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Bbpxy Ahcepraq oHeH TpyA aa npngo6ueare Ha o6pasoaarenHa HayqHa creneH

,,AOKrOp"

Aarop Ha AuceprallrloHHhq rpyA: Mar. lrHx. feoprt4 l-eoprree Feopruee
TeMa Ha A[cepraq!4oHHlrn rpyg: ,,Ilnar$opMeHo He3aBHclilMh npuroxeHHq c

u3nor3BaHe xa GPU lr MaurHHo o6y'{eH]4e"
npo$ecroranHo HanpaBreHhe: 5.3. KouyxuxaquoHHa n KoMnloTtpHa rexHHKa

HayqHa cneqhafl Hoct:,,Cucteuxo nporpaMtrpaHe "

PeqeH3eHT. Aoq. A-p rxx. Fanq BecenHHoBa flaenoea

1. Axryanxocr xa pa:pa6oreaHre B AlrcepraqrtoHHt4s rpyA npo6neu a

HayqHo ,r HayqHo-nphnoxHo orHouleHue. Crenex r Hr4Ba Ha aKTyanHocrra Ha

npo6neua r xoHKperHt,tre 3aAaqr, parpa6orexlt B Aucepraquqra
ArryanHocrra Ha pa3rne4aHara npo6ner,,tartaKa ce onpeAerln or 6tpsoro

pa3Burue Ha rpa$hqH re npoLlecopr4 (GPU) r HapacrBauloro t4M 3HaqeH e He ca[/o

3a KoMnrcTrpHara rpaQuKa. Te ce yraupg xa h Karo ocHoBHa nnarQopua sa

Bhco(onpou3BopvrrenH h u3q cfleH F c o6u.lo npeAHa3HaqeH e u aa o6yvexre r
ta3nbr]HeHhe Ha MoAen Ha Ma[!hHHo o6yueHne.

OcHoeex npo6neu B pa3rne4aHara o6racr ocraaa SparueHraq era Ha

coQryepxrre nnarSoprr,rr,r ta npr4noxHo-nporpaMHure uHrepQeicu (CUDA, OpenCL,

Direct3D, OpenGL, Vulkan). Toea Hanara paspa6orvuqure Aa noAgrpxar MHoxecrBo

peanh3aq[u ur]r Aa np eMaT Kor\,4npoMhch no oTHor.JJeH e Ha npeHochMocTTa h

npor3BoAhrenHocrra. flrcepra LlhoHHucr rpyA aApec pa !4MeHHo rosu npo6neu vpes

[3cneABaHe Ha Bb3MoxHocr[Te 3a cr3AaBaHe Ha yHuQ!4llhpaxa r nnar+opt,leuo
He3aBucr4Ma apx[TeKTypa Ha 6asara ra Vulkan u Vulkan Compute, xou6r,ruupata c

onThM 3aLlhoHHh anropuTMt4 3a npocneflrBaHe Ha cBeTIthHHh ntqu MeToAt{ Ha

Nral!fiHHoro o6yverne 3a c(anhpaHe KbM Bl4coKl4 pa3Aefl TenH cnoco6tocrr.
Paspa6oreHnre B TpyAa KoHr..lenryaneH MoAen, peal[3aq!4n Ha peHAepupau]a

cr..lcTeMa h MeToA Ka 3a cpaBHhTenHa oqeHKa Ha npou3BoAuTeltHocTTa AonphHacgT 3a

npafirqecKara crorisoct Ha u3ctteABaHero.

2. Crenex Ha no3HaBaHe crcroflHuero xa npo6neua t,r TBopqecKa
]4HTepnpeTaqxfl Ha nxTepaTypHt4, MaTephan

Aaroprr AeMoHcrp pa uuoro go6po no3HaBaHe Ha crBpeMeHHoro crcroqHue Ha

npo6reuaruxara. Hanpaaex e gaAun6oqex cpaBHhrefleH chcreNilar qeH aHanr43 Ha

Ha apxhreKryphre Ha cbBpeMeHHhre rpaQnvur npoqecopr4, oco6euocrure ua
napanenHoro nporpaM paHe (SIMT), xarro Ha ocHoBH!,lre n p/roxHo-nporpaNrHr
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hHrep+efic 3a rpa$hKa fi GPGPU !43q cneHut - OpenGL, Direct3D 12, Vulkan,

CUDA r OpenCL. ficHo ca ugeHrrQmqrpaH!4 npefl McrBara u orpaHuqeHhtra Ha

acnxa nrarQopMa no orHorJeH e Ha npeHochMocr, KoHTpofl Bbpxy pecypchre ,1

Bb3MoxHocrrre 3a hHTerpaq!4q xa rpaQuvxr H t,'t3trhcllhrenHh 3aAaqH. ApryueurupaH

e us6oprr Ha Vulkan u Vulkan Compute Karo rexHonorh'{Ha ocHoBa, Koero noKa3Ba

:a4un6oueuo pa:6r,rpaue Ha aKTyanH Te reHAeH[.14h a o6nacrra.

Ilureparypxunr Marep an e hHTepnperrpaH TBopqecKh, Karo aBToptr He ce

orpaHhgaBa.qo nperneA Ha clqecrByBaulhre peuJeHufl, a ru h3nofl3Ba Karo ornpaBHa

rorrKa 3a SopMynhpaHe Ha co6craeFta KoHLlenLlhF aa nnarQoptr,teHo He3aBhc!4Ma

apx TeKrypa, onr Mh3aquoHHu anrop TMr4 3a npocneArBaHe Ha nbqu B peanHo BpeMe

(BKfloqhrerHo cbBpeMeHH TexHtaxh (aro ReSTIR) u uHTe[paqhF Ha MeroAh Ha

N,ra[!hHHoro o6yvenue 3a cynep-pe30ntoq F 14 reHephpaHe Ha xagpr. Toaa

cBhAerencrBa aa cnoco6Hoct ga KphrhgeH aHanh3 14 3a caMocronTenHo 143BexqqaHe Ha

h3cfl eAoBare|cxu HacoKt4.

3. Cuoreercrene xa u:6paxara MeroAr4Ka Ha ,r3cneABaHe c nocraBeHara qen

n 3aAaqu Ha AHcepTaqhoHHl,rfl TpyA

lrcepraqrouuufl rpyA e crpyKryp paHa B qerupr4 nocfie,qoBarenHn tnalt/t,
CneABaqh flOrhKaTa: aHaflU3 ---, npoefiUpaHe ---+ anroprlTM[qHa OnTrMrl3aUhF -r
hHTerpaq!4q Ha MaLt.luHHo o6yveHre, Koero no3BoflFBa nocraBeHara Llen - cb3AaBaHe

Ha ynnQnqrpax u nnarQoprueuo He3aBhcr4M co$ryep 3a cb3AaBaHe Ha np!4floxeH F

c h3nofl3BaHe xa GPU s o6nacrra Ha KoMnrcTrpHara rpa$uxa u uHTerp!4paHero M c

MalxhHHo o6yqeH e - Aa 6bAe pa3rbpHara rorhqHo.

|erre uscne4oBarercKr4 xunore3h ca npf,Ko aApechpaHu or crorBerH Te

MeroAonor riHu KoMnoHeHTh. Xhnoresa 1 v 2, cBbpsaHh c nnarQoprueuara
He3aB cr4Mocr n eAIAHHVA nporpaMeH MoAen, ca Beph$[q!4paHr qpe3 cpaBH rer]H F

aiant/3 Ha API B fnaBa 1 u npegnoxeHara Vulkan/Rust apx reKrypa e f naea 2.

Xunoresa 3 3a peanHoBpeMeHHoro npocneAfiBaHe Ha nrqta e agpechpaHa qpe3

aflrop rMrriHara paspa6orxa sa ReSTIR Dl u ReSTIR Gl e Fnaea 3 c xouxperuu
h3MepBaH!4e Ha npou3BoAt renHocrra. Xrnotega 4 3a pornTa Ha ML nph

KoMneHct4paHe Ha u3qucflurer]Hara croxHocr e pa3r|eAaHa B I-naBa 4 rtpe3

cpaBH re|Ha oqeHKa Ha rexHnKuTe 3a cyneppe3o|oqh9 14 reHep paHe Ha KaAph.

Xnnorega 5 - c HTe3 pau.lara x noresa aa xou6uH[paHara cucre[,la - e
aepu$uqnpaua qpe3 uHTerpr4paHero Ha pe3ynrarhre or npeAxoAHfiTe rnaBh B eAuHHa
pa6oreqa peaflh3aqhq.

TpyAbr He cbAlpxa !43pt4qHo Qoplaynrapar.ra [3cneAoaarencKa MeroAhKa Karo
caMocronTereH pa3Aen - Merogonor qHhre us6opu ca pa3npeAeneH rMnnnLlhrHo
Mexqqy TnaBhre, 6es o6o6qaaau.la paMKa, (oero He e npevKa 3a nocrhTaHero Ha
nocTaBeHara Llen.
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5. Hay.{Hx l4lxnB HayqHonpxnoxHu npxHocx Ha AHcepraquoHHHH TpyA
Aarop'ur $opuynupa ceAeM nprHoca, pa3npegeneH B rpu Karerop 14 - ABa

HayqH , Tpl,l Hayr.rHonphnoxHrl 14 ABa np lloxHr4.

Haytuu npuuocu

Parpa6oreu e KoHqenryaleH MoAen sa nnareopueto He3aBhcl,4Ma cucreua 3a
peHpupaHe B peanHo BpeMe, ocHoBaH Ha eA[HeH nporpaMeH MoAeJ] 3a rpaSuvulr r,r

r,l3er4crhrenH,t onepall 14 vpes Vulkan. flpeAnoxeu e syHKur4oHan Ho-hMnepar BeH
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4. Kparra aHanrrlrqHa xaparTepxcrxKa Ha ecrecrBoro r{ oqeHKa Ha

AOCTOBepHOCTTa Ha MarepHana, Btpxy xoiro ce rpaArT nplrHocHTe Ha

AHCepraqxoHHnA rpyA
flucepraquoHHr,rer rpyA e B o6eNr or 135 crpaH[qr, Karo BKnrcqBa yaog, 4 rnaer,

3aKroqeH e, cn cbK Ha ocHoBHmre np!4HocH, cn crK Ha ny6nnxaqurre no

Aucepraq cra u 3non3BaHa nhreparypa. Pa6orara BKnpqBa o6ulo 63 qvrypv v 4
ra6nu,qv,. HayvHara nureparypa o6xaaqa 108 HayqH ny6nrraqrr B yrBtpAeH

hsAaHhq- ACM SIGGRAPH, IEEE, Eurographics, ECCV/CVPR u gp.

I-lpe4craaeHunr Marep an BKroqBa c creMar qeH nperneA Ha cbBpeMeHHhre

GPU apxrarerryp u npufloxHo-nporpaMH r4HrepQetich, cpaBHureneH aHaflh3 Ha

nporpa[,4Hh esuLlh, pa3pa6orBaHe Ha co6crgeHa nnar$oprr,reuo He3aBucr4r\,4a

apx refiypa Ha 6a3ara ua Vulkan, onrur,{h3aqhoHHh anrophrMr4 3a npocfleAnBaHe Ha

ruvu (axrrcvrrenuo ReSTIR) MeroAh 3a cynep-pe3onrcq fl reHep paHe Ha KaAp

Lrpe3 MaurHHo o6yvenre.
EKcnephMeHTaflxara pa6ora B AhceprauhoHHrlq rpyg o6xaaqa ABe ocHoBHrl

HanpaBneH 9 - onTrMu3aLl oHHh anrop TMr4 3a pearHoBpeMeHHo npocneAqBaHe Ha

cBerr HHh nusr (l-raaa 3) r Ml-6a:rpaHo cxarllpaHe reHepupaHe Ha ragpu (Fnaaa

4) - n ce rpagh Bbpxy co6crBeHa peanu3aq fl na rendering engine a Rust c Vulkan

6ereHA.

B rpera rnaBa ca onr4caH npoBeAeHTe eKcnep MeHTu c onl4Mh3aLl[oHHl4

anfopr4Trvlr4 3a npocfleArBaHe Ha cBeTn HHh nrqr B peanHo Bpetule, c aKqeHT Brpxy
rexHr4Kara ReSTlR. TecrBaHero e u3BbpuleHo Bbpxy craHAaprH cqeH14 (Cornell Box,

Sponza r 100 Lights), Karo ocHoBHr4fir Kon qecrBeH noKa3arer e 6ponr KaAp B

ceKyHAa (FPS). tlpegcraBeHu ca u B 3yanH[ pe3ynrar or peHA paHero.

Excnepun,teHrrre, onucaHr4 B \terBbpra rnaBa, ca op eHTrpaHr KrM MeroAr 3a

cKart,tpaHe KbM Br4coxr4 pa3Aen renHh cnoco6nocrr reHephpaHe Ha KaAp qpe3

MarrhHHo o6yveHue. Cpaaueur ca native peHAhpaHe (4K r,r '1080p) c pa3flrqHu rexHhKt4

sa upscaling (FSR, Vulkan Compute uogen, xou6ru paHfi noAxoAra c FXAA).
OLlenxara BKnpqBa KaKTo KonhqecrBeHrl AaHHu 3a npou3BoAhrenHocr (FPS), raxa u

KaqecrBeH!,1 BV3yanHn cpaBHeHhg g 6nu3rr nnaH.

Tprre recroau cqeHh ca nog6paHr c HapacrBaula cloxHocr, xoero no3BolnBa
oqeHKa Ha uaula6rpyeuocrra. Pe3ynrarhre ca npeACTaBeHh c KoHKperHh rt cneHh
croriuocru, a He c o6qu onhcaHuq.



noAxoA 3a pa3pa6orBaHe Ha BhcoKonpoh3BoAhTenHr4 rpa$rqHh np floxeHhg, KofrTo

crqeraBa 6eaonacno ynpaBneH e Ha pecypcfiTe, MoAynHocr r eQerrrauo
r3nor3BaHe Ha MHoroflApeHuTe apxhTefiyph.

Tesur npruocr uNrar reoperr4qHa cro socr u 3agaBar ocHoBa 3a npeHoc Mh GPU

nphtoxeHhF.

H ayu uo-npunoxH u npuHocu

flpeAnoxesa e KoHKperHa apxhreKrypa na nnarQopueHo He3aB crlr\,l rendering

engine c npocneAFBaHe Ha nrqr, peaflu3r,4paHa vpes Vulkan u esrxa Rust. Paspa6orer

e noAxoA 3a fiHrerp paHe Ha aAanrhpaHu ar]rop rMr4 ReSTIR Dl h ReSTIR Gl e

nnarSopueuo He3aB!4cri4Ma cpeAa, Koero nosBorFBa npeHocr4Mo real{ime path tracing

Brpxy pa3n qHr GPU apxurerrypr. l-lpe4noxeH e h noAxoA 3a [3nor]3BaHe Ha

iralJhHHo o6yveuue sa Al-6aarpano naaqa6upane xbN,4 Br4coKr4 pesonrcqh h

reHepnpaHe Ha MexAr4HHh KaAph c qen Harranf,BaHe Ha 3q cflfiTenHoTo HaToBapBaHe

np 3ana3BaHe Ha Bu3yarHoro KaqecrBo.

llpunoxuu fipuHocu

PeanusrpaH e pa6oreq nporor n Ha cficreMara, c xorlro ca npoBeAeH

eKcnep MeHTh, AoKa3Baq eKBhBafteHTHa npoh3BoAl,lTeflHocT npr't u3ntnHeHl4e Btpxy
Windows r Linux 6es nnar$opuero cneqnSuvHu peanr43aLlfiri. Paopa6orera e

MeTOAfiKa 3a CpaBH Te.nHa OqeHKa Ha npo 3BOA TenHOCTTa B pa3n qHu CpeA .

Karo LlFflo cq!4TaM, qe np Hochrecaop r HanH[, go6pe obocHoeaHV, arTyartHn A

h c npaKr qecKa 3Haqr'rMocr, Karo AeMoHcrprpar cnoco6Hocr Ha aBTopa

caMocronrenHo pa $opuynrpa u peuaBa HayqHo-nphnoxHr,l 3aAaqrl clc 3Haq renHa

creneH Ha cnoxHocr. Te ca s npnxa BprsKa c reMar[Kara Ha A[cepraLl oHHt4ATpyAu

ca y6egnrenxo nogKpeneHh or pe3ynrarhre or pa3pa6orBaHero h

eKcnep MeHTarHoro h3cneABaHe. Oco6eHo qeHH ca xou6rxaqrnra or
nnarQopuena He3aBhchMocr (Vulkan + Rust), nrrerpaqL4lra Ha crBpeMeHHh rexH KrI

3a npocneArBaHe Ha ruqh (ReSTlR) !4 !43non3BaHero Ha Mau!4HHo o6yveHne aa

onThMu3allhc Ha nporl3BoAl4TenHocTTa.

Bra ocHoaa Ha roBa AaBaM nonoxhrenHa oqeHKa Ha nphHocure Ha

Ahcepraq oHHr,lA rpyA v cr{ TaM, qe re orroBaprr Ha u3[cKBaHhnra :a nprpo6uaaHe
xa o6pasoaarenHara rl HayqHa creneH,,AoKTop".

6. OqeHKa 3a creneHTa Ha nhqHoro yqacrt4e Ha AxcepraHTa B nprHocl4Te
C,.r ura r',4, qe nphHochre B npeAcraBeHhF Mm 3a peqeH3upaHe AhcepraqhoHeH TpyA

ca optttll'lanHn ca npeA[MHo nrqHo Aero Ha AofiopaHTa. Kouqenryanxunr MoAer],

apxhreKrypara Ha nnarQopleHo He3aB cht\rvr rendering engine, aAanraq Fra h

HTerpaq flra Ha alToptlTMr4Te ReSTlR, KaKTo 14 noAxogrr 3a h3nol3BaHe Ha

MaL!hHHo o6yveHue 3a cynep-pe3onoLlr4s !4 reHepupaHe Ha KaAph ca cBhAerencrBo 3a

roBa. Cooryepuara pea|[3aque Ha npororuna Ha e3 Ka Rust c Vulkan,
npoBeMaHeTo Ha eKCneplMeHTanHUTe U3CreABaHnq CpaBHrlTenHhTe aHanr43h
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Brpxy pa3nhqHu onepaquoHHt4 cr4cTe[,4t4 ctl4o ca pe3ynTaT or caMocToqTeflHaTa My

pa6ora.

7. flpeqexxa ra ny6nuxaqunre no ArcepraquoHHHe rpyg: 6pofi, xapaKrep Ha

H3AaHUflTa, B KO]4TO Ca OTneqaTaH14

Kru gracepraqrFTa e np roxeH cnucbK c HanpaBeHu 4 ny6nuxatyn, 1 or Ko!4To e

caN.4ocToFrenHa, a Apyr Te ca B cbaBTopcTBo c HayqH Te pbKoBoAuTenr.

lly6nnxaqrrre Ha Mar. unx. feoprr l-eoprrea reMaruqHo ctorBercrBar Ha

Te[laruKara, qen re 3aAaqhre Ha AhceprallrloHHrlg TpyA. Te noKphBar

nocneAoBarenHo Bcr'rqKr4 ocHoBHt/ acneKrfi - !rHTepQetlcn, apxnrerrypa, onruMh3aLlt4F

Ha npocneAnBaHe Ha nbq h uHTerpaqut c MalxlrHHo o6yveure - r ocrrypnear 4o6pa
anpo6aqun Ha pe3ynrarhre.

9. OqeHxa Ha crorBercrBhero Ha aerope$epara c u3l,tcxBaHyrflTa 3a

U3TOTBflHeTO My, KaKTO l,l Ha aAeKBaTHOCTTa Ha OTpa3flBaHe Ha OCHOBHI4Te

noroxeHlrg x nphHocxTe Ha A[cepTaqxoHH]rg TpyA

Aarope$eparur Ha AhcepraLlhoHHt4r rpyg e s o6er\4 or 30 crp. ua 6unrapcxr esrx
n 27 crp. na aurnnhcxu earx. OQopruen e B cborBercrBL4e c 3r,4cKBaH FTa Ha

flpaarnxrxa 3a yclloBnrra h peAa 3a nprgo6raaHe Ha HayqHu creneHu a TY- CoQrar
14 orpa3FBa BFpHo cbAbpxaH eTo, npoBeAeHure u3c|eABaHuf,, nocT rHaT4Te

TeoperrqHr H npafirlqecx pe3ynTaTu npuHocl,4Te, crAbpxaulr4 ce B nbl]Hhf, TexcT

Ha AucepralluoHH r rpyA. HoMepara ua $urypure, ra6nuqure ra Qopvyrrre a

asrope$epara crorBercrBar Ha re3r't B A14cepraquoHHt4F TpyA.

10. Mxexua, npenopuKt4 u 6enexxu
!rcepraquoHHrsr rpyA Ha Nrar. rHx. Feoprr,t Teoprr4eB npeAcraBnFBa

3aBbpueHa h HxeHepHo sa4tn6o,leHa HayqHa pa3pa6orKa no aKTyanHa reN,la.
Ipuuocnre ca op rrHanH nor qHo cBbp3aHr4 - or KoHqenryaneH [,4oAen t,,1

nnar$opMeHo He3aB cuMa apx refiypa Ha 6asara ua Vulkan n Rust, npes
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8. l4anonseaxe Ha pe3yrrarxre or Al4cepraqroH Hr4t rpyA B HayqHara x

coqHaIHaTa npaKT1.lKa

Pe3ynrarfiTe or AucepraquoHHr4n rpyg 6uxa Morau Aa HaMepsr np floxeHhe B Tph

HanpaBreHrF. B nayvrara npaKThxa - Karo Bb3npo 3BoAl4Ma [3cneAoBarencKa

ocHoBa 3a 6rAeu.lr pa3pa6orKr4 B peanHoBpeMeHHara KoMnnrupHa rpaQrxa r
nnarQopN/eHo He3aBucr4Moro GPU nporpaM paHe. B o6pa3oBarenHara npaKT!4Ka - B

yve6Hrn npoqec no c creMHo nporpaMupaHe u KoMnrcTlpHa rpa$uxa ate OKCT Ha

TY-CoQrr. B rugycrpuanuara npaKr[Ka - chMynaquoHeH co$ryep, nphr]oxeHhF 3a

BupryanHa r go6aaexa peanHocr, 14HxeHepHa Bu3yanu3aLlhf,, Kl4Horo h MeA!4qfiHcKara

o6pasHa ArlarHocrhKa, KbAero ce h3hcKBa BucoKa npohsBoAnreJrHocr u npeHocr4Mocr

rireMy pa3fl[qHu onepaqhoHHr4 cricTervrr4 n GPU apxurerrypu.



11. 3aKnrc.{exr1e c rcHa nonoxHTerHa Hn[ orpHqarenHa oqeHKa Ha

AhcepraquoH H 1.rr rpyA
Cnep sanosnaeaHe c npeAcraBeH!4Te AoKyMeHTu t4 Ar,4cepraq[oHHt4R TpyA, KaKro !4

cbAbpxauluTe ce B HeTo HayqHh, HayqHo-np aoxHh h npunoxHt4 npuHoq4, crlhraM, qe

re ca B afiyanHa HayqHa o6nact u noxa3Bar cnoco6Hocr ga caMocrof,TenHo peuJaBaHe

Ha hHxeHepHl4 3aAaqr.

llpegcraeeuure Marep an!4 or AoKTopaHTa yAoBnerBoplBar BcuqK u3r4cKBaHhF

Ha 3axou 3a pa3Bhr ero Ha aKageM!4qHhfl crcraB a Peny6nraxa Sunrapnr, llpaarnurx
3a HeroBoro np naraHe n llpaaunHur sa ycr]oBhffTa ta pega 3a npuAo6[BaHe Ha HayqHu

creneHh a TV-Co$rr.
Bcr,l.rxo roaa MV Aaaa ocHoBaHue Aa AaM noroxuTeflHa oqeHKa Ha

A cepraq oHHr4A rpyq v Aa npeAfloxa Ha yBaxaeMoro HayqHo xypr4 Aa np!,lcrAu Ha

Mar.rHx. Feoprt FeoprreB feoprueB o6pasoearenxara u HayqHa creneH,,AoKrop" B

o6nacrra Ha Bhclrlero o6pasoaanue 5. Texnrqecxur xayrra, l-lpoeec!4oHaflHo
HanpaBneHue: 5.3. KorvtyHnraqno{Ha u KoMnoEpHa rexH Ka, HayqHa cneqhaflHocr
,,Crcreuxo nporpaMhpaHe".

PEqEH3EHT
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onrrlMh3aqhr Ha npocfleAnBaHe Ha ruq c ReSTlR, Ao llHTerpaqu, Ha MauJ HHo

o6yvexre 3a cynep-pe3onor.luf, 14 reHep paHe Ha Ka4pfi. Excnepuuerranrure
pe3ynrar noAKpenfir ocHoBHhre xrnoTe3r, a nyonuxaquure ocurypnaar 4o6pa
anpo6aqun.

ExcneprrueuranH Te pe3ynrarr ca y6egureflHu noAKpennr ocHoBHhre

x!4nore3h, Ho npegcraBnHero rvr 6r cneqennno or no-no4po6uo onhcaH e Ha

h3non3BaHure xapAyepHu xoH$urypaquu, Bepcuh Ha gpa aepr !4 Tor{Hr,4 ycnoBhfi Ha

TECTBAHE-

llpenoprvaau Ha aBropa B 6rAeu.le Aa:
- pa3lur,4pr4 cpaBH TenHuF aHafl!43 c AonrflH TeflHu GPU apxurerrypu (uanpuuep

AMD il lntel) c qen no-cr4nHa AeMoHcrpauufl Ha nnar$opMeHara He3aBuo4Mocr.

- no-nbflHa eepr$mxaqnn Ha MauJ!4HHoro o6yveuue qpe3 taHTerp paHe Ha

craHAapTHl,4 Merp Kh 3a B 3yanHo KaqecTBo, cpaBHeHue c uHAycTpHanH[ peueHuq

xaro DLSS u FSR, u recrBaHe npta no-uJr4poK cneKT]p or crleHaphrl 14 A HaMhqHh

ycnoBur.

- npoyrlrl Br3MoxHocrra ga no-Arn6ora uHTerpaqhn Ha MauJhHHoro o6yqeHue

At,lpefiHo B npolleca Ha path tracing.
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'1. Relevance of the problem addressed in the thesis from a scientific and applied
scientific perspective. Degree and levels of relevance of the problem and the
specific tasks addressed in the thesis

The relevance of the subject matter under consideration is determined by the rapid

development of graphics processing units (GPUs) and their growing importance not

only for computer graphics. They have also established themselves as a

primaryplatform for hig h-performa nce general-purpose computing and for the training

and execution of machine learning models.

The major problem in this field remains the fragmentation of software platforms

and application programming interfaces (CUDA, OpenCL, Direct3D, OpenGL,

Vulkan). This forces developers to maintain multiple implementations or to make

compromises regarding portability and performance. This doctoral thesis addresses
precisely this problem by investigating the possibilities for creating a unifled and

platform-independent architecture based on Vulkan and Vulkan Compute, combined

with optimisation algorithms for ray tracing and machine learning methods for scaling

to high resolutions.

The conceptual model, the implementation of a rendering system and the

methodology for comparative performance evaluation developed in this thesis

contribute to the practical value of the research.

2. Level of understanding of the state of the art and creative interpretation of the
literature

The author demonstrates a very good understanding of the current state of the
field. An in-depth comparative and systematic analysis has been carried out of the
architectures of modern graphics processing units, the characteristics of parallel
programming (SIMT), as well as the main application programming interfaces for
graphics and GPGPU computing - OpenGL, Direct3D 12, Vulkan, CUDA and
OpenCL. The advantages and limitations of each platform in terms of portability,

resource control and the possibilities for integrating graphics and computational tasks
are clearly identified. The choice of Vulkan and Vulkan Compute as the technological
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foundation is well-reasoned, demonstrating a thorough understanding of current

trends in the field.

The literature has been interpreted creatively; the author does not limit themselves

to a review of existing solutions, but uses them as a starting point for formulating their

own concept for a platform-independent architecture, optimisation algorithms for

realtime ray tracing (including modern techniques such as ReSTIR) and the integration

of machine learning methods for super-resolution and frame generation. This

demonstrates an ability for critical analysis and for independently deriving research

directions.

2

3. Alignment of the chosen research methodology with the stated aim and

objectives of the thesis
The thesis is structured into four consecutive chapters, following the logic: analysis

--- design -. algorithmic optimisation -, integration of machine learning, which allows

the stated objectlve - the creation of unified and platform-independent software for

developing GPU-based applications in the field of computer graphics and their

integration with machine learning - to be developed logically.

The five research hypotheses are directly addressed by the corresponding

methodological components. Hypotheses 1 and 2, relating to platform independence

and the unified programming model, are verified through the comparative analysis of

APls rn Chapter 1 and the proposed Vulkan/Rust architecture in Chapter 2. Hypothesis

3 on real{rme ray tracing is addressed through the algorithmic development of ReSTIR

Dl and ReSTIR Gl in Chapter 3, with specific performance measurements.

Hypothesis4, concerning the role of ML in offsetting computational complexity, is

examined in Chapter 4 through a comparative evaluation of super-resolution and

frame generation techniques. Hypothesis 5 - the synthesising hypothesis for the

combined system - is verified by integrating the results from the preceding chapters
into a single working implementation.

The thesis does not contain an explicitly formulated research methodology as a
separate section - the methodological choices are distributed implicitly across the

chapters, without a summarising framework, which does not prevent the achievement
of the set objective.

4. A brief analytical description of the nature and an assessment of the
reliability of the material on which the contributions of the thesis are based

The thesis comprises 135 pages and includes an introduction, four chapters, a

conclusion, a list of the main contributions, a list of publications related to the thesis,
and a bibliography. The thesis includes 63 figures and 4 tables. The scientiflc literature
comprrses 108 scientific publications in established journals-AcM SIGGRAPH,
IEEE, Eurographics, ECCV/CVPR, etc.



The material presented rncludes a systematic review of modern GPU architectures

and application programming interfaces, a comparative analysis of programming

languages, the development of a proprietary platform-independent architecture based

on Vulkan, optimisation algorithms for ray tracing (including ReSTIR), and methods

for super-resolution and frame generation using machine learning.

The experimental work in the thesis covers two main areas - optimisation

algorithms for real{ime ray tracing (Chapter 3) and Ml-based upscaling and frame

generation (Chapter 4) - and is based on a custom implementation of a rendering

engine in Rust with a Vulkan backend.

Chapter 3 describes the experiments conducted with optimisation algorithms for

real-time ray tracing, with a focus on the ReSTIR technique. Testing was carried out

on standard scenes (Cornell Box, Sponza and 100 Lights), with the main quantitative

metrrc being the number of frames per second (FPS). Visual results from the rendering

are also presented.

The experiments described in Chapter 4 focus on methods for upscaling to high

resolutions and frame generation via machine learning. Native rendering (4K and

1080p) is compared with various upscaling techniques (FSR, the Vulkan Compute

model, and combined approaches with FXAA). The evaluation includes both

quantitative performance data (FPS) and qualitative close-up visual comparisons.

The three test scenes were selected in order of increasing complexity, allowing for

an assessment of scalability. The results are presented with specific numerical values

rather than general descriptions.

5. Scientific and/or applied scientific contributions of the thesis
The author identifies seven contributions, divided into three categories - two

scientific, three applied scientific and two applied.

Sc i e nt ific con tri b utio n s

A conceptual model has been developed for a platform-independent real{ime
rendering system, based on a unified programming model for graphics and
computational operations via Vulkan. A functional-imperative approach to the
development of high-performance graphics applications has been proposed, which

combines safe resource management, modularity and the efficient utilisation of
multicore architectures.

These contributions have theoretical value and lay the foundation for portable

GPU applications.

Scientific and applied contributions
A specific architecture for a platform-independent ray{racing rendering engine,

implemented using Vulkan and the Rust programming language, is proposed. An
approach has been developed for integrating adapted ReSTIR Dl and ReSTIR Gl
algorithms into a platform-independent environment, enabling portable realtime path
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tracing across different GPU architectures. An approach is also proposed for using

machine learning for Al-based upscaling to high resolutions and the generation

ofintermediate frames, with the aim of reducing the computational load whilst

maintaining visual quality.

Practical contribution s

A working prototype of the system has been implemented, and experiments have

been conducted using it, demonstrating equivalent performance when running on

Windows and Linux without platform-specific implementations. A methodology for the

comparative evaluation of performance across different environments has been

developed.

Overall, I consider the contributions to be original, well-founded, topical and of

practical significance, demonstrating the author's ability to independently formulate

and solve scientific and applied problems of considerable complexity. They are directly

related to the subject matter of the thesis and are convincingly supported by the results

of the development and experimental research. Particularly valuable are the

combination of platform independence (Vulkan + Rust), the integration of modern

raytracing techniques (ReSTlR) and the use of machine learning to optimise
performance.

On this basis, I give a positive assessment of the contributions of the thesis and

consider that they meet the requirements for the award of the academic and scientific

degree of 'Doctoi.

6. Assessment of the degree of the doctoral candidate's personal contribution
to the work

I consider that the contributions in the doctoral thesis submitted to me for review

are original and are predominantly the doctoral candidate's own work. The conceptual
model, the architecture of the platform-independent rendering engine, the adaptation
and integration of the ReSTIR algorithms, as well as the approach to ustng machine

learning for super-resolution and frame generation, bear witness to this. The software
implementation of the prototype in the Rust language using Vulkan, as well as the
conduct of experimental research and comparative analyses across different
operating systems, are also the result of his independent work.

7. Assessment of the publications related to the thesis: number and nature of
the journals in which they were published

Attached to the thesis is a list of four publications, one of which is an independent
work, whilst the others are co-authored with the academic supervisors. The
publications by MSc Eng. Georgi Georgiev correspond thematically to the subject
matter, aims and objectives of the thesis. They systematically cover all key aspects -
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interfaces, architecture, ray tracing optimisation and integration with machine learning

- and provide sound validation of the results.

8. Application of the results of the thesis in scientific and social practice

The results of the thesis could be applied in three areas. ln scientific practice -
as a reproducible research foundation for future developments in real{ime computer

graphics and platform-independent GPU programming. ln educational practice - in

the teaching of systems programming and computer graphics at the Faculty of

Computer Science and Technologies, Technical University of Sofia. ln industrial

practice - simulation software, virtual and augmented reality applications,

engineering visualisation, cinema and medical imaging, where high performance and

portability across different operating systems and GPU architectures are required.

9. Assessment of the abstract's compliance with the requirements for its
preparation, as well as the adequacy of its presentation of the main arguments
and contributions of the doctoral thesis

The abstract of the doctoral thesis comprises 30 pages in Bulgarian and 27 pages

in English. lt has been formatted in accordance with the requirements of the

Regulations on the Conditions and Procedures for the Award of Academic Degrees at

the Technical University of Sofia and accurately reflects the content, the research

carried out, the theoretical and practical results achieved, and the contributions

contained in the full text of the thesis. The numbering of the figures, tables and

formulae in the abstract corresponds to that in the thesis.

10. Opinions, recommendations and comments
The doctoral thesis by MSc Eng. Georgi Georgiev represents a comprehensive

and technically rigorous scientific study on a topical subject. The contributions are

original and logically interconnected - ranging from a conceptual model and a

platform-independent architecture based on Vulkan and Rust, through the optimisation
of ray tracing with ReSTlR, to the integration of machine learning for super-resolution
and frame generation. The experimental results support the main hypotheses, and the
publications provide good validation.

The experimental results are convincing and support the main hypotheses, but
their presentation would benefit from a more detailed description of the hardware
configurations used, driver versions and precise testing conditions.

I recommend that the author, in future, should:
-expand the comparative analysis to include additional GPU architectures (e.9.

AMD and lntel) in order to demonstrate platform independence more convincingly.
- carry out a more comprehensive verification of the machine learning approach

by incorporating standard visual quality metrics, comparing it with industry solutions
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such as DLSS and FSR, and testing it across a wider range of scenarios and dynamic

conditions.
- Explore the possibility of deeper integration of machine learning directly into the

path tracing process.

11. Conclusion with a clear positive or negative assessment of the doctoral
thesis

Having reviewed the submitted documents and the doctoral thesis, as well as the

scientific, applied scientific and applied contributions contained therein, I consider that

they fall within a current fleld of science and demonstrate the ability to independently

solve engineering problems.

The materials submitted by the doctoral candidate satisfy all the requirements of
the Law on the Development of Academic Staff in the Republic of Bulgaria, the

Regulations for its implementation, and the Regulations on the conditions and
procedures for the award of academic degrees at the Technical University of Sofia.

All of this gives me grounds to give a positive assessment of the doctoral thesis
and to propose to the distinguished academic jury that they award MSc Eng. Georgi

Georgiev Georgiev the academic and scientiflc degree of 'Doctor' in the field of higher
education 5. Technical Sciences, Professional field: 5.3. Communication and

Computer Engineering, scientifi c specialisation'Systems Programming'.
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