOM JK€ dYac, 3allyCK aHaJOoriyHOi 3ajadyl Ha KBaHTOBOMY uywuIi Big Rigetti Oyne
korrryBatd $1.2. 3anmyck aHajOri4HOI 3a7a4i Ha KBaHTOBOMY umin Bijg IQM, skwmii
OyIlyeTbCsi HAa OCHOBI TEXHOJIOTIT cynepnpoBiiHocTi Ta Mae 20 KyOiTiB, Oyne
kormTyBatH $1.75. B Toi e yac, 3amyck J1aHo1 3a1a49i Ha KBaHTOBOMY 4w Big QuEra,

KWW OYJIy€ThCS HA TEXHOJIOT1I HEUTpaJbHUX aTOMIB Ta Ma€ 256 KyOiTiB, 001iAeThCS



30

B $10.3. Takox 32 HEOOX1THOCTI IHTEHCUBHOTO BUKOPUCTAHHS KBAHTOBUX OOYNCIICHbD,
AWS Braket Hamae MOXJIHMBICTH TOTOAMHHOI OPEHAM KBAHTOBUX KOMIT IOTEPIB,
BapTICTh JaHOI MPOIO3UIli BapiroeTbcs B Mekax $2500 — §$7000 3a romuny
BUKOPHUCTaHHS.

3 MaHOrO KOPOTKOIO OMVISIAY Ta 3 310paHUX JaHUX MOXKHA 3pOOUTH BHUCHOBOK,
[0 y Hall Yac KBAaHTOBI OOYMCICHHS 3aJIUIIAIOTHCS JOBOJI OOMEXKEHHUMH B
JOCTYITHOCTI T2 MalOTh HAJ[3BUYailHO BUCOKY BapTICTh. Ta B TOM e yac Cy4acHU CTaH
KBAaHTOBOTO alapaTHOrO 3a0e3MedYeHHs AUKTYE BUMOTY 0araTopa3oBOTO 3aIyCKy
KOXKHOI 3aJ1a4l Ta arperaiiii pe3yJabTaTiB I[UX 3alyCKIB JJisl OTPUMaHHS YCEePETHEHOTO
pe3ynbTaTy JUisi TOro, 100 MiHIMI3yBaTH BIUIMB 30BHIIIHIX (DAKTOPIB, WIO
CIIPUYUHSIOTh HECTAOIBHICTh KYOITIB Ha pe3ysibTaT Ta OTPUMAaTU OUIbIN CTA01TLHUM
pe3yibTar oOuucieHb. J[aHy TEeXHIKYy Ha3MBalOTh «mioTamMu» (shots) 3amaui, ne
KUTBKICTh «IIIOTIB» BIJAINOBIJIA€ KUILKOCTI 3alyCKIB KOXXHOI 3adadi. TakuM UYHUHOM,
30UIBIIYIOYM KUIBKICTh «IIOTIB» 3ajadi, 30UIbIIYETHCS JOCTOBIPHICTH OTPHUMAHOTO
pe3yabTary, MPOTE B TOM K€ yac 301UIBIIYEThCS 1 Yac ii BAKOHAHHS Ta i1 BapTICTh.

[IpoTe ayke Ba)JIMBO 3ayBa)KWUTH, 110 3 KOXXHUM POKOM KBAHTOBE amaparHe
3a0€3MeUYeHHS YIOCKOHAIIOETHCS, PO3POOISIFOTECS HOBI YilH, IO MICTATH OlJIbIIE
KyOiTiB, KyOITH CTalOTh SKICHIIIMMH Ta MPOBOAUTHCS BeIWYE3HA KUIBKICTh
JOCIIKEHb, HAMPABICHNX HAa PO3BUTOK KBAHTOBUX KOMIT'IOTEpiB. SIckpaBuM
MPUKIAZOM I[OTO € BHUITYCK HOBOT'O PEBOJIIOIIHHOTO KBaHTOBOro yimy Willow Bix
kommanii Google B 2024 pori, SKud CIPOMOXHUN EKCIIOHEHI[IHHO 3MEHIIUTH
KUIBKICTh TOMHJIOK 31 301JIbIIEHHSAM KUIBKOCTI KyOI1TiB uimy [57]. Takox nmpukiaagom
TEHJEHLII aKTUBHOTO PO3BUTKY PpO3MIPHOCTI KBAHTOBHX WYiMIB € CTBOPEHHS
kBaHTOBOrO yinty IBM Osprey y 2022 poui, sikuil mictuth 433 xy0iTu [58]. Ta B 2023
poui IBM 3mornm gocsrtu no3Hauku y Bpaxaroul 1121 kyOitiB B mpouecopi IBM
Condor [59]. lani TpeHIuM PO3BUTKY TaKOX MHIATBEPIKYIOTHCA OIyOJIKOBAHUMHU
uissMu komnanid Google ta IBM 3 po3BUTKY KBaHTOBUX KoM toTepiB a0 2030-x
pokiB [60, 61]. TakuM YMHOM MO>KHA 3pOOUTH MPOTHO3, IO AKTYAIbHICTh AOCIIIKEHb
y chepax IOOTHYHMX OO KBAHTOBUX OOYHCIIEHb € BHCOKOIO Ta OyIe Julie
301TBIIYBAaTUCh PA30M 3 TMOJANBIINM PO3BUTKOM Ta MaOYTHIMH YAOCKOHAJICHHIMHU

KBAHTOBOT'O aIIapaTHOI o 3a0e3IeYCHHS.
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JJist mpoBeIeHHS TOCIIKEHBb Y OUTBII CTPUMAHOMY OIOJIXKET1, IO HE JTO3BOJISIE

OpeHIyBaTH KBAHTOBI amapaTHI MOTYXHOCTI, a00 TaKOXX Ha TEPBUHHUX €Tamax
JAOCTKEHb JUig ampoOarlii rinoTe3, BUKOPUCTOBYIOTh CHUMYJSATOPH KBAaHTOBHX
o0YHUCIIEHb, IO JIO3BOJSIOTH 3allyCKaTH CHUMYJSLli KBAaHTOBUX IPOILECIB Ha
KJIACHYHOMY arnapaTHOMY 3a0e3MeUYeHH1, TaKUM YMHOM 3HAYHO 3MEHIIYIOUH BapTICTh
MPOBEJICHHS EKCHEPUMEHTIB, 10 3aJIy4yaloTh BIJIHOCHO HECKJIaJHI KBaHTOBI
obOuucnenns. [IpocyHyTi KBaHTOB1 cUMYJIATOpH, Takl sik Qiskit [48] Ta PennyLane [62]
JOCTYIHI Yy BUIJISIAL 010/110TEK 3 BIAKPUTHUM MPOrPAMHUM KOAOM Ta JIOCTYMHI O
BUKOpPUCTaHHA O€3KOTOBHO. B Toil ke 4ac, iX po3pOOHMKH 3alEBHSIOTH, W10
CUMYJISITOPU MPOAYKYIOTh Pe3yJIbTaTH JOCTAaTHHLO HAOJMKEHI 10 pe3yJbTaTiB, siKi O
Oynu OTpUMaHi y pe3yibTaTli BUKOHAHHS peajbHUX KBAHTOBHX oOuucieHb. [Ipore
HalOUIBIIIO TPOOJIEMOI0 BUKOPHUCTAHHS CUMYJISTOPIB KBAHTOBHUX MPOLIECIB € JTyKE
BHCOKA CKJIQJHICTh Ta KUIbKICTh KJIACHYHMX OTMeparlii, mo HeoOXiTHO BUKOHATH JIJIs
JOCSITHEHHS CUMYJISIIIT, 110 B CBOIO YePry pOOUTH iX MOBIJIbHUMU Ta BUMOTJIMBUMHU J10
KJIACHYHOTO  amapaTHOro 3abesneueHHs. KBaHTOBI CUMYNATOPU  PO3IIISIHYTI
JeTaNbHIIIe B pO3/iii 2.

Arne He 3Baalud Ha aKTHUBHUN PO3BUTOK KBAHTOBOTO arapaTHOTO
3a0e3ne4YeHHs, PO3BUTOK AQJITOPUTMIYHOI Ta TMPOTPAMHOI YACTUHU TOMITHO
MOBUIBHINIMK Ta MEHIN AuHaMiuHHi. ToMmy mocrae HEOOXIMHICTh TOCTIKCHHS 1
PO3pOOKH HOBHUX METOMIB riOpuau3allii KBaHTOBUX Ta KIIACHYHHX OOYHMCIICHB IS
3017bIICHHS €()EeKTHUBHOCTI CHCTEM IUTYYHOTO 1HTENEKTY 3aBISKUA 3aTyYCHHIO

KBAHTOBOI'O allapaTHOTO 3a0e31eueHHS.
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BUCHOBKMU J10 PO3A11Y 1

B mepmomy po3aini Oyiio po3mIsIHYTO Cy4YacHHE CTaH TPEIMETHOI 001acTi
TOCIIKEHHS. BaX)XTMBUM €JIEMEHTOM OTJISITY PEIMETHOIT 001aCTi € OTJISsIT Cy9acHOTO
CTaHy KBaHTOBOT'O allapaTHOro 3a0e3MeYeHHs: Ipo0IeMH, 0 BUHUKAOTh IpH poOOTI
3 HUM Ta [PU BUTOTOBJIEHHI CTAa01IbHUX KYOITiB, IEpeBaru KBAaHTOBUX OOYUCIIEHb Ta
MEPCIIEKTUBY BUKOPUCTAHHS KBAHTOBUX OOUMCIICHb JJIsl BUPILIEHHS IUPOKOTO PSIAY
BAXJIMBUX MpoOJieM, BHUPIIMICHHS SKUX 32 JIOMOMOIOK KJIACMYHOI'O anapaTHOro
3a0e3Me4YeHHs] MPOCTO HEMOXJIHMBE, a00 3aHaATO HeedekTuBHE, W00 OyTHU
palioHaJbHUM.

[HIIIMM BaXXKJIMBUM acEKTOM, 1110 OyB PO3TJIIHYTUM B MeXaX MEPIIOro po3airy
nucepraiiitHoi pobotu, € cydyacHuit cran cucteMm L. Byno posrisHyTo TeHaeHIil
po3BuTKy chepu LI, 1i BaxIuBICTh B yCiX cdepax cydyacHOTro KUTTA. Takox OyIio
PO3IJIIHYTO 1 BUKIIMKH Ta OOMEXEHHS, 1110 MOCTAIOTh Mepe]] CyYaCHUMHU CUCTEMaMU
I, Takumu sIK X BUCOKa OOYMCIIIOBAIbHA CKIIAHICTh, BUCOKE CIIOKUBAHHS €HEprii
cyuyacuumu cucremamu LI Ta pyx cydacHHX Mojeneil B CTOPOHY YCKIJIQIHEHHS
apXiTEKTyp Ta 30UIBIIECHHS BUMOT JIO allapaTHOIro 3a0e3MeUeHHs, 110 HeOOX1THE s
3a0e3nevyeHHs] (YHKIIOHYBAaHHA HAWCy4yacHIIIUX MoJeieil, 1o 0a3yloThCs Ha
HEUPOHHUX MEpEeKax.

[NOpuau3amiss KIaCHYHUX Ta KBAHTOBUX OOYMCICEHb MOXXE OyTH MOTY>KHUM
IHCTPYMEHTOM JIJIsl TO€HAHHS CUJIBHUX CTOPIH KJIACHYHHUX TIMOOKHX HEHPOHHUX
MEpEeX Ta KBAHTOBUX 00uncieHb. OCKUIbKM KBAaHTOBI OOYMCIICHHS HANalOTh TYXKe
CyTTEBE TMPUCKOPEHHS Olepaliif, TMOpPIBHIOIYM 3 KIACUYHUM anapaTHUM
3a0e3MeyYeHHsIM, Ta € 3HAYHO OUIbII €HeproepeKTUBHUMH, 3aTyYCHHS KBAHTOBHX
0o0UYHCIIeHh TOTEHI[IHHO J03BOJSIE€ 30UIBIIWTUA IIBUJKOMAII0 CUCTEMH Ta 3MEHILIUTH
CIIO’KMBAHHS €HEPrii CUCTEMOIO, IO aPecye OJHI 3 HAWOUIbII TOCTPUX MPOOJIEM B
cepi LII. Takoxx BUKOpUCTaHHA TOpUAM3aLli HEHPOHHUX MEPEXK JT03BOJISIE 3aTyUaTH
KBAaHTOBI OOYHMCJIEHHS B OOMEXEHMX MaciiTadax (Ha BIAMIHY BiJI KBaHTOBOIO
MaIllMHHOTO HaBYaHHS), IO B CBOK 4Yepry J03BOJSE€ 3MEHIIUTH BHUMOTH JIO
KBAHTOBOT'O allapaTHOTo 3a0€3MeUeHHS, sIKe Hapa3i € I0BOJI1 HECTA01IbHUM, CKJIaJHUM

y BHUIOTOBJIEHHI, Ma€ JyXe OOMexeHe macimTa0yBaHHs (HAa JaHUM MOMEHT
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HaWO1IBIIMI KBAaHTOBUM KOMIT t0Tep omepye 1121-ma kybiTaMu) Ta € HeJOBTOBIYHUM
(xy0OiTH BTpauaroTh KorepeHTHUH cTaH 3a 20-100 MiKpoCeKyH), 10 HaKIaga€ BEIUKI
oOMeXeHHS Ha 00’e€Mu OOYHUCIICHB, IO MOXYTh OyTH BHKOHAHI Ha Cy4acHOMY
KBaHTOBOMY amnapaTHoOMy 3a0e3nedeHHl. OTOX, BUKOPHUCTAHHS TiOpuaAM3alli s
nooynoBu cucteM LI no3BoJIsi€ sIK 3ayyaTy NepeBary 31 CBITY KBAaHTOBUX 00YHCIIEHb
Ta BUKOPUCTOBYBATH PI3HOMAHITHI TEXHIKM MPUTAMaHHI KJIACUYHUM HEUPOHHUM
MepexxamM, TaK 1 KOMIIEHCYBaTH CJIa0KIi CTOpPOHM KBAaHTOBOI'O amapaTHOIo
3a0e3ne4eHHs 3aBKU BUIJICHHS JIMIIE YACTUHU 00YMCIIEHb HAa KBAHTOBUH MPUCTPId,
IO J03BOJISIE BUKOPUCTOBYBATH MEHIII MOTYXHOCTI KBaHTOBOTO KOMIT IOTEpa, Ta
3a0e3neunT 301IblIeHHS e(peKTUBHOCTI podoTu kinacuuHux cuctem LI 3aBasiku
3MEHILEHHS iX CKJIAJHOCTI Ta NEPEHECeHHs YacTUHU OOYUCIEHb HAa KBAaHTOBE
anaparHe 3a0e3MeyYeHHs!.

OTtxe, po3poOka MeTOAY TOpUAN3AIT KBAHTOBUX Ta KJIACUYHUX OOUHCIIEHb €
JOIIJILHOIO Ta JIO3BOJIUTH 301IbIITUTH €(EeKTUBHICTh KpUTUYHUX cucTeM LI 3aBasiku

3aJIYYCHHIO KBAHTOBOI'O aIIapaTHOT'O 3a0e3IeueHHS.
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PO3JILI 2

OCOBJIUBOCTI I'BPUAU3ALIL KJIACUUHUX TA HEKJIACUYHUX
OBYUCJIEHD

2.1. Bu0ip 3aaaui

Cdepa LI HeitmoBipHO OaraTorpaHHa Ta KUIbKICTb IPOOJIEM, K1 BUPILLYIOThCS
cuctremamu I maiike Oe3kiHeuHa. J[aHe MOCIIKEHHS OPIEHTYETHCS HA OJUH 3
HalOLIbII MOLIMPEHUX KJIACIB MpoOJeM, JJid BUPIIICHHS SIKUX 3aCTOCOBYIOTHCS
cuctemu Ha 6a3i LI — 3agaya knacudikamii 300paxens. Kiacudikaiiis 300paxeHs €
OJIHIEI0 3 KJIACUYHUX 3a/iay, 10 BUpiyeThes 3a gomnomororo I 1 came mryunuii
1HTEJIEKT € OCHOBHMM 1HCTPYMEHTOM BHPIIICHHS JaHO1 3a/1aul.

3agayva kimacudikariiii 300pakeHp OyJia oopaHa K KJIH04oBa MpodeMa B MeKax
JaHO1 [ucepTallii 3 orisiiy Ha HU3Ky npuyuH. [lepi 3a Bee, 11€ yHIBEpCAIbHICTb, aJIkKe
Kkiacudikailis 300paxeHb 3yCTpIUaeTbCs Maibke y BCIX cdepax JIH0JACHKOT0 KUTTS Ta
ICHy€ HaJ3BHYaWHO IIMPOKA KIJBKICTh MpoOJsieM, sSKi MOXKHA 3BECTH J0 3ajadi
kiacuikaiii pi3HOMaHITHUX 300pakeHb. SICKpaBUM MPUKIIAIOM € BEJIMKa KUIbKICTh
npobsemM y cdepl MEAUIIMHH, SKI 32 CBOEI CYTTIO MOXYTh OyTH 3BeJEHI caMe J0
OIIHKY THX YU 1HIIUX THUIIB 300paKe€Hb, HAMPUKIIA]l TaKa BUCOKOPIBHEBA 3aj1a4ya sIK
BUSIBJICHHSI PEBMATOITHOTO apTPUTy y TMAIlEHTIB MOXKe OyTH 3BEleHa N0 3ajadi
OinapHoi Knacudikaii 300pakeHb, 0 MICTITh PE3YyJIbTAaTH JOCIIIKCHD MAIIEHTIB, K
HAIPUKJIJ HAa OCHOBI TETNIOBUX 300paXkeHb pyK marieHTiB [32]. [HmmM npukiaaom 3
reTh BIAMIHHOI BiJ MEIUWUMUHHU c(Eepu MOXKE CIyryBaTH 3ajada OLIHKM HAaCIHIJKiB
OpUPOIHUX a00 TEXHOTEHHUX KaTacTpod, IO TaKOX MOKe OyTH 3BeleHO 10 3a/1adyi
cerMeHTralii Ta OiHapHOi Kiacudikauli CyNyTHHUKOBUX 3HIMKIB pErioHy, IO
MOCTpaXkKaaB BiJl kKaracTpodu [63]. [HII0I0 BaXIIMBOIO MPUUMHOIO BUOOPY caMme 3a/adl
poOOTH HaJ 300paKEHHSIMHU, K KJIFOYOBOI MPOOJIEMU AUCEPTAIIMHOTO TOCTIIKEHHS,
€ TOoW (akT, o JaaHa MnpodjieMa YacTo 3YCTPIYAEThCA B CHCTEMaX KPUTHYHOI
Ba)KJIMBOCTI, JIe 3a]ly4e€HO BEIWYE3HI MAcCHBH JaHUX. | apHUM MPHUKIAIOM IHOTO €
MOTNepeIHbO 3rajiaHa 3ajaya aHali3y CyMyTHUKOBUX 3HIMKIB. ¥ KOHTEKCT1 KpUTUYHUX

3a/lay, 10 3a]y4yaloTh BEIUKI 00’€MU JaHUX, MPUCKOPEHHS Omepaiiil 3aBAsKu
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3QJTy9CHHIO KBAHTOBHX OOYMCICHb MOTEHI[IHHO MOXE 3HAYHO MIiABUIIUTH PiBEHBb

e(eKTUBHOCTI pOOOTH 3TaJJaHUX CHUCTEM.

Omxe, mporpec Ta 30unmbImeHHs mBHakomii cucrtem Il mma kmacudikarmii
300pak€Hb 3aBISIKU 3aJ]yYC€HHIO TEXHOJIOT1MA, M0 0a3yloThCsi Ha KBaHTOBHUX
O0OUYHCIICHHSX, CIPOMOKHHI BUKA3aTH MO3UTUBHUM BIUIMB HA BEJIMKY KUIBKICTh cep
JIIOJICBKOT0 KUTTS, 30KpEMa, BKIIFOUAOUW KPUTUYHO BAXKJIMBI ISl JOOPOOYTY JtojIei

3aCTOCYHKH.

2.2. Bwu0ip Ha0opiB JaHMX 1JIs1 €eKCIIEPUMEHTIB

JUis mpoBeAeHHsT AOCHIKEHb Ta €KCIEPUMEHTIB B MeXaxX JUCEPTALiiHOro
TOCHIIKEHHS 3 T10puIn3anii KJIaCHYHUX Ta KBAaHTOBUX O0O4YMCIeHb i 3aBaaHb 1
Oyso oOpaHo 3agady OaraTokiacoBoi kiacudikaiii 300paxkeHb. Tomy s
EKCIEPUMEHTIB OyJ10 O0OpaHO KiUJIbKa TEOPETHUYHHMX Ta OUIbII KJIACMYHUX HaAOOpIB
JaHUX JJIs 337a41 Ki1acugikalii sk YOpHO-OLTUX, TaK 1 KOJIbOPOBHUX 300pakeHb Ta OJIMH
HaOlp JaHuX, II0 NpEeJCTaBiisie OUIbI MPAKTHUYHY 3ajady, s BHUPIIMICHHS SKOi
KBAHTOBI OOUMCIIEHHS MOXXYTh OyTH KOPHUCHUMH, 3BaXKalOUM Ha ME€pPEBaru, skl BOHU
HaJaroTh.

Knacuuni Habopu nanux, 1o 0yao o0paHo i MPOBEICHHS eKCIIEPUMEHTIB:

- MNIST [64,65]
-  MNIST-Fashion [66,67]
- CIFAR10 ta CIFAR100 [68,69]

Habip panux, mo mnpexacrasise OUIbII NPaKkTUYHY 3ajady KiIacu@ikaiii
300paxeHb, 110 0y0 00paHo s MPOBEACHHS ekcrepuMeHTiB — «Satellite Imagery of
Hurricane Damage» (SIHD) [70].

Hwxue posrisHeMo JeTalbHO KOXKEH 3 OOpaHuX HAOOpIB JaHUX Pa3oM 3

OOIpyHTYBaHHSM iX BUOODY.
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2.2.1. Haoip nanmx MNIST

Ha6ip manux MNIST € onHuM 3 HaWMOMyJISIPHIIUX HAOOPIB TaHUX B 001acTi
KOMIT'FOTEPHOTO 30py. BiH 4acTo ciayrye nepuimm KpOKOM B OL[IHII IPOJYKTUBHOCTI
PI3HMX aITrOpUTMIB Kiacudikalii 300pakeHb.

Habip nanux MNIST cknagaetsea 3 70000 300pakeHb pyKOMUCHUX UDp y
4OpHO-01510My KOJIBOpi. KokHe 300pakeHHs BIAMOBIAE OJTHOMY 3 IECSITH KJIaciB, 1110
npeactaBisitoTh HUdpu B 0 10 9. Yci enemeHTH Ha0OpY TaHUX MAIOTh YH1(IKOBaHUN
dbopmaT Ta TpEACTaBISAIOTh CO00I0 300pakeHHsT po3mipoMm 28x28 mikceniB. Habip
naHux po3auieHuid Ha aBi wactuHu: 60000 300pakens juisi HaBuanHs 1 10000
300pakeHb sl TecTyBaHHS. KokeH mikcenb Ha 300pakKeHHI MPEACTaBICHUM 8-
0iToBUM 4MCJIOM y Aaiama3oHi Big 0 mo 255, mo mo3Haudae rpajgarito ciporo, ae 0
no3Havae Oinumil mikcens (poH), a 255 — yopHHM mikcenb. [IpoMixkHI 3HaYEHHS
IPEACTaBIAIOTh Pi3HI PIBHI CIporo, IO JO3BOJISIE TepenaBaTd ApiOHI Jeranl
pykonucHuX MmTpuxiB. KoxkHe 300pakeHHsS B HaOOpl JaHUX aHOTOBAaHE Ta MITKa
BiMIOBIa€ U(pi, sika MICTUTHCS Ha 300pakeHHI. Pucynok 2.1 300pakae mpukiian

300pakeHsb 3 Habopy nanux MNIST.

0 5 10 15 20 25 0 5 10 15 20 25

0 0

5 5
10 10
15 15
20 20
25 25

0 5 10 15 20 25 0 5 10 15 20 25

Pucynoxk 2.1. Ilpuxnan 300paxens Habopy ganux MNIST
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Hab6ip manmx MNIST € ne-dpakto «hello-world» 3amavero kmacudikarii

300pakenb. JlocsaraenHs Bucokoi Tounocti Ha MNIST wacto po3risgaeThes sk 6a3oBa
BUMOTa I OyJb-KOi HOBOI TexHIKM Kiacu@ikailii 300paxens. Tomy #oro Oyio
o0paHO SK MEpIIMM KPOK Yy AOCHIKEHHSX METOMAIB TriOpuauzanii KJIaCUYHUX Ta
HEKJIACUYHUX OOYMCIICHb MJIs JOCHIDKEHHS Ta JEMOHCTpaulli XUTTE3AATHOCTI

oOpaHuX METO/IIB Ta MIAXO0/1B Ha HAWIPOCTIIIIN 3a/1a4l Kiacudikauii 300paxeHb.

2.2.2. Ha6ip nanux MNIST-Fashion

Habip nannx MNIST-Fashion € aemo ckmaaHimmM, ajae CXOXKHM 3a CBOIMHU
xapakTepucTiukaMu Ha opuriHaabHui MNIST. Bin OyB cTBOpeHHMi sIK O11bIII CKIIa/IHA
Ta pealicTUYHa HOro ajbTepHaTHBAa Ta IMHPOKO BHUKOPUCTOBYETHCS IS OI[IHKA
e(heKTUBHOCT1 aJITOPUTMIB Kjacuikaliii 300pakeHb Ha OUIbIN CKIAJAHIN 3a/1a4i, HIXK
opuriHaiabHui HaO1p qanux MNIST.

Hab6ip nanux MNIST-Fashion ckinanaerbcst 3 70000 300paxeHb, KOKHE 3 IKUX
300paxae mnpeaMmer oxasary abo akcecyap. Bcboro MNSIT-Fashion wmictuth
300pak€HHsI, 0 BIJIMOBIIAIOTh JIECATH Pi3HUM KiacaMm. EjeMeHTH Habopy maHUX
MalTh YHi(piKOoBaHUN ¢dopMaT Ta TPEACTABIAIOTH CO00I0 300paKEHHS PO3MIPOM
28x28 mikceniB y rpajaiii ciporo. Habip nanux posnuienuit Ha 1Bi yactuau: 60000
300paxenb s HaBdaHHsA 1 10000 300pakens st TecTyBaHHs. KoxkeH mikcenb Ha
300paKeHH] TpeACTaBiIeHu §-0iTOBUM uMciioM y niama3oHi Bim 0 go 255, mio
nmo3Havae rpajaiito ciporo, ae 0 mo3Havae Oinuii mikcenb (PoH), a 255 — vopHwMit
nikcesnb. [IpoMixkHI 3HAUEHHS TTPEACTABIIAIOThH P13HI PIBHI CIpOTO, AK1 BiMOBIAAIOTH 32
MPEICTABICHHS PI3HOMAHITHUX TEKCTYP Ta IMA0JI0HIB 300pakeHUX MpeaMeTiB. Takox
yC1 eJIeMEHTH Ha0Opy JJaHUX aHOTOBAHO MITKaMH, 1110 BiIMOBIAAI0Th OJTHOMY 3 JACCSATH
KJIACiB TPEIMETIB MOJIH, IO MpeACcTaBieHl y Habopi gaHux. PucyHok 2.2 HaBOAWTH

puKIaa 300paxeHs, Mo MicTAThcs B Habopi nanux MNIST-Fashion.
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0 20 0 20 0 20

Pucynox 2.2. Ilpuxnan 300paxxkeds Habopy ganux MNIST-Fashion

Otxe, MOXXKHA TOOAUUTH, MO YCI TEXHIYHI XapaKTEPUCTUKU JTAHOTO Habopy
JTAHUX TTOBHICTIO OBTOPIOIOTh XaPAKTEPUCTUKU Ta CTPYKTYPY OPUTIHAIIBHOTO HA0Opy
nanux MNIST. BignoBigHicTe (opMary 300pakeHb Ta OCHOBHHUX XapaKTEPUCTHUK
Habopy aanux MiK MNIST ta MNSIT-Fashion no3Bosisie mepeHOCUTH MOJENb MiXK
JaHUMH HabopaMu JaHuX 0e3 OyIb-sIKUX 3MiH B CTPYKTYp1 Ta apxiTekrypi mozeni. Lle
BXKJIMBA OCOOJIMBICTH JAHOTO HAOOPY JaHUX, aJ»Ke BiH OyB CTBOPEHUM JJISI HAJJAHHS
OlnbIn CcKJIAAHOI 3adaul Kiacudikauii 300pakeHb JJIsl OLUIHKM MPOAYKTUBHOCTI
anropuTmiB Ta Mozeneil. Ha BinMiHy Bij opuriHaisHoro Hadbopy aanux MNIST, skuii
CKJIaJlaeTbcsl 3 TpocTux 300paxkeHh 1udp, MNIST-Fashion wmictutrh O1ibInd
pi3HOMaHITHI (hopMU Ta 11a0JIOHHU, 3HANIEHI B O/5131 Ta aKcecyapax, 10 MpeJICTaBIsIE
OUIBbII peaNicTUYHy Ta CKIAJIHy MpoOjieMy JUisi Cy4acHHX MOJeNied MallMHHOIO
HaBuyaHHSA. BiH BBOIWUTH BapiaTUBHICTL y (oOpMax, TEKCTypax Ta CXOXKOCTI MiX
KJIacamH, 110 OLIBIIIOI0 MIPOIO BIJIITOBIIA€ 3aBAAHHSM, SIKi BUHUKAIOTh Y MPAKTUIHOMY
3aCTOCYBaHHI, y MOPIBHAHHI 3 MPOCTIITMMH, OUTBII OJTHOPITHUMH 1a0I0HaMU 1TUp 3
opurinaiasHoro MNIST. binbiry ckinagnicTs 3amadi kinacudikaiii 300pakeHb 3 HA00py
nannx MNIST-Fashion mopiBasHO 3 06azoum MNIST sckpaBo BHJIHO, SKIIO

nopiBHATH Pucynok 3.1 ta Pucynok 3.2, amke, 1715 pUKIagy, 300paKeHHs CaHIalliB
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MOMITHO CKJIQJIHIIIE 332 CBOEIO CTPYKTYPOIO Ta TEKCTYPOIO HIXK Oy/b-sIKe 3 HaBEJEHUX

300paKeHb PYKOMTUCHUX THUD.

Ha6ip nanmx MNIST-Fashion 6yno oO6pano asist mpoBeAeHHS! €KCTIEPUMEHTIB Y
BUIJISIAI TPOMDKHOTO KpokKy MK npoctuM MNIST Ta Oinpmi ckiagHuMU Habopamu
nanux, Takumu sk CIFAR10 ta CIFAR100, agxe BiH Bce 1€ € JIOBOJI MPOCTHUM,
MOPIBHIOIOYHM 3 BUIIE3raJJaHUMU HAOOpaMH JTaHUX, TPOTE BOJAHOYAC CKIQIHIIIUM, HIK
0azoBuit MNIST, 1o q03BosIsIe Kpalle OLIHUTH KUTTE3AATHICTh MIAX0/1B, IEPII HIXK
MEPEXOAUTH A0 BUPIIIEHHS OB CEPHO3HUX Ta MPAKTUYHUX Npo0seM Kiacudikarii

300paxeHb.

2.2.3. Haoopu nanux CIFAR10 ta CIFAR100

HaGopu nanux CIFAR10 ta CIFAR100 € ocHOBHUMH eTajoHaMu B raiysi
MaIllMHHOTO HaBYaHHS, 0co0iMBO Yy cdepax inacudikamii 300pakeHb Ta
KOMIT'IOTEpHOT0 30py. Po3pobineni KaHaacbkuM IHCTUTYTOM MEPENOBUX JOCIIIKEHb
(CIFAR) Ta omy6nikoBani Anexkcom KpixeBcbkum, Binogom Haipom ta Ixeddpi
XiHToHOM [69] 111 Habopu HA JaHW MOMEHT BBAXKAlOTHCS OJIHUM 3 CTaHAAPTHHUX
1HCTPYMEHTIB JJIsl OLIHKUA MPOIYKTUBHOCTI PI3HOMAHITHUX aJITOPUTMIB Ki1acudikarii
300paxkeHb, ocobnuBo MmetoniB I, mo 6a3yroThcs Ha 3rOPTKOBUX HEUPOHHUX
Mepexax.

Ha6ip nanux CIFARI10 ckinanaerscs 3 60000 KoIb0pOBHUX 300pakeHb, KOKHE 3
axux € RGB xapTunkoro po3mipom 32x32 mikceniB. Bei 300paskeHHst B HA0Opi JaHUX
€ aHOTOBaHMMHM Ta BITHOCATHCA 0 onxHoro 3 10 knaciB. Koxen kimac mictute 6000
300pakeHb. HaOip manux posminenuit Ha nBi yactuHu: 50000 300pakeHb AId
HapuanHsa Ta 10000 misa tecryBanHsA. KoxkeH 3 KiaciB, IO MpeCTaBICHUN B HaOOpi
nanux, mictuth 5000 TpenyBanbHUX 300paxeHsb Ta 1000 TecTOBUX 300pakeHb, OTKE
MO>KHA CTBEPJIKYBATH, IO BC1 KJIACH MPEACTABIICHI B OJTHAKOBOMY CITiBBITHOIIICHH] B
00ox cab-cerax nanux. KokeH 3 KiaciB, IO NpPEACTaBICHMA B HAOOp1 JaHUX
CIFARI10, npencrasnisie peaqbHUM 00’ €KT, TAKUU SIK, HAPUKIIAJ, JIITAK, aBTOMOO1Ib,

nTax 1 T.1H. YCl KJIaCH € B3a€EMOBUKIIOUHUMH, TOOTO yC1 300paKE€HHSI MAIOTh JIMILIE
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OJIHYy MITKY Ta >KOJICH 3 €JIEMEHTIB HaOOpy JaHUX HE BIJHOCHUTHCS OJHOYACHO [0

KUTBKOX PI13HUX KJaciB. PUCYHOK 2.3 HaBOIUTH MPUKIIA]] 300paeHb, 110 MICTSITHCS B

Habopi nanux CIFARI0.

Pucynoxk 2.3. Ilpuknan 300paxens Habopy nanux CIFAR10.

Ha Bigminy Big HaOOpiB JaHMX y Tpanamisx ciporo, takux sk MNIST Ta
MNIST-Fashion, 300paxennst 3 CIFAR10 npencrapieHi B KOJIbOPOBOMY BUTIISIAL Y
dopmari RGB, ne koxkeH mikcelb MpeACTaBICHUM Tphoma 8-0ITOBUMH LILIMMU
YqUCJIaMU, 10 BIAMOBIIAIOTH YEPBOHOMY, 3€JICHOMY Ta CHHbOMY KaHajaM. Lle poOuts
Ha0l1p TaHUX MTOMITHO OUIBIII CKJIATHUM 1 PEPEe3E€HTaTUBHUM JIJIS OITIHKH MOJICIICH, K1
npaiolTs 3 KoJdbopoBuMH 300paxkeHHsaMu. CIFAR10 BBaxkaeTrbcsi MOMIPHO
CKJIQJHUM HAa0OpOM JaHUX Yepe3 BIAHOCHO Malui po3mip 300pakeHb (32x32
MIKCENIB) Ta CKJIQJHICTh Bi3yaJlbHOTO KOHTEHTy. HeBenmuka po3ainbHa 31aTHICTH
OoOMEXy€ KUIbKICTh JAeTalied, sIKI MOXXYTh OyTH 3aXOIUIeHI, IO YCKJIQJHIOE IS
MoOJIeNiel BIIMIHHICTh MiX KJjlacaMu, SIKi MalOTh MOJI0H1 Bi3yallbHI XapaKTEPUCTUKH,
JUTSI TIPUKJTANTY «KIHBY» Ta «OJICHBY, III0 MOXKHA MOMITUTH Ha Pucynky 2.3.

Ha6ip nanux CIFAR100 cxoxwuit Ha CIFAR10 six 3a KiTbKiCTIO 300pakeHsb, M0
Hamuye 60000 KoTpOpOBUX 300pakeHb, TaK 13a (HOpMaTOM 300pa’KeHb, KOKHE 3 SIKUX

€ RGB 3o00paxennsm po3mipom 32x32 mikceniB. Baxkausoto BigmiaHicTio CIFAR100
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Bi1 CIFAR10 € xinbkicTh kiaciB, Ha siki moauieHo Habip mannx: CIFAR100 mictuth

300pakerHs 100 kimaciB Ta KOKHOMY 3 KiaciB BigmoBigae mo 600 300paxkens. Jlanmnii
Ha01p TaHUX Ma€ i€papxiuHy CTPYKTYpy, Ae 100 kiaciB 3rpynoBani B 20 cynep-Kiacis.
Koxxen cynep-kiac MicTUTh 5 MoB'si3aHuX KiaciB. Hampukiana, cymep-Kiac «KOMaxm»
BKJTFOYAE KJIACH, TaKi sIK 0J1KO0JIA, )KYK, METEJIMK, TyCeHHUIIs Ta Taprad. OTke, BCl K1acH
Ta Cynep-Kjiacu € 30aJaHCOBAaHMMHU Ta PIBHOMIPHO MPEJCTaBIICHI y HAOOpi TaHUX.

Pucynox 2.4 naBoauTh nipuKian 300paxkens 3 Habopy manux CIFARI100.

Pucynok 2.4. Ilpuknaz 306paxens Habopy gaanx CIFAR100.

CIFAR100 € 3mauno ckmagaimmM it kinacudikarnii, Hbk CIFAR10 uepe3
3HAYHO OUIBINY KUIBKICTh KJIAClB, MEHIIY KIJIbKICTh 300paK€Hb, IO BIJMOBIAAIOThH
KO’KHOMY 3 KJIACIB Ta i€papXiuHy CTPYKTYypy HaOOpy JaHuX. 30UIbIICHA JeTali3allis
Ta PI3HOMAaHITHICTh KJaciB 3a0e3nedyloTh OUIbIl CyBOpE TECTyBaHHSA 3AaTHOCTI
Mozeni g0 y3arainbHeHHs. Tomy HabGopu manux CIFAR10 ta CIFARI00 Oynmu
BUKOPHUCTAHI Yy JIOCTIKEHHI 4Yepe3 iXHIO MOMYJSPHICTh Ta MOIIMUPEHICTh y POl

€TaJOHHUX HAOOPIB TaHUX JIJIs Cy4acHUX Mojeliel kiacudikailii 300pakeHb.
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2.2.4. Haoip nanux SIHD

Sk mpuKIan pearbHOTO CIEHApII0 MOXKIMBOTO 3aCTOCYBAaHHA TiOpUIHUX
KBaHTOBO-KJIACHYHUX HEUPOHHUX Mepexk O0yio oopano Habip maraux SIHD.

Ha6ip maamx SIHD mictuts 23000 xompopoBux (RGB) 300pakeHp po3Mipom
256x256 mikcemiB, IO MICTATh CYIMYTHHUKOBI 3HIMKH TMOIIKO/DKCHHUX Ta
HETOIIKO/KeHUX OyaiBenb. el HaOlp faHuX CKIIaIa€eThes 13 300pakeHb, 3p00JICHUX
CYIyTHUKOM Yy paiioH1 Benukoro X'tocToHa micist yparany Xapsi, SIKMil Bpa3uB el
pation y 2017 poui. Pucynok 2.5 300paxye npukiaa 300paxeHb, 10 MICTATHCS Y

JTaHOMY Ha0Opi1 TaHUX.

damage damage damage damage

100

100

no damage no damage

. ol

Pucynoxk 2.5. Ilpuxnan 300paxkeHs HabOpy JaHUX

no damage no damage

100

«Satellite Imagery of Hurricane Damage»

Jlanuii HaOlp MaHUMX HE € 30aJaHCOBaHMM 1 KUIBKICTh 300paKeHb

HETOIIKO/PKEHUX OyAiBeIbh 3HAYHO OUTbINA, HIK KUIBKICTh 300pa)eHb, 10 MICTATh
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MOIIKO/DKEHI OymiBmi. Y JOCHIKEHHI OyJi0 TPHHHATO pIIMIEHHS MiHIMI3yBaTh

MOTEHIIIHHY YIEePEIKEeHICTh HA0OPY JaHWX B CTOPOHY HEIMOIIKOKCHHUX OY/liBEIb.
Otxe, Oyn0 BHUKOPHCTaHO MIAMHOXHHY HAOOpy HaHHMX, sIKA MICTHTh OJHAKOBY
KUIBKICTh 300paxkeHb il KoxHOro kiacy — 5000 300paxenp nomkomkenux 1 5000
300pakeHb HEMOUIKOI)KEHUX Oy I1BEIb.

OCHOBHI XapaKTEpUCTHKU LOTO HAa0Opy JAaHUX pa3ioye BIAPIZHSIOTHCS BiJ
1HIIMX HA0OPIB AaHUX, 110 OyJIM BUKOPHUCTaHI B MEXax JIOCIIIKEHHS, B TIEPILY Yepry

THUM, 1110 300paXEHHS € 3HAYHO CKJIAIHIIIMMU 32 CBOIMH XapaKTEPUCTHUKAMU

- Ix posmip B pasu Oinpmmii, Hix posmip 300paxkenb 3 CIFARIO um
CIFAR100.
- ®opmMma OyaiBeslb MOXKE JyKeE pa3toue BIAPI3HITHUCE.

- YIIKOKEHHS KOXHOI 3 Oy/iBEJb € BUCOKOIO MIPOIO JI0BOJI1 YHIKaJIbHUMMU.

Toxx MokHa 3p0OUTH BHCHOBOK, 110 JaHUI HAO1p JaHUX € SIK MPAKTUYHUM, TaK
1 HeTpuBiaTbHUM i Kiacudikamii Ta BIIHOCHO CKJIAJIHAM, 3BaKalOYM Ha CBOIO
BapIaTUBHICTD.

3anauy kinacudikaiii CymyTHUKOBHUX 3HIMKIB OyJ0 0OpaHO y AKOCTI MPUKIALY
MPaKTUYHOI 337a4l B MEKaX JOCIIIHKEHHSsI, OCKUIbKM OJIHUM 13 IPOBIIHUX HANPSIMKIB,
7€ MOXXYTh BHUKOPHUCTOBYBATHCS KBAHTOBI OOYHCIICHHS, € aHaNi3 CYIMyTHUKOBHX
300paxeHb. Lle 0co0aMBO akTyaldbHO Ta BaXXJIMBO B KOHTEKCTI TOro, sIK Hapasi
3a3BUYall BUKOHYIOThCA TaKl 3aBJIaHHS, SIK OLIHKA 30WUTKIB MICIs MPUPOAHUX ab0
TEXHOTCHHHUX KaTacTpod. OCHOBHHUM METOJIOM, IO BUKOPHUCTOBYETHCS MJII TaKUX
3aBJlaHb, € OTJISJI TEPUTOPIi, AKi OyJI0 3aUEIIEHO JIMXOM, HIISIXOM IMPOi3ay MO JaHUM
TEPUTOPISIM aBTOMOOUIEM Ta OIliHKa MOIIKO/KEeHb. Llel MeTo] MoKIamaeThesl Ha
BOJIOHTEPIB 1 OpHrajM EKCTPEHOTO pearyBaHHA, Kl O0'TKIKAIOTh IMOCTPaXaany
TEPUTOPIIO Ta BI3yaJIbHO OTJISAIAI0Th AUISTHKU. [le sk TpymoMicTka, Tak 1 HeOe3rneuHa
TISTTBHICTD, KA B JESKUX BUIAJKAX MOXE OyTH HEMOXJIMBOIO, HAIIPUKJIIAL, Y PI3HUX
CIIEHapIsIX, 10 OB’ sA3aH1 3 00MOBUMHU JiSIMH Ta BIHHOIO B IiJIOMY. 3aMiCTh 3raJlaHOTO
MeToay, abo Ha JOAATOK 0 HbOTO, MPOOJIeMH OIIHKY 30UTKIB MOXKYTh OyTH BUPIIIICHI
3a JOTIOMOTOI0 aHalli3y CYIMyTHHUKOBHX 300pa)K€Hb MOCTpaxkaanoi Teputopii. Harma

rirnoTe3a Mo0 KOPUCTI Ta €(peKTUBHOCTI BUKOPUCTAHHS KBAaHTOBUX OOYMCIICHB JIJIS
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I[FOTO 3aBJaHHS 0a3yeThCs HA TOMY, 1110 CYITyTHUKU T€HEPYIOTh BEIMUYE3HY KIJIbKICTh

JaHWX, 1 3aBJJaHHS aHAITI3y TAKMX MACUBHUX HAOOPIB JaHUX MOKE OTPUMATH MepeBaru

BiJl TPUCKOPEHHS OOYHUCIICHB, SIKE MOXKYTh 3a0€3MEYNTH KBAHTOBI OOUMCIICHHS.

2.3. Bu3HaYeHHsI NOKA3HMKIB e(EeKTHBHOCTI Ta  METPUK IS

eKCIIePUMEHTIB

BusnaueHHsT TIOKa3HWKIB €(QEKTUBHOCTI TIOPUIHMX KBAaHTOBO-KJIIACHYHUX
HEHPOHHUX MEpEeX JUIsl EKCIEPUMEHTIB € HaJI3BHYaliHO BAXKIUBUM KPOKOM
JOCIIJKEHHS, aJike, 100 3p0OUTH BUCHOBOK MPO MOKJIMBICTh 3aCTOCYBAHHS TI€I 4K
1HIIO1 TEXHIKH, TOTPIOHO 3HATH HA IKI caMe METPUKH MOTPIOHO 3BEpTaTH yBary Ta ki
3 HUX € PEJICBaHTHUMH, a SIK1 HI.

Cepen METpUK, HI0 YaCTO BUKOPUCTOBYIOTHCSA JJIsI OLIHKK SIKOCTI poOOTH

PI3HOMaHITHUX aJTOPUTMIB Kiacudikalii, MOKHA BUAUIMTHA HACTYIIHI:

- MakcumanpHa TOYHICTH Kiacu(ikaiii 300pakeHb 3 TECTOBOrO HaOOpPy
JaHMUX, JOCSATHYTa MOJEILIIO.

- 3naveHHs (yHKLII BTPAT MiJ Yac NPOLECY HABUYAHHS.

- Bigcorok moMusok npu Kinacu@ikaiii.

- IlIBuakomgist MOIENI.

- O0’eM Ta CKIaAHICTh OOYUCIIEHb, HEOOXITHUX JIJIs POOOTH AJITOPUTMY.

VYci BuiesrajgaHi mapamMeTpu € HaA3BHUYAWHO BaXJIUBUMH JJIs  OLIIHKH
e(eKTUBHOCTI POOOTHM MOJENl Ta yCl BOHU BIUIMBAIOTH HA MOXIIMBICTh ii
BUKOPUCTaHHA Yy PI3HMX KOHTEKCTax. [[ns mpukiagy, HaBiTh SKILIO MOJEIb IOKA3ye
HUXKYY TOuHICTh, HDK SOTA Mogemi, ii BUKOPUCTaHHS BCE€ OJHO MOXKE OyTHU
MO>KJIMBHM Ta €(PEKTUBHUM, SIKIIIO BOHA BUI'PA€ 3a MIBUIAKOIIEIO0 a00 3ajydyae MEHILE
00UHCITIOBAILHUX PECYPCIB ISl CBOET POOOTU, TaKUM KOMIPOMIC MOXE OyTH JyKe
KOPHUCHHUM JUISL IIJIOTO PSiAy PI3HOMAHITHUX 3ajady, SIKI BUMararTh HaJI3BUYAITHO

BHUCOKOI IIBHAKOCTI OOpOOKM AaHWX a00 MOBHHHI MpAIfOBaTH Yy CEPEIOBHIII, IO
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0OMEKEHE 3a OCTYMHUMH MOTY>KHOCTAMH (1151 IPHUKIAAy, TaK 3BaHl «mepudepiiini

OOUYHUCIICHHS).

ExcriepuMenTr, mpoBefeHI B MeXaxX MOCTIKCHHS, 3 OIIHKH PO3TIISTHYTHX
METO/I1B TOpuan3aIlii KIaCUYHUX Ta HEKJIACUYHUX OOUYUCIIEHDb 3aTy4alOTh CUMYJISIIIO
KBaHTOBHX OOYHMCIICHBb Y 3B’S3KY 3 HHU3BKOIO JOCTYIHICTIO KBAHTOBOTO amapaTHOTO
3a0e3MevYeHHS Ta HA3BUYalfHO BUCOKOIO BapTICTIO BUKOHAHHSI KBAHTOBUX OTIEPAITiii.
Y 3B’A3Ky 3 BUKOPUCTAaHHSM CHUMYJIAIII KBAaHTOBUX OOYHCIICHb Ha KIACUYHOMY
anmapaTHOMy 3a0e3rneyeHHl OyJ0 HEMOXKJUBO OI[IHUTH CIPABXHIO IIBUIKOIIIO
riOpyuIHUX Mojened, TOMY OIliHKa JaHOTrO acleKkTy Ta, BIANOBIAHO, METPUKH
IIBUJIKOJI1T METOMAIB T10puan3allii KIIaCHYHUX Ta KBAHTOBUX OOYMCIICHb 3aJIUIIUIUCH
1Mo3a MeKaMu JUCEPTAllIMHOrO JOCHIKEHHS Ta € BaXKJIUBUM AacCIleKTOM IS
MOJABIITUX €KCIIEPUMEHTIB Ta JOCITIKCHb.

[HIITMIM HIOAHCOM € Té€, 1110 KJIFOYOBHM aCIIEKTOM JOCIIIKEHHS € BUKOPUCTAHHS
caMe KBaHTOBHX O0YHMCIICHb, TOMY JIOJIATKOBOIO METPHUKOIO, IKY OYJIO B3SITO /IO yBaru
y MeXXax JOCIIDKEHHS € 00’€M KBAaHTOBHX OTeparlii, mo HeoOXiIHI IS MArOTOBKH
riOpuaHOT MOJIEN Ta JyIsl BUKOPUCTAHHS B)KE€ HABYCHOT MOJIEIII.

OTxe, B MeXax JaHOTO JOCIIIKEHHSI OyJI0 BUKOPUCTAHO HACTYMHI METPUKH

€(eKTUBHOCT1 pOOOTH TIOPUIHUX MOJIETIEH:

- Tounicts knacudikarii 300paxxeHb MOJEIUTIO.

- 3HadeHHs (yHKIIT BTpaT IMiJ1 Yac MpoIecy HaBuYaHHs MOJIEIII.

- Bixcorok mommiiok kiaacudikarii.

- O0’eM KBaHTOBHX OOYHCIIEHbD, 1[0 HEOOX1IHI JJIS IMIATOTOBKH MOJEIII.

- O0’eM KBaHTOBHUX OOUYHUCIIEHB, 1110 HEOOXIHI MPU BUKOPUCTAHHI MOJIENI.

TounicTe knacudikamii Mojeneil Oyya oOIiHEHa 3a JOMOMOTOI HACTYITHHUX
nigxomiB. Ilepmmii miaxix € mpoCTIHMM Ta OUIBIN MPSAMOJIIHIHHUM Ta TOJISTAE B
PO30UTTI OPUTIHATBLHOTO HAOOPY JaHUX Ha TPEHYBAJIBHUN HaOIp JaHUX Ta TECTOBUM
Ha0lp JaHWX, Ta TOYHICTIO BBAXXAEThCA BIJCOTOK MPABWIBHO KiIacH(PIKOBAHUX
300pakeHb TECTOBOTO HAa0Opy AaHUX. Y SKOCTI JIPYyroro Ta OUIbII TPyHTOBHOTO
MiIXOAY 3 OIIIHKH TOYHOCTI PoOOTH Mojeni Oyno oOpaHO MiaxXia MepexpecHOoi

nepeBipku (cross-validation) [71]. Bin momsirae B ToMy, IO TpEeHYBaJIbHUM Ta
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TECTOBUN HAOOPHU JaHWX 00’ €THYIOTHCA Ta OOMpaeThCs BUMAIKOBUM 4rHOM 20% 3

00’eqHaHOTO HAOOPY MaHMX SK TECTOBI JaHi, a pemra 80% — TpeHyBabHI AaHi. Jlami
BiIOYBA€THCS MPOIEC HABYAHHS MOJIENI Ta OIiHKA METPUK 1i podoTu. Ta micas 1mporo
BIIOYBA€TbCA pOTALllsl TPEHYBAJIBHUX Ta TECTOBUX JAaHUX Ta BEChb IPOLEC
MOBTOPIOETHCS 3HOBY, @)X MOKHU KOKEH OKPEMUH €JIeMEHT Ha0opy JaHUX HE MOOyBaB y
CKJIaJll IK TPEHYBAJIBHOTO, TaK 1 TECTOBOr0 Habopy naHux. DiHATLHUM PE3yJIbTaTOM
BBAJKAETHCSI CEPEIHE 3HAYEHHS TOYHOCTI Cepel] yCiX Takux <«3roprok». Iliaxia
MepexpecHol MepPeBipPKU JT03BOJISE HE JIUIIIE Kpallle OI[iIHUTH TOYHICTh POOOTH MO/,
a 1 gae ysBJICHHS PO CTaTUCTUYHI METPUKHU poOOTH MO Ta i1 CTIMKICTh 10 3MIHU
JaHUX Ta YCYBA€ MOTEHIIHHO BUKPUBIIEHI PE3yJIBTATH, IO MOXKYTh BUHUKHYTH, SIKITO
TECTOBHUH HAOIp TaHUX Oy/1€ MICTUTH «IPOCTIII» Ta «OUIBIIT BAAI» s Kiacudikari

300paKeHHS.

2.4. Oruasaa 10CTYNHUX APXITEKTYP KBAHTOBOI'0 IMPUCTPOIO

KBaHnTOBMII PUCTPi € KIIOYOBUM €JIEMEHTOM T1OpUJIHOI HEMPOHHOI MEpexi.
KBanToBHMil mpuUCTpiil, KOTPUM TaKoX HA3MBAIOTh KBAHTOBOIO CXEMOIO — II¢ HalIp
KyOITiB, 110 MepeOyBarOTh B KOTEPEHTHOMY CTaHi, Ta M€BHA KIJIbKICTh ITHCTPYKIIIHN Ta
oreparliif, o 3aCTOCOBYIOThCS JO KyOITIB 3 METOI MaHIMmyJsiii iX ctaHoM. IcHye
BEJIMYE3HA KIJIBKICTh OIepalii, 10 MOKYTh BXOJUTH B CKJIaJ KBAHTOBUX CXEM, MPOTE
B MEXax JTUCEPTAIliHHOTO JOCHIJHKEHHS OyJIO MPUNHATO PIIIEHHS 3yNMUHUTHCH Ha

KUIBKOX HTUPOKO PO3MOBCIOIKEHUX 0a30BUX OMEpAIisiX Hall KyOiTaMHu.

- Ilepma 3 Hux ne «Ry» onepariis, sika o cyTi € poTali€o Ky0iTa HaBKOJIO OCi
«y» Ha MEeBHUM 3amaHuii KyT «O» [72]. JlaHy ormepaliito MOXKHa OIKCATH

HACTYMHOIO (POPMYJIOIO:

w@ @)

_ LT
RY(0) = exp( i Y) - (g) o (g)
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Takox B mociimkenHi Oyna BuKopucTtaHa «Rx» omeparris, ska € poTarfier

KyOiTa HaBKOJIO OCl «X» Ha TIeBHMI 3amanuii KyT «O» [73]. Jlany omepartito

MO>KHA OIMCATH HACTYITHOIO (POPMYJIOK0:

0 .. 0
0 cos (> —isin (-
RX(0) =exp(—iZX) = 2 ) 2.2)
—isin (= cos (=
2 2
«Rz» omnepariis, sika € poTarii€ro Ky0iTa HaBKOJIO OCl «z» Ha MEBHUH 3aJ]aHnN
KyT «O0» [74]. «Rz» onepairist Moxe OyTH BUKOHAHA 32 TOIOMOTO0 (hi3HIHO1
omepariii Ha amapaTHOMY 3a0e3MeYeHHI, TOOTO 32 KOHCTAaHTHHHA 4Yac Ta 3
HYJIbOBOIO TOMWJIKOIO. JlaHy omepaiiro MOXKHa ONHCAaTH HACTYITHOIO

dhopmyioro:

.0
.0 20
RZ(0) = exp (—l;Z) = (e 2 B) (2.3)
0 ez
Onepamis Xagamapna (Hadamard Gate), sika € poTamiero kyOiTa HaBKOJIO
ocelt «X» Ta «Z» Ha kyT 7t [75]. Hadamard Gate € ekBiBaJieHTOM 3MiHM 0a3u
obuucnens 3 |0), 1) mo |-), [+) Ta HaBmaku. /laHy omepaliiro MOXHa OIHUCATH

HACTYITHOIO (hOPMYJIOIO:
1 (1 1
H = —( ) (2.4)

Omneparis [Tayni [76] X (g, ), sSiKa € poTari€ro KydiTa HaBKOJIO 0ci «X» Ha T
panian [77]. Jana omepaliisi € €KBiBaJ€HTOM KJIAaCHYHOI 1HBepcii OiTy, 110
nepetBoproe [0) B [1), a |1) B |0). Onepartiito g, MOKHA ONKUCATH HACTYITHOIO
dhopmyoro:

0 —i
—i 0

Onepauis [Tayni Y (o), sixa € poraliero Ky0iTa HaBKOJIO 0C1 «Y» Ha T pajiian

0, = RX(m) = ( )= —ix 2.5)

[78]. [Hama omepamisi € ekBiBaJeHTOM 1HBepcii OiTy Ta iHBepcii ¢asu
BoHO4Ac, mo nepersoproe |0) B i[1), a [1) B -1|0). Onepaniro g, MoxkHa

OMKCATH HACTYITHOIO (hOPMYJIOHO:
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o, = RY(r) = ((l’ _oi) - _iy (2.6)

- Omnepas [layni Z (0,), fka € poTaili€ro Ky0iTa HaBKOJIO OCl «Z» Ha T pajiiad
[79]. lana onepartis € ekBiBaJIeHTOM 1HBepcii pazu, 1mo neperBoproe [0) B |0),

a |1) B -|1). Oneparito g, MOXHa OITMCATH HACTYITHOIO (hOPMYJIOHO:

o, = RZ(x) = (_oi ?) - _iz 2.7)

- Omneparris 0OMiHy cTaH1B KyOITiB, siKa Jli€ HaJ JBOMa KyOiTamu «a» Ta «by» Ta
BCTAHOBJIIOE CTaH KyOITy «a» pIBHMM NOTOYHOMY (10 MOYATKy IMPOIECY

oOMiHy) cTany KyOiTy «b» 1 HaBmaku [80]. ToOTO 10 omepailito MOXKHA

MIpPe/ICTaBUTH SIK IEPETBOPEHHS |a, b) B |b, a).

VYcl BUKOpPUCTaHI y JIOCHIJPKEHHI KBAHTOBI CXEMH MOOYJOBaHO JMIIE 3a
JOTIOMOT0OI0 HAaWMpPOCTIIIUX KBAaHTOBUX omepauiid Haja kyoOitamu. [Ipore HaBiTh 3a
JIOTIOMOT 00 BUIIIE€3raJaHUX OIepalliii MOKIIMBO OOy TyBaTH €(PEKTUBHY CUCTEMY, 110
0a3y€eTbCsl HA OCHOBI KBAHTOBHX OOYHUCIIEHb. Y MEXKaX JTUCEPTALIITHOTO JOCITIIKEHHS
OyJ1I0 BAKOPUCTAHO KBAaHTOBI CXEMH, LII0 MICTATh BIAHOCHO Mally KUIbKICTh KyOITIB, 2-
9 kyOiriB. YacTuHa anroputMmiB mnoOyjOBaHAa TaKUM YHMHOM, W00 MIHIMI3yBaTH
PO3MIPHICTh KBAaHTOBOI CXEMHM Ta, BIJIMOBIJIHO, KIJIBKICTh KYOITIB, 110 3aly4yeHi 10
BUKOHaHHs o04KciieHb. Lle 0co0a1BO BayKIMBO 3 OIJIy Ha Cy4aCHUM eTar po3BUTKY
KBAHTOBOI'O arapaTHOro 3a0€3Me4YeHHs 1 Ha CKJIAJHICTh IMPOLIECY BUTOTOBJIEHHS
SKICHUX KyOITiB.

B mucepraniinoMy nociimkeHHl 0yJI0 BUKOPUCTAHO KiJlbKa THUITIB KBAHTOBHX
CXeM JIJ1s1 TOOY0BH T1OPUIHUX KBAHTOBO-KJIIACUYHUX HEHPOHHUX MEPEIK.

RY xBaHTOBI cXemm, SKi € HAWUNPOCTIIIMM THUIIOM KBAaHTOBHX CXEM,
BUKOPHCTAaHUX B JOCTIKeHHI. JlaHI KBaHTOBI CXEMH CKJIAIAIOTHCS JIUIIE 3 JBOX
oTieparliii, Mo BUKOHYIOTHCS HaJ KOKHUM 3 KyOiTiB HezanmexHo. [lepma 3 omepartiii —
Hadamard Gate, a npyra — mapamerpusoBana omepaiiis RY(0) Ta micis BUKOHaHHS
CXEMH BUMIPIOETHCS CTaH YCiX KyOITIB, IO BXOJATH Y ii CKJIaa. 3HAYEHHS MapaMeTpy
0 iHAuBIOYyaNbHE MJIS KOXKHOTO KyOITY Ta III 3HAYEHHS OHOBIIOIOTHCS B IpPOIIECI
TpEeHyBaHHS TIOpUAHOI HelpoHHOI Mepexi. Jliarpama RY kBaHTOBOI cxemu, w110

MICTUTh 2 KyOiTH, HaBeJIeHa Ha PucyHky 2.6.
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— ' Ry i
Go — H : :
N i
a1 —gHs i el |
2
meas =

Pucynok 2.6. Jliarpama RY kBaHTOBOi cxemu 3 2 KyOiTamu

[HIIIUM TUMIOM KBaHTOBHUX CXEM, IO OYJIM BUKOPHMCTAaH1 Yy JOCHIIKEHH1, OYyIN
CXEMH, 110 PEaTi30BYIOTh AJITOPUTM KBAaHTOBOI anpokcumariii ontumizaiii (Quantum
Approximation Optimization Algorithm, abo ckopoueno QAOA). [danuii Tun
KBAaHTOBUX CXEM CKJIamHImMK, sk mopiBHATH 3 RY cxemamu, QAOA cxemu
CKIIAJAI0ThCs 3 OUTBINOI KUTBKOCTI omepaliii — neBHoi KimbkocTi RX, RZ ta AND
omepariiif, KiIbKICTh SKHX 3aJCKHTh BiJI KUIBKOCTI KyOITIB B KBAaHTOBIH CXEMI.
ApryMeHTailisi 3a BUKOPHCTaHHSIM JaHOTO KBAaHTOBOTO aJTOPUTMY JJIsi TOOYIOBH
riOpUIHNX KBAaHTOBO-KJIIACHYHUX HEHUPOHHUX Mepex 0a3yeThcs Ha 17ei, 10 3aaada
HaBYAHHS HEHPOHHOI Mepexki caMa 1o cobi € 3aJauero ONTUMi3allii TOYHOCTI poOoTH

mepexi. [iarpama kBantoBoi cxemu QAOA, mo MicTuTh 2 KyOiTH, HaBeJeHa Ha

Pucynky 2.7.
— Rx P
do o | :
— Rx L - %
T w4 4
c 2 0 1

Pucynok 2.7. Jliarpama QAOA KBaHTOBOI cXeMH 3 2 KyOiTaMu

TperiM TUIIOM KBAaHTOBUX CXEM, 10 OyJM BUKOPHUCTaHI y JOCIIKEHHI, OyIu
CcXxeMu KBaHTOBOro rmneperBopeHHs ®Dyp’e. KantoBe neperBopeHHs Dyp’e € He

MapamMeTpPU30BaHOI0 CXEMOIO, TOOTO HE MICTUTh KOH(ITYpOBAHOTO MapameTpy, a
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pe3ynbTaT poOOTH KBAHTOBOI CXEMU IMOBHICTIO 3aJIC)KUTH BiJ] BXITHUX JaHUX (SKIIO HE

3Ba)XaTH Ha TIEBHUU PIBEHh MOMMIJIOK Ta HETOYHOCTEH, SKI Hapas3l € HEeBiJ €eMHHUM
CKJIQJJHUKOM KBAaHTOBHX OOYHCICHh Ha TpakTuill). [liarpama KBaHTOBOi cxeMu
KBaHTOBOTO neperBopeHHs Dyp’e, 1m0 ckaagaeTbes 3 2 KyOiTiB, HaBe/leHa Ha PUCYHKY

2.8.

do H

dr — H

L= ]
un
o —

meas

Pucynoxk 2.8. Jliarpama kBaHTOBOTO repeTBopeHHst Dyp’e 3 2 kyOiTamMu

YeTBepTUM THUIIOM KBAaHTOBUX CXEM, 110 OYyJIM BHUKOPUCTAHI B JOCIIJKEHHI,
OyJu KBaHTOBI CXE€MH, 110 peaji30BYyIOTh aIrOPUTM KBAaHTOBOro crany bemma [81].
Cran bemta € oqHUM 3 HAWMPOCTIMIMX BapiaHTIB peali3alilii KBAaHTOBOI 3arTyTaHOCTI
(quantum entanglement) KigbkoX KyOITiB. B pocnijkeHHi Oylo BHKOPHUCTaHO
Bapialliro KBAaHTOBOI CXEMH, 1110 MICTHTh JJ0JIaTKOBI TapaMeTpu3oBaHi onepaiiii RY(0),
1110 JIO3BOJISIE MAHIITyJIFOBATH CTAHOM KyOiTiB, 3MIHIOIOYH TTapaMeTp O i1 yac mporecy
HaBYaHHS T10pUIHOT KBAHTOBO-KJIACUYHOI MEPEXi, 10 MO0y I0BaHA HA OCHOBI JaHOI
CXEMH, TaKUM CIIOCOOOM 3alydaroyd KBAHTOBY YaCTHHY MEPEXi /O HaBUYaHHS.
Jliarpama KBaHTOBOi CX€MHU, L0 PEaTi30BY€ JaHUM alrOpuTM, HaBeJleHa Ha PucyHky

2.9.
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Pucynox 2.9. Jliarpama peaitizaiiii KBaHTOBOTO cTaHy beia

Takok, OKpiM BHIIE3a3HAYCHUX CTPYKTYPOBAaHUX KBAaHTOBUX CXEM, IS
YaCTUHU EKCIIEPUMEHTIB OyJI0 BUKOPHCTAaHO OPTOTOHAJIBHUN MIAXIT — 3aMICTh
TU3aifHy KBAaHTOBUX CXEM, IO TEOPETHYHO MOXYTh OyTH e(PEKTUBHUMH IJIs
BUPIIICHHS TOCTABJICHOI 3a7ayi, a00 BUKOPUCTAHHS 3arajlbHOBIJOMUX KBAaHTOBUX
QITOPUTMIB OYyJIO BUKOPUCTAHO MIJIX1J, IO Oa3yeThCs Ha TeHepalli JTOBUILHHUX
KBaHTOBHMX CXEM 3 IIEBHUM PiBHEM KBAHTOBOI 3aILTyTaHOCTI Ta 3aJIaHOIO KIJbKICTIO
KyOITiB, 110 HEOOXiAH1 I BUPIMIEHHS TOCTaBlieHOi 3adadvi. JlaHui miaxig Oyso
BUKOPHUCTAHO 3 iJIei BBEJICHHS NIEBHOTO PiBHSI KBAHTOBOTO «IITYMY» B MPOIEC pOOOTH
HEUPOHHOI MEpPEXi, TAKUM CIIOCOOOM CIOHYKalOUM MEPEXY Kpallle y3aralbHIOBaTH
TPEHYBaJIbHI JIaH], IYKAIOYH Ti YU 1HIII A0JIOHHM, IO MPUCYTHI Ha 300paKeHHSX, 110
BITHOCSITBCSL /IO OJTHOTO KJIACy, 1 MEHIIIE CaMe «BUBUATH» Ta «3aram’STOBYBAaTH) CaMi
TpeHyBabH1 fAaHl. OCKUIbKK TeHepallisi KBAaHTOBUX CXEM JIAaHOTO THUIly BiJI0yBaiach
BUIIAJIKOBUM YHHOM 1 YaCTO I'€HEPYBAJIOCh 0arato CXem JIsi OJJHOTO €KCIIEPUMEHTY,
HABECTH BCl iX JeTalbHI JiarpaMd HEMOXJUBO, PucyHnok 2.10. 300paxkae mpukiian

JOBUTHHO 3T€HEPOBAHOT KBAHTOBO1 CXEMH, 1[0 MICTUTh 9 KyOITIB.
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Pucynok 2.10. JliarpamMa BUIIaJJKOBO 3T€HEPOBAHOT KBAHTOBOT CXEMHU,

10 MICTUTB 9 KyOITiB.

2.5. Bu0ip iHcTpyMeHTIB pO3pO0KH Ta OTOYCHHS

HesBaxxaroum Ha Te, mo cdepa I nHaazBuyaiiHo AuHaAMIYHA, 6ararorpaHHa Ta
HAllOBHEHA pI3HOMAHITHUMHU HOBITHIMHM JOCHDKCHHSMH, Ha0lp CTaHAapTHUX
1HCTPYMEHTIB PO3POOKH, 10 BUKOPUCTOBYIOTHCS sl po3poOku TexHosorin LI, He
HAATO IIMPOKUHM 1 BIAHOCHO CTajlMi, IO CKIAJAEThCA 3 2-3 MOB IMporpaMyBaHHS,
KUTBKOX (PEMMBOPKIB 3 1HCTPYMEHTApiEM IS TMOOYIOBH HEUPOHHHUX MEPEXK Ta
KUIBKOX ~ YTWJIITapHUX O10MI0TeK JJis  CHOPOIICHHS PI3BHOMAHITHUX IIUPOKO
PO3MOBCIOPKEHUX OTIepaIlli.

B manomy mociniiykeHHI BUKOPUCTOBYETHCSI MOBa mporpamyBanHs Python [82].
Ile iHTepmpeTroBaHa JWHAMIYHO THIII30BaHA MOBa 3 JIOBOJI MIHIMAJTICTUYHUM
CHUHTAKCHCOM, 110 € Je-(aKTo CTaHAAPTHOIO TEXHOJOTIEI «3a 3aMOBUYBAHHIMY JJIS
OyIlb-KMX €KCIIEPUMEHTIB Ta po3po00K y cdepi HayKH Mpo AaHi B MIJIOMY Ta JJIs

HEHpOHHUX Mepex 30kpema. Python Oymno oOpaHo uepe3 #HoOro mMOUMIMPEHICTH B
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1HIYCTpIi Ta MIUPOKHUI HAaOlp TOTOBHUX Ta JOCTYIMHUX IHCTPYMEHTIB Ta 010J110TEK, 110

CIPOITYIOTh peatizallifo abo i peaai3oByIOTh B IIJIOMY Ti UM 1HIII MiAXOIH, 0 OyIU
BUKOPHCTAaHI [ TOOYA0BU HEHPOHHUX MEPEX B MEXKaxX JAHOTO JOCIIIKEHHS.

Bci HellpoHHI Mepeki, BUKOPHCTaHI B JIOCHIIKEHHI, OyJl0 MmoOyaoBaHO Ta
OIEpOBAaHO HUMH, BUKOPUCTOBYIOUH ABa PpeiimBopku. [lepmmnii 3 Hux — ue PyTorch
[83]. PyTorch Oyno BHKOpPUCTAHO Jii TMEPEBAXKHOI OUIBIIOCTI EKCIEPUMEHTIB,
MPOBEICHUX B MEXKaX JAHOTO JOC]iKeHHs. lle HalnmomynsipHIIMN 1HCTPYMEHT Yy
CBIT1 JOCIIJKEHb, MOB’A3aHUX 3 HeWpoHHUMH Mepexamu Ta LI B minomy. Jlanuii
(bpeiiMBOpK Haja€e HEWMOBIPHO HIMPOKHUI HAOIp IHCTPYMEHTIB JJIsi MOOYJOBU Ta
OTIepYBAaHHS MOJEIISIMU Ta, IO HalBaKIUBIIIE, HAJA€ IHCTPYMEHTU IJIA MPOCTOTO
BOyOBYBaHHS Oyb-skoro black-box pilieHHs sk YaCTHHU MOJEN, 1110 HEWMOBIPHO
BAXJIMBO ISl TOOYIOBU TOPUIHUX HEMPOHHUX MEPEK. [HIIMM 1HCTPYMEHTOM, SIKUN
OyJ0 BHUKOPUCTAHO IJisi TOOYJAOBH Ta ONEpyBaHHS HEHPOHHUMH MeEpexXamH, €
dperimBopk Tensorflow [84]. Tensorflow 11e, six 1 PyTorch, 6i6mioTeka i1 mo0y10Bu
HEHPOHHHUX MEPEX PI3HOI CKIAHOCTI, BOHA Ma€ 3pyYHHUI mporpamMHuil inTepdeiic Ta
€ MUPOKO MOIIMPEHOI0 y KomepiiHux cucremax Ha 0asi III. Tensorflow Oyio
BUKOPHUCTAHO JJIsl MPOBEIEHHS OJHOTO 3 E€KCIEPUMEHTIB 3 OMIAAy Ha Te, L0 L
010;i0TeKa Haja€e Ay>Ke 3pyIHU (PYHKITIOHAT Il aBTOMATUYHOI TeHeparlii giarpam
HEHPOHHMX MEPEK, 10 0yJI0 HEOOX1THO, 3BaYKAIOUX HA IPUPOTY EKCTICPUMEHTY, SIKUN
BUMAara€ TpPEHYBaHHS OJIM3bKO JecsATKAa MOJENeH TyKe CXO0XKOi CTPYKTypH, AJs
3pY4YHOTO MPEACTABICHHS K CyT1 €KCIIEPUMEHTY, TakK 1 HOro pe3ybTaTiB.

Bci ekcnepumentn 0yno BukoHaHO y cepenoButli Jupyter Notebooks [85]. Lle
IHTEpaKTUBHE CEPEIOBUILE PO3POOKH, SIKE MpeACTaBIIsie COO00 «HOYTOYK» 3 OaraTbMa
KOMIPKaMH 3 KOJIOM, KOJ 3 SIKUX MO>KHAa BUKOHYBaTH HE3aJIEKHO BiJl IHIIUX KOMIPOK,
MPOTE MAIOUH CIUIBHI M’k BCIMa KOMIpKaMH 3MiHHI Ta CIJIbHE CEPEIOBUIIIE 3aITyCKY.
Jupyter Notebooks Takox SIBIS€TbCS CTAHAAPTHUM IHCTPYMEHTOM Y c(epl HayKu Mpo
JaHl 3aBISIKU TOMY, [0 MOXJIMBICTh HE3AJICKHOTO BHUKOHAHHS KOMIPOK €
HAJ3BUYAHO 3PYYHOIO ]ISl MPOBEJEHHS PI3SHOMAHITHUX EKCIIEPUMEHTIB Ta HAJae
MO>KJIUBICTh TOOAYUTH PE3yIbTaT BUKOHAHHS JIMIIIE HEBEITMYKOI YACTUHKH MPOrpaMu
0e3 HeoOX1HOCTI i1 3aIyCKy LIJIKOM, a/I)K€ BECh €KCIIEPUMEHT MOXKE€ BUKOHYBAaTHCh

MPOTATOM AY’K€ 3HAUYHHUX MPOMDKKIB Yacy (YaCTHMHA €KCIIEPUMEHTIB 3 JIOCIIKESHHS
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BUMAararoTh KiJIbKOX THXKHIB Oe3nepepBHUX oOuucieHn). Takox Jupyter Notebooks

30epiratoTh pe3yJbTaT BUKOHAHHS KOKHOI KOMIPKH Ta MOXKYTh BUCTYIIATH Y BUTJISAI
IHTEpPaKTUBHOI MPE3CHTAIII]1 Pe3yJIbTaTIB €KCIIEPUMEHTIB Ta HE BUMAraroTh CTBOPCHHS
JI0JTaTKOBOI JOKYMEHTAITi1 JAJI PEACTaBICHHS pe3yJIbTaTiB.

[HmrM  Hag3BUYAMHO BaXXJIMBAM aCIEKTOM OTOYCHHS JUIS TPOBEICHHS
EKCIEPUMEHTIB 3 TMOOYJOBU Ta BUKOPUCTAHHS TIOPUIHUX KBAHTOBO-KJIACHYHUX
HEHPOHHHMX MEPEXK € cCaMe KBAHTOBE arlapaTHe 3a0e3MeUeHHs. 3BaKar0YH Ha MOTOYHUN
eTan PO3BUTKY KBAaHTOBUX OOYMCIIEHb Ta (PI3MUHMX KBAHTOBUX KOMII IOTEPIB, TOCTYII
710 KBAHTOBUX OOUYHMCIIOBAJILHUX PECYPCIB € AYy’KE€ JIMITOBAHUM Ta JOPOTOBAPTICHUM.
Tomy nns o6xoay 1i€i mpoOieMu 1JIsi EKCIIEPUMEHTIB O0yJI0 BUKOPUCTAHO CUMYJISITOP
kBaHTOBUX oOuuncieHb Qiskit [48]. CumynsaTopu KBaHTOBUX OOYMCIICHB JT03BOJISIIOTH
BUKOHYBAaTHU CUMYJIAILIT CKJIaJHUX KBAaHTOBUX IPOLIECIB HA KIIACHYHOMY anapaTHOMY
3abe3rneueHH] [86]. Pe3ynpTaT cumysiAmii MakCUMajabHO HAOJIMKEH1 0 pealbHUX
pe3yibTariB, ski Oyjgo O OTpPUMAHO MpPU MPOBEICHHI 1JICHTUYHHX OIepaliil Ha
(Ghi3nyHOMY KBAaHTOBOMY KOMIT 10Tepi. [IpoTe cumyisiii KBaHTOBUX OOYMCIICHb MAlOTh
cepio3Hi Hepodiky. [lepiuii 1 HalicepHO3HIMNN 3 HEJIOMIKIB — 11€ CKJIQJIHICTh CaMOT0
CUMYJIATOpa Ta CKIIQIHICTh OOYMCIIEHB, K1 BIH BUKOHYE /i 3a0e3reueHHs] poOoTH
cumyiaii. lle Han3BU4YaitHO CMIOBITILHIOE MPOIIEC MPOBEACHHS EKCIIEPUMEHTIB, aJIKe
JacTMHA KOXKHOI EKCIMEePUMEHTAIBHOI TiOpUAHOI Mepeki MPeAcTaBisie CO0O0I0
KBAaHTOBHM TPHUCTPIM, III0 BUKOHYE IIEBHI OIepallii, Ta, BIIMOBIAHO, CUMYJIAIII IIHX
orepariiii BiOYBalOTHCS HAJ3BUYAMHO TMOBUIBHO. [HIMUM BaXKIMBUM HEIIOJIKOM
CUMYJISITOPIB KBAHTOBUX MPOIIECIB € 1X HEIOCKOHATIICTh Ta IEBHUM PIBEHb MOXUOKH Ta
HEBIAMOBITHOCTI PE3YyJbTATIB CUMYJISIIII Ta peajbHOr0 BUKOHAHHS BiJMOBIIHOI
omepauii Ha (I3MYHOMY KBAaHTOBOMY Komm 'torepi. [lpore, He3BakarouMm Ha CBOIi
HEJIOJIIKM, CHUMYJATOP KBAHTOBMX OOYMCIEHb — 1€ HEOoOXiJHa CKJaJ0Ba
EKCIIEPUMEHTIB Ta BCE JK JOTIOMAara€ YHHKHYTH MPOOJIEMH JTOCTYITHOCTI KBAaHTOBOTO
anapatHoro 3abe3nedeHHs. OKpiM CUMYJIATOpa KBaHTOBUX oOumcienb, Qiskit Hagae
BUYEPIHUI KOMIUIEKC MPOTPAMHUX 1HCTPYMEHTIB JUisi MOOYJOBM Ta MAaHIMyJISIil
KBaHTOBHUMH CXEMaMH, III0 BUCTYIAIOTh y SIKOCTI KBAHTOBOT'O MPUCTPOO, HA OCHOBI
AKOro MoOy/IoBaHI yci TiOpuAHI KBAaHTOBO-KJIACHYHI HEHPOHHI MEpexXi B Mexkax

JAHOTO JOCHI/DKeHHS. TakoX s eKCHEepPUMEHTIB, IO 3alydaJii KBaHTOBI
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Tpanchopmarlii 300paxkenb, 0yio BukopuctaHo 6i16mioreky PennylLane [62]. Bona

Hajiae OLTBIIT BUCOKO-PIBHEBUH iHTEp(dEIC A1 B3aEMOIi1 3 KBAHTOBUMH CXEMaMU Ta,
nopiBHsHO 3 Qiskit, Mae Ginpmmii PoKyc Ha Po3pOOKY 3aCTOCYHKIB, SIKI TTOETHYIOThH
KBaHTOB1 OOYMCIICHHS Ta MAlllMHHE HABYAHHS 32 PAXyHOK TOTO, 110 HA/IA€ IIHPOKUN
IHCTpyMEHTapii 1HTerpamiid 3 O0i0Ji0TeKaMu MAIIMHHOTO HaBYaHHS, TaKUMU SIK
PyTorch Ta Tensorflow.

VYci ekcriepuMeHTH OyJi0 BHKOHAHO Ha KOMITIOTEpl, [0 Ma€ HACTyIHI
xapakrepuctuku: npouecop AMD Ryzen 9 5900X 12-Core CPU, 36GB RAM,
Biieokapra Nvidia GeForce 3080TI 16GB VRAM. OOuuncneHHss NpOBOAWINCH 13
3alTy4eHHIM rpadiyHOro NpUCKOpIoBaya Ha TUX eTarax, Jie e 0yno MoxiuBo. Takox
yacTMHA OO4YMCIIEHb IpoBoJMiIach Ha xmapHux pecypcax Kaggle [87] Tta Google

Colaboratory [88] 13 3asryueHHsIM rpadiqyHUX Ta TEH30PHUX TPUCKOPIOBAYIB.
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BUCHOBKMU J1O PO31TY 2

B nanomy posnaini Oyino po3riastHyTO OCHOBHI KOHCTPYKITIHI OJIOKHM KBAaHTOBOI
YaCTMHM 3allpOMIOHOBAHOTO METOAY TiOpuau3aiii KBAaHTOBUX Ta KIACHYHHUX
oOuucieHb s NOOyJAOBH TIIMOOKUX TIOPUIHMX HEHPOHHHUX MEPEK — KBAHTOBI
orepanii Ta OCHOBHI apXITEKTypH KBAaHTOBOI'O MPUCTPOIO, IIO MPONOHYIOTHCS 10
3aCTOCYBaHHSA MpHU po3poOill MeTony TiOpuauzanii. [{is peanizaliii KBAaHTOBOI CXEMHU

JUTSl eKCIIEPUMEHTIB 0yJI0 0OpaHO HACTYITHI KBAaHTOBI Onepariii:

- O6opot ky0OiTa HaBKOJO OAHI€ET 3 oceit — Rx, Ry, Rz omepartii.
- Omnepanig Xagamapja.
- Omnepauis ITayni Ha 0ocHOBI pi3HUX Oceil (X, Y, Z).

- Omnepauist 0OMiHy CTaHiB KyOITiB (swap).

byno posrnsayTo Ta 00OpaHO IS TPOBEAEHHS EKCIEPUMEHTIB HACTYIHI

apXITEKTYpPH KBAHTOBHX CXEM:

- KBanToBa cxema Ha 0CcHOBI orepaiiii 000poTy kybita (RY).

- KBanToBa cxema, 110 peasnizye anroputm msukoi anpokcumaiii (QAOA).
- KsanToBa cxema, 110 peasnizye alropuTM KBaHTOBOTO niepeTBopeHHst Dyp’e.
- KsanToBa cxema, 1o peasnizye KBaHTOBHI cTaH bemna.

- BunagkoBi KBaHTOBI CXe€MH Ha OCHOBI ormepaliiii 00epry KyOiTiB Ta

BUIIaJIKOBOT'O PiBHSI KBAHTOBO1 3aITyTAHOCTI KyOITiB.

J11ist BUpieHHS MPOOJIeMH JOCTYITHOCTI KBAHTOBOTO arapaTHOro 3a0e3neYeHHsl
JUISl TIPOBEJICHHS EKCIEPUMEHTIB, OyJ0 BHUKOPHUCTAHO CHUMYJATOPH KBAHTOBHX
OOYHUCIIeHb JI1 CUMYJIOBAaHHS KBAaHTOBUX IPOIIECIB HA KIACUYHOMY arapaTHOMY
3a0e3nedeHHi. Y SKOCTI KBAaHTOBUX CUMYJIATOPIB Oyso oOpaHo 6i6mioreku Qiskit Ta
PennyLane, mo HamawTh MUPOKUI THCTPYMEHTAPIH MOJIETIOBAHHS KBAHTOBUX CXEM
Ta peaiCTHYHI CUMYJISIT KBAHTOBUX MPOIIECIB JJIS 3aITyCKy MOOYTIOBAHUX CXEM.

Jlyisi mpoBeZieHHST E€KCTIEPUMEHTIB 3 OIIHKMA Ta arpoOailii 3amporoHOBAHOTO
METOAy TiOpuau3arii KBaHTOBHX Ta KJIACHYHUX OOUYMCIIeHb Oysio oOpaHO 3amady
OararokmacoBoi kimacugikaiii 300paxkens. bymo oOpano 4 kimacuudi mpoOiIeMu

kiacugikamii 300paxxeHb Ta 1 mpakTUUHY IPOOIeMy ISl JEMOHCTpaLii PaKTUYHOCTI
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Ta e()eKTUBHOCTI 3acTocyBaHHs TiOpuaHuX Mozeneit 1111 Ha ocHOBI 3ampPOMOHOBAHOTO

MeToay. Y SIKOCTI KJIIaCHYHUX TpooOsieM Oyiio oOpaHo 3amadi kinacudikarii 300pakeHb
3 HabopiB ganux MNIST, MNIST-Fashion, CIFAR10 Tta CIFAR100 gns ominkm
e()EeKTUBHOCTI METO/y Ha 3aJa4ax Pi3HOI CKJIAJHOCTI Ta OI[IHKU PE3yJIbTATIB pOOOTH
riOpUIHUX MOJENEN, MOPIBHIOKYH 3 peepeHTHUMH Ta cyyacHuMHu SOTA Moaensamu.
VY SKOCTI mpakTHUYHOI 3afadi Oyyio oOpaHo 3adady KiacuQikaiii CyMyTHUKOBHX
3HIMKIB 30HM CTUXIHHOTO JMXa JJIsl BUSIBICHHS JUISHOK, 110 MalOTh PyWHYBaHHS,

CIOPUYMHEH] CTUXIAHUM JIUXOM.
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PO3JILI 3

mAX0A1 NObYAOBU I'NbBPUJIHUX KBAHTOBO-KJIJACHUYHUX
HEWPOHHUX MEPEX

3.1. BuOip anaropurmiB mnoO0yaI0BM apXiTeKTyp TriOpUIAHHX KBaHTOBO-

KIACHYHHUX HeﬁpOHHHX MEPEK

Hapasi BeneTbcs Bemka KUTbKICTh JOCIIIKEHb 0ararbMa pi3HUMH KOMaHJ1aMH,
[0 HaMaralrThCsl CTBOPUTHU PI3HOMAHITHI THYYKI T1OpUJHI 1HCTPYMEHTH, LI00
3pOOHTH peaNlbHIM BUKOPHUCTAHHS KBAaHTOBHX Ta KJIACHYHUX OOUYMCICHBb B TaHAEMIi
JUISL TIOLIYKY ONTHUMAJIBbHOTO PIIICHHS Il PO3B’SI3aHHS PI3HOMAHITHUX CY4YacHUX
npobJsieM, 10 TOTPEOYIOTh 3HAYHOI KUIBKOCTI OOYHCIEHb. 3BakKaloud Ha IIe,
PI3HOMAHITHI METOJU TiOpHuaM3alii KIaCHYHUX Ta HEKIACUYHUX OOYHMCIICHb MaloTh
BEJIMKI TMEPCHEKTUBH Il TPAKTUYHUX 3aCTOCYHKIB, fAKI € OOYMCIIOBAJIbHO-
IHTeHCUBHUMH. ['apHUM mnpukiaaoM cdep, mo 3alikaBlIeHi B PO3BUTKY METO/IIB
riopuam3aiiii, € piznoManitHi cuctemu 1. B ri6puaaux cucremax KJIacM4Hi armapartHi
MOTY>KHOCTI ~ MOXYTh  OyTH  BUKOPHMCTAaHI i1  BU3HA4YCHHS  HAWOUIBII
BHCOKOHABAHTAKEHOI YACTUHH AJITOPUTMY Ta MEPEHECEHHsI 11 00pOOKM Ha KBAaHTOBE
anapartHe 3a0e3nedeHHs a0o I pO30OUTTS BETUKOI TPOOIeMHU Ha MEHIIT YaCTHHH, K1
MOXXYTh OyTH BHIIICHI 3a JIONMOMOTOK0 KBAaHTOBHX OOYHMCIIEHB, a TMOTIM 3HOBY
o0'eqnani. Came TOMy JAOCHiTKEHHS Yy cdepl TIOpUAHUX KBAHTOBO-KIACHYHHUX
HEUPOHHUX MEPEX € HAA3BUYANHO NEPCIEKTUBHUMHU Ta AKTyaJIbHUMHU Ha JTaHUU
MOMEHT.

VY Mexax aucepTauiiHOro JOCHIKEHHS OyJIo pO3INIAHYTO 3 Pi3HI HIAXOIH 3
riopuan3aiiii MMOOKUX 3rOPTKOBUX HEMPOHHUX MEPEK /IS BUPIILICHHS 3a/1a4ul 0arato-

KJIacOBO1 KJacu(ikalii 300pakeHb.

1. KBanTOBUI MPUCTPiii BUKOHYE POJIb OJHOTO 3 MPUXOBAHKX IMIAPIB TITUOOKOT

3rOpTKOBOI HEMPOHHOI MEPEKI.
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2. KBaHTOBUII TpUCTPIA BUKOHYE POJIb MOMEPEIHHOI KBAHTOBOI OOPOOKH

300paxkeHb 10 iX MOTPAIISHHS Y KIACUYHY YaCTUHY TiOpUIHOI HEHPOHHOT
MEpexi.
3. KBaHTOBHMI npUCTpiii BUKOHYE POJIb MEPLIOTO 3rOPTKOBOrO 1Iapy riIMOOKOi

3rOpTKOBOI HEMPOHHOI MEPEKI.

Jaini Oyne po3riisiHyTO KOKEH 3 BUIIE3a3HAYCHUX MIAXOAIB Y JIETAIsIX Pa3oM 3

OTJISIZIOM 1JI€H, IO JIeKaTh B OCHOBI MOOY/TOBU KOKHOTO 3 3a3HAYCHUX IT1/IXO/TIB.

3.2. KpBaHTOBHII NPHUCTPid AK OAMH 3 NPHUXOBAHUX WIAPIB HEHMPOHHOI

Mepexi

[Teprmuii 3 MeToAiB TiOpUAM3aIil KIACHYHUX Ta HEKIACHYHUX OOUYHCIICHb IS
3aBaanb 1, mo po3rismaeTscss B MeKax JUCEPTALIMHOTO AOCIIKESHHS, 11e TIXIi,
1110 TIOJISATA€ B BUKOPUCTAHHI KBAHTOBOT'O IPUCTPOIO SIK YACTHHHM T10pHIHOT HEUPOHHOT
MepeXi y BUTIISAII OAHOTO 3 MPUXOBAHUX IIapiB Mepexki. JlaHuil miaxi CnupaeTbCs Ha
MPUMYIIEHHS, 10 1HKATICYJISIS YaCTUHU HEOOX1JHIX 00YMCIIEHb B MEKaX KBAHTOBO1
CXEMH JI03BOJIUTH 3pOOUTH KJIACUYHY YaCTUHY MEPEK1 MEHII ITMOOKOI0 Ta BUKOHATH
YaCTUHY HEOOXIJHUX OO4YMCIEHb Ha KBAaHTOBOMY MPUCTPOI 31 3HAYHUM
MPUIIBUAMICHHSIM 1X BUKOHAHHS 3aBISKH KBAaHTOBUM OOYMCIICHHSM, IMOPIBHIOIOUH 3
KJIACUYHOIO HEMOM(DIKOBAHOIO YaCTUHOIO MEPEKI.

Jlanuii miaxig € BiANPaBHOK TOYKOI TMPOBEICHUX JTOCIIIKEHb METOIB
riopuauzaiiii. TeopeTuyHO BiH MOXE JI03BOJIUTH HE JIHUIIE 3pOOUTH KIIACUYHY YaCTHUHY
MepeXi MEHII TIMOOKOI0, a ¥ MOBHICTIO BUHECTH OOYMCIIIOBAIBHO HANCKIIAJHINLY
YaCTUHY TOYATKOBOI KJIACHMYHOI HEMPOHHOI MEpPEXi B KBAHTOBY CXEMY, TaKuUM
CrocoOOM 3HAYHO 3MEHIIYIOUH KUIbKICTh OOYMCIICHbB, sIKI TOBUHHI OyTH BUKOHAHI Ha
KJIACHYHOMY amapaTHoMmy 3a0e3mnedeHHi. [Ipore, 3Bakaroun Ha CydacHMM erarl
PO3BUTKY KBAHTOBOT'O amapaTHOro 3a0e3MeyYeHHs, BaXKJIUBUM HIOAHCOM TaKOX € 1

ONTUMAJBLHUKN OajaHC CKJIAAHOCTI KJIAaCHYHOI Ta KBAHTOBOI YacTUH TiOpHMIHOI
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HEHPOHHOI MEPEXi, aJ[’Ke BUKOPUCTAHHS HAATO CKJIAHOI KBAHTOBOI cXeMHU ab0 HAITO

BEJIMKOI KUTBKOCTI Ky0iTiB MOKe OyTH HEpalliOHaJIbHUM 3 OTJISIY Ha S YNHHUKIB:

l.

HaiicyuacHinr KBaHTOBI KOMIT'IOTEPH CIPOMOXKHI OIEpyBaTH JTOBOJI
OOMEKEHOIO0 KUIBbKICTIO KYOITIB MPOTSATOM Jy>KE€ OOMEXKEHOrO MPOMIKKY
qacy.

BifcyTHICTh IPAKTUYHOTO AITOPUTMY KOPEKIIIT TOMUJIOK 03HAYa€ HAIBHICTh
JIOBOJII BUCOKOTO PIiBHS MOMHIJIOK Ta HETOYHOCTEH KBAHTOBHIX OTEpaIliid,
OTK€ HAJMIPHHI PO3Mip Ta CKIATHICTh KBAHTOBOI CXEMHU MOXKE CIIPUINHUTH
HU3bKY SIKICTb ii poOOTM Ha Cy4aCHOMY KBAHTOBOMY amapaTHOMY

3abe3meueHHi [16, 17].

OCKIJIbKM KBAaHTOBUW MPUCTPIN CIyTye YaCTUHOK HEUPOHHOI Mepexki, BiH

TaKOX TOBMHEH OpaTW ydacTb y TpOIECl HABYaHHS, II€ O3HAYa€, M0 TMOBUHHI

BUKOHYBAaTHCh HACTYITHI HEOOXIIHI YMOBH JIJIsi HABUYAHHS:

KBanToBa cXxemMa TIOBMHHA MICTUTH KOH(ITYpOBaHI IapaMeTpH, IO
BUKOPUCTOBYIOTHCS, ITOO 3MIHUTH CTaH KyOITIB 3aJICKHO B1Jl BX1THUX JaHUX.
HeobOxinno wmartm anroputM «mpsmoro» npoxony (feedforward) uepes
KBaHTOBY CXEMY Ta «3BOPOTHIW» MPOXia Ui OOYMUCIEHHS TPAIIEHTYy Ta
3BOPOTHOI0 MomupeHHs nmomMuiku (backpropagation), mo6 3poOuTH mpoIec

HaB4YaHHS MOXJIMBHM.

[Tpsmuii mpoxin (feedforward) mocuts mpocTuii:

4.

3HadyeHHs KOH(QITypOBaHUX MapaMeTPiB KBAHTOBOI CXEMHU BCTAHOBIIIOIOTHCS
PIBHUMU 3HAYCHHSM BHUXIJHUX Bar MOMEPEIHHOTO Mapy HEHPOHHOI MEpEexKi.
BukoHnaHHs KBAaHTOBO1 CXEMH Ta 3aMip Pe3yJIbTyIOUOTO CTaHy KyOITiB.
30epexeHHs pe3ysIbTaTiB BUKOHAHHS KBAHTOBOI CXEMH JJIS MOJAJIBIIOTO iX
BUKOPHUCTAHHS JIsl 3BOPOTHOTO MTPOXO.TY.

[lepenaua pe3ynbTaTiB A0 HACTYITHOTO MIAPy HEUPOHHOI MEpPEXKI.

3BOPOTHUM TPOXiJ TPOXHM CKIAIHIIINNA, OCKUIBKA BIH MOTpeOye OOYMCIECHHS

IpaJIIEHTIB JUIsl OHOBJICHHS Bar 3B’SI3KiB HEHPOHHOI MEPEkK1 3 METOI0 KOPHUT'YBaHHS
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MPOTHO31B MO BIAMOBIIHO 10 (AaKTUYHMX OYIKYBAaHUX PE3yJbTaTiB. Y HaIIOMY

BUTIAJIKY TPAIIE€HT JUIsl KBAHTOBOI CXEMH PEali30BaHO K TPAMIEHT I «YOPHOTO
smuykay. [{e MokHa BHpa3UTH HACTYITHOO (POPMYJIOIO:
qc_gradient = qc(6 + ) — qc(0 — ¢€) (3.1)
Jle 6 — 1ie mapaMeTp KBaHTOBOI CXEMH, TOOTO BX1JIHI 3HAYEHHS MONEPEAHHOTO
IpsMOrO MPOXO0Ny, € — Lie 3MIUIEHHS, SIKE € OJIHUM 3 TileprnapaMerpiB riOpuaHOi
KBaHTOBO-KJIACUYHOI HEWPOHHOI MEpexi, C — 1€ BUKOHAHHS KBAaHTOBOI CXEMH,
BUKOPHUCTOBYIOUH TiepeaaHi mapaMmerpu. ToOTO IpajiieHT KBAaHTOBOTO IIapy T1OpUIHOT
HEHPOHHOI MEpEeXl € PIZHUIEI0 MK pe3yJbTaTOM BHUKOHAHHS KBAaHTOBOI CXEMH,
00YHCIEHUMHU TP MpaBoMy 3MminieHH1 (0 + €) Ta miBoMy 3minieHHi (6 — ¢€) [89, 90].

TakuM YMHOM OTPUMAHO HACTYITHUM aITOPUTM 3BOPOTHOTO MPOXOAY:

1. OTpumaTu 3HAYEHHS IPaJi€HTIB HACTYIHUX IIapiB HEHPOHHOI MEPEXI.

2. Jlnsg KOXHOTO KyOIiTy OOYMCIHUTH TPajliEHT, BUKOPHCTOBYIOUHM HABEACHY
BuUIlEe hopmyy.

3. Pe3ynbTyroumii TpajieHT piBHS PIBHUM BEKTOPHOMY JOOYTKY MOIEPEIHIX
IPaJIIEHTIB Ta BEKTOPY TPAJIEHTIB KyOITiB.

4. OHOBUTH Baru BXiJHUX 3B’ S3KIB HEHPOHIB BIIMOBIHO JI0 TPA/TIE€HTIB.

5. Ilepenaua rpami€HTIB MOMEPEAHIM IIapaM TiOpUIHOT HEHPOHHOT MEPEXKI.

Hanuii anroput™ 103BOJsIE NUQPEPEHIIIIOBATH KBAaHTOBY CXEMY SIK YacCTHUHY
QITOPUTMY 3BOPOTHOTO TMOILIMPEHHS MOMUJIKMA Ta, BIAMOBIIHO, BHUKOPUCTOBYBATU
KBaHTOBHI MPUCTPIN K YaCTUHY TIIMOOKOT rOPUAHOI HEUPOHHOI MEpPEexi.

Pucynok 3.1 300paxkye BHCOKOpIBHEBY Jiarpamy TiOpHIHOI KBaHTOBO-
KJIACUYHOI HEHMPOHHOT MEpPEexi, 10 BUKOPUCTOBYE KBAHTOBHMM MPUCTPIN SK OJUH 3

MIPUXOBAaHUX PIBHIB.
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Pucynok 3.1. Jliarpama riOpuaHoi HEMPOHHOT MEpexi

3 KBAHTOBUM IIPHUCTPOEM.

OTxe, py BUKOPUCTaHHI JAHOTO METOAY TiOpuau3allii KBaHTOBUN pPIBEHb
rioOpuaHOT HEHMPOHHOT Mepexki Oepe Oe3Mocepe/HI0 y4acTh HE JIMIIE Y MPOIECi
BUKOPHUCTAaHHA Pe3yJIbTYI0UOl MOJIEN, a i y BChOMY Ipolieci HaBYaHHS, 1110 BUMAarae
3HaYHOTO 3aJly4Y€HHs KBAHTOBOT'O anapaTHOro 3a0e3leyeHHs Y MpOoLeC MiATOTOBKU
MOJIel, IO MOXe OyTH OJHUM 3 JyXKe CepHO3HUX OO0Mexyrdnx (akTopiB
BUKOPHUCTAHHA JAHOTO MiIXO0y Ha MPAKTHULI HA JAHOMY €Taml PO3BUTKY TEXHOJOTIH
KBAaHTOBUX OOYHCIICHb, aJDKE Y CYYaCHOMY CBITI JJOCTYH J0 KBAaHTOBHX KOMII IOTEPIB

€ JIIMITOBAHUM Ta 1X BapTICTh 3AJIMIIAETHCSI BUCOKOIO.
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3.3. Ilonepenns KBaHTOBAa 00POOKA TAHUX

JpyruMm po3MIISSHYTUM B MeXaxX JUCEPTAIHOTO TOCHIKEHHS ITiIX00M
riopuauzanii  KIAaCMYHHMX Ta HEKJAcCMYHUX oOuucieHs [ 3aBganb LI €
BUKOPUCTAaHHS KBAaHTOBOTO MPUCTPOIO TS TIOTIEPEHLO0I KBAHTOBOI 0OpOOKH JaHUX.
JlaHnuii miaxia coupaeTbest Ha 171€1, 0 KBAaHTOBUM MPUCTPI1id MOKe OyTH BUKOPUCTAHUN
JUTsl BHECEHHSI IEBHOTO P1BHSI KBAHTOBOIO IIIYMY Y TPEHYBaJIbHI1 JJaH1, TAKUM CIIOCOOOM
BUKOHYIOUYM poJib DA Kpoky.

KBaHTOBE MmITYyuHE PO3MIMPEHHS PI3HOMAHITHOCTI JIAHUX JICIIO HE BIAMOBIAAE
KJIACHYHOMY 3HAYEHHIO JAHOTO MIAXOMy, ajKe MHOoro pe3yJbraT HE €
JETePMIHICTUYHUM, HE MOKE OyTH OOEpHEHUM Ta Pe3yJIbTYHUl 3MIHEH1 300paKEeHHS
€ Ay’Xe BIIMIHHUMU BiJ] OpUTIHAIBHUX JAaHUX. [IpoTe, KOHIENTYyaabHO, JaHy TeXHIKY
BCE K MOXHa BIJIHECTH /O MEBHOTO POJY PO3MIMPEHHS PI3HOMAHITHOCTI AaHUX 3
OTJIsiy Ha Te, IO 3a/Jaya, sKy Mepeciigye€ KBAHTOBE «3allyMIICHHS» HaHUX, €
1IEHTUYHOIO JI0 3aJ]1a4l KJIACHYHOTO MPOIIECY PO3MIMUPECHHS PI3HOMAHITHOCTI IaHUX Ta
nepeciiaye MeTy 30UIbIIeHHs €(EeKTUBHOCTI POIIECY TPEHYBaHHS MOJIENI.

«3anrymIiieHHs» TPEeHyBaIbHUX JaHUX 1€ AYy>Ke MOIIMPEeHA TEXHIKa MONepeTHbOI
00poOku nanux. [laHa TexHika 0COOIMBO €(EKTHBHA B CIICHAPISIX, KOJIU 00’ €M
TpEHYBAJIbHUX JJaHUX 0OMEKCHU, aJ[’Ke KO>KHA HOBA Bapiallisl ONMpalbOBaHUX BX1THUX
JTAHUX MOJKE CIIYT'YBAaTH JOJaTKOBUM PO3IIUPEHHSM OPUTIHAIHHOTO HAOOPY JaHUX.
3BICHO, TaKe PO3MIUPEHHS JaHWX MEHII SKICHE, TPOTE IIe BCE OJHO IYXKE Ji€Ba
TEXHIKa, KOJIM HEMA€e MOXJIMBOCTI PO3LIMPUTH HAOIp JAHUX HOBUMHU OPHUTIHAIbHUMHU
JAHUMH, a HOTO MOYATKOBUH PO3MIP HE € ONTHUMAJIBHHUM JIJISi TPEHYBAaHHS MOJIEII.
Tako po3IUpPEeHHs PI3HOMAaHITHOCTI BX1AHUX JAHUX MPOBOKYE Kpallly TeHepai3allito
HEHPOHHOIO MEPEXKEI0, a/IKE€ MOJIENIb HE «3araM’sITOBY€» BX1/IHI JJaHl, OCKUIbKU TpH
KOXKHI# 1Tepallii HaBYaHHS BX1JIHI JJaH1 JeI0 3MiHEH1 Ta BIJPI3HSAIOTHCS BIJl JaHUX, 110
OyJiu mpeJicTaBlIeH] MOJieNi Ha Oy/b-sKii 3 MOMEPEAHIX 1ITepalliii HaBUaHHS.

[linxin 3 momepenHbOi KBAaHTOBOI OOpPOOKHM BXIJIHMX JaHUX peaai30BaHO Y
BUTJIS/II KBAHTOBOT 3rOPTKOBOI OTeparlii HaJl 300paKeHHIMH 3 OPUTIHAIBLHOTO HAOOPY

naHuX. KBaHTOBO-3rOPTKOBY OIlEpalil0 4acTO Ha3MBalOTh «KBAHBOIIOLIHHOIO»
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omepariero (quanvolutional). KBanBomroriitna onepairisi Oysia onucana MakcBenom

XennepconoM [91]. OOpoOKy 300pakeHHsI 32 JOMOMOTOI0 KBaHTOBO-3TOPTKOBHUX

onepauiﬁ MO’KHa OIMMCAaTU HACTYITHUM aJITOPUTMOM:

10)

|0)

|0)

0)

OOuparThecsi rinepnapaMeTpu O0OpoOKH, Taki SK pPO3MIp KBaHTOBO-
3rOPTKOBOTO s1/Ipa, po3Mip KPOKY KBaHTOBO-3TOPTKOBOTO si/ipa Ta «IHaJIIHI»
OpUTIHAJIBHOI KapTUHKH. JleTalbHUIA OMKC TinmeprnapaMeTpiB Ta iX eeKT Ha
pe3yNbTaT HaBEACHO HIDKYE.

KBaHTOBO-3rOpTKOBE SIAPO PYXA€ThCS MO BCIA TUIONII OPUTIHAIBHOI
KapTHUHKH BiJMOBITHO 10 OOpaHUX 3HAYCHH TilleprapaMeTpiB.

JUiss KOXKHOI TO3MINT KBAHTOBO-3TOPTKOBOTO SApa 3HAYEHHS KOXKHOTO
kaHaiy nikcens (RGB) ciyrye BXigHUM 3HaYEHHSIM JJI ONepallii KBaHTOBO1
CXEMH.

BukoHy€eThCsl KBaHTOBA cXeMa JIJIsl KOYKHOTO 3 KaHAIiB.

Pe3ynbryrounii cran KyOITIB 3aMips€TbCs Ta X pe3yJIbTaT BAKOPUCTOBYETHCS

SIK 3HQYEHHS BIIMOBITHOTO KaHATY PE3YyJbTYI0UOTr0 300paKeHHS.

. Input PR J

image B
features (-

- =

Iy 0)} A

. | v

——{R, (0a)f: A

R, (04) Vs e ;

Pucynok 3.2. Jliarpama KBaHTOBO-3rOpTKOBOTO Mpoiiecy [91].
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B anroputMi 3ragyroThCs HACTYIHI TinepriapaMeTpu 00pOOKH JaHUX:

Po3mip kBanTOBO-3ropTKOBOTO sijpa (kernel size) — rimepmapameTp, IO
BU3HAYA€ KIJIBKICTh MIKCENIB, 10 BHUKOPUCTOBYIOTHCS JUISI KOXXHOTO
OKPEMOTO KPOKY 3rOpTKOBOi 00poOKH 300pakeHHs. Po3mip siapa moBUHEH
OyTH pIBHIM KUTBKOCTI KyOiTiB KBAHTOBOT CXEMH, 1110 BAKOPUCTOBYETHCS JIJISI
omepartiii. Takox, OCKUIbKM SApO TOBHHHO MATH BUIJISA KBajpaTy s
KOPEKTHOI poOOTH ajaropuTMy, TO, BIANOBITHO, 3HAYECHHS JAHOTO
rinepnapaMeTpy MOBUHHO OYTH KBaJIpaToOM IIJIOTO Yucia Ta OyTH OUThITUM
1, amke 3ropTKoBa omeparlis 3 SaApoM po3Mmipy | He Mae KOIHOTO CEHCY.
Otxe, 3Bakaloud Ha OOMEXKEHHS, IO iX HaklIaJae Cy4acHUW CTaH
KBaHTOBOTO amapaTHOTO 3a0e3MedYeHHs, ONTUMAIbHUMH 3HAYCHHIMHU
pO3MIpYy KBAHTOBO-3TOPTKOBOro sipa € 4 Ta 9 MIKCENiB, Y TOMY pPO3MIp
KBaHTOBOi CXEMH, III0 BHUKOPHUCTOBYETHCS [IJII KBAaHTOBO-3TOPTKOBOI
orepallii, MTOBUHEH TaKOX BIJMOBIIHO MICTUTH 4 200 9 KyOiTiB.

Po3mip KpoKy KBaHTOBO-3TrOPTKOBOI oneparlii (stride) — nanuii napamerp € 3a
CBOEI0 MPUPOAOI0 1JACHTUYHHUM BIJANOBIIHOMY MapaMeTpy KJIAaCHUYHOI
3rOpTKOBOI OMEpallii Ta BU3HAYA€ PO3MIP KPOKY, Ha SKUH 3MILLYETHCS
KBAaHTOBO-3TOPTKOBE SJIpO Ha KOXHOMY Kpoll aiaroputmy. Ha mpakTuin
JaHUW TMapaMeTp BIUIMBAE HA PO3MIP PE3YJIbTYIOUOrO 300paKeHHS Ta
30UIbIIEHHS 3HAYEHHS KPOKY POOUTH Pe3yJIbTyloue 300payKeHHS MEHIITUM 32
PO3MIpOM Ta MEHIIIMM 32 PO3/ILJILHOIO 3/IaTHICTIO.

[Magaiar opurinanbHOro 300paxenHs (padding) — qaHuit mapamMeTp TaKoxX €
IICHTUYHUM BIANOBIIHOMY TMapaMeTpy KIACHYHOI 3rOpPTKOBOI OMepailii.
3HauCHHS JAaHOTO MapaMeTpy Peryiioe, uu OyJe T0JAaHO 10 OPUTIHAILHOTO
300paKEHHS paMKy 3 IMKCETIB PO3MIpOM pPIBHHM 3HAYCHHIO JaHOTO
mapamMeTpy Ta BIINOBIIHO BIUIMBAE HA  PE3YIbTYIOUHA  PO3MIP
OTpaiboBaHOro 300pakeHHs. e 0coOMuBO BaXKIIMBO, SKIO PE3YIbTYIOUE
300paK€HHS] TOBHMHHO MaTH TMEBHUM 3agaHuil po3mip abo 30epertu
OpUTIHAIBHUN  po3Mip. 3a  3aMOBUYBaHHSM  3HAQUEHHS  JIAHOTO

rinepnapaMeTpy piBHE HYJIIO.
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- Tunm xBaHTOBHX Omepalliif, 10 BUKOPUCTOBYIOTHCS B KBAHTOBIHA CXEMI.
Jlanuii rinepnapaMeTp BIUIMBAE Ha Te, SKi caMe omeparlii BAKOHYIOThCS B
KBAaHTOBOMY MPHUCTPOi Ha KBAaHTOBOMY amapaTHOMY 3a0esmedeHHi. Habip
oreparlii, 1o BXOIATh A0 CKJIaay KBAaHTOBOI CXEMH, BIUTMBAE HA CKIAIHICTD
CXEMH Ta BIJIOBIAHO 3MIHIOE 1 PE3yJbTAT KBAHTOBOI OOPOOKH KOXKHOTO
nikcens. B mexax paHoro nociipkeHHS OyJlo BUKOPUCTAaHO TPH THUIIU

kBaHTOBHUX onepauiii: RX, RY, RZ y pi3HOMaHITHUX iX KOMOIHAIIsX.

MiX KIaCHYHOIO 3TOPTKOBOIO Ta KBAaHTOBO-3TOPTKOBOIO OIlEpaIlisiMH, HE
3Ba)KAIOUM Ha 1X CXOXICTh, € Ty)K€ CYTTEBA BIAMIHHICTH: PE3yJbTaTOM 3TOPTKOBOI
ormeparlii € ofgHe 300pa)KeHHS, Pe3yJbTaTOM >K€ KBAaHTOBO-3TOPTKOBOI omeparii €
KiTbKa 300pakeHb. [IpudmHOI0 IOTO € Te, M0 KIACHYHUN aIrOpPUTM 3TOPTKOBOI
oreparlii TpoAyKye JIUIIE OJHE 3HAYCHHsI JJIsl KOXKHOI MO3UIlT 3rOPTKOBOTO Sapa, B
TOM e 4yac sIK pe3yIbTaTOM KBaHTOBO-3TOPTKOBOI OMEpallii € pe3yibTar 3aMipy CTaHy
KyOITIB KBAaHTOBOI CXE€MHM IIiciisl ii BUKOHAHHS, a OTKE iX KUIbKICTh CHIBNAJIa€ 3
KUTBKICTIO KyOITiB, Ikl MICTUTh KBaHTOBa cXeMa. T0> 3HAUEHHs KOXKHOI0 KyOITy Ta,
BIJINOBIJIHO, KOXKHE OKpeMe pe3yibTylode 3HAUYEHHS KBAHTOBOI CXeMH OyIo
BUKOPHCTAHO y BUTJISAJII OKPEMOTO Iapy pe3ynbrary. OTxe, AJisd po3Mipy KBaHTOBO-
3rOPTKOBOTO s/ipa 2X2 MU BUKOPUCTOBYEMO KBAHTOBY CXEMY, 1110 MICTUTh 4 KyOiTH Ta
pe3yibTaT KBAaHTOBO-3rOPTKOBOI orepaiii Oyae mictutu 4 mapu. Takoxk KoxXeH 3
PE3YIAbTYIOUMX IapiB MICTUTh 3 KaHaimi, 1o BiamnosigaoTh RGB kananam
300pakeHHs. ToMy PO3MIPHICTh JaHUX 30UTBIIYETHCS B N pa3iB MICIs BUKOHAHHS
KBAaHTOBO-3TOPTKOBO1 omepallii, 1e 3Ha4eHHS N BIJAMOBIJAa€ PO3Mipy KBaHTOBO-
3rOPTKOBOTO si/Ipa.

Takox BaXTMBUM acCIEKTOM JaHOTO TMIAXOMy € apXiTeKTypa KBaHTOBOTO
MPUCTPOIO, MO0 Oepe ydacTh y KBAHTOBO-3TOPTKOBIM omeparlii Ta 0OMEXEHHs, SKi
HaKJIaJja€ KBAHTOBUH MPUCTPIH HA PEIITy apaMeTpiB onepairii. [lepmr 3a Bce moTpioHO
3a3HAYUTH, 11O JIJISI eKCIIEPUMEHTIB 3 BUKOPUCTAHHS METOAY T10pHan3alii KIIaCHYHIX
Ta HEKJIACUYHHUX OOYMCIIEHb, SIKUI NOJIArae y NonepeHiii KBaHTOBIA 00poO1l JaHHX,
OyJI0O BUKOPHUCTAHO KBAaHTOBI CXEMH, 3T€HEPOBaH1 BUIAJKOBUM YMHOM, IO MICTSTh

3a/laHl TUIW KBAHTOBHMX ONEpallii, M0 € OAHUM 3 rineprnapameTpiB Meroay. Takox
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Ty’)K€ BAXKIMBUM AacCTEKTOM KBAHTOBOi CXEMH € TIEBHUW pPIBEHb KBaHTOBOI

3aIlIyTaHOCTI KyOITiB, IO O€pyTh y4acTh y BHUKOHAHHI OMepaiiii Ha KBaHTOBOMY
anmapatHoMy 3a0e3nedeHHi. KBaHTOBa 3aIuUTyTaHICTh € BKJIMBUM aCIIEKTOM, ajike il
HAsIBHICTh TapaHTy€, M0 3HAUEHHS KOXXHOTO IIKCEeNs, M0 BXOAUTh B KBAHTOBO-
3rOpTKOBY OIlEpallito, BILIMBAIOTh HA 0arato KaHajiB/IIapiB pe3yJbTyIOUUX JaHUX Ta,
BIJINOBIJIHO, 3HAYEHHS B KOXXHOMY 3 pPE3yJIbTYIOUHMX KaHaJIB/IIApIB 3aJ€KUTh BlJ
0aratbox MIKCENiB, 0 OEpyTh Y4acTh B KpOLI KBAaHTOBO-3TOPTKOBOI ornepauli. Jlana
BJIACTHBICTh BUILJIUBAE Y T€, 110 KBAHTOBO-3TrOPTKOBA OMEPAIlisl, IO 3Iy4a€ KBAaHTOBY
CXeMy 3 KBAaHTOBOIO 3aIlTyTaHICTIO, MPAIIOE 32 CXOKUM MPHUHIMIIOM 3 KIACHYHUMHU
3rOPTKOBUMH OMNEpAlisiIMU, A€ 3HAYEHHS PE3yJbTYHOUOro MIKCENs 3aJIeKUTh Bij
3HA4Y€Hb yCiX MIKCEJIB, 10 BXOATh Y KPOK 3rOpTKOBOI Oomeparii.

B mexax mociimkeHHs OyJo MpOBENEHO EKCIEPUMEHTH, METOI0 SIKUX Oyl
JOCITIDKEHHS palliOHATBHOCTI BUKOPUCTAHHS JOAaTKOBUX KaHaJIiB/IIapiB, OTPUMaHUX
B pe3yJibTaTi KBAHTOBO-3TOPTKOBOi omepallii, Ta po3TJIsSHYTO HaOip MAXOAIB 0
BUKOPHUCTAHHS 0araToKaHaJIbHOCTI, SIKYy Ha/la€ MOMNepe/IH KBAaHTOBA 00poOKa TaHUX Y
BUTJISL/II PI3HOMAHITHUX apXITEKTYp KJIACUYHOI YACTUHU T1OPUTHOT MEPEKI.

3arajom apxiTekTypa riopuaHoi KkBaHToBo-kiacuuHoi moaeni I, mo 3amyyae
MeTo TiOpuau3alii 3 IOoNepeaHhOI0 KBAaHTOBOIO OOpPOOKOIO JaHHMX, BHIJISIAE

HaCTYIIHUM YHHOM!

- KBanToBuii mpuCTpiii, 1110 BAKOHYE MMONEPEIHIO KBAHTOBY OOPOOKY JTaHUX.
- Kinacuuna monens, mo omepye Haja OararokaHadbHUMU JaHUMH, K1 €

pe3ynbTaToOM PoOOTH KBAHTOBOT'O MPUCTPOIO.

HNauuii miaxing no mnoOyaoBu riopugHux mopaened LI mae nmyxe 1ikaBy
BIJIMIHHICTb BiJ] METOAY, PO3TJISIHYTOTO B po3aiii 3.2. «KBaHTOBUI IPUCTPiH K OJTHH
3 MPUXOBAHUX IAPiB HEHPOHHOI MEpPEki»: 00poOKa KOKHOTO OKPEMOTO E€JIEeMEHTY
OpUTIHAJIBLHOTO HA0OPY MaHMX BIAOYBae€ThCs Juie oauH pas. lle He BmiMBae Ha
MPOoILIeC eKCIUTyaTallii BXKe€ HaBUEHOI MOJIENI, MPOTE 1151 OCOOIUBICTH J103BOJISIE€ 3HAYHO
3MEHIIUTH KUTbKICTh KBAaHTOBUX OIEpaliidi MpU NpOIeci HaBUYAHHS MOJENI, aJikKe
MO>KHA BUKOHATH 0OpOOKY TpEHYBAIbHUX JAHUX JIMIIE OJIUH pa3 — Mepe] MOYaTKoM

Mpoliiecy HaBYaHHS MOJIET Ta BUKOPUCTATH 00pOOJIeH] JaH1 y BUTIIAI HOBOTO HAbOpy
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TaHUX, SKUW BxKe OyJie BUKOPUCTOBYBATHUCH JIJII HABUAHHS, a/DKE MPOIEC KBAHTOBOI
00poOKHu maHMX HE Oepe Oe3mocepeaHbOi y4acTi y MpoIeci HaBYaHHS MOJENi, 110
npulupae OfHE 3 AyKe BaXKIUBUX OOMEXEHb, SIKI Ma€ MOMEPEIHbO PO3TISTHYTUN
METOJ — KBAaHTOBUI MPUCTPIN MOTPIOEH JUIIE HAa MOYaTKYy NPOLECY HABYAHHS, TOMY
caM IpOIEC HaBUYaHHS Ha BXKE IMIATOTOBJICHUX JAHUX HEMA€ HISKMX 3aJ€KHOCTEH Ha
KBaHTOBE arapaTHe 3a0esneueHHs. lle Moxe OyTu Ny)Ke KOPUCHO, 3BAKAIOUM Ha
0OMEKEHY JOCTYIHICTh KBAHTOBHX OOYMCIIEHb Y CY4YaCHOMY CBITi, TOMY CIIPOILEHHS
MpoIleCcy TPEHYBaHHS MOJENl Ta MiHIMI3allisd KUIHKOCTI KBAaHTOBUX OOYHCIICHb,
MOTPIOHUX JJISI IIbOTO, MOXKE MaTH Jy>K€ MO3UTHUBHUHN €(EeKT Ha MpakTuill. Takox
MO>KJINBUM KOPUCHUM HACI1JIKOM € MOXKJIMBICTh IPOBOAUTH KBAHTOBY OOPOOKY TaHHUX
napajiefibHO, SIKIIO 1€, 3BICHO, OyJe palioOHaJIbHO, 3Ba)KAalOUM Ha JOCTYIHICTh
KBaHTOBHUX OOYHCIICHb.

Toxx MOXHa TiJICYMyBaTH, 110 OMHCAaHWNA METOJ T1Opuau3aIlli KIACUMYHUX Ta

HEKJIACHYHHMX OOYHCIICHb Ma€ HaCTyr[Hi rnepeBaru:

- MoOXNHBICTh PO3ALTUTH B 4Yacl IMpOLEC MIATOTOBKM JAHUX 3a JOIMOMOTOIO
KBaHTOBHMX OOYMCIIEHb Ta MPOLIEC HABYAHHSA KJIACUYHOI YaCTUHHU MOJIEII.

- MoXJIUBICTh POBOAUTH OOPOOKY JaHUX MapayiesIbHO.

- Ilpomec HaB4YaHHS KJIACMYHOI YACTMHU MOJENI HE BHUMArae JOCTYIy MO
KBAaHTOBHUX OOYHUCIICHb.

- 3amymiieHHs BXIJHUX JaHUX 3a JOMOMOTOI0 KBAaHTOBHX OOYHUCIIEHbB, IO
MO>K€ MaTH MO3UTUBHUI BIUTMB Ha MPOIEC HABYAHHS MOJIEII.

- PosmupenHs po3MipHOCTI OPUTIHAIBHOTO HAOOPY MTaHUX 3a JOTIOMOTOIO

KBaHTOBO-3TOPTKOBOI OIepartii.

3.4. KpaHTOBHII NpHUCTPi SIK NEepUIMHA 3rOPTKOBUM 1IAp HEHMPOHHOI

Mepexi

TpeTiM pO3TAsSHYTUM B MeXax JIUCEPTalIHOrO IOCTIIKEHHS T1IX0I0M

riopuamn3aiii KJIaCHYHUX Ta HEKJIACUYHUX oOuuciaeHb s 3apaanb LI €
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BUKOPUCTAHHS KBAaHTOBOTO TIPHUCTPOI0 Yy SKOCTI TEPIIOTO 3TOPTKOBOTO APy

riOpuaIHOT KBAHTOBO-KIACHYHOI TITMOOKOT 3TOPTKOBOT HEHPOHHOT MEPEXi.

Jlanwmii miaxia OynyeTbes Ha 11eX Ta MIX0JaX METOAY, 10 OyB BUKJIaeHUN B
po3auni 2.4.2. «llonepenHs KBaHTOBa OOpOOKa JAaHHUX» Ta € JOTIYHUM PO3BUTKOM
BUIlle3rafanoi 171ei. OCHOBHOIO BIJIMIHHICTIO JJAHOTO MIAXOIY € T€, 10 pe3yJbTar
KBaHTOBO-3TOPTKOBOi ~ Omepalii BHUKOPUCTOBYETbCA HE y BHUIVIAAL €IMHOIO
OaraTokaHaJbLHOTO €JIEMEHTY JaHUX, a Y BUIJISLA1 OararboX Bapialliid OJTHOrO 1 TOTO X
caMoro 300paKeHHs.

[Iporiec miArOTOBKU MOJIEJI MOXHA OMUCATH HACTYITHUM aJTOPUTMOM:

1. KBanToBa 00poOka OpUriHaIbLHOI0 HA0OPY JIAHKUX 3a JI0TIOMOI'00 KBAaHTOBO-
3rOpTKOBUX ONEparliil.

2. Pe3ynbTaTu KBaHTOBOi OOPOOKHM MEPETBOPIOIOTHCA Y HOBUN TPEHYBAJIbHHIA
Ha0lp JaHMX, IO MICTUTh B N pa3iB Oliblle 300pa)ke€Hb, MOPIBHIOWYH 3
OpUTIHAJIBHUM HA0OpOM JaHUX, JI€ N — PIBHUM KIIBKOCTI KaHajiB B
pe3yibTaTli KBAHTOBO-3TOPTKOBOI OMnepariii.

3. HoBuii TpenyBanbHUN HaAOIp JaHUX BUKOPHUCTOBYETHCA ISl HABYAHHS

KJIACUYHOI YaCTUHHU MOJEMIL.

Otxe, B pe3yibTaTl BUKOHAHHS MOINEPEAHbOI KBAHTOBOI OOpPOOKM AaHUX
CTBOPIOETHCS HOBUM TPEHYBaJIbHUM HaOIp AaHUX, IO CKIAJAETHCS 3 N Bapialiid
KOXHOTO 3 BXIJIHMX 300pa)K€Hb, K BKE OyJI0 3a3HAYEHO, 3HAYECHHS N € PIBHUM
KUIBKOCTI KaHaJiB B Pe3yJibTaTi KBAHTOBO-3TOPTKOBOI oOmepailii Ta 31 CBOro OOKy
BIJIMOBIJIA€ TileprnapamMeTpy NONepeHbOI KBAHTOBOI OOPOOKH JTaHUX — PO3MIPY
KBAaHTOBO-3TOPTKOBOTO si[pa Ta, BIJMOBIIHO, PO3MIPy KBaHTOBOiI CXEMH, IO
BUKOPUCTOBYETHCS [IJIsl MIONEPEIHbOI KBAaHTOBOI 00poOKM 300paxkensb. Lle mo3Borsie
J10J1aTy TIEBHOI BaplaTUBHOCTI TPEHYBAJILHOMY HAOOpY JaHUX, 110 MOXKE OyTH JyKe
KOPHUCHO Y CLIEHApIsiX, € PO3MIp OPUTIHATBHOTO HAOOPY JAHHUX € HE ONTHUMAIbHUM
JUIS. HaBYAHHS MOJEN, TAKUM CIIOCOOOM JaHWM IMIAX1J MOKE TO3BOJIUTH 30LIBIIATU
TOYHICTH POOOTH MOJIENl Y BUIIE3raJlaHOMy CIIEHApil0 3a PaxXyHOK pPO3IIUPEHHS

TPEHYBAJIHHOTO HAOOPY JaHUX.
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ANTOpPUTM TpoIeCy TPEHYBAHHS KJIACUYHOI YACTUHU TIOPUIHOI MOJEII HIYUM

O0COOJIMBUM HE BHUPI3HAETHCS Ta € I1JEHTHYHUM NPOILECY HaBYaHHS OyIb-AKOi
kiacnaHoi mozeni III. IIpore mporec BUKOpWCTAaHHS MiATOTOBICHOI MOJET Ma€e
KJIFOUOBY BIJMIHHICTh — 3Ba)KAIOUM Ha TE, 110 KBAHTOBO-3TOPTKOBH 1Iap riOpuaHOIL
HEHPOHHOI MEpeXl, Ha BIAMIHY BIJI KJIIACHYHOI 3rOPTKOBOI oOmeparii, TpoayKye SK
pe3yabTat He OfHe 300paXKeHHsI, a Hal1p, 1110 MICTUTh N 300PaKEeHb, KIIACUYHA YaCTHUHA
riOpuaHOI MOJIEJl TOBMHHA OMpPAIOBATH Ta BIJIMOBIAHO KJIACU(IKYyBaTU N 300paKeHb.
OTtxe, Ayt oTpuMaHHs (IHATBHOTO NepeAdayeHHs riOpUAHOI0 KBAaHTOBO-KJIACHYHOIO
HEUPOHHOI0O MEPEXKEI TMOTPIOHO OCTAHHIM KPOKOM Yy3arajJbHUTH pe3yJbTaTH
nepeadayeHp JIsl KOXKHOI 3 Bapialliid orpanboBaHOro 300pakeHHs. {15 11boro MoxxHa
BUKOpUCTATU 0arato pi3HOMaHITHUX IMIJIXO/IB Ta aJITOPUTMIB, III0 MOXKYTh 3aJI€KaTH
BiJl KOHTEKCTY KOXHOI1 OKpeMOi 3aj1aui, 3 TaKUX MiX0/1B MOKHA BUIUTATH aITOPUTM
«rosiocyBaHHs» 3a pe3ynbrat MV [92]. Lle no3BoJisie BBeCTH EBHUI PiBEHb THYYKOCTI
y TIpoIleC BU3HAUYCHHS (PiHATBLHOTO TIepeadadeHHs r1OpUIHOT MEpexXi, III0 MOXKE OyTH
KOPHCHO y 6aratboX pi3HOMaHITHUX 3aCTOCYHKaX.

OTxe, OTpUMaHO HACTYNHHM aJIFOPUTM BUKOPUCTAHHS T1IOPUIHOI KBAHTOBO-
kinacuaHoi mojeni I, moOymoBaHOO 3a JOMOMOTOI IMAXOAY 3 BUKOPHUCTAHHSIM

KBaHTOBO-3TOPTKOBOI OIeparlii K MepIioro mapy riopuaHoi HeHPOHHOI MEepExi:

1. KBanToBa 006poOka BXiJHOTO 300paKeHHS.
2. Jlns KoXHOT 3 OTpUMaHMX Bapiallii 300pakKeHHS Yy pe3yJbTaTi KBaHTOBOI
00poOKu:
a. OmpaltoBaHHs 300paKeHHS KJIACUYHOIO YaCTUHOIO MOJIETII.
b. 306epexeHHs nepeadaueHHs KIIACUIHOI YaCTHHHU MOJIEIII.
3. VY3arambHeHHs ycCiX mnependayeHb, OTPUMAHUX 3a JOMOMOTOI0 KIACUYHOI

YaCTUHU MOJIEI.

Takox I1HIIMM BAKIUBUAM aCIEKTOM JAaHOTO METOAY € MOXKIJIHBICTh
BUKOPHUCTaHHS CYJacHHX Ta €(PEKTHUBHUX apXiTEKTyp 3TOPTKOBUX HEHPOHHUX MEPEK
y SIKOCT1 KJIACHYHOI YacTHHM riopumHoi moneni. Ta okpim Bukopuctanus SOTA

apXITEKTYp, 110 HE MEHIII BaXKJIMBO, OMMCaHAa apXITEKTypa TOPUIHOI MOJIEN 103BOJISE



71
3a]ly9aTH TaKOXX PI3SHOMAHITHI MPOCYHYTI TEXHIKH, Taki sIK TpaHChEpHE HaBYAHHS

(transfer learning) [93].
Jliarpamy, IO OMUCY€ BUCOKOPIBHEBY apXITEKTypy TIOpMAHMX MOJENEH,

moOyI0BaHUX 3a JJOIOMOTOI0 JAaHOTO METOAY ridpuau3aiili, HaBeaeHo Ha Pucynky 3.3.
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Pucynox 3.3. ApxitekTypa ribpuaHoi HEHpOHHOT MEpexKi,

10 BUKOPUCTOBYE KBAaHTOBO-3TOPTKOBUM mIap [94]

Tox wmoxna migcymyBatu, o riopuany woxaens I, moOymoBany
BUKOPHUCTOBYIOUM JaHUN METOJ rOpuaM3aliii, TaKoK MOKHA PO3IIMTH HA JB1 OKpEMI

YaCTHUHU:

- KsanToBa 00poOka BXigHOTO 300pa)X€HHS 3a JIOMOMOTOK) KBAHTOBOTO
MPUCTPOIO.
- Bukopucranns pe3ynbTariB KBAaHTOBOI OOpOOKH 300pa)K€HHS KIIACHYHOIO

YaCTUHOIO MOJIEI.

JlaHe po3isieHHs MPUHOCUTH BC1 TIepeBary, 3rajaani B po3nun 3.3. «Ilonepeans
KBaHTOBa 00pOOKa TaHUX» TaKi K MOXKJIMBICTh PO3IUIMTH B 4acl MPOIEC MONEPETHBOI
00poOKHM JaHWX, MOMJIMBICTH TPOBECTH OOPOOKY BXIJHUX MTaHUX 3a JTOMIOMOTOO
KBaHTOBOT'O MPHUCTPOIO JIMIIE OJWH pa3 Ta HE TMOBTOPIOBATH i HA KOXHIA €roci
HABYAHHS Ta MOKJIMBICTh BUKOHYBAaTH KBAaHTOBY OOPOOKY 300pake€Hb 3 HEOOMEKEHUM
napanenizmMoM. [IpoTe BHUKOpPUCTaHHS KOXXHOTO 3 KaHATIB PE3yJbTaTiB KBAaHTOBOI
00poOku aaHux sk okpemMoro RGB 300paxeHHs NPUHOCUTH KUIbKA JOJATKOBHX

CEpHO3HHUX IIEepeBar:
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- Moxmuicte 3amyuyatd SOTA mopmemi sK KIaCH4HY 4YacTUHY Ti1OpHIHOI

HEHWPOHHOI MEpEKi.

- MoxnuBicTh €pEeKTHBHOTO 3aJlydeHHS MPOCYHYTUX  TEXHIK, IO
BUKOPHUCTOBYIOTBHCSl [IJII TIOKpAIIEHHSA Pe3yJIbTaTiB POOOTH KIACUYHUX
HEUPOHHUX MEPEXK, SICKPAaBUM MPHUKIATOM TAKOTO MiAXOAY € TpaHc]epHe
HaB4yaHHA [93].

- TI'myukicTe 1HTepmperaulii pe3ynbTaTiB poOOTH MOJENl 3a PaxyHOK
BUKOPHUCTAHHS MIIXO/I1B, TAKUX SIK TOJIOCYBAHHS 32 BU3HAUCHHS (DIHATBHOTO

pesyabraty MV.

3.5. bararocTpykTypHa KJIacH4YHa 4YacTHHA TiOpUIHOI KBaHTOBO-

3ropTKOBOI HEiiPOHHOI Mepe:xi

Januit miaxig po3MMpIOE€ TOMEePEeaHhO OMMCAHWK METOM TiOpuam3allii, o
0a3yeTbcss Ha KBAHTOBOMY IMPHUCTPOI, IO BHUKOHYE POJIb MEPIIOTO KBAHTOBOTO
3rOPTKOBOrO Mmapy TiOpuaHoi rambokoi HelipoHHoi Mmepexi. [lpu BukopucranHi
KBaHTOBO-3TOPTKOBOi ~ OMepallii, Ha OCHOBI OJIHOIO BXIZHOTO 300pa)KeHHS
(bOopMyIOThCSl TOAATKOBI KaHA M 300paKeHHA Ta 3 Oy Ha Te, HI0 KOXEH 3
J0JIaTKOBHX KaHaJIIB KBAHTOBO-OMPALIbOBAHUX Baplalllii OPUTIHAIBLHOTO 300paXKeHHs
Mae crnenu@iyHi BIAMIHHOCTI Ta OCOOJMBOCTI, palliOHAJIBbHUM PO3BUTKOM 17ei
BUKOPHCTAHHSA KBAaHTOBO-3TOPTKOBOI OMepallii y SKOCTI MEPIIOro Imapy TIuO0KOi
HEHUPOHHOI MEPEk1, € BUKOPUCTAHHS 0AraTOCTPyKTYpPHOI MOJIENl Y SIKOCT1 KJIaCHUYHO1
YaCTHHM TIOpUJIHOI MOJIeNIl Ta 3aMICTh OJIHIET KJIACUMYHOI MOjeNi, BUKOpUCTaTH N
HEeHpOHHUX Mepex (me N piBHMM KUIBKOCTI KaHaIB, CTBOPEHHMX B PE3yibTari
KBAaHTOBO-3rOPTKOBOI OMepallii), KOKHa 3 SKUX OINpalbOBYE JUIIE OAWUH 3 HOBHX
KaHaiB 300paxeHHs [95]. ApXIiTEeKTypHy miarpamy IiJIXOAy, IO BHKOPHUCTOBYE
0araToCTpyKTYpHY apXIiTEKTypy KJIACHYHOI YACTUHU TOPHUIHOT KBAHTOBO-3TOPTKOBO1

HEHWPOHHOI Mepexi, HaBeZieHO Ha Pucynky 3.4.
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OpuriHanbHe 306paXeHHs

KeaHTOBO-3ropTKoBa onepauis

KeaHToBO-0nNpauboBaHi Bapiauil
OpUriHanbHoOro 306pakeHHn

KnacmuHa yactuHa
ribpuaHoi Mmogeni

BuaHnaueHHs
thiHanbHOTrO
nepepn6adyeHHs mogeni

PeaynbTar

Pucynok 3.4. ApxitekTypa riOpuaHoi HEHpPOHHOI MEpPEeXKI,
10 BUKOPUCTOBY€E KBAHTOBO-3rOPTKOBUI 1IAp Ta

0araToCTpyKTYpHY KJIACUUHY YaCTUHY MOJEII.

Takox JaHy 171e10 MOKHA PO3BUHYTH Ta JOJATH I11€ OJMH JOAATKOBUM BX1AHUN
KaHaJI KJIACUYHO1 YaCTUHU rOPUIHOI MOJIENI Ta epejaBaT OpUTiHAIbHE 300payKeHHs
B JaHUW JOJATKOBUU KaHaI. APXITEKTYpHYy JiarpaMmy Miaxomy, 1o MIicTUTh N+1

0a30BUX Mepexk, HaBeJeHo Ha Pucynky 3.5.
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Pucynok 3.5. ApxitekTypa riOpuaHoi HEHpOHHOI MEpexKI,
110 BUKOPUCTOBY€E KBAHTOBO-3FOPTKOBUI 1IAp Ta
0araToCTpyKTypHY KJIACHUHY YaCTHHY MOJEI1

3 I0JJaTKOBUM KaHAJIOM JIJIs OPUTTHATIBLHOTO 300paKeHHS.

[lopiBHsiBIIM [fiarpamu HaBelneHi Ha Pucynkax 3.4 Tta 3.5 3 miarpamoro,
OMHCAaHOTO BHUIE Miaxonay Ha Pucynky 3.3, MO)XHA MOMITHUTH, IO 3arajbHa ifes
I1JIXOAY TMTOBTOPIOETHCSH, 3 €IMHOIO BAXKJIMBOIO BIJIMIHHICTIO — 3aMICTh OJHI€T MOJACH Y
SIKOCT1 KJIACUYHOI YaCTUHM T1OpUAHOT MEpeki BUKOPUCTOBYETHCS Oarato MojeieH,
KO’KHA 3 IKUX MPAIIO€ BUKITIOYHO 3 OJTHAM 3 KaHATIB AaHuX. J[aHui miaxin ycrnaaKkoBye
BCI MepeBaru MonepeaHbporo mijaxoay, IpoTe MPOMOHY€E MOTEHIMHO BUIILY TOYHICTh

poOOTH TiOpUIHOT MOJIEINI 32 paxXyHOK OUIBII BY3bKOI Clieliani3allii KO)KHOI 3 YaCTHH
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0araToCTpyKTYpHOI KJIACHYHOI YACTHHHM MOJENI Ta OUIbIIOI THYYKOCTI MIAXOAY, 110

JI03BOJISIE€ TAKOXK POLIUPEHHS MIAXOAY 33 PaXyHOK 3aTy4eHHs T0AATKOBOTO BX1HOTO
KaHAIly JTaHUX — OPWUTIHAIBLHOTO HE 3MIHEHOTO 300pakeHHs. [Ipore mopiBHSHO 3
MOMNEPEHIM MIAXOA0M, JaHUM MIAX1J TaKOXK Ma€ CYTTEBHU HEHOJIK — 3ay4EHHs
KOXHOI JI0JaTKOBOI 0a30BO1 MozeNl A0 KIACHYHOI 0araroCTpyKTYpHOI YaCTHHU
riOpuaHOT HEHWPOHHOI Mepexi 30uIbllye 00’eM mam’sTi, L0 HEOOXIAHWM i
ONpAaLIOBaHHS JIaHUX, 110 Y CBOIO YEPry BUMAra€ BUKOPUCTAHHSA OUIBII MOTY>KHOTO
anapaTHoro 3abe3neyeHHs Ta 30UIbIIy€e BapTICTh BUKOPUCTAHHS AAHOTO MiIXO.Y.
Tox MoxkHa mifcyMyBaTH, 1110 T10puHa mozens LI, o nobynoBaHa Ha OCHOBI
KBaHTOBOT'O MPUCTPOIO, IO BUCTYIAE y POJII MEPUIOTr0 3rOPTKOBOTO LIApy IIHOOKO1
HEHPOHHOI Mepexi Ta Mae 0araTOCTPYKTYpHY KJIACUYHY YaCTHHY MOJIeNl, Ma€ BCl
nepeBaru miaxoay Tiopuamsarii, mo O0yno po3riasHyTo y po3aium 3.4 «KBaHToBwMiA
MIPUCTPIH SK MEePITUI 3rOPTKOBUH IIap HEHPOHHOT MEPEXK1», MPOTE BIAPIZHIETHCS THM,

mo:

- Jlo3Bosisie MOTEHIIHHO OTPUMATH BUILLY TOYHICTH pOOOTH MOJIEN1 32 paXyHOK
BUKOPHUCTaHHS 0araToCTPYKTYpPHOCTI.

- bigpmia rHYYKiCTh MAXOAY, IIO JO3BOJISE 3adydyaTH HOJATKOBI 0a30Bi
MOJICJ, 3aJIC’KHO BiJl BUMOT KOHKPETHOT 3a/1aui.

- Bumarae 611b11 MOTY)XKHOTO KJIACHYHOTO amapaTHOTO 3a0e3MedeHHs, aJKe

30UIBIITYIOTHCS BUMOTH JI0 HEOOX1THOTO 00’ €My aM’sITi.

3.6. KommiaexkcHuii Meroa riOpuau3amii KIACHYHUX Ta KBaHTOBHX

004YMCJIEeHb AJIA 3aBIaHb ITYYHOTO iHTe.]IeKTy

Ha ocHOBI pO3rissHyTMX METOHIB TiOpuau3aiii MOKHAa MOOyayBaTH
KOMIUIEKCHUM MIAXiA 10 MOOYJOBU TIOPUIHMX KBAHTOBO-KJIACHUYHUX HEUPOHHHUX
Mepex. KirodoBum daktopoM sl MOOYJOBH KOMILIEKCHOTO METOJY € BHMOTHU
KOHKPETHOT 3aj1ayi, sIKa BUMarae 3ajydeHHs riopuaHux oouncienb. OOuaBa OCHOBHI

pOSFJ’ISIHYTi MCTOOU MAXOTH P CBOIX SIK nepesar, Tak 1 CYTTEBUX He)IOJ'IiKiB, TOMY
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KOMITJIEKCHUI METO/I TOJISTa€ y BUKOPUCTAHHI TOTO UM 1HIIOTO MAX01y ri0puan3artii,

3aJIe)KHO BiJI BUMOT 3aJ1a4i 3 IMULTI0 MAaKCHMAJIBHOTO BUKOPUCTAHHS HOTO MepeBar Ta
MO>KJIMBOCTI 3MUPHUTHCH 3 HETOTIKAMH.

OCHOBHOIO TEpeBaroo, IO Mae METOJ TiOpuaM3allii, M0 MOJSArae B 3aMiHl
YaCTUHU NPHUXOBAHUX IIAapiB HEHPOHIB KIACMYHOI INTMOOKOI HEMPOHHOI MEpexi Ha
KBAaHTOBUH MPUCTPIH, € MPUCKOPEHHSI OOYNCICHD 32 PaXyHOK MEPEHECEHHS YaCTUHU
oOyuClIeHb Ha KBAHTOBE amaparHe 3abe3nedeHHs. [Ipore rauluie aOCTIKEHHS
JTAHOTO METOAY T10puaM3allli moKaszaio, 1o el MiaXiJ TAKOXK 3HWKYE MaKCUMAJIbHY
TOYHICTh, SKy MOJEIb MOXE JOCATHYTH B pe3yibTaTi TpeHyBaHHs. [Iporec
JOCIIIKEHHS Ta AeTalbHI HOT0 pe3yJIbTaTH OMKUCAHO B MEXax po3aiiy 4.

[lepeBaroro meroxy riOpuauzarlii, 1o nependavae 3aTydyeHHS KBAHTOBO-
3rOPTKOBOI omepaliii € TOMITHE 30UIBIICHHS TOYHOCTI POOOTH MOJENI, SKe
JOCSTA€ThCS 32 PAaXYHOK BHUKOPUCTAHHS KBAaHTOBUX OOYMCIIEHb JUISI IITYYHOTO
PO3IMPEHHS] HAOOPY TaHMX Ta CTBOPEHHS J0JIaTKOBUX KaHamiB. [IpoTe mociimkeHHs
MOKa3aJio, 0 IaHUM METO/] € BIIHOCHO JOPOTUM 3 TOYKH 30PY KITBKOCTI KIACUYHHUX
00YHCIIEHB, SIKa TOMITHO 3pOCTA€E IPU BUKOPUCTAHHI IILOTO MIAXO/TY, 1110 B CBOIO YEPTY
CIpu4uHs€e 30UIBIICHHS Yacy poboru Mojeni. IIpormec mociimkeHHS Ta JeTaabHI
pE3yNbTaTH €KCIIEPUMEHTIB TAKOXK HABEJICHO B MEKax po3LTy 4.

Takum yuHOM, HA OCHOBI CHJIBHUX Ta CIA0KUX CTOPIH KOKHOTO 3 PO3TIISTHYTHX
METOJIB TiOpuam3amii MOKHA 3pOOMTH BHCHOBOK, IO JIJIS 3ajJiad, IO BHMAararmoTh
HAJ[BUCOKOI MIBUIKOIi, TPOTE€ MOXKYTh TOJEPYBaTH JEIIO HIKYUN PiBEHb TOYHOCTI
poOOTH MOAENI MiAXOAUTH BUKOPUCTAHHS METOAY TiOpuaAM3aIlii, Mo MoIsirae B 3aMiHi
YaCTUHU NPUXOBAHUX IIapiB HEMPOHIB KJIACMYHOI INTMOOKOI HEHPOHHOI MEpexi Ha
KBaHTOBUM mpucTpii. JIis 3agad, 1m0 BUMAararoTh MiJIBUIIEHOTO PIBHA TOYHOCTI
poOOTH MOJIENI Ta TOJEPAHTHI 10 3HWKEHHS IBUKO1i pOOOTH MOJIEN MPONOHYEThCS
BUKOPUCTAaHHA METOJy riOpuau3auli HEMpOHHUX MEpeX, IO MOJSArae B 3ajyydeHHI
KBaHTOBO-3TOPTKOBOI orepallii B IKOCTI MEPIIoi oneparlii B Mexkax poOoTH MoJeni 1 3
MO>KJIMBICTIO 3aJIy4eHHs 0araToCTpyKTYpHOI KJIIACHYHOT YaCTUHU T1OpUAHOI MHO0KO1
MEpPEeXi, SKIIO I[BOTO O3BOJIAIOTH MOTYXXHOCTI KJIACHYHOI amapaTHOi YacTHHU.
Oco6nmuBO epEeKTUBHUM JaHUW METOH € Ul 3a/1ad, M0 MarTh CyOONTUMalIbHUN

pPO3MIp TPEHYBAIBHOTO HA0OPY JaHUX, a/I’Ke IITYYHE KBAHTOBE PO3IIMPEHHS HAOOPY
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TPEHYBAIbHUX JaHUX TMOKa3alo ce0e ePEeKTMBHUM MEXaHI3MOM JUIsi YaCTKOBOTO

ITO0JIAHHS JTaHOT IIPOOJIEMHU.
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BUCHOBKMU 10 PO3JALIY 3

B nganomy pos3mini AmcepTamiiHOTO AOCTIIKEHHS OyJio pO3MIISIHYTO 3 pi3Hi
MiIX0MM 3 TiOpuan3arii TIMOOKUX 3TOPTKOBUX HEUPOHHUX MEPEX I BUPIIMICHHS

3a/1a4l 0araTto-KiaacoBoi KinacuQikarii 300paxeHb.

1. KBaHnTOBUI MPUCTPiH BUKOHYE POJIb OJHOTO 3 MPUXOBAHKX IIAPIB TITUOOKOT
3rOPTKOBOI HEUPOHHOT MEPEKI.

2. KBaHTOBUII TpUCTPI BUKOHYE POJIH MOMEPEIHHOI KBAHTOBOI OOPOOKH
300paxkeHb 10 iX MOTPAIISHHS Y KIACUYHY YaCTUHY TiOpUIHOI HEHPOHHOT
MeEpexi.

3. KBaHTOBUI MPUCTPiil BUKOHYE POJIb NEPIIOTO KBAHTOBO-3TOPTKOBOIO MIAPY

rIMOO0KOT 3rOPTKOBOT HEUPOHHOT MEPEXKI.

[Teprmuii 3 miaXo/iB Hapa3i € HAMO1IBII MOMUPEHUM ITiAX0I0M T10pUaAn3alii Ta
OyB pO3TJISHYTHH SK YacTMHA KOMILIEKCHOTO METONy TiOpHau3arlii KIaCHYHUX Ta
HEKJIACHYHUX 00YUCIICHb. JJaHuii miaxin J03B0JIsS€ 30UIBIIUTH IIBUAKOAII0 crucTeM LI
3a paXyHOK 3MEHIICHHS TTTUOMHU KJIACUYHOI YaCTUHU T1OpUIHOT HEMPOHHOT MEpexi
[UIIXOM 3aMiHM YaCTHHHU MPUXOBAHMX IIapiB MEpEeXi Ha KBAHTOBY cxemy. [Ipote
MOTEHIIMHO JaHUU M1AX1] MOKE IPU3BECTHU /10 3HUKEHHS TOUHOCT1 poOOTH r1OpUAHOI
MOJIEIII.

[Tinxin, mo Oa3yeTbcsi Ha TMOMEPEHIM KBaHTOBIM 0OpoOIl 300pa)keHb, €
BIJIOMUM METOAOM MOKpAaIEHH €(QEKTUBHOCTI pPOOOTHU TIOPUIHUX KBaHTOBO-
KJIACUYHUX HEMPOHHUX MEPEX Ta BIH OTPUMAB MOJAIBIINI PO3BUTOK B MEXaX JaHO1
poOoTu. JlaHuii miaxia NOTEHIIITHO JO3BOJISIE PO3IIUPUTH TPEHYBAJIbHUN HAO1p JaHUX
Ta TAKUM CITIOCOOOM MTO3UTHUBHO BILUIMHYTHU Ha CTIMKICTh MOJIEJI1 Ta 30LJIBIIIUTHA TOYHICTh
poOoTu Mozem s 3a7ad, M0 MalTh CyOONTUMAJIbHUN PO3MIP TPEHYBAIBHOIO
Ha0Opy JaHHUX.

byno 3ampomoHoBaHO HOBITHIM Miaxid riOpuau3amii riaIuOOKUX HEHPOHHUX
MEpeXX 3a paxyHOK BHUKOPHCTaHHS KBAaHTOBOTO MPUCTPOIO Y SKOCTI TMEPIIOTO
KBaHTOBO-3TOPTKOBOTO Iapy TIUOOKOI T1OpUIHOT KBAaHTOBO-KJIACUYHOI 3rOPTKOBOI

HEHPOHHOI Mepexi Ta BUKOPUCTaHHS Miaxony MV mis BusHaueHHS (DiHAIBHOTO
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nependadeHHs mojaem. JlaHui miaxia J03BOJSE MOTCHIIWHO MiABUIIATH TOYHICTH

pobotu mozaeneit 111 3a paxyHOK CTBOpEHHS TOJAaTKOBUX KaHATIB BXIIHUX JTaHUX Ta
THYYKOTO  MeXaHI3My KOHQIrypamii MexaHi3My  BH3HAU€HHA  (PIHAJIBHOTO
nepeabadeHHs MOJEN 3a pPaxyHOK BHUKOPHUCTAHHS TEXHIK TOJOCYBAHHS IS
BCTAHOBJICHHS pe3yJbTaTy poOOoTU Mojeni (i npukianay, MV).

Byno 3anpornoHOBaHO pO3MIMPEHHS MIAX0Ay TiOpuau3aimii  IHOOKUX
HEHPOHHHUX MEPEX, 10 OYJIyIOThCd Ha OCHOBI KBaHTOBO-3TOPTKOBOI orepauii, 3a
pPaxyHOK BUKOPHUCTaHHSI 0araTOCTPYKTYpHOI KJIACMYHOI YaCTHHH TiOPUIHOT MOJENI.
JlaHne po3mIMpeHHsl 103BOJISE€ MOTEHIIMHO JOCITaTH BUIIUX PIBHIB TOYHOCTI POOOTH
MOJIeJIi 32 paxXyHOK 3alTydeHHs TOAATKOBHUX KJIACHUYHUX OOUMCIIOBATHLHUX PECYPCIB.

Takox Oys10 3aIIPOINIOHOBAHO KOMIUIEKCHUN METOJ riopuan3aiii KBaHTOBUX Ta
KJIACHYHUX OO4YMCIIeHb I 301blneHHsT edekTuBHOCTI poboTtu cuctem I, mo
0a3yeTbcsl Ha BUKOPUCTAHHI OJTHOTO 3 IMIAXOIB 3aJI€KHO BiJI BUMOTH 3ajaadi. SIKIIo
3a/laya moTpedy€e HaJBUCOKOI MIBUIKOIT Ta € TOJIEPAHTHOIO JI0 3HUKEHHS TOYHOCTI
pobOTH MoOJeNll — TPOIMOHYETHCA 3aCTOCYBaHHS IIJIXOAY 13 3aMIHOIO YaCTHHU
MPUXOBAHUX IIapiB TIMOOKOT HEWPOHHOI MEPEXi Ha KBAHTOBUM MPUCTPid. SIKIIO kK
3a/1aya noTpedye MmiJBUILIEHHS TOYHOCTI Kiacu(ikallii, € TOJEPAHTHOO J0 3HUKEHHS
MIBUAKOAIT Ta Mae CyOONTHMMAIbHHM pO3MIp TPEHYBAJIbHOTO HAOOpY MaHUX —
MIPOTIOHYETHCSI 3aCTOCYBAaHHS KBAaHTOBOTO MPUCTPOIO y SKOCTI MEPIIOr0 KBAHTOBO-

3TOPTKOBOTO APy T1OPUIHOI MOIETI.
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PO3JILI 4

AHAJII3 PE3YJBbTATIB METO/IB I'NBPUIU3ALIT KTACUYHUX TA
HEKJIACUYHUX OBYUCJIEHD /UIA HOBY1OBU I'BPUIHUX
HEHMPOHHUX MEPEX

4.1. AmHaJji3 BIUIUBY apXiTeKTYPH KBAHTOBOI'0 IPHCTPOIO HA e(peKTUBHICTH

po0OTH riOPUIHMX KBAHTOBO-KJIACHYHUX HEHPOHHUX MeEpPex

ExcriepuMeHTH 3 TOCTIHKCHHS BIUTUBY apXiTEKTypHU KBAHTOBOTO MIPHUCTPOIO HA
METPUKU pOOOTH rOPUAHUX KBAHTOBO-KJIACUYHUX HEUPOHHUX MEPEX, MOOYT0BAHUX
3a JIOTIOMOTOI0 MIAXOAY T1OpUau3aIlii, 0 BKIOYAE KBAHTOBUN MPUCTPINA SK OJUH 3
MIPUXOBAHUX IIApiB IITUOOKOI HEMPOHHOI Mepeki, OyJd MpOBENeHI, 0a3younch Ha
JIBOX HaWMpocTimUX Habopax JaHUX, 10 OyJIM BUKOPUCTAHI y JUcCepTaliiiHOMY
nociimkeHHi — MNIST ta MNIST-Fashion. [y nanux ekcriepuMeHTiB 0yJio 0OpaHo
MPOCTI HAOOPH JTAHUX, aJKE JaHl €KCIIEPUMEHTH MOKHA BBXKATH MEPUIUMHU KPOKAMU
TOCITIKEHHS, OCKIJIBKH B1JI iX pe3yJIbTaTiB 3aI€KUTh MOAATBIINHA X1 JOCTIKEHHS Ta
apXITEKTYpH T1IOpUTHUX HEHPOHHUX MEPEXK, 10 OyAyTh BUKOPUCTAHI JIJIsl BUPIIIICHHS
OUIBII CKJIQAHUX Ta KOMIUIEKCHHX 3a/1a4.

CriogyaTKy pO3TJIsTHEMO apXiTEKTYypy ITHOOKOI TiOpHUIHOT KBAHTOBO-KIACUYHOT
3rOpTKOBOI HEHPOHHOI Mepexki. EkcriepuMenTanbHa Mepeska Ma€e HacTyITHY CTPYKTYPY

apiB:

JIBa 3ropTKOBI MIApH.
[ITap BUmaaKoBUX BUKIIOUEHB (dropout).
JIBa MHIWHUX MIapH.

KBanToBMi1 mpUcCTpiii.

N R W N =

Buxigauii miHiAHANA map.

3ropTKOBI IIApH 3IIMCHIOIOTH MTEPETBOPEHHS BX1THOTO 300paKeHHS y BEKTOP 13
320 enemeHTiB, 0O0M/BA IIapU BUKOPUCTOBYIOTH (pyHKIIit0 aktuBalii ReLU [96]. Illap
BUITQJIKOBUX BHKJIIOUCHb 3aCTOCOBYETHCS JIJIsi OOpPOTHOM 3 TEpeHaBYAHHSIM MOJIEII,

BHUKJTIOUAIOYH JICSIKI BUITQIKOBI 3B’ I3KW MK 3TOPTKOBUMH Ta JIHIMHUMU I1apamu. J[pa
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JHIWHI MIapU BUKOHYIOTH 3MEHIIICHHSI PO3MIPHOCTI JaHUX 3 BEKTOPY po3mipom 320

€JIEMEHTIB JI0 BEKTOPY, 110 MICTUTH KIJIbKICTh €JIEMEHTIB, IO BiAMOBINA€ KITHKOCTI
KyOiTiB y KBaHTOBOMY MIpUCTpoi. [lepruii 3 TiHIHHUX IapiB BUKOPUCTOBYE (PYHKIIITO
axtuBaiii ReLU, a apyruii — ¢QyHKUII0 aKTHBaLii TaHreHC. TaHreHe OyB 0OpaHMil sk
(GyHKLIS aKTHBAIlli Yyepe3 MOro BIACTHBICTH OOMEXYBAaTH 3HAYEHHS MapaMeTpiB B
iHTepBani (-1; 1). Ilepen mopmayero JaHUX y KBAaHTOBMM MPUCTPIA BCl 3HAYEHHS
MHOXaTbCSl Ha 7, OCKIJIbKHM BapialliifHa 4acTUHA KBAHTOBOiI CXEMU € KBaHTOBUMH
orepauisiMy, 1110 BUKOHYIOTh POTalliio KyOiTiB Ha MEBHY 3aJlaHy KiJIbKICTh pajiaHiB Ta
HABKOJIO TEBHOI oci. OTXe, BUKOHYEThCS pOTalisl KyOITIB y KBAaHTOBIM cxemi y
JianasoHi (-; ) pajiad. 3aBeplIalIbHUN 11ap HEHPOHHOT Mepex1 — L€ JIHIHHUH map,
KWW MEPEeTBOPIOE BUX1JIHI JaH1 3 KBAHTOBOTO MPUCTPOIO HA PE3yabTaT Kiacudikarii.
Ileit map BuKopucTOBYE (YHKINIO akTuBaiii softmax [97] mns mepeTBOpeHHS
pe3yIbTaTiB 3aMipy cTaHy KyOiTiB B (piHaIbHUM pe3ynbTaT Kiacudikamii [98].

Jlns  iHTeprperaiii  pe3yibTaTiB  pOOOTH KBAHTOBOTO TMPHUCTPOIO  OYIIO
BUKOPHUCTAHO JIBA HACTYITHUX T1AXO/H.

[lepmmii 3 MiAXOMIB KJIACUYHUN — 3HAYEHHS 3aMipy CTaHy KOXKHOTO KyOITy
BIJINOBIJIa€ OJHOMY PE3YJbTYIOUOMY KJIacy 1 pe3yJbTaToM Kiacudikaiii € Kiac 3
MOPSIIKOBUM HOMEPOM KyOiTy 3 HalOUIBbIIMM 3HAYCHHSM ITiCJISI BUKOHAHHS (PYHKITIT
akTuBarlii. TakuM YHHOM aITOpUTM OOpaHHs (DIHAIBHOTO pe3yibTaTy Kiacuikarii

HACTYIIHUM:

1. BukoHaHHS KBaHTOBOI CXEMHU Ta 3aMip Pe3yJIbTYIOUOIr0 CTaHy KyOiTiB.
2. BukonaHHs QYHKIIT akTHBAIll HaJ pe3yJbTaTaMHu 3aMipy CTaHy KyOITiB.
3. OOpatu nopsAKOBUI HOMEp Ky0iTa 3 HalOUIBIIOK WMOBIPHICTIO PE3YJIbTaTy

«1» Ta pe3ynpTyr0UHil KJac € BIAMOBITHUM 32 TIOPSIKOM.

ANbTEepHATUBHUM ITiIXOJ0OM JI0 BU3HAUCHHS (DIHATBLHOTO MependadeHHs Kiacy
riOpPUIHOI0 KBAHTOBO-KJIACHYHOIO HEHPOHHOIO MEPEKEI0 0yJI0 BUKOPUCTAHO IMIIX1T 3
«IBIMKOBMM KOJYBaHHSM» pe3yJbTaTiB. B  maHoMy MmIxoai pe3ynbTaTh
IHIUBIAYaIbHUX KYyOITIB MPENCTABISAIOTh COOOK YHCIO Yy JBIMKOBIM cHcTeMi

YU CJICHH:. AJ'IFOpI/ITM JaHOI'O HiI[XOI[y MOJKHA OIIMCAaTH HACTYITHUM YHMHOM:

1. BukoHaHHS KBAaHTOBOI CXEMHU Ta 3aMip pe3ybTYHOHOIr0 CTaHy KyOiTiB.
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2. BuxonanHs (yHKUIT akTHBaIli] HaJl pe3yJbTaTaMU 3aMipy CTaHy KyOITiB.

3. OOpaTu TOPSAKOBUI HOMEp KJIAcy 3aJIeKHO BiJ HAWOUIBII HMOBIPHOTO

JIBIMKOBOTO YKCJIA, SIKE € PEe3yJIbTaTOM POOOTH KBAHTOBOI CXEMH.

Hpyruii miaxig Oyno oOpaHO 3 OrJIsay Ha Te, IO TOTYXKHOCTI CyYacHHX
KBaHTOBHX KOMII IOTEPIB Ta KIJIBKICTh KyOITIB, sIKI MOKJIMBO BUTOTOBUTH Ha JAHOMY
eTari po3BUTKY KBAHTOBUX KOMIT IOTEPIB, € 0OMEeKeHUMH. ToMy Apyruil miaxia xod i
€ CKJIQJHINIAM, MPOTE MO3BOJISIE CHUIBHO 3a0MATUTH Ha KUIBKOCTI KyOITiB, IO
HEOOXITHI JIJIs1 BUpIIIEHHS 3a/1a41 Knacudikarii. Po3aMipHicTs 3a1a4i kinacudikariii, iKy
MO>KHA BHUPINITUTH, BUKOPUCTOBYIOUN KBAHTOBY CXEMY, 1110 MICTUTh 3aJIaHy KiIbKICTh
KyOiTiB, MO’KHA BUPA3UTH HACTYITHOIO (POPMYJIIOIO:

N =2"1 4.1)

He N — makcumanibHa pO3MIpPHICTH 3afadl kiacugikamii (KUIbKICTh KJIAcCIB
kiacugikanii), n_q — KUIbKICTh KyOITIB, IO BAKOPUCTOBYETHCS B KBAHTOBIN CXEMI.

Januii excriepuMeHT OyJio MPOBEIEHO AJI HACTYITHUX BapiaHTIB KBAaHTOBHUX

CXEM.:

- RY;
- KBanToBuit anroputm ontumizaiiii anpokcumaiiii (QAOA);
- KBanToe neperBopeHHs Oyp’e;

- KsanToBa cxema crany benna, mo peanizoBye KBaHTOBY 3aIlTyTaHICTh.
Ta nns HacTymHUX Bapiailiil KiTbKOCTI KIaciB Kiacudikartii:

- 2 KJacwu;
- 4 xyacwu;
- 6 KIacis;
- 8 knacis;

- 10 kiacis.

Hanuit BuOip mapameTpiB EKCHEPUMEHTY HEBUIIAJIKOBUM, ajke BHUOIp
PO3MIPHOCT1 KBAHTOBOT CXEMH ITOBHICTIO 3aJICKUTh BiJl KITLKOCTI1 KJIACiB, 110 MMOTPIOHO
Kiacu(ikyBaTH 3a JOMOMOTOI0 TIOpUIHOT HEMPOHHOI MEpexi, 10 BKIIOYAE JTaHY

KBAHTOBY CXCMY.
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Jlsist o1iHKM €(DEKTUBHOCTI PI3HOMAHITHUX apXITEKTYp KBAaHTOBOTO MPHUCTPOIO
Ta JUIsl OTPUMaHHs pe(epeHTHOro 3HaueHHs Oys0 BUKOpUCTAaHO Takok mozens I
KIIACUYHOI apXiTeKTypu. ApXiTeKkTypa peQepeHTHOI MOJeli TOBHICTIO IMITY€
apXITeKTypy TiIOpUAHUX KBAaHTOBO-KJIACUYHUX MOJENEH 3 €JUHOK BaXKIUBOIO
BIJIMIHHICTIO — KBAHTOBUI MPUCTPIi 3aMIHEHO Ha MIap KJIACUYHUX IITYYHUX HEUPOHIB.

Pucynok 4.1 nemoHcTpye rpadik QyHKIi BTpaT Ta pUCYHOK 4.2 JE€MOHCTpPYE
rpadik ToyHoCTI Kinacudikariii 4-x knaciB 300paxkenb 3 MNIST-Fashion Habopy nanux
riOpuaHOI KBaHTOBO-KJIACUYHOI MOJeNl, 1o MiIicTUTh RY KBaHTOBy cxemy, IO
CKJIQJAETHCS 3 ABOX KyOITIB. 3 TaHUX rpadikiB MOKHA IOMITHUTH, 1110 IPOLIEC HABYAHHS
riOpPUAHOT MOJIET CXOJIUTHCS Ta AJITOPUTM 3BOPOTHOTO MOIIUPEHHS TOMUJIKH MPALIOE
BIPHO /I KBAaHTOBOI CXEMH, Ta, BIAMOBIAHO, MPOIEC HABYAHHS TIOPUIHOI Mepexi

TaKOX MpaIo€e BIPHO.

2,

. lid train —e@
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Pucynok 4.1. 3nauenHsa QyHKLii BTpaT MijJ 4ac TpEHyBaHHS TOpUAHOI MOJENl Ha

Habopi nanux MNIST-Fashion [98].
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Pucynok 4.2. TouynicTe ki1acu@ikauii mi1 yac TpeHyBaHHs IOPUIHOI MOJIEII Ha

Habopi nanux MNIST-Fashion [98].

Pe3ynbTaTu eKCrepuMEHTY 3 BHpIlIEHHS 3ajayl kiacudikamii 2-X KiaciB
Habopy manux MNIST 3a momomMororw riOpuJHUX KBAaHTOBO-KJIACUYHUX HEHPOHHUX
MEpeX 3 PI3HUMHU apXITEeKTypaMH KBAaHTOBOTO pIBHS HaBeleHO B Tabmuui 4.1. 3
pe3yibTaTiB MOKHA MOMITUTH, IO HACTYIHI apXITEKTYypU KBAHTOBOI'O MPUCTPOIO €
e(EeKTUBHUMU JJI iX BUKOPUCTaHHS B KOHTEKCTI BUPILIECHHS 3ajadyl KiacuQikarlii:
RY, QAOA Tta xBaHTOBa cxeMa, 1110 pealidye ctaH benna. B Tol e yac, apXiTekTypa
QFT BusBmiach Hee(EKTHBHOIO. 3 OISy Ha PE3yJbTaTH EKCIEPUMEHTY OyIio
NPUIHATO pIIIEHHS TMPOBOJAWTU TMOAANbINT JOCITIIKEHHS Ta EKCIIEPUMEHTH,
BUKOPUCTOBYIOUM Halle(peKTUBHINILY apXiTekTypy — RY KBaHTOBY cxemy, sfika € He

JuIe Hale(peKTUBHIIIO, aJie 1 HAMMIPOCTIIIOKO.

Tabnuus 4.1. Tounicts knacudikarii 2 kiaciB Hadbopy ganux MNIST [98].

KBanToBa cxema TounicTh KIacudikamii
RY, 2 ky6iTu 100%
QAOA, 2 kyOitu 98.89%
QFT, 1 ky0it 57%
KBanToBa cxema beia 99.41%

Tabmuus 4.2 1m0CcTpye pe3ysbTaTd EKCIEPUMEHTY 3 BHUPIIICHHS 3ajad

kiacuikaiii pizHOI pO3MIPHOCTI 32 JOMOMOTOI TIOPUIHMX KBAHTOBO-KJIACHYHUX
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HEHPOHHHUX MEPEXK, M0 Mo0y0BaHI Ha OCHOBI KBaHTOBOi cxemu RY apxitektypu. 3

pE3yNbTaTIB EKCIEPUMEHTY MOXKHA 3pOOUTH BUCHOBOK, IO TAHUH MIAXiJT MOXE OyTH
poOOYHNM Ta, TEOPETUYHO, MPAKTHYHUM B PI3HUX CIICHAPIAX, IKI BAMAraroTh IEPeBaru

IIBUJIKOCT1 HaJ] TOUYHICTIO pOOOTH MEPEKi.

Ta6nuns 4.2. Tounicts kinacudikamii MNIST ta MNIST-Fashion [98].

KBanToBa cxema KinbkicTh TouHicTb Ha TounicTs HA HAOOpi
KJIacCiB Ha0opi JaHuX nanux MNIST-
MNIST Fashion
RY, 2 xybiTu 4 96% 95.6%
RY, 3 xyb6iTu 6 91.67% 59.48%
RY, 3 kyOiTu 8 87.75% 73.92%
RY, 4 ky6iTu 10 65.13% 65.48%

Tabmuuga 4.3 [ONOBHIOE MOMNEpPEAH1 pe3yJabTaTh Ta UIOCTPYE METPUKH
MEPEXPECHOT MEPEBIPKU Ta Pe3yJIbTaTU EKCHEPUMEHTY AEMOHCTPYIOTh 33J0BUIbHY

CTIMKICTh MOJEN1 10 3MIHU TPEHYBaJbHUX Ta TECTOBUX JIaHUX.

Tabnuusg 4.3. Merpuku nepexpectoi nepeBipku MNIST-Fashion [98].

KBanToBa KinbkicTs Cepennsi TOYHICTH CrangapTHe BiIXuJeHHSA

cxeMa KJIaciB Kiaacu@ikamii TOYHOCTI Kjaacu@pikamii
RY, 2 xy6iTu 4 95.6% 0.87%
RY, 3 xy6iTu 6 59.48% 9.37%
RY, 3 ky6iTu 8 73.92% 3.01%

RY, 4 xybiTn 10 65.48% 6.57%
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4.2. Amnajiz Meroay riopuamusanii HelipOHHMX Mepe’K, BUKOPHCTOBYIOYHU

KBAHTOBMH NPUCTPid AK OJMH 3 NPUXOBAHUX WIAPIB HePOHHOL

Mepexi

JUis  eKCnepuMeHTy, 10 JOCHIKYE €(QEeKTUBHICTh Ta MPAKTHUYHICTb
BUKOPUCTAaHHA METOAY TiOpuau3aiii KIaCUYHUX Ta HEKIACHYHUX OOYMCIIECHb, W10
MOJIATa€ B BUKOPUCTAHHI KBAHTOBOTO IMPHUCTPOIO SK OJTHOTO 3 MPUXOBAHHMX IIapiB
rJIMOOKO1 rOPHUIHOT 3TOPTKOBOT HEHPOHHOI MEPEKi, OyJI0 BUKOPUCTAHO HAOOPH JaHUX
CIFARI10 Ta SIHD.

B nanomy excniepumenti CIFAR10 BukopucTaHo K NpUKIIaJ] KIACHYHOI 3a7a4i
kiacudikaiii 300paxeHb MOMIPHOT CKIaAHOCTI, aJ)Ke HaO1p JaHUX MICTUTh KOJIbOPOBI
300pak€HHsI BIJIHOCHO HHU3bKOI  PO3JIUIBHOI  3/IaTHOCTI, IO PpOOUTh  iX
npobyieMaTUYHUMHU 71 Kiacu@ikaiii MK Ki1acamu, 10 MICTSTh Bi3yaJdbHO CXOXI
pucu.

B Toii ke gac, Habip nanux SIHD npencrasiise npakTUuHy 3a1a4y Kiacudikarii
300pakeHb Ta € JICIIO MPOCTINIUM HAOOpPOM JIaHUX 3a CBOIMU XapaKTEPUCTHUKAMU,
aJpKe BIH MICTUTh JIMIIE 2 KJIacH (ITOIIKOKEH1 Oy T1BJI1 Ta HEMOIIKOMKEeH1 OY/T1BIII) Ta
300paKeHHS MalOTh JOCTATHHO BUCOKY PO3JAUIbHY 3/IaTHICTb.

JJist TpoBEICHHS TAaHOTO EKCIIEPUMEHTY OyJio MOOyA0BaHO TIMOOKY TiOpUIHY
HEHPOHHY MEPEXY, 0 Ma€ apXiTEKTypy MaiKe 1ICHTUYHY J0 TIOPHUIHOT MOJIEII, 10

Oyna BUKopucTaHa B po3aiii 4.1, a came:

JIBa 3ropTKOBI MIApH.
[ITap BUmagKoBUX BUKIIOUEHB (dropout).
JIBa MHIAHUX MIapH.

KBanToBMi1 mpUcCTpiii.

[ T S S R O R

Buxigauii niHiAHANA map.

OyHKIil akTUBAIli MmapiB 1JEHTUYHI J0 BIAMOBIIHUX YaCTHUH MOJEII,

BUKOpHUCTaHoi B po3/iii 4.1. TIpoTe nemro 3miHeHa KOHGITypallisi MEPIIUX 3TOPTKOBUX
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mapiB Mojened, st Toro mo6 amantyBaTH ix g0 (Gopmary 300pakeHpb 3

BUKOPUCTAHUX HAOOPIB JTAHUX.

Y SKOCTI KBaHTOBOTO MPHUCTPOIO OYyJI0 BHUKOPUCTAHO KBAaHTOBY CXEMYy, IO
npoBOoAUTh KOH(PirypoBani RY omeparnii Hajg kyOitamu Ta MicTuTh 1-4 KyOith B
LJIOMY, 3aJIEXKHO B1JI KOHKPETHOT KIJILKOCT1 KJIACIB, 1110 Oyiu KiIacu]ikoBaHi B TOMY
Y 1HIIOMY KOHKPETHOMY €KCIIEpUMEHTI. ApXITEKTypa KBAaHTOBOIO MPHUCTPOIO Oyia
oOpaHa 3 OISy Ha pe3yJbTaTH TMONEPEIHHOTO EKCIIEPUMEHTY, B MEXaxX SKHX
riopuaHi Mozeni, 1mo OyAyloThCs Ha KBaHTOBUX mpucTposix RY apxitekrypu,
MOKa3aJld HalKpallll pe3yabTaTH TOYHOCTI Kinacudikarii [98].

VY skocti pedepeHTHHX Mojeled OyJi0 BHKOPUCTAHO KJIAaCHUYHI TIUOOKI
HEUPOHHI MEpEeXi, 10 MalOTh 1JCHTUYHY apXITEKTypy, MOPIBHSHO 3 T1OPUIHUMHU
KBaHTOBO-KJIACHYHUMH MOJIETISIMU, aJie 3 IIapOM KJIACUYHHUX IITYYHUX HEHPOHIB, IO
3aMIHSAIOTh KBAHTOBHM MPUCTPI.

Takox 10JATKOBO JUIsl OLIIHKK peajbHOI MPAKTHUYHOCTI MIIXOMY pPe3yJbTaTu
poOoTu TibpuaHoi Moneni Ha Habopi ganux SIHD Oyno takox mopiBasiHO 3 SOTA
MOJICTIIMH TSI IIbOTO HaOopy nanux [99]. V it sikocti 6yno oopano VGG-16 [100]
ta ResNet-50 [101]. Hani monemni 6yno 00paHo, OCKUIBKM BOHU TMOKAa3ajdu HAWKpAILy
TOYHICTh KiIacu(ikamii Ha JaHOMY HAOOp1 MAHWUX Ta, OTXKE, SABISIOTHCS MOTOYHUMH
SOTA monensmu st Habopy ganux SITHD.

VGG-16 ne knacuvHa ramboKa 3ropTKoBa HEHPOHHA Mepeka, BoHa Mae 13
3TOPTKOBUX TapiB, 3 JIiHIWHI Iapu HEHPOHIB Ta Ma€ BIAHOCHO MPOCTY

«MipaMiTalIbHY» apXITEKTYpY.
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Pucynox 4.3. Jliarpama apxitextypu moaem VGG-16 [100].

ResNet-50 — 11e TakoX MIMPOKOBIZIOMA KJIACHYHA MOJIEINb, apXiTEKTypa SKOi
0a3yeThcsi Ha «3anumkoBux Osokax» (residual block). Pucynok 4.4 nHaBomuth
niarpamy 3anuiikoBoro 0soky. Mogens ResNet-50 cknamaerbes 3 46 3ropTKOBUX
1apiB, Kl B CBOIO YEPry € 3aJIMIIKOBUMH OJIOKamMH, Ta 3 OJHOIO JIHIMHOrO Mapy

HEHPOHIB.

64-d

Pucynok 4.4. Jliarpama 3anuikoBoro 0y0ky mojaeni ResNet-50 [101].

OTxe, B Mexax EKCIIEpUMEHTY OyJI0 MPOBEICHO TPEHYBaHHA TiOpUIHUX
KBaHTOBO-KJIACHYHUX HEMPOHHUX MEpek Ta pePEepeHTHHX KIACMYHUX MOJENel Ha
Habopax nanux CIFARI10 ta SIHD Tta ouineHo eQeKkTUBHICTB iX poOOTH 3 OIISIAY Ha

MaKCUMaJIbHUIl PIBEHb TOYHOCTI, SKUM 3MOTJM JOCATHYTH Mojem. TOYHICTh
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kinacudikamii Oysi0 OIIHEHO, BUKOPHCTOBYIOUM TEPEXPECHY TEpeBipKy (Cross-

validation), ToMy, OKpiM caMOi METPUKHA TOYHOCTI, BAAJIOCH JOCTIAUTH TaKOX 1 ii
CTIAKICTh Ta 3aJIeXKHICTh BiJi KOHKPETHOTO TMiI-HA0OpY BXIJHUX aHHUX, IO OyIn

BUKOPHUCTaHI JJIsl TPEHYBaHHS.

Model training loss
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Pucynok 4.5. I'padik ¢pyHKUIi BTpaT MiJ Yac TPEHyBaHHs TOpUIHOT MOJIEN]

Ha HaOopi nanux SIHD [102].

Model training accuracy
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Pucynok 4.6. I'padik TouHOCTI T1OPUAHOI MOJIENI M1JT YaC TPEHYBaHHS

Ha HaOopi manux SIHD [102].

Pucynku 4.5 Ta 4.6 HaBOATH rpadiku Mpoliecy HaBYaHHS T1OpUHOT KBAHTOBO-
kmacuuHoi mojeni. Ha rpadikax MokHa 100a4MTH, IO TMPOIEC HaBYAHHS

BiJI0YBA€THCS Ta MOJIC]Ib HABYAETHCS, TIOKPAIyIOUH CBOI METPHUKU TOYHOCTI. Tadmutis
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4.4 HaBOIWUTH PE3yJIbTaTH EKCIIEPUMEHTY Kiacu@ikailii 300paxeHb HaOOpYy MaHHUX

CIFARI10 Ta mopiBHSHO pe3yabTaTH T10puaHOT MOl Ta pedepeHTHOT MOJIEMI.

Tabmuua 4.4. Tounicte knacugikanii 300paxenb Habopy nanux CIFARI0

[103].
KinbkicTh KiaciB TounicTb riOpuaHOL TounicTb pepepeHTHOI
Mozaei Mozaei
4 79.6% 67.4%
6 52% 76.4%
8 56.58% 71.2%
10 45.13% 70.1%

Pesynbraru ekciepumenty Ha Habopi qanux CIFAR10 nmokasanu, 1o TOYHICTH
pobotu TiOpUAHOI MOJAENI MOMITHO HWXKYa, HIK TOYHICTH pedepeHTHOI MOJenm Ta
TOYHICTb 3HAYHO 3HWKYETHCS 31 30UIBIIICHHSIM PO3MIPHOCTI 3aja4i.

Tabmuusg 4.5 HaBOOUTH PE3yNbTATH €KCIEPUMEHTY 3 OlHapHOI Kiacuikarii
300paxenb 3 HaOopy manux SIHD 3a gomomororo riOpuaHOI MOJEal Ta PsSaoM
pedepentHux Mmoaene. TodHiCTh poOOTH TIOPUAHOT MOJENII OYIKYBAaHO HHUXKYa,
MOpPiBHIOIOYH 3 pedepeHTHUMH MoaessiMu. [IpoTte BiacTaBanHs ckianae autie 3% Bij

pedepeHTHOT MoIei.

Tabmung 4.5. Tounicts kiacudikaiii 300pakeHb Habopy manux «Hurricane

Damage» [102].

Moaennb TouHicTh
['i6puHA MOTIETTH 72.75%
Pedepentna kiacuyHa Moenb 76%
VGG-16 89%
ResNet-50 88%

3 pe3yabTaTiB €eKCIEPUMEHTIB MOKHA 3pOOMTH BHCHOBOK IMPO MPAKTHUYHICTD

BUKOPUCTAHHA MCTOOY ri6p1/1111/13aui'1' KJIACHYHUX Ta HEKJIACUYHMX OOYMCIICHL Ha
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OCHOB1 3aMIHM TPUXOBAHWX PIBHIB TIMOOKOT HEHPOHHOI MEpeXi Ha KBAHTOBUH

npucTpiit. JlaHuii miaxig Moxe OyTH KOPUCHUM Yy KOHTEKCTI 3a/1ad, [0 BUMararoTh

BHUCOKOI IMIBUIKO/1T Ta € TOJEPAHTHUMH JI0 JISIIO HIKYO1 TOYHOCTI pOOOTH MOJIETI.

4.3. AmHaJji3 pe3yJbTaTiB NMONEePeAHHOI KBAHTOBOI 00POOKH TaHMX

st omiHKu edEeKTHBHOCTI TOMepeaHhoi KBAHTOBOI OOpOOKHM maHWX OyJio
IpOBEJCHO 4 EKCIEPUMEHTH, O KOKHOTO 3 SIKUX OyJO 3adydyeHO OJHY TiOpuaHy
KBaHTOBO-KJIACHYHY MOJieNb Ta 2 pedepeHTHI KiIacudHi mojaeni. Bci ekcnepuMenTu
Oynu poBenieHi Ha Habopi nanux CIFAR100.

['iOpuaHa MOZIENb CKIAAAETHCS 3 ABOX YACTHUH:

1. KBanTOBUI IPUCTPIii, 1110 BAKOHYE MOMEPETHIO KBAHTOBY OOPOOKY /TaHUX.
2. KnacuuHa HeWpoHHa Mepexka, IO OINpalbOBY€E pPE3YyJIbTaTH KBAHTOBOL

00pOOKH JTaHHX.

KBantoBa uyacTuHa riOpuaHOI MoJENl sIBig€ COOOK KBaHTOBO-3TOPTKOBY
Oleparlifo HaJ BXITHUMHM JAaHUMH, L0 3aJy4ya€ BHIIAJKOBY KBAaHTOBY CXEMYy, LIO
CKIagaeThes 3 4 KyOiTiB Ta MicTuTh RX omeparrii Haj KyOiTaMu Ta BUITaIKOBHI PiBEHb
KBaHTOBOI 3aIUTYTaHOCTI M1k KyOiTamH.

PucyHok 4.7 1eMOHCTpy€ pe3yabTaTh 0OpOOKH JaHUX 3a JOIIOMOT0I0 KBAHTOBO-
3rOPTKOBOI OMeparlii, 10 3ajydae BUMAJAKOBY KBAaHTOBY CXeMy, IIO MICTUTh RX
omepariii Ta mae 4 kyOiTu. [licns KBaHTOBOI momepenHbOi OOPOOKM AaHUX PO3MIP
Ha0opy JaHuX 30UIbIIY€EThCS B 4 pa3u NMPU BUKOPUCTAHHI KBAHTOBOTO MPUCTPOIO 3 4
KyOiTaMu 1 B 9 pas3iB NpuU BUKOPUCTAHHI CXEMH, IO MICTUTh 9 KyOITIB. 3
MPOUTIOCTPOBAHOTO TPUKJIAAYy BUJIHO, IO OCHOBHI OCOOJHMBOCTI 00'ekTa Ha
300paKeHH1 3aJIMIIAI0THCS 30€pEeKEHUMU MICI KBAaHTOBOI NONEPEIHbOI 0OPOOKH Ha

BCIX BUXIJHUX IlIapax, ajie 3arajioM 300paKeHHs 3a3Ha€ 3HAUHUX 3MiH.
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Pucynok 4.7. Ilpuknan KBaHTOBO-OIPAaIlbOBAaHUX 300paKE€Hb

Habopy manux CIFAR100 [104].

Pucynok 4.8 HaBoAWTH AlarpaMy KJIaCHYHOI YaCTUHU TiOpuaHOi mMozeni. Sk
MO>KHA MOMITHUTH, 11 apXITEeKTypa HaJ3BUUYaWHO MPOCTa Ta BOHA CKJIAJIA€THCA JIMILIE 3

JABOX 4YaCTHUH:

1. IlepeTrBopeHHS BX1AHOTO 300paKEHHS B IJIACKUN BEKTOP.
2. OnuH map HEUPOHIB, IO MA€E KUIbKICTh BXITHUX 3HAUYEHb PIBHY PO3MIPHOCTI
BEKTOPY 3 KpOKY | Ta KIJIbKICTh BUXIIHUX 3HA4Y€Hb PIBHY KUIHKOCTI KJIaciB

JUTs Kitacudikariii.



flatten_37_input input: [(None, 27, 27, 3)]
InputLayer output: | [(None, 27, 27, 3)]
flatten_37 | input: | (None, 27, 27, 3)
Flatten output: (None, 2187)
dense_37 input: (None, 2187)
Dense output: | (None, 100)
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Pucynox 4.8. Jliarpama kimacuyHoi yacTuHU ridpuaHoi moaeni [104].

VY skocTi pedepeHTHUX Mojenel Oyino BUKOPUCTAaHO JBI KJIACHYHI MOJEII.
ApXiTeKkTypa mepiioi 3 HUX MaiKe TOBHICTIO MOBTOPIOE aAPXITEKTYpPy KIACHYHOI
YaCTUHU TIOPUIHOI MOJIEN, IPOTE 3 KIFOYOBOIO BIAMIHHICTIO — peepeHTHA MOCIb
MpaIfioe He 3 KBAHTOBO-OMPAI[bOBAHUMH JTAHUMH, a 3 OPUTTHAIBHUM 300PaKCHHSM.

Pucynok 4.9 HaBoIUTh apXITEKTypHY JiarpaMmy MepHioi 3 pepepeHTHUX MOACIICH.

[(None, 32, 32, 3)]
[(None, 32, 32, 3)]

flatten_39_input | input:

InputLayer output:

'

flatten_39 | input: | (None, 32, 32, 3)
Flatten output: (None, 3072)
dense_39 input: (None, 3072)

Dense output: | (None, 100)

Pucynox 4.9. Jliarpama niepiioi pedepentHoi moaemi [104].

VY skocti npyroi pedepeHTHOI Momeni Oyino 0OpaHO MPOCTY 3TOPTKOBY
HEUPOHHY MEPEKY, L0 CKIIATAETHCS 3 OJJHOTO 3TOPTKOBOIO IIapy Ta OAHOTO JiHIHHOTO
mapy HelponiB. IIpocta 3ropTkoBa HelipoHHa Mepexka Oyina oOpaHa y SIKOCTI

pedepeHTHOT MOIei, TOMY 1110 3TOPTKOBI MEPEKi € 1e-PakTo cTaHAApTHUM PIIICHHIM
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JUTSI BUPIMICHHS PI3HOMAaHITHHUX 3a]1a4, MOB’A3aHUX 3 POOOTOIO 13 300paKCHHIMU, Ta

JEMOHCTPYIOTh 3HAYHO BHWINY TOYHICTH, MOPIBHIOIOYW 31 3BUYAWHUMHU TINOOKAMU
HelpoHHNMH Mepekamu. PucyHok 4.10 HaBoauTh miarpamy pedepeHTHO1 3rOpTKOBOT

HEHPOHHOI MepeXi, 1110 Oysa BUKOPUCTaHA B €KCIIEPUMEHTAX.

conv2d_7_input input: [(None, 32, 32, 3)|
InputLayer output: | [(None, 32, 32, 3)]
conv2d_7 | input: | (None, 32, 32, 3)

Conv2D | output: | (None, 31, 31, 4)

Y
flatten_30 | input: (None, 31, 31, 4)

Flatten output: (None, 3844)

dense 30 input: (None, 3844)

Dense output: | (None, 100)

Pucynok 4.10. [liarpama npyroi pedepentroi moaeni [104].

VY nepiiomy 3 eKCEPUMEHTIB OYyJIO MpoaHaIi30BaHO €(PEeKTUBHICTh T1OpHUIHOI
KBAHTOBO-KJIACUYHOI MOJIeNIi Ta MPOBEJACHO 1i TMOPIBHAHHSA 3 pedepeHTHUMHU
MOJICNIIMA Y BIJHOCHO NPOCTOMY BapiaHTi ii 3actocyBaHHsA. KBaHTOBa wyacTuHa
OTIPAIIbOBYE KOXKHE 300pa)KCHHS 3 OPUTTHAIBHOTO HA0OPY AaHUX, 1 KOXKEH BUXI1THUM
KaHaJl KBAaHTOBO-3FOPTKOBOI Omepallii po3risgacThCs sIK OKpeMa KapTUHKAa y HOBOMY
HaOopi manux. OTke, KIHIEBUA po3Mip HAOOPY AaHUX MJIs KJIACMYHOI YaCTUHU
riopuaHoi Mmoeni 301mbinyerhes 10 200000 kapTUHOK (OpUTIHATBHUN PO3Mip HAOOPY
nanux CIFAR100 — 50000 kapTHHOK, MOMHOKEHHUX Ha 4, 10 € KUIbKICTIO BUX1THUX
KaHAIB 13 KBAHTOBOI 4acTWHU Moxeni). Jlns pedepeHTHHUX MOene KOIHHUX
Moaudikamiii He OyJI0 3aCTOCOBAHO, 1X HaBYaHHS TPOBOAWIOCH HAa HE3MIHCHHX

300paxeHHsX 3 opuriHanbHOro Habopy nanux CIFARI100.
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s nocsrHeHHs Tiporiecy kinacudikaiii B MepHioMy eKCHEpUMEHTI OyIio

BHKOPHUCTAHO HaCTyrIHi KPOKH:

1. KoxHe BHXiJHE 300pakKeHHS IOINEpPEIHbO OOpOOISIETHCA 3a JOMOMOTOIO
KBaHTOBOI CXEMH.

2. KoxeH kaHan 3 BUXOJY KBAaHTOBOT'O IPUCTPOIO PO3IIIAJIAETHCS K OKpeMe
RGB-300pakeHHs1, 1110 MPU3BOIUTH 10 CTBOPEHHS HOBOT'O HAOOPY NaHMX 13
BUXO/I1B KBaHTOBOI cxemu. OTke, po3Mip pe3yIbTyI04uoro Habopy JaHUX y n
pa3iB OUTBIINIA 32 TOYATKOBUI HAOIp JaHUX, € h — L€ KUIbKICTh KyOITIB y
KBAHTOBIN CXEMI.

3. Koxxne 300paxeHHs 3 TIOMEPeIHRO OOpOOJIICHOTO HA0Opy JaHUX
BUKOPHUCTOBYETHCS K BXIJ AJIS KJIACUYHOI YACTUHU TOPHUIHOT MOJIEIII.

4. KnacudHa yacThHa TOpUAHOI MOYJI TEHEPYE PE3YJIbTAT, SIKUI € IPOrHO30M

KJIaCy JJI1 KOKHOTO 300payKEeHHS.

I'padiku METpUK TOYHOCTI Ta BTPAT JJIA JAHOTO EKCIIEPUMEHTY HaBEJCHI Ha
Pucynky 4.11. 3 nux MeTpUK MOXHa IMOMITHUTH, IO MPOIEC HABYAHHS TiOPUIHOI
MOJIENII CXOMMTHCS Ta TIOpPUIHA MOJENb JOCSATAE HACUYCHHS HABYAHHS TPHUOIU3HO
nicis 8 enox. B To ke yac, npoiiec HaBYaHHS peepeHTHUX MOJIEIIEN € MOBUIBHIIINAM,
noTpedye OuIbllle €noX s JOCSITHEHHS HACUYEHHS, ajie, 3pElIToro, 3ade3nedye
3HA4YHO BHIIY TOYHICTh. Lleil mokpamieHuit pe3ynbTaT, UMOBIPHO, MOSACHIOETHCS TUM,
o pedepeHTHI MOJEN MaloTh OUTbIY KIJIBKICTh MapaMeTpiB, IO HABYAKOTHCS, 110
J03BOJIIE M BHMBYATH CKJIQJHINIT OCOOJMBOCTI Ta JOCATaTH Kpamioi TOYHOCTI

Kiacudikarii.
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1.0
Quantum - DA (train and test)

Quantum - DA (train ONLY)
Classic - CNN
Classic - Base
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Pucynok 4.11. I'padik pe3ynbTaTiB nepuioro ekcnepumenty [104].

Y JpyroMmy ekcrnepuMeHTI TJIMOWHY TiOpUJHOI HEWPOHHOI Mepexli Ta
pedepeHTHOT 3rOpTKOBOT HEMPOHHOI MEpeki OyJio 30UIBIICHO MIISAXOM JO/IaBaHHS
JIBOX JTIOAATKOBUX 3rOPTKOBUX IIapiB HAMOYaTKy. ¥ TaKWil croci0, KJIacuyHa 4acTUHA
riopuaHOi Mojedl MiCTWiIa JBa KIACH4YHI IHapu, [0 OOpOOJsSId KBAaHTOBO-
OTpalboOBaHi JlaHl, MPU [[bOMY KOXKEH JO0JIaTKOBMM KaHaJl 300pa’KeHHs, CTBOPEHUMN
KBaHTOBUM TIPUCTPOEM, PO3TISLIAABCA SIK OKpEMUW €JIeMEHT Halopy JaHuX.

ApXiTeKTypy pedepeHTHOT 3ropTKOBOi HEUPOHHOI MEpPEekKl TaKoK OyJIO PO3IIUPEHO,
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JOJIaBIIA JIBA JOAATKOBI 3TOPTKOBI IIapHW, TAKUM CIIOCOOOM OTPUMABIIU TpPH

3TOPTKOBUX IIAPH 3arajioM, 3a SIKHMHU CIIiTy€ OJIWH JIIHIHHUN TOBHO3B I3HUI 1M1ap.

MeTpuKkl TOYHOCTI Ta BTpaT Uil APYTOro €KCIEepUMEHTY MpEACTaBJieHI Ha
Pucynky 4.12. Pe3ynbTatu noka3yroTh, IO TiOpUaHAa HEHpPOHAa Mepexka 3HAYHO
nepeBepinia pepepeHTHy IJIOCKY HEMpOHHY MEpexy sIK 3a TOYHICTIO, Tak 1 3a
nokasHukamu (¢QyHkuii Brpar. Kpim Toro, ribpuaHa HeillpoHHa Mepexa 3 JAPyroro
EKCIIEPUMEHTY MPOJEMOHCTPYBaja 3HAYHE MOKPAIIEHHS TOYHOCTI, MOPIBHIOIOYH 3
pedepeHTHOIO KJIACUYHOIO 3TOPTKOBOIO MOJIEIUTIO 0€3 10JaTKOBUX 3TOPTKOBHX IIapiB,
110 OyJia BUKOPUCTaHA y MONEPEAHbOMY €KCIIEPUMEHTI.

1.0
= Quantum - DA (train and test)

= Quantum - DA (train ONLY)
—— Classic - CNN
08 —— Classic - Base

o
o

>
Q
g
=]
Q
<
0.4
0.2
0.0
0 25 50 I 100 125 150 175 200
Epoch
55
—— Quantum - DA (train and test)
= Quantum - DA (train ONLY)
50 = Classic - CNN
— Classic - Base
4.5
@
o 40
-

35

30

0 25 30 7 100 125 150 175 200
Epoch

Pucynok 4.12. I'padik pe3yabTaTiB eKCIIEPUMEHTY

3 CKJIAHIIINUMH apxiTekTypamu [104].
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B Mexax TpeThoro eKCIepuMEHTy 3TOPTKOBHH Imap Oysio 3aMiHEHO Ha
NEPETBOPEHHSI KBAHTOBO OIPAIlbOBAHUX BAapiaHTIB KOXKHOTO 300pa)XCHHS B IUIACKUHN
BEKTOp IN€pe] WOro MoAaverd J0 MOBHO3B’SA3HOrO JIHIMHOrO IIapy TriOpHUIHOI
HelipoHHoi1 Mepexi. Llst monudikaiis 301b11ye KiibKicTh kaHatiB 3 3 (RGB) no 12 (4
Buxoau 3 QC, koxeH 3 sskux mae 3 kananu (RGB)). Pedepentni Mmoaeni 3auIniInch
HE3MIHHUMU.

Anroput™M poOOTH TIOPUAHOI KBAaHTOBO-KJIACMYHOI HEHPOHHOI Mepexl s

TPETHOTO EKCIIEPUMEHTY:

1. KoxxHe BuXimHE 300pa’keHHSI MOIMEPEAHBO OOPOOISIETHCS 3a JTOIIOMOTOIO
KBaHTOBOT'O IPUCTPOIO.

2. Yci pe3ynbTyrodi KaHajd 3 KBAaHTOBOI'O MNPUCTPOI MEPETBOPIOIOTHCS B
€IMHUI BEKTOpP 1 OTPUMAaHI JaHl PO3IIAAlOThCS SIK OKPEMHUH €JIEeMEHT
Habopy nanux. Po3mip Habopy naHux 30epiraerhesi.

3. Koxxen ejneMeHT 3 TMONEpeHbO Oo0poOJieHOro  Habopy  JaHuX
BUKOPHUCTOBYETHCS SIK BX1J] JJISI KJIACUYHOT YACTUHU T1OPHUIHOT MEPEXI.

4. KnacudHa yacTuHa TiOpUIHOTI MEPEX1 TPOIYKYE pe3yIbTar, 10 € IPOTHO30M

KJ1acy ISl BX1JTHOTO 300paKEeHHS.

Pe3ynbraTu TpeThbOro eKCIEpUMEHTY, IpeacTaBiieHl Ha Pucynky 4.13, cBiqyaTh
npo Te, IO LeW MiAXiJ € HeePEeKTUBHUM, OCKUIbKMA MPOLEC HAaBUYAHHA MOJIEN He

CXOJIUTHCH.
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1.0
= Quantum - DA (train and test)
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Pucynox 4.13. I'padik pe3ynbTaTiB ekciepuMenTy 3 12-ma kanamnamu [104].

B Mexax 4eTrBepTOro €KCHepHMEHTY BCl IIapH 3 pe3yJbTaTiB KBaHTOBOI
omepariii OyJnu MOJaHI 10 TMOBHO3B’SI3HOTO JIHIMHOTO MIApy KIACUYHOI YaCTUHU
riOpuaHOi HEMpPOHHOI Mepexi AK mapaieibHi BXigHI kaHamu. PedepenTtHi Momeni
3ATMIIMIINCH 0€3 3MiH.

Anroput™M poOOTH TIOPUIHOI KBAaHTOBO-KIACUYHOI HEHPOHHOI MEpexl s

YETBEPTOTO EKCIIEPUMEHTY:

1. KoxxHe BHXiJHE 300pakKCHHS IONEPEIHBO OOpPOOIAETHCA 3a JOIOMOTOIO

KBAaHTOBOI'O MPUCTPOIO.



100
2. Yci pe3ynbTyrodul KaHaIW 3 KBAaHTOBOTO TMPUCTPOIO PO3TIIANAIOTHCS SIK

JI0JTaTKOB1 KaHaJX HOBOI TOUKM JaHuX. Po3mip Habopy naHux 30epiraerbes,
NpOTE KOXKHA TOYKA JAHUX MICTUTH OlibllIe KaHAJIB, HK Y MOYaTKOBOMY
Habopi.

3. Koxxen eneMeHT 3 TMONEpeIHbO 00poOJieHOro  Habopy  JaHuX
BUKOPUCTOBYETHCS K BX1J] JUIsl KJIACUYHOI YaCTUHH T1OPUAHOI MEPEXKI, PU
IIbOMY KOXX€H KaHajl 3 [OoMepeHb0 00poOsieHOro Habopy AaHuX
BUKOPHCTOBYETHCS K MapaieIbHUN BXiI.

4. KnacudHa yacTuHa riOpuIHOTI MEPEXI TPOIYKYE pe3yJIbTart, 110 € IPOTHO30M

KJIacy JJIsl BX1JTHOT'O 300paKeHHS.

Pe3ynbrati 4eTBEpTOro EKCIEPUMEHTY, MPEICTaBlI€HI Ha pUCYHKY 4.14,
MOKa3aJlyd, 10 Ued Mmiaxig € Hee()eKTUBHUM, OCKUJIBKM MPOLEC HABYAHHS MOJIEN HE

CXOOUTBCA.

1.0
= Quantum layer
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—— Classic - Base
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5.0
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13 ]
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Pucynok 4.14. I'padik pe3ynbTaTiB €EKCIEPUMEHTY 3

JTOJATKOBUMM NapajelbHUMU KaHanamu [ 104].
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4.4. Amnajiz Meroay riopuamusanii HelipOHHMX MepeK, BUKOPHCTOBYIOYHU

KBAHTOBMI MPUCTPIiil AK NepuInii piBeHb HeIlPOHHOI Mepe:Ki

B nanomy poszauni Oyae po3MVISIHYTO METOA TiOpuau3alili, 3aCHOBaHW Ha
HAaCTYIHIN 14€i: SKIIO BHKOPUCTOBYBAaTH KBAHTOBHM MPUCTPIM SIK NEpIIMNA IIap
riOpUIHOT HEUPOHHOI MEPEXKI, TO JUIsl MPOLIECY HaBUYAHHA MOKHAa OOpPOOUTH KOKHY
TOYKY JIaHUX y HaBUYaJbHOMY HaOoOpi Jmiie oauH pa3. Lle mo3Boauth eexTuBHiiIe
BUKOPUCTOBYBATH PECYPCH KBAHTOBOI'O KOMIT'FOTEpA MMiJl yac HaBYaHHs. Takuii miaxina
3HaYHO OINTHMI3y€ MpPOIeC HAaBUAHHS MOJENi, a TaKOX Ja€ 3MOTy 3aCTOCOBYBaTH
TEXHIKY TpaHCc(epHOro HaBYaHHS IS T1IOPUAHUX HEHPOHHUX MEpEeXk, BOYIOBYHOUM
KBAaHTOBMM MPUCTPIN K MEPIINiA map y nepeaoni moaeni. Lle miasuiiye eQpekTUBHICTD
riOpUIHUX MOJIENICH 1 JJa€ MOXKJIMBICTh BHUKOPHCTOBYBAaTHU MEPEBIPEHI apXITEKTypH
KJIACHYHUX HEHPOHHMUX Mepex AJis X moOyaoBu. Ille oaHi€l0 BaXKIMBOIO MEpeBaroro
3aIpONOHOBAHOI0 METOAY T10pUIU3allii € Te, 0 Pe3yIbTaTH, OTPUMAaH1 3 KBAHTOBOTO
mapy, MOXYTb OyTH TOBTOPHO BHKOPHCTaHI OararbMa pI3HUMH apXITEKTypaMu
KJIACHYHOI YaCTHHHU T10puaHUX Mozeneil. OCKIIbKY Il pe3yJIbTaTH MOYKHA PO3TIISIaTH
AK €KBIBAJIGHT TIpollecaM TIONepeaHboi O0O0poOKM Ta 30UIbIIEHHS MJaHUX 3
OpUTIHAJIBLHOTO HA0OpPY, X MOXKHAa BHUKOPHUCTOBYBATH SIK HOBHU HaOlp MaHUX IS
MMOBTOPHOTO BUKOPUCTaHHS [94].

JIyist oIiHKM BIUIMBY TiOpUau3allii Ha BiAOMI apXiTEKTypU HEHUPOHHUX MEPExX
O0ymno obpano Ta nepesipeno mozaeni ResNet [101], EfficientNet [105]1 VGG-16 [100].
Bubip mux apxitekTyp 0a3yBaBcsl Ha MiAXOAl, IO Mependayae BUKOPUCTAHHS JBOX
NEpPEeOBUX MOJENIEH [ KOXHOTO Habopy [aHMX, 3aCTOCOBAHOTO B ILIbOMY
JOCIIJKEHH], 3 TOJajJblIMM MOPIBHSAJIBHUM aHAJII30M iXHbOI MPOAYKTUBHOCTI Ta
€(EeKTUBHOCT1 B KOHTEKCTI T1OpUAHUX HEHPOHHHUX MEPEkK, CTBOPEHUX HA OCHOBI LIMX
apXITEKTyp.

Ha6ip nanux CIFAR100 € kiacu4HuM TECTOBMM HaOOpoM i 3ajaad
kiacuikauii 300paxkeHb, MUPOKO BUKOPUCTOBYBAHUM Y YUCICHHUX JOCIIDKCHHSX.
HaiicyuacHimow MojemIo sl po3B's3aHHS 3anadl kinacudikailii 300pakeHb Ha

upomy Habopi € EfficientNet, saxa gocarna kinacudikainiiaoi Tounocti 91,7% [105].
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EfficientNet BUKOpHUCTOBYE METOJ CIONTY4YEHUX KOEQIIIEHTIB JJII MacIITa0yBaHHS

MoOJlelell Ta aBTOMAaTHU30BaHE MallMHHE HaBuyaHHS (AutoML). [Ipyroro mmupoko
3acTocoByBaHOIO Mojemmo aiusia Habopy nanux CIFARIOO e ResNet, sxka
IPOAEMOHCTpYBana TOuHICTh 77,3%. ResNet € rimmOokor0 3ropTKOBOI0 HEMPOHHOIO
MEpEeXKEI, 110 BUKOPUCTOBYE 3aJUIIKOBI OJOKMA ISl MIJABUIIEHHS TOYHOCTI,
MOPIBHIOIOYH 31 CTAHJIAPTHUMHU 3rOPTKOBUMU HEUPOHHUMU MEPEKAMHU.

HaGip pganux SIHD 3HayHO pialie BUKOPUCTOBYETHCA Yy HAYKOBHUX
nociipkeHHsax y nopiBHsHHI 3 CIFAR100, 1 KUIbKICTh MOJIEIEH, OIIHEHUX Ha IIbOMY
HaOopi, € 3HauHO MeHIor. HaliBuiny kinacudikamiiny ToUHiCTh Ha Habopi ganux HD
npoaemMoHcTpyBania moaenb EfficientNet, mocsrayBmm Bpaxkarouux 99%. Inma
BHUCOKOE€(EKTUBHA MOJAENb i Iboro Habopy ganux — VGG-16, ska mgocsria
To4HOCTI 97%. VGG-16 € rmnbokor0 3ropTKOBOI0 HEMPOHHOIO MEpeskero 3 16 mapamu
Ta MpamMigaTbHOK apXITEKTYPOIO.

Pucynok 4.15 nemoHcTpye pesynbTatu 00poOku Habopy manux SIHD 3a
JIOTIOMOT'OI0 KBAHTOBO-3TOPTKOBOT OIepailii, o 3a1y4ae BUMAIKOBY KBAHTOBY CXEMY,
o mictuth RX onepariii Ta Mae 4 ky6iTH. 3 IPOLTIOCTPOBAHOTO MPUKIIAAY BUTHO, IO
OCHOBHI OCOOJIMBOCTI 00'€KTa Ha 300pa)kK€HHI 3aJHUIIAIOTHCS 30€pEKEHUMHU TICIS
KBaHTOBOI MOMEpeaHH0T 0OPOOKH HA BCIX BUXIIHHX IIapax, ajie 3arajoM 300paKeHHs

3a3HA€ 3HAYHUX 3MIH.
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Pucynox 4.15. IIpukian KkBaHTOBO-OMPAIbOBAHUX 300pakKeHb

Habopy nanux SIHD [94].

['iOpuaHI KBAaHTOBO-KJIACHYHI MEPEXK1, PO3MVISIHYTI B JAaHOMY MIAPO3.LII,
BUKOPHUCTOBYIOTh MiIX1]] Ta ApXITEKTYPY, 10 Oy onucaHi B po3aui 3.4. «KBantoBuii
MPUCTPIH K NEPIINKA 3rOPTKOBUI 11ap HEMPOHHOI MepexKi» Ta 6a3yr0ThCs Ha MIIXOI,
10 TOJISITA€ B BUKOPUCTAHHI KBAHTOBOI CXEMHU Y KBAaHTOBO-3TOPTKOBIM omepariii, 110
CIIYTYy€ TIEPIITUM I1apOM TOpUAHOT KBAHTOBO-KJIACUYHOT HEHPOHHOT Mepexi. OTxe, yci
EKCIIEpUMEHTH B MeXaxX JaHOTO MiApO3aUTy OyJd HampaBieHI Ha JOCHIKEHHS
e(EeKTUBHOCTI JTaHOTO MIJXOAY Ta MalOTh HAa METI OIliHKY HOro e(eKTUBHOCTI Ta
NEPCIEKTUBHOCTI sl 3aCTOCYBAHHS Y BUPIIIEHH]1 TPAKTUKO-OPIEHTOBAHUX 3a]1a4.

JI1st po3yMiHHS POJII KBAHTOBO-3TOPTKOBUX OTepaliiii OyJIM JOCIIKEHI TPOCTi

riOpuaHI HEHPOHHI MEpeXkK1 Yy HACTYITHUX KOH(PIrypamisax:

- Knacuuna 3ropTtkoBa HEHpPOHHA Mepeka — BXIAHUM AP 3TOPTKOBOI

HEHWPOHHOI Mepexki Ta BUXIIHUM 1ap s HIJIbOBOI KIIBKOCTI KJIACIB.
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- Knacuuna murinpHa HEWpoHHA Mepeka — BXIJHUW IMap 3 OIMEpalli€ro

MepPEeTBOPEHHSI 300paxkeHs y miackuii Bektop (flattening) myist opuriHambHUX
BX1THUX 300paX€Hb Ta BUX1THUH mIap IJIs [UTHOBOI KiJTbKOCTI KJIACIB.

- «KBanTtoBo-3roprkoBuii map + CNN» — BXigHUI map 3 KBaHTOBO-
3rOPTKOBOIO OIEpali€ro il MONepeHboi 0OpOOKH BXITHUX 300pakeHb,
1ap 3ropTKOBOi HEHPOHHOI MEpEXi Ta BUX1AHUH 1Iap 1S HLTbOBOI KIITBKOCTI
KJIACIB.

- «KBaHTOBO-3ropTKOBHI 1Iap + 1I1JIbHA HEUPOHHA MEPEKa» — BXIAHUM 1ap
3 KBaHTOBO-3TOPTKOBOIO OMEpALI€l0 JJid MONepeHboi 00pOOKH BXIIHHX
300paxkeHb, omeparlisi IePeTBOPEHHSI 0OpOOJEHUX 300pakeHb Yy IIIACKUI

BekTop (flattening) Ta BUX1HMI 1mIap JJIs IIIHOBOT KUJIBKOCTI KJIACiB.

JUIs eKCepUMEHTIB 3 3aJIy4eHHSIM MPOCTUX TIOpUAHMX HEHPOHHUX MEpEK,
ONKMCAHUX BUIIIE, KBAHTOBA Ollepallis Majla HACTylHY KOMOIHAIIIO rirneprapamMeTpiB
KBaHTOBO-3TOPTKOBOi ~ Omepamii: po3Mip KBaHTOBO-3TOPTKOBOI ~MaTpuil 2X2,
3ropTKoBUil Kpok (stride) piBHuiA 1 Ta BUMaJKOBa KBAHTOBA CXE€Ma, IO 3allyyae
onepailii RX obepranns kyoira.

Ha6ip nanux CIFAR100 6yB BUKOpHCTaHUH y ABOX pexXUMax Kiiacu(ikarii:

- Knacudikauis Beix 100 knaciB Habopy nannx CIFAR100.
- Knacudikamis 300paxens Habopy aanux CIFARI00 BiamoBigHO n0 iX

cynep-kinaciB — 20 cyrnep-Kkiacis.

JUis  TOCHiPKeHHsST BIUIMBY pPO3MIpY TpPEHYBaJlbHOrO HAa0Opy MJaHUX Ha
e(peKTUBHICTh POOOTH TIOpUAHMX Mojeneil Oylno TPOBEACHO EKCIEPUMEHT 3
MOPIBHAHHS €(EKTUBHOCTI BHIIE3a3HAUCHUX MOJENIel Ha MIIMHOXKKHI HAOOpy AaHUX
CIFAR100 po3mipom 10000 enemMeHTIB Ta HAa IOBHOMY Ha0Opi AaHUX, IKH MICTUTh
50000 enemeHnTiB. Pe3ynbratu ekcnepuMeHTy HaBeaeHO Ha Pucynky 4.16, ne niBa
yacTuHa rpadikiB JeMoHCTpye mnpouec HaB4yaHHsS Ha 10000 300pakeHb, a mpaBa
yacTHHA — NoBHUM HaO1p nanux — 50000 3006pakeHs 3 3amaueto kinacudikarii Bcix 100

kiaciB Habopy nanux CIFAR100.
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Pucynox 4.16. Pe3ynbTaTi €KCIEPUMEHTY 3 TOCTIIKCHHSI BIUTHBY

po3mipy HaOOpy HaHUX Ha e(hEeKTUBHICTH TOPUAHUX Mojeneit [94].

Pucynku 4.17 ta 4.18 300paxyroTh pe3ylbTaTH E€KCIEPUMEHTY 3 PIZHUMHU
po3MipaMu HAOOpy JaHUX Ta PI3HUMU PIBHSIMU CKIIAJIHOCT1 mMoaenei. Pucynok 4.17
JIEMOHCTPY€E PE3YJbTaTH EKCIEPUMEHTY 3 MOJCNISIMH, IO MICTATh 14 3ropTKOBHUX
¢inpTpiB, B TOM uyac sk PucyHok 4.18 300paxae pe3yiabTaTH EKCIEPUMEHTIB 3
MOJICNIAMM, IO MICTATh 256 3roptkoBux GuibTpiB. Po3Mipu HaOOpiB AaHMX,

BUKOPHUCTAHUX JJIsI EKCIEPUMEHTIB, 3HaxoAsaThes Bl 1000 mo 50000 300pakeHsb.

5.0 1

—8— Quantum + CNN 4.80
0.4 4
—8— Classic CNN 4.66 4.64
—&— Quantum + Dense 0.33 4.53 4.42
—8— Classic Dense 0.29 4.5 434 42 - 4.34
L. 0.31 ) 4.30
@ « ‘ ;
5 2z 4.26
o 4.0 4
& 0.24 s
5 ] 3.69 3.67
s 0.1 g3
3.40
—8— Quantum + CNN
0.0 4 3,04 —® Classic CNN
—8— Quantum + Dense 2.00
—8— Classic Dense .
-0.1 T T T T T T T T T T T T
9 10 11 12 13 14 15 16 9 10 11 12 13 14 15 16
log2(Dataset Size) log2(Dataset Size)

Pucynox 4.17. Pe3ynbratl eKCIEPUMEHTY 3 PI3HUMH pO3MipaMu HaOOpy AaHUX

3 MOJICIISIMM, 1110 MICTATH 16 3ropTKOBUX (PiabTpiB [94].
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Pucynok 4.18. Pe3ynbratl eKCIEpUMEHTY 3 PI3HUMH pO3MipaMu Ha0Opy JaHUX

3 MOJICTISIMH, 110 MICTSTh 256 3ropTKOBHX (PiIBTPiB [94].

3 OoTpUMaHHMX pe3yJbTaTIB MOXXHA 3pOOWTH BHCHOBOK, IO KOH]Iryparis
«KBaHTOBO-3ropTKoBui map + CNN» 1eMOHCTpy€e HalKparlli pe3yabTaTH Ha O1IbIIIX
po3Mipax TpeHyBaJIbHUX HAOOPIB JaHUX Ta 32 YMOB BUKOPUCTAHHS OLIBIN CKJIATHOI
KJIACHYHOT YaCTHHH HEHPOHHOT Mepexi (3011bIIeHa KUTBKICTh (DUTHTPIB Y 3TOPTKOBOMY
mapi). MoskHa CTBEp/IKyBaTH, 110 T1OpUIHA HEHPOHHA MepekKa € OLIbII YyTIUBOIO J0
napaMeTpiB TPEHyBaJbHUX JaHUX Ta CKIAAHOCTI MOJIET, HIXK pedepeHTHa 3rOPTKOBA
HEWPOHHA MEpeXKa.

L1 pe3yabTaTi NOSICHIOIOTHCS TUM (PAKTOM, 1110 KBAHTOBO-3TOPTKOBA OMNEPALlis
CTBOPIOE OUTBII CKJIQJHY BEPCII0 BXIAHUX JAHUX, OCKIJIBKM BOHA T€HEpPYE Maiike
BUYETBEpO OUbIlEe 1HGOpPMALIT Ha BUXO1 (YOTHPH IIAPH, 1€ KOKEH € 300paKEHHSIM Y
¢dopmari RGB, sxe Tpoxu MeHIIe 3a pO3MIpOM, MOPIBHIOWYM 3 BXIJHUM), 1 TOMY
noTpeOye OUTBII CKIaIHOI KJIIACHYHOT YaCTUHU MEPExXi [ €(heKTUBHOI reHepai3anii
mabJIoHIB, 10 BIANOBIJAIOTH KOXKHOMY OKpemoMy kiacy. KpiMm Toro, morpiOen
OlIBIIUN OOCAT TPEHYBAJIBHUX JMAaHUX JJII JOCSATHEHHS BHUIIIOTO PIBHS TOYHOCTI Ta
JOCSITHEHHSI TOKa3HUKIB, TOPIBHSIHHUX 3 pe(pepeHTHOI0 MOEILITIO.

Bapto Takox 3a3HauuTH, 110 171 Mojiel Ti0puaHoi koHpirypari «KBaHTOBO-
sroptkoBuil map + CNN» 13 256 ¢dinerpamu y 3roptkoBomMy mmapi (Pucynox 3.23)
30UIBIIIEHHSI PO3MIPY HA0OpYy JaHUX MPHU3BOAUTH 10 KapAWHAIBHO 1HIIOI JMHAMIKA
MOKpAIIeHHS TOYHOCTI Ta BTpar. s po3mipiB Habopy aaHux y aianaszoni Bix 1000 go
4000 mouaTKOBHX TPEHYBaJIbHUX 300pak€Hb KpHUBa TOYHOCTI (MEpII TpU TOYKU Ha

Pucynky 4.18, miBopy4) 1eMOHCTpY€ TOBIILHUN TEMIT MOKPAIICHHS, TOMIOHUN 0
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TEMITIB MOJIEJIl KJIACUYHOI IIUThHOI HeWpoHHOI Mepexi. [IpoTe mis po3mipiB Habopy

nanux y miamazosi Big 4000 mo 50000 300paxkeHb KpuBa TOYHOCTI (HACTYIHI M'SITh
TO4YOK Ha Pucynky 4.18, miBopyd) 1eMOHCTpPY€E MBHUIKUN TEMI MMOKPAIIECHHS, HABITh
MEPEBUIIYIOUH TEMIT MOEN1 KJIACUYHOI 3TOPTKOBOI HEUPOHHOI MEPExKi.

[Ile oqHUM BUCHOBKOM, SIKM MOKHA 3pOOHTH 3 ITUX €KCIIEPUMEHTIB, € T€, 1110
KoH(irypamis «KBaHTOBO-3rOpTKOBUI 1ap + HIIbHA HEMPOHHA MEpEXka» B paMKax
EKCIIEPUMEHTY JE€MOHCTPYE HWXK4Yl MOKAa3HUKM TOYHOCTI HE3AJIEKHO Bl PO3MIPY
HAa0Opy [aHUX 1 3HAYHO IIOCTYNAEThCA 32 METPUKAMHU I1HIIMM KOHQITypalisiMm,
OMHUCAaHUM Y IbOMY JIOCTI/KEHHI. €JIMHOI0 mepeBarow Ii€i KoHirypamii €
TEOPETUYHO OLIbINIA HIBUKICTh OOUHCIIEHDb 3aBASKH MPOCTINA apXiTEKTYpl Ta TOMY, LI0
HaWCKJIaHIIA YacTUHA JAaHOI TOpUIHOT MOJENl — KBAaHTOBO-3TOPTKOBHUM IIap —
OOYHUCITIOEThCS HAa KBAHTOBOMY oOnagHaHHI. OgHaK Uil 3aBAaHb, 10 BUMAararmTh
3HAYHOI TOYHOCTI, 3aCTOCYBaHHsI Takoi KOH}Iryparlii 6e3 10JaTKOBOTO 3rOPTKOBOIO
H1apy He € JOIIbHUM.

BusBnena pi3HUIS y TPOAYKTHUBHOCTI TPH PIi3HIM KIJIBKOCTI 3TOPTKOBHUX
G1IBTPIB y mIapi 3ropTKOBOI HEUPOHHOI MEpeki, Mmoka3aHa Ha Pucynkax 4.17 1 4.18,
MIJIKPECTIOE  HEOOXITHICTh ACTAJIBHINIONO aHaJi3y 3alleKHOCTI BIJ KIJIBKOCTI
3TOPTKOBUX (UIBTPIB y 3rOPTKOBUX IIapax HEUPOHHOI Mepexi. bynam mpoBeneHi
TOCTIKEHHSI MaKCUMallbHOT TO4YHOCTI poOoTu mozem (Pucynok 4.19, miBopyd) i
MiHIMAJIbHHUX 3Ha4eHb QYHKINT BTpat (PucyHok 4.19, npaBopyy) sk QpyHKINIT KITBKOCTI
3rOPTKOBHUX (DUIBTPIB y MIApi 3ropTKOBOT HEHPOHHOT MEPEXi Il HAOOPY JAaHUX, IO
Mmictuth 50000 300pakeHp y HaB4anbHOMY Ha0Oo0pi 1 5000 300pakeHbh y TECTOBOMY

HaOopi. Pe3ynpraTn nonano Ha Pucynky 4.19.
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Pucynok 4.19. MakcumasnbHa TOUHICTh (JTIBOpYY) 1 MiHIMaJIbHA BTpata (IpaBopy4)

K QYHKIIS KUTBKOCT1 3rOpTKOBUX (PiIbTpiB [94].

Ha Pucynky 4.19 BinoOGpaxeHo, 1o riOpuaHa HeHpoOHHA Mepexa JEMOHCTPYE
M1IBUIIICHY Yy TJIUBICTH J10 3MiH CKJIQJIHOCT1 MOJEII, IO CYIPOBOIKYETHCS CYTTEBUMHU
KOJMBAaHHSAMU Yy TOYHOCTI TIpu 30UTbINEHHI 11 ckiagaHocTi. i JAOCSATHEHHS
ONTUMAJIbHOI MPOJYKTUBHOCTI TiOpHJIHA HEMpOHHA MEpeXa BHMAra€e peTesIbHOTO
HaJAIITYBaHHS apXITEKTypH KIACHYHOI MOJENi, /i€ KUIbKICTh 3TOPTKOBUX IIIApiB €
KJIFOUOBUM TilepriapaMeTpoM, 110 MoTpedye TouHoro HanmamTyBaHHs. [lepeBuinienHs
CKJIQJHOCTI MEpeX1 3a MEeBHUI Nopir (y HAIIOMY BUTIAJKY TTOHA 256) IPU3BOAUTH J10
MOTIPIIEHHST TPOIYKTUBHOCTI TiOpUAHOI HEWPOHHOI Mepexi, HMOBIpHO, depes
IepeHaBYaHHsA. BapTo TakoX 3a3HAYMTH, IO 30UIBIICHHS KITBKOCTI 3TOPTKOBHX
GiTpTpiB Yy mmIapi 3TOPTKOBOI HEWUPOHHOT Mepexi 3abe3nmedye 3HAYHO MIBUIIIIC
MOKPAIICHHS KBAHTOBO-3TOPTKOBOI HEWPOHHOI MEpEeki y MOPIBHSIHHI 3 KIACUYHOIO
3TOPTKOBOIO HEMPOHHOK MEPEKEIO.

AHani3 BIUIMBY JOJATKOBUX (UIBTPIB HA €(EKTUBHICTb MOJENI MOCTAaBHB
NUTaHHA NpPO pOJib JOJATKOBHUX IIAPiB 3TOPTKOBOI HEWPOHHOI Mepexi. byio
MPOBEJICHO JOCHIPKEHHSI MAaKCHUMAJIbHOI TOYHOCTI (JIIBOpyY) Ta MIHIMAJbHOIO
3HaueHHA QYHKUIT BTpaT (IpaBopyy) y 3aJIEKHOCTI B1Jl KUTBKOCTI 3TOPTKOBUX (PIIIBTPIB
y JIBOX ILIapax 3ropTKOBOi HEUPOHHOI MEPEXi JUisl HA0Opy JTaHMX, L0 CKIIAJAEThCA 3
50000 300paxxeHp y HaB4asibHOMY Habopi Ta 5000 300pa>keHb y TeCTOBOMY HaOOpi.

Pesynbpraru HaBengeHo Ha Pucynky 4.20.
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Pucynox 4.20. MakcuManbHa TOUHICTH (JTIBOpYY) 1 MiHIMaJIbHA BTpata (IpaBopyd)

AK (PYHKIIISI KITBKOCT1 3rOPTKOBHX (1IbTPiB [94].

3aranoMm, BIPOBAPKEHHS JPYroro Iapy 3TOPTKOBOI HEHPOHHOI Mepexi
MPU3BEIO JO 3HAYHOTO MiJBUILECHHSI €(PEKTUBHOCTI KJIACHMYHOI MOJEN 3TOPTKOBOL
HEHPOHHOI MEpPEeXl B 3HAUYHO OUIBIIII Mipl, HIX CIOCTEPIrajiocs y BUIAAKY MOJEII
riOpuIHOT HEHPOHHOT MEPEKI.

VY Mexax HacTyMHOT0 KPOKy OyJio JOCIHIKEHO MOJI0HI 3aJleKHOCTI PI3HUX
napameTpiB BiJl IPOAYKTUBHOCTI MPOCTUX FOPUTHUX HEUPOHHUX MEPEXK Y MOPIBHAHHI
3 1HIIMMU TUNAMU HEeWUpoHHMX Mepex miss Habopy manux CIFAR100 3 rpy6oro
Kiacudikaiiero, mo Briodae 20 rpyoux kiiaciB (Ha BiIMIHY BiJl TOHKOI Ki1acugikallii,
mo ckiagaerbes 3 100 kaciB, sk 11e 0yJio paHile).

BuBuaBcsi BIUIUB pi3HUX PO3MIpPIB HABYAJIBHOTO HAaOOpy JaHuUX (NIPU IBOMY
pPO3Mip TECTOBOTO HaOOpy 3ayuiaBcs HEe3MIHHMM 1 ctaHOBUMB 5000 300pakeHb),
MaKCHMaJIbHI 3HAUYE€HHS TOYHOCTI Ta MiHIMaJIbHI 3HAYEHHS BTPAT, PE3yJbTaTH SKUX
y3aranbHeH1 Ha Pucynky 4.21 nns 16 ¢inbTpiB 1 Ha Pucynky 4.22 nnst 256 GiabTpiB y

api 3ropTKOBOT HEHPOHHOT MEPEXKi.
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Pucynok 4.21. MakcumaiabHa TOYHICTb (JIBOpPYY) 1 MiHIMaJIbHA BTpata (MpaBopyd)
K (DYHKIIS po3Mipy HaBdasibHOro HaObopy Aanux (Bixg 1000 mo 50,000 3006pakeHs),
BHUMIpsiHA HA TOMY K po3Mipi TecToBoro Habopy nanux y 5000 3006pakeHs aist 16
GbiapTpiB y mapi 3ropTkoBoi HerporHoi Mepexi 1t CIFAR100 3 rpy6oro

knacudikaiiero [94].
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Pucynox 4.22. MakcuMmasnbHa TOUHICTh (JIIBOPYY) 1 MiHIMaJIbHA BTpata (IIpaBopyd)
K (YHKIIISE pO3MIpy HaBYAJILHOTO HA0Opy AaHux s 256 GineTpiB y mapi

3roptkoBoi HeiponHoi Mepexi 11t CIFAR100 3 rpy6oro knacudikariiero [94].

PesynpTatu MpoOBENEHOTO  €KCIIEPUMEHTY  JEMOHCTPYIOTh  aHAJOTIYHY
3aKOHOMIPHICTb, IO CIIOCTEPITa€ThCS y BIAMOBIAHUX pe3yibTaTax OLIbII CKIAJHOI
3amaui (3amava kinacudikanii 3 100 kmacamu), MiAKPECTIOIOYH, IO CHOCTEPEKEH]
eeKTH € CXOKMMH Ta MOTEHIIIITHO yHIBEepCATbHUMH JIJIs1 PI3HUX KITbKOCTEH KIIaCiB.

P13H1 NOKa3HUKHU MPOTYKTUBHOCTI, 10 XapaKTE€PU3YIOTh BILIUB P13HOI KIIBKOCTI
3rOpTKOBUX (UIBTPIB y IIapl 3rOPTKOBOI HEMPOHHOI MEpEexi, MPEJCTaBIeHI Ha

Pucynkax 4.21 1 4.22, BKa3ylOTh Ha HEOOXIJHICTb JETAJBHINIOTO JOCIIIKEHHS
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3aJIEKHOCTI MPOAYKTHUBHOCTI BiJ] KiJIbKOCTI 3rOPTKOBUX (IIBTPIB y MIapi 3ropTKOBOT

HEHPOHHOI Mepexi. bylo mpoBeneHo aHami3 MakCHMajabHOI TOYHOCTI (JiBOpYdY) Ta
MiHIMQJIBHUX BTpaT (MpaBopyd) SK (YHKIINA BiJl KUTBKOCTI 3rOPTKOBUX (PIIBTPIB Y
mapi 3ropTkoBoi HepoHHo1 Mepexki (st 50000 300pakeHb B HaBYAILHOMY HaOOpi
nanux 1 5000 300paxkeHb B TECTOBOMY HaOOp1 JAaHUX ), Pe3yJIbTaTH SIKOTO HABE/ICHI Ha

Pucynky 4.23.

—8— Quantum + CNN
2.28

0.500
2347 —8— Classic CNN

0.475 1

Validation Loss

Validation Accuracy
© © ©o ©
w B B B
~ (=] N w
wv o w o

0.350 4
—8— Quantum + CNN
—8— Classic CNN

1.7 1 1.73 172 173

0.325 4

a 5 6 7 8 9 a 5 6 7 8 9
log2(Filters) log2(Filters)

Pucynox 4.23. MakcuManbHa TOUHICTH (JTIBOpYY) 1 MiHIMaJIbHA BTpata (IIpaBopyd)
AK (PYHKIIIS KIJTBKOCT1 3TOPTKOBUX (IIBTPIB y MIapi 3rOPTKOBOT HEHPOHHOI MepexKi

s CIFAR100 3 rpy6oro knacudixkariero [94].

He3Baxaroun Ha HUK41 MAKCUMAaJIbH1 MOKA3HUKHU TOYHOCTI Ta O17IbITY KUTBKICTb
€MoX, HEOOXIAHUX JIJIsl TIOpUAHUX HEUPOHHUX MEPEX ISl JOCSITHEHHS ONTUMAJIbHOI
TOYHOCTI Kjacu@ikalii B MOPIBHSAHHI 3 KJIACUYHUMHU pedEepEeHTHUMH MOJEISAMH, 5K
nokaszaHo Ha Pucynkax 4.16-4.23, riOpuaHi HEHPOHHI MEpEeXki BCE 1€ JEMOHCTPYIOTh
3HAYHi MepeBary, MOPiBHIOIOYH 3 KIIACHYHUMH HEHpOHHUMH Mepexamu. OCHOBHUMHU
nepeBaramMu riOpuaHNX HEHPOHHUX MEPEXK € MIJBUILEHA EHEPreTUYHa €(PeKTUBHICTD 1
3HaYHO BUIIA MIBUJAKICTh OOYMCIIEHB, IO 3a0€3MeUy€eThCSl KBAHTOBHM anapaTHUM
3a0e3neueHHsM. LI mepeBarn MoXyTh OyTHM HaJ3BHYATHO KOPUCHHMH 1 HaJaBaTu
3HAYHY I[IHHICTh, HABITh B yMOBaX HIKUMX IMOKA3HHUKIB TOYHOCT1 B IITUPOKOMY CIEKTPI
3aCTOCYBaHb.

[Tonepenni ekcnepuMeHTH OyJM HAIlJIEH! Ha JOCIIKEHHI BIUIUBY PO3MIPY
Ha0Opy AaHUX, CKJIAIHOCTI HA0OPY JaHUX Ta CTPYKTYPH TOPUIHIUX HEUPOHHUX MEPEK
Ha TTOKa3HUK TOYHOCTI, SKUH TOPIBHIOETHCS 3 MOKa3HUKAMU KIIACUYHUX pePepeHTHUX

Mojienied. ['0JI0BHOIO METOIO 111€1 YaCTUHU JOCIIKEHHS € HE BUSBICHHS KOH(ITYypartii
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riOpuIHUX HEHUPOHHUX MEPEeXkK, SKa TMEPEBUINYE TOYHICTh KJIACHYHOI HEHWPOHHOI

MEpeXi, a BUBYCHHS BIUIUBY DI3HHX IMapaMeTPiB HAa MPOAYKTHUBHICTH TIOPUIHHX
HEUPOHHUX MEPEK.

[licns mpoBeleHHS EKCHEPUMEHTIB Ha MPOCTHX KOHQIrypauisx TiOpuaHuX
KBaHTOBO-3TOPTKOBUX MOJIEJIEH, OyJI0 BUPIIIEHO HA HACTYITHOMY KpOLl TOCIIIIKEHHS
3aJlyYUTH JJIsI €KCIEPUMEHTIB CKIIaHII KOH(Irypauii riOpuaHuX Mojaeen 3 [ULII0
JOCIIJKEHHS TPAKTUYHOCTI Ta €PEKTUBHOCTI AAHOTO MiAXOAY AJIsl BUPIILICHHS 3a/1a4l
0aratoky1acoBoi Kiacudikaiii 300paxeHs.

Pucynku 4.24 Ta 4.25 1mocTpyloTh NPOLEC HABYAHHS TOPUAHUX HEHPOHHUX
Mepex, 10 0a3yloTbCd Ha CKJIAJHMX CY4YaCHUX KIACUYHUX apXITEKTypax 1
pedepentHux moxeneit Ha Habopi ganux CIFAR100. 3 rpadikiB o4eBUIHO, MIO
Mporiec HaBYaHHS CcXOAUThCs. CIoCTepiraeTbes, MO0 TIOPUIHI HEUPOHHI MEpexki
JEMOHCTPYIOTh HUKYY TOUHICTb, TOPIBHIOIOYHU 3 KJIACHYHUMU aHanoramu. Kpim toro,
BaYKJIMBO 3a3HAYUTHU, 10 OLIBII CKJIAJIHI apXITeKTypH TOPUIHUX HEUPOHHUX MEpPEeK
MepEeBEPIIYIOTh TMPOCTINI TIOPUAHI HEMPOHHI MEpEeki, a TaKoXX IPOCTI KIACHYHI
pedepeHTHI MOJeii; HanpuKIaj, riopuaHi HeMpoHHI Mepexi Ha 6a3i EfficientNet

JEMOHCTPYIOTh 3HAYHO BUIILY TOYHICTh, HIXk OubII ipocta Mojaens VGG-16.

ResNet-18 loss ResNet-18 validation accuracy
80
4.5 7 — reference
4.0 1 HNN 70 -
3.5 60 -
3.07 > 50 -
@
2 2.5- -
2 g 401
2.0
30
1.5 A
) 20
1.0 A \\ — reference
05 10 4 HNN

T T T T T T

0 10 20 30 40 0 10 20 30 40
epoch epoch

Pucynox 4.24. 3nauenns QyHKII1 BTpaT Ta TOYHICTH T1IOPUIHOI HEHPOHHOI MEpexKi

ResNet-18 Ta pedepentHoi moaeni va Hadopi nanux CIFAR100 [94].
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EfficientNet-v2-s loss EfficientNet-v2-s validation accuracy
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Pucynok 4.25. 3nauenns GyHKINT BTpaT Ta TOYHICTh T1OPUIHOT HEHPOHHOT MEpExKi

EfficientNet-v2-s Ta pedepentnoi moaeni Ha Habopi ganux CIFAR100 [94].

Pucynku 4.26 1 4.27 imoCTpyHOTh MpoOlieC HaBYAHHS T1IOpUIHMX HEHPOHHUX
Mepexx Ta pedepeHTHHX Mojenei Ha Habopi ganux SIHD. Amnami3 rpadikis
MIATBEP/KYE, IO TMpollec HaBuyaHHSA cxoauTbes. Ha wHabGopi manmmx SIHD
CIIOCTEPITa€ThCSA, IO TEBHI TIOPUAHI HEUPOHHI MeEpeki JAEeMOHCTPYIOTh Kpalli
pe3ynbTaTH, MOPIBHAHO 3 pePepeHTHUMH MOJENISIMH, 3a MOKa3HUKAMH TOYHOCTI Ta
IIBUJIKOCT1 HaBYaHHS (KUIBKICTh €MOX, HEOOXITHUX IS JOCATHEHHS MaKCHMAaJlbHOI
TouHOCTI). [le sBUIIE MOXHA MOSCHUTH THUM, 110 3aBJISIKM KBAHTOBOMY IITYYHOMY
PO3IIMPEHHIO JAaHUX HaM BAAJIOCS 3HAYHO 30UIBIIUTH OOCSAT HAaBYAJHLHOIO HabOpy
JaHUX, O CHPHUSIIO KPaIlOMy 3aCBOEHHIO MOJEISMHU IIAOJIOHIB, SIKI BKa3ylOTh Ha

MONIIKOKEHHSI OY/1BEJIb.



114
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Pucynox 4.26. 3nauenHst QyHKIII1 BTpaT Ta TOYHICTh TOPUAHOI HEUPOHHOI MEepexi

ResNet-18 1 pedepentHoi moneni Ha Habopi ganux SIHD [94].

EfficientNet-v2-s loss EfficientNet-v2-s validation accuracy
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Pucynok 4.27. 3nauennsa QyHKuii BTpaT Ta TOYHICTh T1IOPUIHOT HEUPOHHOT MEPEXKi

EfficientNet-v2-s 1 peeperTHOI MoAeni Ha Habopi qanux SIHD [94].

Tabnuns 4.5 UIIOCTpyE METPUKHM TOYHOCTI, HAa TECTOBOMY HaOOpi JaHUX,
riOpUIHNX HEMPOHHUX Mepex Ta pedepeHTHUX KIACUYHUX HEUPOHHUX MEpExX, Ha
AKUX 0a3yloTbcs T1OpUAHI HEUPOHHI Mepexi. AHaml3 pe3ysbTariB sl HA0OpY JaHUX
CIFAR100 mnoka3ye, 110 HalBHILY TOYHICTh JOCSATHYTO KJIACHUYHOI HEHPOHHOIO
mepexero EfficientNet. Curyauiss Ha Habopi manux SIHD e Ounbin 3axomiuBoro,
OCKUJIbKM HaMKpalia TOYHICTh Oyja MPOJEMOHCTPOBaHA TiOPUIHOK HEWPOHHOIO

Mepexer, 1o IpyHTyerbcsi Ha apxiTtektypi EfficientNet. 11 pesynbratu
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MiATBEPKYIOTh JIOIIJIBHICT, 3aCTOCYBAaHHS TIOPHIHMX HEHPOHHHX MEPEXK s

BUPIIIECHHS PETbHUX MPOOJIEM Ta HaBITh CBIIYATh MPO TE€, IO B MEBHUX CIICHAPISIX
riOpuaHI HEUPOHHI MEpeXi MOXKYTh HEBEIMKOI MIpOIO TEepPeBEepITyBaTH KIIACHYHI

MOJENI.

Tabmuua 4.5. TouHicTh TIOpUIHUX HEHUPOHHUX MeEpek Ta pedepeHTHUX

Mojenel (HalBHIIAa TOYHICTh BUAIJIEHA KUPHUM HIpudToM) [94].

Monenb CIFAR100 SIHD
ResNet-18 pedepentna 76.74% 96.15%

EfficientNet-v2-s 78.76% 98.5%

pedepeHTHa

VGG-16 pedepentHa 62.19% 96.5%
ResNet-18 HNN 62.88% 98.62%
EfficientNet-v2-s HNN 72.26% 98.81%
VGG-16 HNN 54.95% 85.94%

Tabmuns 4.6 UTIOCTpPYy€E BIUIMB TEXHIKH ToJIocyBaHHS OuibmmicTio (MV) Ha
TOYHICTh TIOpUIHUX HEUPOHHHUX MEPEX Ha TECTOBIM MiAMHOXHUHI. [lopiBHSHHS
CTATUCTUYHMUX JaHuX Mk Tabnuuero 1 ta TabGnuiero 2 BUSBIISE, 1110 BIPOBAIKEHHS
TEXHIKW TOJIOCYBaHHsI OUIBIIICTIO 3a0e3Meuy€e 3HAYHE MiABUIIESHHS METPUK TOYHOCTI
riopuaHux HeHpoHHUX Mepex (4,83% ma riopuaHoi HEUPOHHOI MEpeKl Ha OCHOBI
EfficientNet ta 5,17% nns riOpuaHoi HelpoHHOT Mepexki Ha ocHOBI VGG-16) npu
BUpIIICHH] OUThIN cKiaaHoi 3amaui kinacudikaiii 300paxkenr CIFAR100. I'i6punna
EfficientNet maitxke gocsria npoayKTUBHOCTI pedepeHTHoi Moeri, a riopuaaa VGG-

16 HaBiTH MepeBepITUIa CBOI HEMOIU(PIKOBAHY BEPCItO B 111 3a/1a4l.
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Tabmuus 4.6. TecroBa TouHICTH MoneNel TIOPUAHUX HEHPOHHHX MEPEK 13

BUKOPUCTAHHSAM TEXHIKH TOJIOCYBAaHHA O1IbIIicTIO [94].

Mopens CIFAR100 SIHD
EfficientNet-v2-s HNN 77.09% 97.75%
VGG-16 HNN 65.12% 98.1%

Ha na6opi nanux SIHD crniocrepiraerbcs iHIIa KapTUHA. 3aCTOCYBaHHS TEXHIKH
rOJIOCYBaHHs OUIBIIICTIO HE IPHU3BENO JO IMOKpPAIIeHHS TOYHOCTI JUIS T10pHIHOI
Heliponnoi mepexi EfficientNet 1 HaBiTh BUsBUIIOCA €0 MeHIT ToUHUM (Ha 1,06%).
Hatowmicte ri6punna Heitponna mepexa VGG-16 3 TEXHIKOIO T0OJIOCYBaHHS OLTBIIICTIO
MepeBepIIniia CBOI0 KIACHYHY BEPCIiI0, MPOJAEMOHCTPYBABIIHU T1BUIIIEHHS TOYHOCTI
Ha 1,6%. /lo Toro >x TexHiKa roJOCyBaHHS OLIBIIICTIO Uil OOYMCIICHHS TOYHOCTI

MOoKa3aJia BUIILY METPUKY TOYHOCTI, HIXK aJlbTePHATUBHA METOJIUKA OOYHMCIICHHS.

4.5. Anxaji3 edeKTUBHOCTI BUKOPUCTAHHS 0araToOCTPYKTYPHOI KJIACHYHOI

YACTUHHU IOPUIHOI KBAHTOBO-3TrOPTKOBOI MOJIeJi

[Tigxig 13 3amydeHHSM 0aratoCTPYKTYpHOI KJIACHYHOI YacTHHH TiOpUIHOI
KBaHTOBO-3TOPTKOBOI HEMPOHHOT MEPEXKi € PO3MUPEHHSIM MIIXO0My T10puan3aIii mo
3alTyqa€ KBaHTOBUM MPUCTPIH Y AKOCTI MEPIIOro 3rOPTKOBOTO PiBHS TOPUIHOT MO,
aHali3 SKoro OyJio MpOBEACHO B Mexkax po3ainy 4.4 «AHami3 Meroay ridpuansarii
HEHPOHHMX MEpEX, BUKOPHUCTOBYIOUM KBAaHTOBUM MPUCTPIA SIK MEpIIMH pPIBEHb
HEHPOHHOI Mepexi». Ui NpoBEAEHHS EKCIIEPUMEHTIB 3 aHali3y €(QEeKTUBHOCTI
3alTy4eHHs] 0araTOCTPyKTYPHOI KJIIACUYHOT YACTHUHH TOPUAHUX HEUPOHHUX MEPEX y
AKOCTI 0a30Boi Mozeni Oyno oOpaHo kinacuuHy apxitekrypy LCNet050 [106].
LCNet050 Oyno oOpaHO sIK MPUKIA] HEBEJIUKOi, aje AOCUTh €(PEKTHUBHOI Tpynu
3TOPTKOBUX HEWPOHHUX MEpeX, sKa JAEMOHCTPYE UYAOBY TNPOAYKTUBHICTD,
HE3BKAIOUU HA HEBEITUKUN PO3MIp.

Jlisi TpoBeNeHHST €KCIIEPUMEHTIB OyJi0 BHUKOPHUCTAHO KilbKa CTaHIAPTHUX

METPUK JIJIsl OLIIHKK Mozenei. Jlo HUX BITHOCUTHCS 3HA4YCHHS (PYyHKIIT BTpAT i Yac
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HAaBUaHHS Ta TMEPEBIPKM HA TECTOBOMY HAOOpI MaHWX, MmO OOYHMCITIOBajacs 3a

JOTIOMOTO0 (DYHKITIT BTpAT KaTETOPUYHOI KPOC-€HTPOITii, 0 BiJoOpakae MOMUIIKY
MDK TpPOTHO3aMH Mojem Ta (aKTHYHUMH MiTKaMH. TakoX BiJICITIIKOBYBajaach
TOYHICTh II4aC HABYAHHS Ta TOYHICTH Kiacu(ikalii TectoBoro Habopy aaHux. Kpim
UM CTAHJIAPTHUX METPHUK, OyJIO BUKOPUCTAHO IJIOMLy MiJ KpuBoro (area under the
curve, a00 )x AUC) 1151 KpruBOi poO0YMX XapaKTepUCTUK IpHiimMaya (receiver operating
characteristics, abo »x ROC) [107]. lana MeTpuka BUKOPUCTOBY€ETHCS JJIsl OLIHKH
3IaTHOCT1 MO PO3PI3HATH KJACH Ta MOJSAra€ B MOPIBHSHHI KUIBKOCTI ICTUHHO
MO3UTHUBHUX PE3YJbTaTiB KiIacu(ikamii Ta XuOHO NO3UTUBHUX (1-cnienudiuHiCcTh) AJis
pi3HMX moporiB kiacudikamii. Mikpocepenne (micro-average) 3HaueHHs AUC
y3arajJbHIO€ METPHUKU TJI00albHO, BPAaxOBYHOYM BCl Kjacu Kiacudikarii Ta Bci
€JIEMEHTU HaOopy JaHMX, TOIl K MakpocepenaHe (macro-average) 3HaueHHs AUC
00YHCITIOE METPUKH JIJISI KO’KHOTO KJIACy OKPEMO Ta IOTIM YCEPEIHIOE iX.

ExcriepuMeHTH MPOBOIMIIUCH HA HACTYIMHUX KOHDITYpalisix MOJIEIEH:

- PedepentHa knmacuvyHa HEWpPOHHA MepeXka, siIKa € HE3MIHCHOI MOJICIITIO
LCNet050.

- T'iOpumHa KBaHTOBO-3TOPTKOBAa HEHPOHHA MEpeXka, 110 3aJydae KBaHTOBHM
MPUCTPI, 10 MICTUTh 4 KyOITH Ta KJIaCUMYHA YaCTHUHA SKOI1 CKJIAJIa€ThCs 3
OaraTocTpyKTypHOi Mojiesii Ha ocHOBI 6a30Boi mojeni LCNet050 Ta sika
mictuTh 4 6a3oBi mojaeni (HNN-QC4). Jliarpama KJ1acH4HOT YaCTUHU JTaHOL
Mojieni HaBesieHa Ha Pucynky 4.28.

- T'iGpunHa KBaHTOBO-3TOPTKOBA HEHPOHHA MEpeXka, 1110 3aTydyae KBAaHTOBHI
MPUCTPI, M0 MICTUTH 4 KyOITH Ta KJIaCHMYHA YaCTHHA SIKOI CKJIAIa€ThCA 3
OaraTocTpyKTypHOI Mojelli Ha ocHOBI 0a30oBoi mojeni LCNet050 Ta sika
Mictuth 5 OaszoBux wmoxenern (HNN-QCS5), 4 3 skux omnpanboBYIOTh
pe3ynbTaTH KBAaHTOBO-3TOPTKOBOI Omeparlii, a 0JJHa — OPUTIHAJIIbHE BX1JTHE
300pakeHHs. Jliarpama KIIacMYHOI YaCTHHM JaHOI MOJEIl HaBelcHa Ha

Pucynky 4.29.
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| Channel_0 ] input: | [(None, 28, 28, 3)] ‘ | Channel_I [ input ] [(None, 28, 28, 3)] | [ Channel_2 [ input ] [(None, 28, 28, 3)] ] [ Channel_3 | input ] [(None, 28, 28, 3)] }
[ topurLayer | outpur: | [None. 28, 28 3)1 | [ npuLayer | outpur: | [None, 28, 28. 31 | [ tnputLayer | outpur: | [None, 28, 28. 3)1 | [ mputLayer | outpur: | [None, 28,28, 3)] |

[ LeNer0s0_MB_1_BO_CHO [ inpur: | (None, 28,28, 3) | [ LCNet050_MB_I_BO_CH1 | inpur: | (None. 28,28, 3) | [ LCNew0S0_MB_1_BO_CH2 [ inpur: | (None. 28,28, 3) | [ LCNet030_MB_1_B0_CH3 [ inpur: [ (None. 28,28, 3) |
I Functional ] outpul [ (None, 7) } [ Functional ]nmpul | (None, 7) } [ Functional [unr.nu. ] (None, 7) } | Functional [uu:pm ] (None, Ty ]

[(None, 7), (None, 7), (None, 7), (None, 7)]
[ Average | oupur: | (None. 7) |

Pucynoxk 4.28. Jliarpama kinacuunoi yactuau mojeni HNN-QC4 [95].

w0 | npur | iione. 20,2531 | [ w1 [ npur ] o, 28,2531 | [Chamel 2 |

T [Comeis [ [ tvone 75,38, el [ | 0o 25 28.91
[ topu

ingat
pun: | [(Neme, 25, 28, 3)1 | [ tmpentayer | owrpur: | fitNone. 28, 25, 31 | [ npartayer | unpur: | [None, 28, 25, 31 | | npurtayer | ouspur; | [(Nome, 28, 28. 311 | Inpuslayer | oupur: | [(Nane, 25, 23. 3)] |

[LENer050 MB_1_BO_CHO | input: | (Nene, 28, 28, 3) | [ LCNet0S0_MB_1_BO_CHI | inpur: | (None, 28, 28, 3) | [ LCNe050_ MB_I_BO_CH2 | imput: | (Nome, 28, 25, 3) | [ LCNet0S0_MB_1_BO_CH3 | mput: | (None, 25, 28, 3) |
|

LCNGi050_ MB_I_BO_CHA | inpur: | (None, 25,28, 3) |
Functional | outpun (None, T) Functional ouput: | (None, ) Functional owpai: | Mo,y || Functional [ cvmpar: | ome, 7 3

\
| Functional [ opur: | ome. |

— — _— _

- -— —
average | input: | [(None, 7), (None, 7). (None, T), (None, T), (Noae, 71 |

Averuge | outpat- | (Nane, T)

Pucynoxk 4.29. Jliarpama kinacuunoi yactuau mozeiai HNN-QCS [95].

VYci ekciepuMeHTH 1S OLIIHKYA €(DEKTUBHOCTI IAaHOTO IMiIXOAY OYJIO IPOBEJICHO
Ha Habopi manumx CIFARI10 Ta y sKOCTI KBAaHTOBOI'O MPHUCTPOIO OyJI0 3aqydeHo
KBAaHTOBY CXEMy, III0 MICTUTh 4 KyOiTu Ta O6a3zyeTbcs Ha RY omeparisx. HaBuanus
npoBoguioch mpotarom 200 itepariii. Takoxk pe3yiabTaTH BCiX EKCIIEPUMEHTIB
0a3yl0ThCs Ha pe3yJIbTaTax MepexpecHoi nepeBipku (cross-validation) nist oTpuMaHHs
OB HAJIHHUX PE3yJIbTaTIB, 10 BU3HAYAIOTHCSA Ha OCHOBI TOBHOTO HAOOPY JaHUX.

Pucynokx 4.30 nemonctpye 3uadeHHss AUC MeTpuk pedepeHTHOi Mojeni
3ayie’KHO Big po3MmipiB makery (batch size). Pucynok 4.31 memoHCTpye 3aiexHICTh
TOYHOCTI poOOTH pedepeHTHOT MOJemi 3aleHO Bia po3Mipy makeTy. Ha ocHOBI
OTPMMAaHUX PE3yJIbTATiB, MOKHA 3POOUTH CIIOCTEPEIKEHHS, MO0 pePEepeHTHA MOJIETh
JIEMOHCTPY€E TeHIeHIIIF0 110 3HKeHHS stk AUC (MikpocepeaHboi Ta MaKpOCEepeTHBO1),
TaKk 1 TOYHOCTI 31 30UIbIIEHHSAM po3Mipy nakera Big 16 mo 8192. ITomiTHO, 10
MmikpocepeaHss AUC 3menmyetses 3 0.961 mna posmipy makera 16 mo 0.917 mus

po3Mipy naketa 8192, a TOUHICTh aHAJIOTIYHO 3HIXKYEThCS 3 72.7% 10 61%.
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Pucynox 4.30. 3anexuicts AUC Bix po3Mmipy makeTy pedepentnoi momeni [95].
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Pucynox 4.31. 3anexHiCTh TOYHOCTI BiJ] po3Mipy TakeTy pedepeHTHoi Mmoaeni [95].

Crnocrepiraerbest TeHaeHuis a0 3HWKeHHS AUC 31 30UIbIICHHSIM pO3MIpY
MakeTy, NpUYOMY HaWBUIII 3HAYEHHS MIKpocepenHboi Ta Makpocepennboi AUC
CIOCTEPIraroThCs A1 MEHIIMX po3MipiB nmakeTiB (16 Ta 32). O6uaB1 METPUKH NA1AI0Th
31 30UIBIICHHSIM PO3MIipy MakeTa moHaja 64, ajie pi3HUIS MK CEPEIHIMU 3HAYECHHIMU
3QJIMIIIAETHCS B MEXKaxX CTAHJAPTHOTO BIAXWIECHHS 10 po3mipy nakera 512. Ile Bkazye
Ha Te, 11O MEHII po3Mipu mMakeTiB € edexTuBHimUMU aia ontumizaiii AUC
pedepeHTHOT MojieNi. 3HaUeHHS MiKpocepeiHboi Ta MakpocepenHboi AUC BusBmiucs
ny>Xe OJM3BKUMH JIJIS BCIX PO3MIpPiB MaKeTiB, 0COOJIUBO sl po3Mipy makera 16, 1o

CBITYUTH MPO CTAOLIBLHICTh MPOIYKTUBHOCTI MOJIEI JIJIs BCiX KJIaciB HAOOPY JTaHMX.
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TounicTe pedepeHTHOT Moe moYnHaAEThes 3 72.7% st po3mipy maketa 16 i

MOCTYTIOBO 3HMXKYETHCS 31 30UTBIIEHHSIM PO3MIpy TAKeTa, aje Pi3HUIIST MK CEPETHIMU
3HAYEHHSIMH 3QJIMIIA€THCS B MEXKaX CTaHAApTHOTO BIAXWICHHA A0 PO3MIpy HakeTa
128. Haiikpama npoAayKTUBHICTb JIOCSATAETHhCS MPHU PO3MIpl MakeTa 32 3 TOYHICTIO
73.5%.

3arajioM, HeBEJMKI po3Mipu MmakeTiB (16 abo 32) 3abe3neuyroTh Kpalry
npoayKTUBHICTH K 1u1st AUC, Tak 1 11 TOYHOCT1 peepeHTHOT MOIETI.

Pucynok 4.32 nemonctpye 3naueHHs AUC metpuk mozaeni HNN-QC4 3anexHo
B1J1 po3MipiB naketry. PucyHok 4.33 n1eMOHCTpY€ 3al€XKHICTh TOYHOCTI poOOTH MOIE1
HNN-QC4 3anexHo Bij po3Mipy naketry. Ha ocHOBI oTpuMaHuX pe3yJibTaTiB MOXKHA
3pobutn cnoctepexkenHsd, mo 3HadeHHs AUC Ta TOYHOCTI JEMOHCTPYIOTh
MOKpAIIEHHsI TOPIBHSHO 3 peepeHTHOI0 MOJIEIUTI0, OCOOJIUBO JIJISi CEPEHIX PO3MIPIB
nakeTiB (Bix 32 1o 256). IIpoayKTUBHICTD 3aJUIIAETHCS BIIHOCHO CTaOUIHHOIO IS

PO3MipiB MaKeTiB Mk 64 Ta 256 3 HE3HAYUHUMH KOJIMBAHHSIMU.

1 T
0.95 - |
@)
)
<
0.9 L
—— AUCmicro
—— AUCmacro
085 I I | | | | |

4 D 6 7 8 9 10 11
Logs (Batch Size)

Pucynok 4.32. 3anexunicts AUC Big po3Mipy nakety moaent HNN-QC4 [95].
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Pucynok 4.33. 3anexHiCTb TOYHOCTI Bij pO3MIpy MaKETy

moneni HNN-QC4 [95].

3nauenHss AUC gocuTh cTallabHI JUJIs pO3MIpIB NakeTiB Mix 64 ta 256,
npuaomy Mikpoceperanss AUC tpumaerbest Ha piBHI O0au3bko 0.955. Ls crabuibHICTh
AUC cBi1uuth npo Te, 1m0 moaesib HNN-QC4 meHIn uyTiauBa 10 3MiH po3Mipy nakeTa
B MEXax UbOro jiamazoHy. Takox Ayke Maja pI3HUI MDK 3HAYCHHSIMHU
MIKpOCEpeIHbOI0 Ta Makpocepennboro AUC miig BCiX IOCTIIKYBAaHUX PO3MIPIB
MaKeTIB BKa3ye Ha CTaOUIbHY MPOAYKTUBHICTh MOJIE1 JIs BCIX KJIaciB HAOOpY JaHUX.

HaiiBuia TouHiCcTh JocsraeTbes mpu po3Mipi nakera 128 ta piBHa 74.1%, 1o
CBIIYMUTH MPO TE€, IO CEPEIHI PO3MIpU TMAKETIB € HaWKpalluMH JJIs JaHOi Bapialii
riopuaHoi Mojeni. BapTo Takok 3ayBasKUTH, 1110 TOYHICTh TOYMHAE 3HIKYBATUCA TIPH
pO3Mipax IMakeTiB K MeHIe 64, Tak 1 Oubie 256.

Pucynok 4.34 nemonctpye 3naueHus AUC metpuk mozaeni HNN-QCS 3anexHo
BiJl po3MipiB nmakeTy. PucyHnok 4.35 neMoHCTpye€ 3alIeKHICTh TOYHOCTI pOOOTH MOJIEII

HNN-QCS5 3anexxHo BiJi po3Mipy MakeTy.
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Pucynox 4.34. 3anexuicts AUC Bix po3mipy makety moaeini HNN-QCS [95].
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Pucynox 4.35. 3anexxHiCTh TOYHOCTI BiJ] pO3MIpYy MaKeTy

moaemi HNN-QCS5 [95].

Haiipumi 3nauends AUC cnoctepiratotbest mpu po3mipax maketiB 16 Ta 32, ae
mikpocepeans AUC nocsrae 0.964, a makpocepenus —0.969. Jlana Bapiaitis riOpuaHOi
MOJIEJI IEMOHCTPYE KpaIly MPOJYyKTUBHICTh MPU HEBEIUKUX PO3Mipax MaKeTiB, aje
PI3HUIIE MDK CEPEeIHIMH 3HAYCHHSMM 3ajJUIIAEThCI B MEXaxX CTaHIAPTHOTO

BIAXWJIEHHS 10 po3Mipy mnakera 512. BaM3pkicTh 3HaY€Hb MIKPOCEPEIHBOI Ta
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makpocepenaboi AUC mma  BCiX 3pa3KiB  TakoX BKa3zye Ha CTa0lIbHICTH

MPOyKTUBHOCTI MOJEII JJIsl BCIX KJIaciB y Ha0Opi TaHUX.

Mopens HNN-QCS5 mnepesepmrye HNN-QC4 Tta pedepeHtHy wmomeni 3a
TOYHICTIO, 3 HaWBUIIUM 3HaYeHHAM 76.9% npu po3mipi makera 128. Takox BapTo
3ayBKUTH, IO MOJENb JEMOHCTPYE CTaOUIbHY NPOAYKTHUBHICTH MJI CEPEIHIX
po3MipiB nakeTiB (Mix 32 Ta 256).

Jlana Bapialiist MOJIeJIl MOKa3ye, 1110 HEBEJIMK] Ta CEPEeJIHI pO3MIpHU MAKETIB (B1A
16 nmo 128) 3abe3neuyroTh Haikpamni pe3ynbtatd i AUC Ta TOYHOCTI.
[IpoIlyKTUBHICTh 3HUKYETHCS IPHU OUTBIIKX po3Mipax makeTiB (512, 2048), cnigyroun
aHAJIOT14HIN TEHACHIIT 3 IHITUMHU PO3IJITHYTUMU MOJICISIMH.

3arajioM, moOpiBHIOIOYM Bcl Mojeni Ha HaOopi manux CIFARI10, moxxnHa
cioctepiratu, 1mo wMoaenab HNN-QCS5 nemoHCTpye Halkpally 3arajibHy
MPOAYKTUBHICTB cepel ycix moaenei. Sk 3HaueHHss AUC, Tak 1 TOUHICTh CTaO1IbHO
BUIII1, TOPIBHSIHO 3 peepenTHoro Moeto Ta Moaesato HNN-QC4.

Takoxx, Halikpallll 3HaQ4YeHHS IUIOIII IIiJT KPHUBOKO Ta TOYHOCTI JJIs PI3HHX
po3mipiB makeTiB s Mojened HNN-QCn na na6opi nannx CIFAR10, o HaBeneHi
B Tabmuii 4.7, MOKHA BII3HAYUTH TSHACHIIIO JI0 MiABUIIEHHS CEPEIHIX 3HAYCHb Ta
3MEHIIICHHS CTaHIaPTHOI'O BIIXUJICHHS TOYHOCTI 31 301JIBIIIEHHSAM KIJIbBKOCTI OCHOBHHX
MOJIe/IeH Ta KBaHTOBHX KaHAIIB. Tako cepe/iHI 3HAUCHHS TOYHOCTI ITiIBHINYIOTHCS 31
30UTBIIEHHSM KUIBKOCTI OCHOBHUX MOJENEH Ta KBAaHTOBHX KaHaJIB IS PO3MIpPIB
nakeriB 64 1 Oinpme. Ile nemoncrpye Pucynox 4.36, skuil moka3ye rpadiku
3QJIEKHOCTI TOYHOCTI Bij po3mipy mnakera ais mojneneir HNN-QC4, HNN-QCS Ta

pedepentHoi moaen Ha Habopi ganux CIFARI10.

Tabmuua 4.7. Haiikpami 3HauenHss merpuk AUC Ta TOYHOCTI POOOTH

posrsnyTux moaeneit HNN-QCn ta pedgepentnoi mozaeni [95].

Monens AUCmicro AUCmacro ToyHiCTE
PedepentHa monens 0.961 £0.020 0.965 £ 0.002 73.5% + 1.2%
HNN-QC4 0.955+0.024 0.960 £+ 0.001 74.1% £ 0.6%
HNN-QC5 0.964 = 0.022 0.969 + 0.001 76.9% + 0.2%
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Pucynok 4.36. 3anexHiCTh TOUHOCTI PO3TJISTHYTUX MOJIEIIeH

BIJl po3Mipy nakety [95].

Ha ocHOBI HaBeAeHMX MaHWX BHJIHO, IO TOYHICTh, MPOJEMOHCTPOBAHA
mozaemiro HNN-QCS, cTabinpHO BHIa nmopiBHAHO 3 To4HIcTIO Mojaeni HNN-QC4, a
touHicTb HNN-QC4 crabuibHO BUIA MOPIBHSAHO 3 PEePEPEHTHOIO MOJACIUIIO s

PO3MipiB MakeTiB 64 1 OiIbIIIE.

4.6. IlopiBHANbHUI aHAJMI3 e(EKTUBHOCTI PO3IVIAHYTHX  MeETOAiB

riopuau3auii HCHPOHHUX MeEpexK

Jliis moOynoBU €(PEeKTUBHOTO KOMILJIEKCHOIO METOAY TiOpuan3amii KIacuyHuX
Ta HEKJIACUYHUX O0YHUCIIEHb HEOOX1THO PO3TJISHYTH Ta OLIHUTH €()EKTUBHICTh, CUJIbHI
Ta cJ1a0Ki CTOPOHU KOXKHOTO 3 PO3TIIIHYTHX MiAX0AiB. JIJIst OLIHKY iX €(peKTUBHOCTI
BaXJIMBO BU3HAYUTH METPHUKH, SIKI OYJyTh BUKOPUCTOBYBATUCS JJIsI TIOPIBHSIHHS IIMX
miaxomiB. OCKUIbKM €KCIEPUMEHTH OYyJIM MPOBEACHI Ha KJIACHUYHOMY arapaTHOMY
3a0e3neveHH] Ta JIJisi eMyJIsllli KBaHTOBUX IPOIIECIB BUKOPUCTOBYBABCS CUMYJISITOP
KBAHTOBUX O0YMCIIEHb, BA3HAUUTH YaCOBY CKJIQJAHICTh KOKHOIO M1IX0/Ly HEMOXKIIUBO.

Tomy 3amicTh BUMIPIOBaHHS 4acy OOYHCIICHb OyJI0 BUPIIIEHO BUMIPIOBATU KITbKICTh



125
KBAaHTOBHX OIlEpalliid, HCOOX1THUX JIJIT HaBYaHHS Ta POOOTH MOJECI, a TAKOK OLIHUTH

MOPIBHSUIBHY CKJIQJHICTh KJIACUYHOI YACTUHU T1OPUIHUX MOJIEIICH.

KinbkicTh HEOOXITHUX KBAaHTOBHUX OMEpAIliil € BAXKIMBOIO METPHUKOIO, OCKIITLKH
KBaHTOBE anapaTHe 3a0€3MeYeHHs] Ha JaHWH MOMEHT 3Ha4HO JOPOXKYE, a JOCTYII J0
HbOI'O 3HAYHO OUIbII OOMEXEHUW, TMOPIBHIOIOYM 3 KIACHYHUM arnapaTHUM
3a0€3MEYECHHSIM.

Kpim Toro, Oyno BHKOPUCTAHO Ha0lp CTAaHJAPTHUX METPHUK, TAKUX SK
MaKCHUMaJlbHa TOYHICTb MOJEJ, JOCSITHyTa Ha TECTOBOMY HaOOp1 JaHMX, KIJIbKICTb
€nox, HeoOX1JHUX JIJIs1 HABYaHHS MOJIEJIl, Ta MiHIMalbHE 3HaYeHHs (DYHKIIIi BTpAT i
yac HaBYaHHs Mojeni. OTxe, TOBHUH MEpeNniK METPUK €(pEeKTUBHOCT1, BAKOPUCTAHUX

Y CKCIICPUMCHTAX, € HACTYITHUM:

MaKCHUMallbHa TOYHICTb, TPOJIEMOHCTPOBAaHA MOJIEIUTIO HA TECTOBOMY HabOp1
JAHUX;

- KUIBKICTB €I10X, HEOOX1JHMX JyIT HaBYAaHHS MOJICIII;

- KUIBKICTh KBAaHTOBHUX OIlepaliil, HeOOX1JHUX Il HABYAHHS MOJIEIIL;

- KUIbKICTh KBAaHTOBHMX OINepaliid, HEOOXITHUX JJIsI OTPUMAHHS OJHOTO
MIPOTHO3Y MOJIEI;

- TOpIBHSHA CKJIAJHICTh KJIACUYHOI YACTHMHHU MOJIEIII.

B Mexax [maHOTO eKCIIEpUMEHTY KBAaHTOBO-3TOPTKOBY MOJEIb OYJIo
nobynoBaHo Ha ocHOBI apxiTektypu VGG-16. T'iOpuaHy HEHpPOHHY MEpexy 3
KBAaHTOBUM MPUCTPOEM, 1110 3aMiHS€E JIIHIMHUN 1Iap HEUPOHIB, OyJI0 TOOYIOBAaHO HA
OCHOBI TPOCTOT apXiTEKTypU 3TOPTKOBOI MOJEN, IO € €KBIBAJECHTOM TiOpPHIHUX
MojIesIeH, 0 BUKOPUCTOBYBAIUCh B €KCIIEpUMEHTaxX B po3aitax 4.2 ta 4.4. Takox
OyJI0 BUKOPUCTAHO TIMOOKY 3TOPTKOBY HEUPOHHY MEPEXKY, IO Ma€ apXiTeKTypy
VGG-16, y sikocTi pedepeHTHOT MOAECTI.

Pucynok 4.37 nemoHcTpye Tpadik TOUHOCTI MOJIENIeH IMiJ Yac HaBYaHHS JI0
MOMEHTY JIOCATHEHHS MaKCUMaJIbHUX 3Ha4€Hb TOYHOCTI Ha Habopi ganux CIFARI10.
Ha rpadiky pesynbTaTté TiOpuUAHOI HEWPOHHOI MEPEXi, M0 MICTUTh KBAaHTOBUUN

MPUCTPI AK OJWH 3 TPHUXOBAHUX IIAPIB HEUPOHHOT MEpEeXki, MO3HAYEHO CHHIM
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KOJIBOPOM, PE3yJIbTATH KBAHTOBO-3TOPTKOBOI MEPEXKi — HYEPBOHUM, a PE3yIbTaTH

pedepeHTHOT MOJIeTl — KOPUIHEBUM.
Comparison of Model Accuracy on CIFAR10
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Pucynok 4.37. Tounicts po6oTu Mojeneit Ha Habopi ganux CIFARI1O.

Ha ocHOBI pe3ynbTariB €KCIEPUMEHTY MOXHa 3pOOUTH BHCHOBOK, IO

KBaHTOBO-3TOPTKOBAa MOJIENh MPOJEMOHCTpyBaja HalKpaili pe3yjbTaTH TOYHOCTI
y 90.5% mna wnabopi nmanux CIFARI0 Ta

poOOTH, JOCSITHYBIIM TOYHOCTI
nepeBepmmBIId  pedepeHTHy Mojaenb Ha He3HauHl 0.5%. [Opumna wmepexa 3

KBaHTOBHUM MPUCTPOEM B SIKOCT1 IPUXOBAHOTO IIApy MOKa3ajia TOYHICTh Kiacudikarrii
y 56%, mo € Ha 34.5% ripmuM pe3yiabTaToM, MOPIBHIOIOYH 3 KBAHTOBO-3TOPTKOBOIO
MOJIEILTIO, Ta Ha 34% TipmmM pe3yabTaToM, MOPIBHIOIYH 3 peEepEeHTHOIO MOJEILIIO.
Takoxx momiTHO, MmO riOpugHA MOJEIb HAa OCHOBI KBAaHTOBOI'O IPHUCTPOIO B
SKOCT1 MPUXOBAHOTO IIapy HEHPOHHOT MEpeXi MOTPeOye OLIBIIOI KITBKOCTI €MOX JJIs
3aBEPIIECHHS MPOIIECY HaBYAHHSI.
Pucynox 4.38 nemoHcTpye Tpadik TOYHOCTI MOACNEH I Yac HaBUYAHHS [0
MOMEHTY JOCSTHEHHS MAaKCUMaJIbHUX 3Ha4Y€Hb TOYHOCTI Ha Habopi ganux SIHD. Ha
rpadiky pe3yibTaTu FOpPUAHOT HEHPOHHOT MEPEXKI, IO MICTUTh KBAHTOBUW MPUCTPIN

K OJIMH 3 TMPUXOBAHUX IIAPIB HEHPOHHOI MEpEeXki, MO3HAYEHO CHUHIM KOJIbOPOM,
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pe3ynbTaTH KBAHTOBO-3TOPTKOBOT MEPEXKI — YEPBOHHUM, a PE3yJIbTaTH pedepeHTHOI

MOJIEI — KOPHYIHECBUM.

Comparison of Model Accuracy on Hurricane Damage
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Pucynox 4.38. TounicTs poboTH MOJIEIEH Ha HA0OPI JaHUX

Hurricane Damage [108].

Ha ocHOBiI pe3ynbTaTiB €KCIEPUMEHTY MOXHa 3pOOUTH BHCHOBOK, IO
KBaHTOBO-3TOPTKOBa MOJIENb IMPOJAEMOHCTpPYBaJla HaWKpalll pe3yJbTaTh TOYHOCTI
poOoTH, AocarHyBIIM ToYHOCTI Y 98.1% Ha Habopi ganux SIHD ta nepeBepriuBmu
pedepentHy monenb Ha 1.6%. ['iOpuaHa Mepeka 3 KBAHTOBUM IPUCTPOEM B SKOCT1
MIPUXOBAHOTO IIapy MOKa3aia TOYHICTh Y 75%, 1m0 € Ha 23.1% ripmmm pe3ynbTaToMm,

MOPIBHIOIOYH 3 KBAHTOBO-3rOPTKOBOIO MOJACIUIIO, Ta HA 21.5% ripiumM pe3yiabTaToM,

MopiBHIOIOYH 3 pedepeHTHO Moaeto [108].
Takox momiTHO, 110 TiOpUAHA MOJENIb Ha OCHOBI KBAHTOBOT'O IPHCTPOIO B

cepeauHl HEWPOHHOI Mepeki MmoTpedye OUIBIIOT KITBKOCTI €MoX JJIsl 3aBEpIIECHHS
npoiiecy HaB4aHHs. B Toil e yac, nmporec HaBYaHHSI KBAHTOBO-3TOPTKOBOI MOJIET €

HAWKOPOTIIIUM, BUIEpEKatoun Ha 3 iTepallii HaBuaHHS peepeHTHY MOJIeNb Ta Ha 7

iTepartiii TiOpuaHy MOJCIb.
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KinpkicTh KBAaHTOBHX oOrmepariii, HEOOXIMHWX [JIs MATOTOBKH MOJENl 3

KBAaHTOBUM MPUCTPOEM B SKOCTI MPHUXOBAHOTO MHIapy HEHMPOHHOI MeEpexki, MOXKHA
OIKCATH 3a JOIIOMOTOI0 HACTYMIHOI (hOPMYIIH:

Noc = epoch * Nipgin (4.2)

Jle Ny¢ — KUIBbKICTh KBAHTOBMX OIEpalii, HEOOX1IHMX s TiIrOTOBKU MOJEI,

epoch — KITBKICTh €moxX HaB4YaHHSA MojaeNl, a Niqqin — KUIBKICTh €JIEMEHTIB
TpeHyBanbHOTO Habopy manux. [1{o ckmamae 34000 kBaHTOBHX oTepaltiii, HEOOXiTHUX
IUIsL MIATOTOBKHM MoJieal Ha Habopl nanux Hurricane Damage, Ta 60000 kBaHTOBHX
onepauiii 1y miaroroBku Mozaen Ha Habopt ganux CIFAR10 a6o CIFAR100.

JUis oTpuMaHHS OJHOrO MPOTHO3Y TiOpuAHA MOJENb JaHOI AapXITEKTypH
noTpeOye nuine 1 KBaHTOBOI orneparti.

J171s1 KBaHTOBO-3rOPTKOBO1 MOJIEN1 KIJIbKICTh KBAHTOBHX OIEpalliil, HeOOX1THUX
JUISL TATOTOBKY MOJIEN1, HE 3aJIeKUTh B1Jl KUTBKOCTI 1Tepalliii HaBYaHHS 1 MOXKe OyTH
OmMcaHa HaCTYMHOI (HOPMYJIOHO:

Noc = imagey, * image,, * (qubits * 3 + 1) * Nypqin (4.3)

Je Ng¢ — KUIbKICTh KBAHTOBMX ONEPaLii, HEOOXIIHUX JUIsl MArOTOBKM MOJEI,
imagey Ta image,, — BUCOTA Ta MIMPUHA 300paXeHH y MIKCENAX, qubits — KITbKIiCTh
KyOITiB y KBAaHTOBOMY HPHUCTPOi, & Nypqin — KUIBKICTh €JIEMEHTIB TPEHYBaJIbLHOIO
Habopy npanux. Illo ckmamae 39936000 kBaHTOBUX omepalliii, HEOOXITHUX IS
niaroroBku Mmozeni Ha Habopi manumx CIFAR10 a6o CIFAR100, ta 425984000
KBAaHTOBUX OIlepalliil JjIs MAroTOBKM Mojeni Ha HaOopi manux Hurricane Damage,
3BaXAO4M, 10 PO3MIp 300pakeHb y HaOopl maHux Oyno 3MeHiieHo g0 128x128
TMIKCEIB.

JIJist oTpuMaHHSI OJTHOTO MPOTHO3Y MOJIENIb KBAHTOBO-3TOPTKOBOI apXiTEKTYpH
noTpedye KUTHKOCTI KBAaHTOBUX OIEpalliii, mo Moxke OyTH OnmucaHa HACTYITHOIO
dhopmyIioro:

Noc = imagey, * image,, * (qubits * 3 + 1) (4.4)

Je Ny¢ — KUIbKICTh KBAHTOBMX OIEpamii, HEOOX1IHMX s i IrOTOBKU MOJEI,

image, Ta image, — BUCOTa Ta IMUpPUHA 300pakKeHHS Yy TMIKCeNnsax, a qubits —
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KUIBKICTh KyOITiB Yy kBaHTOBOMY npucTpoi. l1lo ckmanae 13312 kBaHTOBUX omeparliiil,

HEOOXITHUX NI OOPOOKH MOJEIITI0 OJHOTO 300pakenHs 3 Habopy mannx CIFAR10
a6o CIFARI100, ta 212992 kBaHTOBUX omeparfiii 1jas oOpOoOKH MOJCIIII0 OJIHOTO
300pakeHHs 3 Habopy nanux Hurricane Damage, 3Baxkarouu, 1o po3mip 300paxeHp y
Habopi naHux Oysno 3MeHiIeHo 10 128x128 mikcenis.

TakuM 4YMHOM, 3 OMNISIAY Ha pe3yibTaTH OOYMCIEHb KUIBKOCTI KBaHTOBHUX
oneparliid, HEOOX1AHUX IS MIJITOTOBKH, MOKHA 3pOOUTH BUCHOBOK, 1[0 HE3BAXKAIOUU
Ha Te, 1110 KBAHTOBO-3TOPTKOBA MOJI€NIb 00pO0JIsi€ KOXKHE 300paKEHHSI HABYAJILHOTO
Ha0Opy JaHUX JIMIIE OJWH pa3, IJis MIJATOTOBKKA MOJENI il MOTPIOHO 3HAYHO OLNIbIIE
KBaHTOBHUX onepauiii — 39.49 minbiloHa onepamiii s HaBYaHHS MOJEINI Ha Habopi
nanux CIFAR10 1425.984 minbiioHa oneparliii i HaBYaHHS MOJEN1 Ha Ha0Op1 JaHUX
SIHD, mo Ha kuUlbKa TOPSAKIB OUIbIE HIXXK BHUMara€e Mojelb aJbTepPHATHBHOI
riopuaHoi apxitektypu — 60000 Ta 34000 KkBaHTOBHX OIepalliil BiMOBIIHO.

KinbkicTh KBaHTOBUX oOIepallii, 1o HeoOXigH1 s (PYHKIIOHYBaHHS MOJIENi
TaKOX BIJIOBIAA€E TOMY 3K IIA0JOHY Ta KBaHTOBO-3TOPTKOBA MOJIEIbh BHMarae Ha
MOPSIIKU O1JIbIlIe KBAHTOBHMX OMEpAIliil /Il OOYMCICHHS] OJHOTO MPOTHO3Y MOJIEIII.
KinbkicTh KBAaHTOBUX Omepariiii, HeoOXiHa /i1 pOOOTH KBAHTOBO-3rOPTKOBOI MOENI
JTHIHHO 3aJeXHUTh BiJ po3MIpy 300pakeHb y HaOopi nmaHux Ta ckiagae 13312
KBaHTOBHX Omeparliii 1 00pobku ogHoro 300pakeHHs 3 Habopy manux CIFARI10 ta
212992 xBaHTOBHUX OIlepalliii i1 00pOOKH OJHOTO, 3MEHIIIEHOTO 10 po3Mipy 128x128
nikceniB, 300pakeHHst 3 Habopy nanux SIHD. B Toif ke 4ac KijgbKiCTh KBaHTOBHX
orepartiif, HeoOX1THUX JJIsl OOUMCIICHHS OJTHOTO TIepeI0aYeHHS MO, IO 0a3yEThCS
Ha OCHOBI KBaHTOBOTO MPHUCTPOIO, IKUH BUKOHYE POJIb OJHOTO 3 MPUXOBAHUX IIAPiB
rOOKOT HEMPOHHOT MEPEKi, € KOHCTAHTHOIO Ta 3aBX AU ckianae 1 onepariito. Takum
YUHOM MO>KHA 3pOOUTH BUCHOBOK, 110 301IbIIEHHS PO3MipY 300paK€Hb HANOPY AaHUX
3HAYHO MIJBUIIYE BapTICTh 3aCTOCYBAHHS KBAHTOBO-3TOPTKOBOI apXITEKTYpH AJIs
BUPILIEHHS 3a/1a4l.

JUJis1 KOMIUIEKCHOTO MOPIBHAHHS €()EKTUBHOCTI POOOTH PO3IJIIHYTHUX METOJIIB
BAXJIMBO TaKOX PO3TJSHYTH 1 TMOPIBHAJIBHY CKIAIHICTh KJIACHYHOI YacTUHU
PO3TIIAHYTUX TiOpuaHux Moxenend. CKIagHICTh KJIACHYHOI YacTHHU KBAaHTOBO-

3TOPTKOBOI MOJIeJl Y 4 pa3u BUIIA OPIBHSHO 3 €TAJIOHHOK MOJICIUTIO Ta OLIBII HIXK Y
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4 pasu BUIIA TIOPIBHSIHO 3 TIOPUIHOIO MOJCIUTIO adbTEPHATHBHOI apxiTektypu. Lle

MOSICHIOETBCST TUM, IO KOXKHE 300paKeHHS B Ha0Opi JaHUX MOTpedye oOpoOKu
JOTUPHOX Bapiariii, CTBOPEHUX KBAHTOBUM IIIAPOM, ITI0 Oe3mocepeHbO 301IbIIIy€E Jac
00pOOKH KIIACHYHOIO YaCTHHOIO T10pUHOI HEUPOHHOI Mepexi B 4 pa3u. B Toil xe yac,
CKJIQJHICTh KJIACUYHOI YaCTHHM T1OPUIHOI KBAHTOBO-KJIACUYHOI HEUPOHHOI MEpPEeXKI,
10 MICTUTh KBAaHTOBUW MPHUCTPIN Yy SIKOCT1 OJHOTO 3 MPUXOBAHUX LIAPIB HEUPOHIB, €
JEI0 HUKYOI0 MOPIBHSHO 3 €TaJOHHOIO MOJEIUIIO, a/I)K€ YaCTHHA 1IapiB (B HALLIOMY
€KCIIepUMEHTIB | 1map) 3aMiHEHUM Ha KBAHTOBHM MNPUCTPINA, MO JEHIO0 3MEHIIYE

CKJIAIHICTh KJIACUYHOI YACTUHU MOJEII.
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BUCHOBKMU J10 PO3A1TY 4

da3za momnepeaHb01 00pOOKM JaHWX BKIIIOYATA PO3MIMPEHHS BXITHUX HAOOpIB
JaHUX MUITXOM TeHeparlii KUTbKOX BepCiii 300pa’keHb Ha OCHOBI Pi3HUX KOMOIHAIIN
rinepnapaMerpiB. 3pa3ku nonepeaHbo oOpodieHux HaoopiB aanux CIFAR100 Ta
SIHD noka3anu BHi3HaBaHI BI3€PYHKH 3 OPUTIHAJIBHUX 300pa)K€Hb, 110 MIAKPECITIOE
e(eKTUBHICTh MPOLIECY PO3UIMPEHHS JaHUX. 30KpeMa, KOKHE 300pakeHHsI, CTBOPEHE
KBaHTOBO-3TOPTKOBUM IIIAPOM, MAJIO YHIKaJIbHI XapaKTEPUCTUKH, L0 MIJKPECIIOE
PI3HOMaHITHICTb, BB€ZIEHY KBAHTOBUMH OMEPALIISIMHU.

JocnikeHHss TpocTUX KOHQIrypamiii riOpuaHMX HEWPOHHHX MEpEeK,
BKJIFOYAIOUM Bapiallli 3 KBaHTOBO IOINEPEAHLO OOpPOOJEHUMH BXIAHUMU JAHUMH Ta
KJIACHYHUMHU IIapaMu HEHPOHHOT Mepexki, HaJajIo0 IiHHI MTOPIBHIHHS 3 TPAIUIIITHUMU
3TOPTKOBUMH HEHPOHHMMH MepekaMH. AHalli3 3aJIeXKHOCTI MPOJYKTHUBHOCTI
riOpUIHUX HEUPOHHUX MEPEXK BiJl pO3MIPY HaBYAIHLHOTO HAOOPY JaHUX MOKa3aB, 10
MPOJAYKTUBHICTD T1OPHIHUX HEUPOHHUX MEpexk, 30Kkpema KoHpirypaiili «KBanTtoBuit
MIPUCTPIN + 3TOPTKOBA HEUPOHHA MEPEekKay, MOKPAITYEThCS 31 30UIBIICHHIM PO3MIPY
HABYAIBHUX JAHUX Ta CKIAJIHOCTI apXITEKTypH Mepexi. L uyTnuBicTh 10 mapaMeTpiB
HaBYAJIbHUX JIAHUX 1 CKJIQJHOCTI MOJENIEH IMAKPECTIOE BaKIMBICTh PETEIHLHOIO
MPOEKTYBaHHS Mojieiel 1 00poOKHu HAOOPIB JAHUX JIJIT MAKCUMI3allii MPOIyKTUBHOCTI
riOpUIHUX HEHPOHHUX MEPEK.

Kpim Toro, pe3ynbTaTi AOCHIKEHHS BIUTUBY KUTBKOCT1 3rOPTKOBUX (UIBTPIB 1
KUTBKOCTI IIapiB 3TOPTKOBUX HEWPOHHUX MEPEX Ha MPOAYKTHUBHICTH TiOpUAHHUX
HEHPOHHUX MEPEXK MOKA3aIH, 10 30UTBIIICHHS CKIIATHOCTI MO MOXKE ITiIBUIIATH
MPOJYKTUBHICTh JI0 IEBHOI'O MOPOTY, ajleé HaAMIpHA CKJIAJHICTh MOK€E IPU3BECTH A0
3HIDKEHHS pe3yJbTaTiB a00 TMepeHaBYaHHA. 30Kpema, JOJaBaHHSA APYroro
3TOPTKOBOTO Iapy 3HAYHO MOKPAIIMIO MPOAYKTUBHICTH TPAAMLIMHUX 3TOPTKOBHUX
HEHPOHHHUX MEPEK, MIIKPECIIOIYH CKIIAIHY B3AEMOJI1I0 MIXK apXITEKTypOIO MOJIEN1 Ta
il MPOAYKTUBHICTIO.

JlocniKeHHs! TPOIyKTUBHOCTI FOPUIHUX HEMPOHHUX MEPEXK Yy cXxemax rpyooi
kinacudikamii  MATBEpAUIM  BUSIBICHI  TEHACHINI, MNPUIYCKAIOYM  MOXIIUBY

YHIBEpCANBHICTh IIUX €(PEKTIB y 3ajja4ax pi3HOI CKIAJHOCTI Kiacudikaiii.



132
ExcriepuMeHT 3 TIPOCTOI0 KOH(PITYypaIli€ro TIOpUIHUX HEHPOHHHUX MEPExX

MOKa3aJid, 10 KBAaHTOBO-3TOPTKOBA OMEpaIlisi CTBOPIOE OUIBII CKJIAJAHY BEPCIIO
BX1JTHUX JJAHUX, TOMY JIUISI IOCATHEHHS MAaKCUMAaJIbHOT TOUHOCT1 HEOOXiTHA CKJIa/THIIIA
KJIJACUYHA YacTWHA TIOpUAHOI HEMpoHHOI Mepexi. Lle crocyeTrbcs K CTPYKTypU
KJIACMYHOT YaCTHHHM (3TOPTKOBAa HEWPOHHA Mepeka MoKa3ayia 3HAaYHO BUIILY TOUYHICTb,
HDK IIIJIbHA HEWpPOHHA Mepeka), Tak 1 il CKIAJHOCTI (KUIbKICTh (DUIBTPIB y MIapi
3rOpTKOBOI HEWpPOHHOI Mepexi). KpiM Toro, exkcrnepuMeHTH [OKa3aiu, U0
KOH(DIrypaiiisi KBAaHTOBO-3rOPTKOBOI I'OPUIHOT HEMPOHHOT MEpeX1 € OLIbII YUY TIUBOIO
JI0 pO3MIpY HaBYAJILHOTO HA0OPY JaHUX, HIXK 11 KIIACUYHUI aHAJIOT.

ExcnepumenTu, npoBelieHI B paMKax JOCHIPKEHHS Ha OUIbII CKIIAJHHUX
KOH(pirypaIisx riOpuJIHUX HEUPOHHUX MEpEeX, MOoKa3aau JAOLIbHICTh 3aCTOCYBaHHS
KBaHTOBO-3TOPTKOBUX T1OpUIHUX HEUPOHHUX MEPEX ISl BUPIIMIECHHS MPAKTUYHHX
3aBJaHb Ha MpuUKIaal 3amad kiacudikamii 300pakeHb. Halikpamii pesyiasTatu y
OaratokiacoBiii kmacudikamii Ha Hab6opi maHux CIFAR100 mokasama kiacuyHa
mozaenb EfficientNet. Yci riOpuani HeHpoHHI MEpeXi MPOIEMOHCTPYBAJIM TOUHICTh Ha
5-10% Hmx4y, MOPIBHIOIOYU 3 KJIACUYHUMH MOJEIsIMU. ExcriepumeHTH Ha Habopi
nanux SIHD noxasanu iHmry kapTuHy — riOpuaHI HEHPOHHI MEPEXi, MOO0YyI0BaH1 Ha
ocaoBi ResNet 1 EfficientNet, mepeBepimim cBOi KJIaCHYHI aHAJIOTH 3 HE3HAYHOIO
nepearoro (0,3-2,2%). Lle MoHa TTOSICHATH THM, IIIO OTEparlis KBAaHTOBOI 3rOPTKH
3HAYHO 30UIBIITYE PO3MIP HABYAIBHOTO HAOOPY JaHUX, IO BUSBUIOCS KOPUCHUM Y
CUTYALlIsIX, KOJIM MOYaTKOBHM Ha01p JaHUX OyB ONTUMAaJIBLHOTO PO3MIpY.

Texnika 611bIIOCTI TOJIOCIB OyJia 3aCTOCOBAaHA JJisl MPOTHO3YBAHHS (hiHATBHHUX
PE3YyIbTATIB, 1110 BIIOOpaKa€e pealbHUN ClIEHap1ii BUKOPUCTAHHS, OCKIJIbKA KBAHTOBO-
3rOpTKOBHH 1Iap T1IOpUIHUX HEUPOHHUX MEPEX MHOKUTH PO3Mip HAOOPY AaHUX Ha n,
€ N € KUIbKICTIO KyOITIB y KBaHTOBIA cxemi. KpiMm Toro, koiu mojeinb
BUKOPHUCTOBYETHCS I HOBOTO €JIEMEHTA TaHUX, MU OUiKYE€MO OTPUMATH MTPOTHO3 ISt
OJIHOTO KJIaCy BX1JHUX JAHUX; OTXKE, KJJACHYHA YaCTHHA MOJIeJI1 00pO0JIsie€ KOXKEH 1iap,
CTBOPCHHMI KBAaHTOBHM IIPUCTPOEM, a TIOTIM aJTOPUTM TOJIOCYBaHHS BH3HAUYAE
HaWOUIbII TOMMPEHUN Kjac, 3a]ikCOBaHWM KIACHYHOK YACTHHOI TIOPUIHUX
HEHPOHHUX MEpPEXK, K OCTaTOYHE pilieHHsA. Ll mMeTroamka moBena CBOIO BHCOKY

e(hEeKTUBHICTb JIJIs T1IOPUIHUX HEUPOHHUX MEPEX Yy CKIQIHIIINX 3a/1auax, K 1e 0yio
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npojaemMoHcTpoBano Ha HaOopi ganux CIFARI100. [Ins MeHII CcKIagHUX 3aaad

kiacuikarii 300pakeHb, TakuX K OiHapHa Kiacudikamis Ha Habopi nanux SIHD, ne
riOpuaHI HEHPOHHI MEPEXi MPOIEMOHCTPYBAIIM BUCOKUH piBeHh TOYHOCTI (98,81%),
TE€XHIKa TOJOCYBAaHHsS BHUABWIACS MeHII e(exTuBHOI0. IIpoTe 1 TexHiKa TaKoX
3a0e3reuye rHy4YKICTh KOH(DITypallii 1151 BUPIIIEHHS CUTYaIlli, KOJIU MOJIETh HE MOXE
HaJiMHO Kiacu(ikyBaTH 300paKEHHS; HANPUKIAJ, SKIIO TEXHIKA TOJIOCYBaHHS
MPU3BOJUTH 0 HIYMHHOTO pPe3yJIbTaTy B MUTaHHI, 4u OyJia OyJIBIIs MOMIKOIKEHA, MU
MO>XEMO aBTOMATHYHO KJacu(DiKyBaTH OYIBIIO SIK MOMIKOJKEHY, 1100 3MEHIIUTU
KUIbKICTh XMOHMX HEraTUBHUX PE3yJbTaTIB, IO € OUIbII HeOaKaHUMU, HIK XHUOHI
MO3UTHUBHI pe3yJIbTaTH B IbOMY BUIIAJIKY.

[Ipote 3acTocyBaHHs TOpUIHUX HEHPOHHUX MEPEK TAKOXK MA€ MEBHI CYTTEBI
obmexxenHs. HalGinpimuM 3 HUX € 0oOMEXeHa JIOCTYIHICTh PECypciB KBAaHTOBHX
oOuucieHb Ha JaHuid MoMeHT. ILleli HemoJmiK YacTKOBO KOMIIEHCYETHCS
3alpPONOHOBAHOI0 APXITEKTYpOIO TIOpUAHOI HEHPOHHOI MeEpexki, Ji€ KBAHTOBHI
MPUCTPIN CIyrye MEepUIUM IapoM HEUPOHHOI Mepexi, 10 [103BOJISi€E BUKOHYBATH
KBaHTOBY TpaHC(OpMaIlilo HaBUAJIbHUX JaHUX JIMIIE OJIMH pa3. OgHaK HaBITh Y IIbOMY
BUMAJKY 3a0€3leueHHsT KBAHTOBUMH OOYHCIIOBAJIBHUMHU pECypcaMyd Bce IIE €
OCHOBHHMM BY3bKHM MICIIEM JIJII MAaCIITA00BAHOCTI T1IOPUIHUX HEHPOHHUX MEPEXK.

[Ile omgHMM MOXJIHMBHM OOMEKEHHSIM € HEOOXIIHICTh Iepedadi JaHuX MK
KBaHTOBOIO Ta KJIACMYHOIO YaCTUHAMU HEUPOHHOI Mepexi. OCKUIbKM KBaHTOBI Ta
KJIACUYH1 YaCTUHU BUKOHYIOTHCSl HA pI3HOMY 00JIaHaHHI, TOTPiOHA mepeaava TaHux
yepe3 Mepexy, 10 MOXe OyTH JIOCUTh MOBUIBHOW, SIKIIO (pi3MYHA BIACTaHb MK
KBAaHTOBHM 1 KJIACMYHMM OOJIagfHAHHSAM € 3Ha4yHor. OJHAaK MU BBaXKaemo, IO
MPUCKOPEHHSI OOYMCIEHb 3aBASKA BHUKOPUCTAHHIO KBAHTOBHX OOYMCIEHb Oyne
O1IBIIIMM 32 YacOB1 BUTPATH Ha Mepeavy TaHuX 4epe3 MEepexy.

[lopiBHSHHA PO3IJISHYTHUX METOJIB TiOpuaM3alli KJIACUYHUX Ta KBAaHTOBHUX
oOuucieHb s 3aBAaHHS Kiacudikaiii 300pakeHb MIATBEPAWIM, WO T1OpUIHI
KBaHTOBO-3TOPTKOBI HEHWPOHHI MEpPEki, 3AaTHI JOCATAaTH BUILOTO PIBHA TOYHOCTI
MOPIBHAHO 3 pe()epeHTHOI0 KIACHYHOI0 MOJEIUII0 Ta MOPIBHSIHO 3 albTEPHATUBHUM
PO3MJISTHYTUM  miaXxoaoM TiObpuamsanii. OpHak BOJHOYAC KBAaHTOBO-3TOPTKOBI

HEUpPOHHI MEpeXi BHUMAraroTh 3HAYHOI KIIBKOCTI KBAHTOBUX OINEpalliil K s
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MiTOTOBKH, TaK 1 1 GyHKITIOHYBAHHS MOJIENI, @ TAKOXK MOTPEOYIOTh y 4 pas3u OibIie

OOYHUCITIOBAILHOTO Yacy KJIACHYHOTO OOJIaJHAHHS Yepe3 HeOOXiMHICTh 00poOKH y 4
pasu OUIBIIOTO OOCSATY MaHWX TMOPIBHSAHO 3 aJIbTEPHATUBHUMHU ITiIXOJAMH,
PO3IIIHYTUMHU B IbOMY JOCHI>KEHHI Ta MOPIBHAHO 3 PePEPEHTHUMHU MOJIETSMHU.

Pe3ynbraTty eKcniepuMEHTIB TaKOX MOKa3ajid, IO rOpuaHI HEHPOHHI MEpexi,
1noOy10BaH1 3 BUKOPUCTAHHSM KBaHTOBOI'O IPUCTPOIO, AKUH BUKOHYE POJIb OJHOTO 13
MPUXOBAHUX IIAPIB HEMPOHHOI MEpexki, MOXKYThb OYTH >KUTTE3IATHUM MIAXOAOM,
HE3Ba)KAI0YM Ha 3HAYHO HUXKYY TOUYHICTH MOPIBHSHO 3 aJbTEPHATUBHUMH METOJIaMU
riopuauzaiii. JIoniJIbHICTh HBOTO MiIXOAY MOSICHIOETHCS BITHOCHO HU3BKOIO BAPTICTIO
B TE€pPMiHAX KUIBKOCTI KBAaHTOBHX OIlE€palliii Ta 3MEHIIEHOIO CKJIAJIHICTIO KJIACHUYHOI
YaCTUHHU HEHUPOHHOI Mepexki, M0 MOXKE MiABUIIATU MIBUAKICTH OOYMCIICHh MOJEII
3aBASIKA 3MEHIICHHIO TJIMOMHU KIACUYHOI YAaCTUHM MOJENI Ta BUKOPHUCTAHHIO
KBaHTOBOT'O IMPUCTPOIO 3aMiCTh BUAAJIICHUX I1ap1B HEUPOHHOI MEPEKI.

Merton riOpuauzaiii Ha OCHOBI KBaHTOBO-3TOPTKOBHUX HEUPOHHUX MEPEK
MOKa3aB ceOe JOIIbHUM Ta TMOTCHIIMHO €(PEKTHUBHUM PIMICHHSAM JJII KPUTHYIHO
BOXJIMBHX NPAKTHYHHMX 3aBJaHb, SKI BHMararTh BHCOKOI TOYHOCTI MOJEJl Ta,
BOJHOYAC, TOJIEPAHTHI 710 301IbIIIEHHS Yacy 0OpOOKH 1 3HAYHO BUIIIOT BAPTOCT1 Yepes
BEJIMKY KIJIbKICTh HEOOX1THUX KBAaHTOBUX Ta KJIACHYHUX OTICPAIlii.

Meron riOpuauzaiii Ha OCHOBI TIMOOKHX TiOpUIHUX MEPEXK, IO MICTSThH
KBaHTOBHI TPUCTPIA y SIKOCTI OJHOTO 3 MPUXOBAHMUX IapiB HEHUPOHHOT MEpPExKi,
JIOBEJIM CBOIO JIOIIIBHICTh IS MPAKTUYHUX 3aBJlaHb, KPUTUYHUX 10 Hacy, sKi
noTpeOyIOTh MIJBUIIEHOI IIBUAKOCTI OOpPOOKHM JaHUX Ta MOXYTb JIOMYCTUTH
3HUKEHHS TOYHOCTI MOJIENI.

OTxe, oTpuMaHi pe3yJbTaTH MOYKHA y3araJIbHUTH, 3pOOUBIINKM BHCHOBOK, ITIO
BUKOPHUCTAHHS 3alPOTIOHOBAHOTO KOMIUIEKCHOTO METOAY TiOpuam3allii KBAHTOBHUX Ta
KJIACUYHUX OOYMCIIEHb JT03BOJISIE MIABUIIUTUA €(pEeKTUBHICTh podotu monened LI B

Pl BUNIAJKIB, 3aJI€KHO B1Jl BAMOT KOHKPETHOT 3a/1aui.
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BUCHOBKMH

B nmwmcepramiifHiii po0OTI pO3B’SA3aHO aKTyallbHE HAYKOBE 3aBJIaHHS
riopuam3amii KBaHTOBHX Ta KIACHYHUX OOYHCICHb JJI1 CTBOPSHHS TiOpHIHHMX
KBaHTOBO-KJIACUYHUX TIIMOOKMX HEUPOHHUX Mepex. B pesynbraTi auceprauiiHoi

poOOTH OTPUMAHO HACTYIIHI HAYKOBI1 Ta MPAKTUYHI PE3YJIbTATH:

- Po3pobrieno koMriekCHUI MeTOa Ti0puau3aiii KIaCHYHUX Ta KBAaHTOBHUX
oO0YHClieHb, SKHWM, Ha BIAMIHY BiJ ICHYIOUHX pillleHb, MOXE OyTH
HaIlpaBJICHUH Ha 30UIbIIeHHS mBUAKOIT Mozaenei LI abo Ha 301IbIICHAS
TOYHOCT1 POOOTH MOJeNiel 3aJIeXKHO Bl BUMOT 3aJa4i 32 paXyHOK 3aTy4eHHs
KBaHTOBHUX OOYMCIIEHb Y PI3HUX YACTUHAX TOPUIHUX HEMPOHHUX MEpex (Y
AKOCT1 KBAHTOBO-3TrOPTKOBOr0 (quanvolutional) mapy abo x y SIKOCT1 3aMiHA
YaCTUHU MPUXOBAHUX MOBHO3B’ I3HUX IIAPIB IITMOOKOI HEMPOHHOI MEpexK1).

- Po3pobneno meron noOyaosu riopuanux cucrem LI, sxuil, Ha BiAMIHY Bijg
ICHYIOUYHX PIIlIE€Hb, 103BOJISA€ 3aTyyaTu He3MiHeH1 kiacuunl SOTA mozeni ta
J03BOJISIE  JIOCSATHYTHM BHUIIMX 3HAY€Hb TOYHOCTI pPOOOTH MOjENeH,
MOPIBHIOIOYH 3 aJbTEPHATUBHUMH IMiIXOAaMU, 32 PaxXyHOK 3aTydCHHS
KBAaHTOBHX OOYHCIEHb y SKOCTI TMEpIIOr0 KBaHTOBO-3TOPTKOBOTO
(quanvolutional) mapy riOpugHUX MOJECH.

- YII0CKOHAJIEHO METO]I BUKOPUCTAHHS TPaHC(EPHOTO HABUYAHHS Y KOHTEKCTI
riOpUuIHUX KBAaHTOBO-KJIACHUYHUX HEHPOHHHUX MEpexX, W0 JI03BOJIsIE
3MEHIIUTA O0CAT pecypciB (4ac OOYHUCICHb, E€HEPris), MOTPIOHUX st
MITOTOBKA MOJIENi, Ta MiABUIIUTH TOYHICTh POOOTH T1OPpHIHMX KBAHTOBO-
KiacuyHux mogueinei 1.

- Po3pobieHo yaockoHalleHHS METONYy BHUKOPHUCTAaHHS OaraTOKaHaJbHOCTI
(multi-channel) nanux aysa BupimeHHs 3a7a4i Kiacudikaiii 300paxeHb, 1110
JI03BOJISIE TBUIITUTH TOYHICTH poOoTH TiOpuaHoi moxem I 3a paxyHok
BUKOPHCTAHHSA KBAHTOBOTO MPHUCTPOIO ISl CTBOPEHHS JAOAATKOBUX KaHAIIB
Ha OCHOBI BX1/IHUX JIaHHX.

- 3ampomoHOBaHO  PO3MIMPEHHS  METOAY  WITYYHOTO  PO3UIMPEHHS

pi3HOMaHITHOCTI JaHux (data augmentation) mjis BHpIIICHHS 3a7adyi
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kinacudikamii 300pakeHb, IO JO3BOJISIE TIABUIIUTH CTIWKICTh IO

BIJTHOIIICHHIO 710 HEBiOMUX naHuX (generalization) riopumnaoi momeni LI 3a
paxyHOK BUKOPHUCTaHHS KBAaHTOBO-3TOPTKOBOTO INTYYHOTO PO3IIHMPECHHS
pi3HOMaHITHOCTI JaHux (quanvolutional data augmentation) 1 BuUKOpucTaHHs
pe3yabTaTiB poOOTH KBAaHTOBOI'O MPUCTPOIO B SIKOCT1 JOJAATKOBUX KaHaJIIB
BX1THUX JaHUX.

- Po3pobiieHo po3mupeHHsT METOJy BHUKOPUCTAaHHA OaraToCTpyKTYpHOI
(multi-backbone) mozeni y IKOCT1 KJIaCUYHOT YaCTUHU TOPUIHOT KBAHTOBO-
3ropTkoBoi (quanvolutional) Mojeni juis BUpilIeHHs 3ajadi Kiacudikarii
300paxeHb, 110 JA03BOJISE MIABUIIUTA TOYHICTH POOOTH T1OpUAHOI MOAENI
I 3a paxyHOK HE3aJE€KHOIO MapajiesIbHOrO OMpPAaIlOBAHHS JI0JATKOBUX
KaHaliB, M0 OYyJIM CTBOPEHI 3a JOMOMOIOI0 KBAaHTOBOTO MPHUCTPOIO,
CHeIla]li30BaHUMH  0a30BUMHM MOJENSIMHM, IO BXOJSATH JO CKJIaay
0araToCTpyKTYpHOI KJIACUYHOT YACTHHHU MOJIEI.

- IlpoBegeHo anai3 BIJIUBY apXITEKTypd KBAaHTOBOIO TMPUCTPOIO Ha
e(eKTUBHICTh POOOTH TIOPUIHOI MOJENI, M0 OYJIYEThCS HA MOrO0 OCHOBI.
Haiikpamuii pe3ynbrar nmokasaia KkBaHtoBa cxema 3 RY apxiTekryporo.

- IlpoBeaeno anani3z epEeKTUBHOCTI 3aMPOIIOHOBAHOTO METOMY TiOpuam3aiii

KBAaHTOBHUX Ta KJIACHYHHX OOYHCIICHD.

PesynpTatn Oyji0 MpPOAEMOHCTPOBAHO Ha MPUKIAAl TPAKTUYHOI 3ajadi
kyacudikaiii MOmKOJKEeHb B 30HaX CTUXIMHMX JMX Ta B KOHTEKCTI BUKOPHUCTAHHS
cuctem IIII 3arampHOrO0 3acTOCYBaHHS, OCOOJMBO [JIs 3ajad, IO BHMAararoTh
HAJIBUCOKOI IIBUAKOIII.

JlocimpkeHHsT JOTpUMY€EThCsl ocHOBHMX mpuHIMIiB Open Science [109] Tomy
BUXIJIHMM KOJI BCiX €KCIICpUMEHTIB, IPOBEICHHX B MeXax JUCEPTAIliHOIrO
JOCTIIKEHHS, HAIA€ThCs Yy BUIbHOMY JA0cTyml Ha ruiargopmax GitHub ta Kaggle y
Burisiai  Jupyter Notebooks [110-115]. KBanToBo-omparsoBani Habopu HgaHUX
CIFAR100 Ta SIHD Takox HamaroTbCsl y BUIbHOMY AocTymi Ha miardopmi Kaggle
[116, 117].
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