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BBpxy allceprarlI.roHeH Tpya

:a npu4o6nnaue ua o6pa:onarelua r,r HaJAHa creneH ,,Aorrop"
,{': Aerop Ha .[Hceprau]ioHHr.r, TpyA: Jud2.uHtr. feopzu feopzuee feopzuee

Tena ua Ar.icepraunoHHun'rpy* ,JlnamQopJ$e o Haaeucu u npuno)reHun c u3noniraHe Ha

GPU u uautuuuo ofyuetue"

IlpoQecrzoHarno HanpaBJreHue: 5,3 Kouynuxaquo HHa u kownnmbpHa mexH uKa

Hayrna cneuuar:aocl'. Cucme,rtao npo?pa upa e

Peues:eur: npotp. t-p uuctc, Enun lloanoa fron,ree

1. Arrya.nnocr na pa:padorBaHrrfl B arcepraurronurrn rpyA npo6,reM B HayqHo H

HayqHo-IIpI{roxHo oTHouIeHI|e

6rp:oro HapacrBaHe ua rparfuvHr.rre n H3rr[cnHTerHHTe H3ucKBaHH, Ha crBpeMeHHH,
coSryep nporr.rqa B ycJroBHr Ha Bce no-roJrrMa $parueurauur npn xapayepHure n,rarQoplnt n

npunoxHo-nporpaunure nnrepQeficu l.r N:sexaa Ha npereH nJraH r.r3cJre.{BaHux npo6leu. B
Ha) rHo orHorrreur.re rpyar,T aapec[pa $ynaaueura:ruoro [peA[3Br4xarencrBo 3a nocrllraHe Ha

m,lHa nnarQopMeHa He3aBucur,.rocr 6e: :ary6a ua H3qHcrHreJrHa rrpon3BoanrenHocr rrpn
pa6ora c rpatfnunure npouecopu. B uayuuonpuloxHo orHorreHlre roii orroaapr Ha Hfxaara
or eAr,rHeH nporpaMeH Inorel, rofiro HaMaJr.sBa cJroxHocrra npn yrrpaBneHHero Ha pecypcuTe H

ycKoprBa paspa6ornauero ua rpocn:rarrfopMeHlr npunoxeuus- Llscte[saHero pa3rJlexra
npo6neua crcreMHo Ha HflKorKo Hllsa - ganoqsafiKH or apxnTeKr)?Horo H nporpaMHoro HHBo

3a [peoaonrBaHe Ha xapayepHara SparlreHrauux, nperurluasafrxfi npe3 anropnTMurlHoro HHBo

3a onruMn3arlu.s Ha npocreAqBaHero Ha cBerJrrrHHr.r Jrbrrn B peanHo BpeMe H Aocturaiixu ao
r{HTerpupauero Ha Meroau or Ma[nHHoro o6yreune 3a cyneppe3oJrrou]rfl H reHepupaHe Ha

MexaHHHn Kaapn c uen npeoaonrBaHe Ha H3qHcrrr.{TeJrHara croxHocr npa Qoropea:rlrcrlrqHo
peHAHpaHe. Kpailuara rreJr ce nocrr.{ra Ha HHBo cr.rcreMHa HHTerpauE.[, Kbaero ctBMecrHara
pa6ora llexgy n:rarSopueuo He3aBHcl.iMHq xoHee ep, npocnearBaHero Ha cBernHHHH ,6qu H

MalrHHHoro o6yreuue H3rpaxaa npaKTr4qecKH npHnoxHMa H xapayepHo He3aBHcHMa cHcreMa,
cBlp3Barua MaKcI{ManHara npoH3BoaurenHocr c npeHocHMocrra Ha cGBpeMeunr.rr co$ryep.

2. Creneu Ha [o3HaBaHe cl,croflHrrero ua npoOneua ll TBopqecKa [HTeprrperrurrfl Ha

rnTepaTypHus Mareprrar'l

.I{ucepraquonnurr rpyr e flocBgreH Ha aKTyanHa reMaruKa, Kosro npernonata :aarn6o.teH
flpernea Ha rrurepQeficxTe or HlrcKo HrrBo Ha rpaSuvuure npoqecopu 3a [peo.4oJlflBaHe Ha

xapryepHara rfparrraeuraqlrr, aHanr43 Ha rrapaaurMHre B e3Hurre 3a cr.IcreMHo nporpaMupaHe,
KaxTo H Ha cToxacTHqHr.rTe aJrropr4TMH 3a onTHMLr3npaHo npocnearBaHe Ha OB9TJTHHHIi J]r,qn,

xolr6NHupaHr.r c Mero,{H Ha MarrruHHoro o6y.reHue 3a reHepupaHe u uaula6upaHe Ha xaapu.
I-{lmNpaHure 108 ar.rreparyprul H3rotrHHKa s 6u6ruorpaQcKara cnpaB(a cBn.rlerencrBar 3a

H3Brpuenr.r, :a4r:r6oueu KpuruqeH aHzrnH3 H 4o6poro no3HaBaHe Ha cneuu$uxara Ha

Mareprrrra, o6exr na ,qucepraulroHHlu rpya. Ha rasfi 6asa npaB[JrHo ca $oprnryrupana uerra LI

3aaaquTe Ha r.r3cneaBaHero. Toopuecxara HHTepnperarru, Ha nHTeparypHt.L MarepHan e aoBeJla

4O paspa6ornaHero Ha flpeanoxeHr.rr Mo,[en, apxrrreKrypa, noaxoaH H Meroal4Ka, a
npoBeaeHHTe u3cneaBaHHs lr [onrreHHTe pe3ynTaTu noKa3Bar, .re AoKTopaHTsT no3HaBa

saar,r6oqeHo ctcrorHfiero ua npo6,reva, Koero My e no3Bon[Jro ycneuHo aa H3nl,,lHH

IIOCTABEHHTE 3AAAqH.
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3. Crornercrane na n:6paHara lteroalrna rra H3cJreanaHe c nocraBeHara IIer tl 3aAaqn
Ha aI|cepTarIHoHHnq Tpya

{erra ua aHceprauHoHHl.r[ Tpyr e aa ce u3cJre.uBar B!3MoxHocrr.rre 3a cr,3aaBaHe Ha

ynrz$uuupau u uar$opueuo He3aBr.rcHM co$ryep 3a l43rpaxAaHe Ha npunoxeHlr, c rpaQr.rvurz

nporlecopu s o6racrra Ha KoMlrorbpHara rparfuxa r.r xHrerpupaHero HM c Ma[rirHHo o6yrenne.
O6err ua fipoy"rBaHero ca cpearrre 3a reHepupaHe ua u:o6paxeHu, B peaJrHo BpeMe n
cboTBerHrrre auropfirMr.r, a npelMer ca MeToAHTe, apxHreKTypHHTe peueHlu u opraHH3ar-(lrrrTa

Ha rpa<fr.rvunre u A3qAcnATetHLlTe npottecu qpe3 eAuHeH [porpaMeH MoAen, oflTuMr.{3aultrra Ha

TpacfipaHero Ha cBerJrHHHrr lrqu n uaura6Npane na 6asara Ha u3xycrBeH ,rHTeJreKT. l4z6panata
Meroaonoru, ce ocHoBaBa Ha reopernqeH o6:op ua clBpeMeHHHre apxrrreKrypr4 ua rpa$lrvulr
npoqecopn u npunoxHo-nporpaMHu NnrepQeficn (xaro Vulkan, Direct3D 12 ll CUDA),
KoHrlenryanHo H crcreMHo Mo,{enupaHe, npaKTHqecxr{ eKcnepHMeHTu u gerafilua oueHxa Ha

no,lyqeHrrre pe3ynraru. Tosu Kol.rn,leKceH noAxoA no3BoJr[Ba go6pe o6ocnonan u:6op ua

Vulkan Compute n e3HKa Rust, xaxro n erfexrnauo aaarrrupaHe Ha aJrroplrrMu r<aro ReSTIR Dl
u ReSTIR GI. [pe.qloxeHu ca HoBH MeroAH, Moaenu ]r cncreMHn apxureKTyp]r, Korlro
AeMoHc'rpupar no4o6peua npeHocuMocr, cKopocr ua o6pa6orxa, BHcoKa npou3BorrrrenHocr H

onrraMaJrHa KoHcyMarruq Ha naMer rrpn peHAl.rpaHe B peanHo apelre. flocrurHarr.rre peynrarn
norBr,pxaaBar soprtaynupanure xHrrore3H A BoM"t ao ycnelxHoro peuaBaHe Ha nocraBeHHTe
3aaaqr A nocrrrraHero ua o6uara qen Ha rpyAa.

4. Kparxa aHarHT[qHa xaparTeprrcrura l,t ouenKa Ha aocroBepuocrra Ha ltarepr{ana,
nr,pxy rofiro ce rpaaqr rrpr{Hocnre }ra AHceprauxoHHufl TpyA

,(r.rceprauHouHnrr rpy,u e B o6eM or 135 crpaHuun, Karo BKrrcqBa yBoA, qerr.rpu rJraBH 3a

perraBaHe Ha $opuyrupanure ocrroBHH 3aaaqr{, cnr4c6K Ha ocHoBHr.rre rrprHocrr, crructk Ha

ny6rraxaquure no aucepraulrrra H H3non3BaHa nr.rreparlpa. I{nrrpaHn ca o6uo 108

,HTeparlpHx H3ToqHr.rKa, Karo BcurrKrl re ca Ha rarr.rHnrla. Pa6orara BKJrroqBa o6uro 63 Qurypn
u 4 ra6tuuu.

B nr,pna r-naBa e HanpaBeH Kpr4TuqeH aHuLrrHTHqeH rrperneA Ha c'r,BpeMeHHoro ctcrorHHe Ha

apxurerff).pHTe ua rpaSuuurre npouecopu H ocHoBHHTe npnnoxHo-nporpalruu unrepQeficr
(OpenGL, Direct3D 12, Vulkan, CUDA, OpenCL). Marepua,rr,r B ra3lr qacr crrnBa B'bpxy
peanHn apxuTeKrypHr.r cnequSrzxaunl.l u rexHo,qoruqHu noKa3arenu, Koero no3BoJIrBa HaflHo
apryrueHTupaHrr as6op sa Vulkan n Vulkan Compute xaro safi-noAxoAqula rexHororuqHa
ocHoBa 3a naarQopneHo He3aBHcHMa rpatfr.rr<a. Br,a aropa rnaBa H3cneAoBareJrcnlrqr MarepHaJr

rrpeMHHaBa s o6,'racrra Ha r(oHrrenryanHoro H cHcreMHoro MorerlrpaHe, KrAero e AeQrrHHpaua
apxlrrem]?ara Ha n,rarSoprvreuo H$aBr,rcHMa crrcreMa 3a peH.itupaHe B peanHo BpeMe c eaHHeH
npofpaMeH Mo.[er. Tpera H qerBapra rnaBa pa3rx]rprBar MarepHara B nocoKa Ha

arropHTMHrrHHTe onTlrMH3alIHx u npaxTHrrecKoTo rrpunoxeHrre - cLoTBeTHo qpe3 alanTHpaHe
Ha anropr.lrMH 3a npocreAqBaHe Ha cBerJrr.rHHr, ,rr,vu (ReSTIR DI u ReSTIR GI) r.r uurerprpaue
Ha MeroAu or MaurnHHoro o6yreuue:a uaqa6upaHe H reHepupaHe Ha MexAlrHHt{ Kaapr4.

Ouenrara 3a AocroBepHocrra Ha H3c;reAoBarercKru MareprrzrJr u Qoplryaupalrzre or,r
ocHoBa Ha Hero npr.rHocrl ce apryMeHrlrpa cbc cneaHure <f arroprz:

. flpuuocl.rre He ce 6azupar eIHHcrBeHo Ha reoperuqHx xxnore3r4, a Br,pxy peaJIHo
pa3BHr H $yrrxquoHupaul npororun Ha n,rar$oplreuo He3aBHcHM rpatfuveH xoHuefiep
(pea,ru:rzpaH upe: Rust u Vulkan);

. h:etpureHH ca o6exrneHH H3MepBaHH, l{ cpaBHHTerHH TecroBe noA pa3nrjlrHn
onepauroHHl.r cpean (Windows u Linux) H Bbpxy xapayep or pa3nuqHl, flpox3Boaxrenr.t
(NVIDIA, AMD, lntel, Apple);

. IpuroxeHHTe recroBll cqeHapau rr noxa3areJrH 3a ll3qr4cJrr{TeJrHa

nporr3BoAr{TenHocT, onpecHr.rTenHa qecToTa u KoHcyMaqr4, Ha BHAeo[aMeT ca KoJIuqecTBeHo

I{3Mepr.rMH r.r HanbJIHo Bl3npoH3BoaHMH [pH AAeHTUTTH]r eKcnepHMeHTanHr.r ycJroBrrru
. Ana,rulr,T orqr.rra xaKTo npe,qflMcrBara, TaKa r.r ycraHoBeHr.rre orpaHnqeH[r,

Koero aoKa3Ba o6exrHnHas r,t KpHTHqeH noaxoa npH r{3cJrerBaHero.
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B garlrcqenr.re, Lr3[oJI3BaHHrr Marepuan e AocrarbqeH no o6eu H aKTyaJIeH no
ctAtpxaHue, a nonyqeHr,rre pe3ynraru norBbpxaaBar AocroBepHocrra na Qopr'aylupaulrre
Ha) rHH H HarrHo-npnroxHr.r npHHocs.

5. HayuHu u/luu uayvxo-npunoxHE nprrHocl{ Ha ruceprau[ountlc rpyA

B pe:ylrar Ha flpoBeaeHrrre u3cJreaBaHr,rf,, [on) {eHrrre pe3ynraru ca o6o6ulesu u
npe.[cTaBeHI,I KaTo nprlHocr] crrcTeMaTH3rrpaHH B TpH KaTeropHr.r:

Hayvnu npnuocx:

l. Paspa6oreH e KoHrlenryaJreH MoAe, 3a u3rpaxaaHe ua ularrfopueuo He3aBrclrMa
crrcreMa 3a peHAupaHe ua r.rso6paxeuur B peirnHo BpeMe ocHoBaH Ha eAHHeH nporpaMeH
rrloge.n :a rpaQuqHr.r H H3qucirr.rrenHn onepauuH vper Vulkan.

2. fipe4,roxeu e <pynrqrloHalHo-HMneparu BeH noaxoA rtpu pzBpa6orBaHero Ha

BncoKorpolr3Boaureruu rpa$uvux npunoxeHru B peanHo BpeMe, Kofiro ce 6a3Hpa Ha

6e:onacso yrpaBneHrre Ha pecypcHre, MoAynHocr u erfexruauo a3[oJr3BaHe Ha

c'bBpeMeHHHre MHororApeHH apxHTeKrlpr.t.

HayvHo-npu,roatxrr rrpHHocn:

l. flpeanoxeua e apxrrreKr)pa ua n,rar$opveHo He3aBHclrM rendering engine :a
peHAHpaHe Ha u:o6paxeun, B pearnHo BpeMe c npoclreArBaHe Ha rrbrrH, peanH3HpaHa
qpe3 Vulkan fi e3lrxa Rust, xorro [o3BoJrrBa r.r3rror3BaHero Ha eAHHeH Mo.qeJr 3a

yrtpaBneH]re Ha rpatfr.ruuure H H3rrrrc:rureJrHHTe pecypcH B6pxy pa3rHqHH onepauuoHHH
crcreMr 6es Heo6xoalrr\aocr or MexaHHHl.t cJroeBe n n:rar@oplreuo cneqnQavHH
npoMeHH.

2. Pa:pa6oreH e noAxoA 3a rrHrerpupaHe Ha MoAH$rlunpaHH H aAa[rHpaHH aJrropurMu 3a

AI,IpeKrHo u r:lo6a,rno ocBerJreHue ReSTIR DI n ReSTIR GI e n:rarQoplreHo
He3aBr.rcrrMa cpeaa 3a peHAnpaHe Ha u:o6paNeuua B peanHo BpeMe c path tracing, roilro
no3BoJIqBa rrpeHoclrMo peHAnpaHe B peaJIHo BpeMe H r.r3noJr3BaHe Ha xapayepHo
yckopeHo npocneArBaHe Ha Jrlqr{ Br,pxy pa3nHqHH GPU apxrlrerrypu.

3. flpe4loxeu e noaxoA 3a u3no,,r3BaHe Ha MauiHHHo o6yreuue rrpH peHAHpaHe Ha

H3o6paxeHfiq upe: Al-6a:upaHo Maula6HpaHe Ha u:o6paxenr.rr K6M Br.{coKH pe3onrouHH
H feHepl.ipaHe I{a Mexa}rHHl.I KaapH B peaJIHo BpeMe c [eJI HaMaJIrBaHe Ha

H3qucJrr,rreJrHoro HaroBapBaHe B rpa$HqHHq xoueefiep npn 3arla3BaHe Ha Bu3yanHoro
KaqecrBo Ha peHAnpaHnre u306paxeHHr.

C npu,roxeH xapanTep:

l. Pa:pa6oreHa e Mero.qnKa 3a e(cncpHMcHTiIJIHo H3cneaBaHe H cpaBHHTenHa orrcHKa Ha

npou3BoArlTenHocr-ra Ha nlarrfopueuo He3aBHcHMH rpa(bn.rHn npHnoxeHH, npH
pa3nHqHH onepaqlroHuH cHcreMH, rpaOHqHr.i cpeAr.r H rpa$Hr{uu uurep$eiicu.

2. Pealuzupau e flpororr,rn ua n:rar$opueuo He3aBHcHM rendering engine:a peHAupaHe Ha

a:o6paxenur B peanHo BpeMe c npocneArBaHe Ha Jrbqu c path tracing, H3noJr3BauI
Vulkan u Rust, c rofiro ca npoBeaeH eKcnep[MeHranHu recroBe, .{oxa3Baurr4 eaHaKBa
HJ'rH eKBnBaJreHTHa npoH3BoaurenHocr nph u3nbJrHeHue nr,pxy Windows u Linux cpean.

3. ExcnepnlrenranHo e aoKa3aHa Br,3MoxHocrra 3a nocruraHe Ha cbnocraBHMa
npoH3BoAr{TenHocr [pH H3non3BaHe Ha pa3pa6oreHara cr.rcreMa Brpxy pa3nLrqHn

onepaquoHHH crrcreMu u rpaQnvHrz cpeaH 6e3 H3noJr3BaHe ua n,rar$opveHo
cnequ$uunu peirnH3auHr.r.

Cvuralr, qe npHHocHTe orpa3.flBar nocrnxeHHrra Ha aoKTopaHTa B pe3ynrar Ha

npoBeaeHHTe H3cJreaBaHur H MofaT Aa HaMeprT IIpaKTHqecKo np},InoxeHrre.

6. Oueura 3a crerreHTa Ha Jrnqnoro yqacrle Ha altcepraHTa B rrpxHocnTe

flocrnrnature pe3ynrarr.r or HanpaBeHure aHaJrr.r3n r.r npoBe,4eHr.rre H3cJreaBaHH, B

AUCepTaUr.roHHH s Tpya, ca flpeacraBeHr.r Ha HayqHH rbopwr, r(aTo ca 6HrH peueH3npaHH oT
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He3aBHCHMn peqeH3eHrr.r I4 ca non)AH]rH Heo6xoaHMara ny6rr4.rHocT H oqeHKH oT Ha] rHaTa

o6qHocr. Ha ragH 6a3a, BHr.rMareJreH nporrHT H aHirnH3 Ha ar.rceprauuoHHn, Tpya, aBrope$epara
n ua ny6,ruxaunure Ha aBTopa, Mora aa HanpaBc 3aKrroqeHrre, qe u3cneaBaHr.rqra r{ npr,tuoct re
ca HefoBo nHqHo aeno.

7. IIpeueHra ua ny6,rnxaquure no Anceprauno[nHfl Tpya

flo relrara Ha .[HceprauHoHHr., Tpya ca [peacraBeHr.r 4 ny6:ruxaquu o nepro4a 2023 -
2026 r. lye or rrx ca ny6auryaaulr B .qoxna.4lrre Ha MexgyHapoAHara Ha)^{Ha rou{epenqur
COMSCI 2023 u COMSCL2025, a eaHa e npHera 3a aoxnaaBaHe N ny6mrrysaue Ha COMSCI
2026- Elaa ny6nuxauxx e npeacraBeHa na 60-ara MexAyHapoAHa uay*ra xonQepenunq ICEST
2025.,I[orropaHTbr e caMocrorrereH aBTop Ha eaHa or ny6rlrraquure, a B ocraHanrrre rpr] e

nlpBla aBTop. Kr,u uouenra He ca perucrpupaHu wt'rupa*lar.. flpeacraneuuT e HayqHu rpyaoBe
Hanr.nHo noKpuBar MHHI4MIIJIHIrre HauuoHaIJIHta I.{3I.IcKBaHLL u cnequ$uxara ua flpanu.nuuxa :a
ycnoBrlrra H peaa 3a npugo6unaHe Ha HafrHu crenenli s Texnlrqecras )rHlrBepclrrer - Co$ur
ra npugo6unaue ua o6pa:onarerHara H Haf{Ha creneu ,,4orrop".

8. H:no,rrsaue Ha pe3ynrarrrre or ancepraq[oHHlrfl TpyA B rrayqHara rrpaKrtrKa

flo:ryreuure pe3ynraru or auceprauHoHHr.rq T pya npr.rrexaBar MeroAoJrornrrecKa r.r

npaKTHqecKa crofinocr H Morar ,qa HaMepflT aKTIlBHo npunoxeHrre B Ha1r.lHara H HayqHo-
npxnoxHara npaKTHKa B HrKorKo ocHoaHlt HanpaBneHllr. Ha nrpno Mqcro, H3rpaaeHuqr
nrarSopueuo He3aBrrcHM rpa$uqeH xoHnefiep, npeacraBnrBa roroB 3a rror3BaHe co$ryepeH
npororlrn r cra6ulna eKcnepnMeHTanHa nrarQoplra 3a nocJreABaru :a3cnerBaH A B o6rac'rra
Ha KoMnrcTtpHara rpaQaxa, TpacnpaHero Ha cBerJlHHHra nr,'{}r u GPGPU u:uucreHnrra, 6e: ga

orpaHuqaBa rr3cJreAoBaTeJrHTe .4o KoHKpeTHa olleparlHoHHa cncTeMa vrw xapAyepeH

npolt3Bo.qnTen. MeroAororusra 3a HHTerpHpaHe Ha Meroau or MauIHHHoro o6yteHne :a
naqa6lrpaue H reHepr.rpaHe Ha Mex.{HHHr.r xaapu n rpa$r.rvuur roueeiep Moxe aa rrocJryxn 3a

ocHoBa npv pa:pa6oroauero Ha HoBtt HeBpoHHH Mpexu 3a onruMu3auu, Ha

rrpoa3Bo,4ureJrHocrra [p]r oFpaHrrqeHH pec]?c]r. Pa:pa6oreuurr xoHuerIryaneH Moaen r.r

$ynrqnouaruo-nMneparrraHara napaarrrMa :a 6egonacuo ynpaBneHr.re Ha pecypcuTe, Moxe
ycneuHo Aa 6bae rrHrer-plrpaH u n yue6urr npouec 3a cneul{ri.Jrr.r3upaHn KypcoBe no c].rcTeMHo

nporpaMrlpaHe, napanenHu r.{3qucrr.rrerHu apxHTeKTypH lr xounrorupna rparfaxa.

9. OqeHma Ha clorBercrBrrero Ha anropeQepara c rr3rrcxBaurrf,Ta 3a n3rorBflHero my,
KaKro u Ha aaeKBaTHocrTa rra oTpa3sBaHe Ha ocHoBHrrTe floroxeHrrc II nptlHocllTe Ha

aBcepTau oHHHfl Tpya

flpe,[craeeurlrr or Mar. HHx. feopru leopruen anrope$epar Ha a]rceprarruoHHH, Tpya e B

o6eu or 30 crpanuqu u e o$opruen B clorBercrBrre c r.t3rrcxBaHr.{rra na flpasnlHnxa :a
ycnoBurra r{ pe.4a 3a npu4o6Haaue Ha HayqHh creneHH o TY-Cot|ur. Toi npe4crasa erpuo
clArpxaHlreTo, cruecTBeH}rTe cTpaHH Ha A3cteaBaHlaqTa, rrocTr.rrHaTr.rTe TeopeTHqHH H

npaKrrrqecxu pe3yJlrarn ra 4eQuuupauure HafrHlr, HayqHo-npanoxHr4 H rrpunoxHlt npuHocl.r!
caabpxaqr ce B rrtJrHr.r, TeKcr Ha AuceprauHoHHr.rr rpya. flpeacraBeH e li cnuclK Ha

ny6,rrxaulrure no reMara Ha a cepraul.rrra, KaKTo H pe3rcMe na anmlrficru egnrc.

10. MneHllq. flpeflopr,lcu n 6e,rexxu

.{oxropaHrm e r{3Br,pruru 3HaqHTeJreH no o6eu u KaqecrBo rr3cJ]eAoBareJIcKH TpyA no
TeMara Ha Anceprarlxrra, rofiro e .qoBen Ao qeHHH HaJlqHL TT Ha)ArHo-nplrnoxHn pe3ynrarrr.
Krr"r oQopr'axnero Ha ar.rcepraquoHHr,rr rpya Mora Aa ornpaB, eAHa ocHoBHa peaaxrrHoHHa
sa6e,qexxa c uen AoKTopaHrrr ga nogo6pu csosra 6rAerqa HafrHa H ny6auxaquouua geiiHocr

- B TeKCTa Ce CpeUIaT MHOXeCTBO CAKpaXIeHUq, XOHTO He Ca rIOSCHeHH IIpH nbpBaTa HM

ynorpe6a Lr He ca BKJIIoqeHH B cnrcrKa Ha [3noJl3BaHnre ctKpaureHuJr.
floco.ieHara ga6enexxa HMa x3urno oQopr'arq xaparTep, Karo He HaManqsa c,rofiHocrra

Ha nocrnrHarr.rre Ha]nrHlr pe3ynrarn H He Brnre Ha noJroxxTenHara uu xpafiua orreHKa 3a

anceprauHoHHnx rpya. Teuara e B Lr3KrrorixTeJtHo axryanHa r, [epcleKTHBHa uayrua o6racr,
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nopaa[ Koero npeloparara MH KlM Mar. HHx. feopruen e aa npoabnxl, cBorra
H3cJreaoBarencKa pa6ora r.r HayqHo pa3BHTHe 3a Ha,qrpaxraHe Ha nocrurHaruTe pe3ynraru.

I l. 3ar.nrcqenne

Crea xaro ce 3ano3Hax c ar.rcepraur.roHHr4r 'fpy4, cqI.{TaM, qe rofi orroeapr Ha BcHqKH

H3ucKBaHr.r, sa 3axosa 3a pa3Brrrrrero Ha aKa.leMuqnrrr ctcraB n Peny6nrra Eurrapur,
flparn:ruura 3a HeroBoro rrprrJraraHe, KaKTo t.t Ha flpaBlrnHuKa 3a ycnoBr.rrra H peaa 3a

lpnao6HBaHe Ha Ha)z.rHr,r creleHu s TexHlrqecrus yHHBepcHTer - CoQNr. Axrya.nHocrra ua
TeMaTa, u3B'bpIxeHHTe u3creaBaHu, H aHaJlH3l.t, KaKTo nocrr,rrHarlrre pe3ynrarH, orpa3eHu B

HafIH[Te ny6luxaquu, MH aaBar nbJIHo ocHoBaHHe Aa aaM [oJroxaTerHa oqeHKa Ha

AuceprauuoHnxe rpya. Br,: ocHoBa Ha roBa npeaJraraM Ha yBaxaeMoro HayrHo xyplr ga

npncrau o6pasorarorHara Lr Ha)AHa creneH ,raoKTop" Ha Mar. unx. Ieoprn feopruen
feoprlrer s o6racr Ha Brrc[re o6paronaHue 5. TexHu.{ecru uayxu, npo$ecuoHanHo
HanpaBneHlIe 5.3 ,,KotrtyHrxau[oHHa I] KoMnrcT'bpHa rexsura" no Ha)AHa cneuuanHocr

,,Cncllrenuo nporpaMlrpaHe".

3l .08.2026 r.
rp.CoSur

h:rorsn,,r peueH3H.qra:.......
/nporp. a-p uHx. Evnr iioHqes/
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l. Relevance of the problem developed in the dissertation in scientific and scientific-
applied terms

The rapid growth of graphical and computational demands in modem software takes place
amid increasing fragmentation of hardware platforms and application programming interfaces,
bringing the researched problem to the forefront. From a scientific perspective, the disseftation
addresses the fundamental challenge of achieving full platform independence without sacrificrng
computational performance when working with graphics processing units. From an applied
scientific perspective, it meets the need for a unified programming model that reduces resource
management complexity and accelerates the development of cross-platform applications. The
research approaches the problem systemically across multiple levels - starting from the
architectural and software levels to overcome hardware fragmentation, proceeding through the
algorithmic level to optimize real-time ray tracing, and culminating in the integration of machine
leaming methods for super-resolution and frame generation to overcome the computational
complexity of photorealistic rendering. The ultimate objective is achieved at the system
integration level, where the interplay between the platform-independent pipeline, ray tracing, and
machine leaming yields a practical and hardware-agnostic system that bridges maximum
performance with the portability of modern software.

2. Degree of knorvledge of the state of the problem and creative interpretation of the
literary material

The dissertation is dedicated to a highly relevant topic that requires an in-depth review of
low-level graphics processing unil (GPU) interfaces to overcome hardware fragmentation, an

analysis of paradigms in system programming languages, as well as stochastic algorithms for
optimized ray tracing, combined with machine learning methods for frame generation and super-
resolution. The 108 literature sources cited in the bibliography bear witness to the thorough
critical analysis performed and a strong grasp of the specifics of the subject matter of the
dissertation. On this basis, the objective and tasks of the research have been correctly formulated.
The creative interpretation of the literature material has led to the development of the proposed
model, architecture, approaches, and methodology, while the conducted research and achieved
results demonstrate that the doctoral candidate possesses a deep understanding of the state of the
art, enabling him to successfully fulfilt the set tasks.

3. Correspondence of the chosen research methodology with the set goal and tasks of the
dissertation work

The objective of the dissertation is to investigate the possibilities for creating unified and
platform-independent software for building applications with graphics processors in the field of
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computer gmphics, as well as their integration with machine leaming. The object of the study
comprises environments for real-time image generation and their corresponding algorithms,
while the subject covers the methods, architectural solutions, and organization of graphical and
computational processes through a unified programming model, the optimization of ray tracing.
and Al-based super-resolution. The chosen methodology is based on a theoretical review of
modem GPU architectures and application programming interfaces (such as Vulkan, Direct3D
l2 and CUDA), conceptual and system modeling, practical experiments and a detailed evaluation
of the obtained results. This comprehensive approach enables a well-justified choice of Vulkan
Compute and the Rust language, as well as the effective adaptation of algorithms such as

ReSTIR DI and ReSTIR GI. New methods, models, and system architectures are proposed,
demonstrating improved portability, processing speed, high performance and optimal memory
consumption in real-time rendering. The achieved results confirm the formulated hypotheses and
lead to the successful resolution of the set tasks and the attainment of the overall goal of the
work.

4. Brief analytical description of the nature and assessment of the credibility of the
material on which the contributions of the dissertation are based

The dissertation spans 135 pages and includes an introduction, four chapters addressing
the formulated core objectives, a list of main contributions, a Iist of publications related to the
dissertation and references. A total of 108 literature sources are cited, all of which are rn the
Latin alphabet. The work contains 63 figures and 4 tables.

The first chapter presents a critical analytical review of the state of the art in graphics
processing unit architectures and key application programming interfaces (OpenGL, Direct3D
12, Vulkan, CUDA, OpenCL). The material in this section relies on real architectural
specifications and technological metrics, providing a scientifically grounded rationale for
selecting Vulkan and Vulkan Compute as the most suitable technological foundation for
platform-independent graphics. In the second chapter, the research material shifts toward
conceptual and systems modeling, where the architecture of a platform-independent real-time
rendering system with a unified programming model is defined. Chapters three and four expand
the material toward algorithmic optimizations and practical implementation-specifically
through the adaptation ofray tracing algorithms (ReSTIR DI and ReSTIR GI) and the integration
of machine leaming methods for super-resolution and frame generationt respectively.

The evaluation of the reliability ofthe research material and the contributions formulated
on its basis is supported by the following factors:

. The contributions are not based solely on theoretical hypotheses, but on a fully
developed and functioning prototype of a platform-independent graphics pipeline (implemented
via Rust and Vulkan);

. Objective measurements and comparative benchmarks were conducted across
different operating systems (Windows and Linux) and on hardware from various vendors
(NVIDIA, AMD, Intel, Apple);

' The applied test scenarios and performance rnetrics-including computational
throughput, refresh rate and video memory consumption-are quantitatively measurable and

fully reproducible under identical experimental conditions;
. The analysis accounts for both the advantages and the identified limitations,

demonstrating an objective and critical research methodology.
In conclusion, the material used is sufficient in volume and up to date in content and the

obtained results confirm the reliability of the formulated scientific and applied contributions.

5. Scientific and/or scientific-applied contributions ofthe dissertation work

As a result of the conducted research, the obtained results have been summarized and
presented as contributions categorized into three groups:
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Scientifi c Contributions:

1. A conceptual model has been developed for building a platform-independent real-time
image rendering system based on a unified programming model for graphics and
compute operations via Vulkan.

2. A functional-imperative approach has been proposed for developing high-performance
real{ime graphics applications, based on safe resource management, modularity, and the
effective utilization of modem multi-core architectures.

Applied Scientific Contributions:

l. An architecture for a platform-independent real-time rendering engine with ray tracing
has been proposed, implemented using Vulkan and the Rust language, allowing the use of
a unified resource management model for graphics and compute operations across
various operating systems without the need for abstraction layers or platform-specific
modifications.

2. An approach has been developed for integrating modified and adapted direct and global
illumination algorithms (ReSTIR DI and ReSTIR GI) into a platform-independent real-
time path tracing rendering environment, enabling portable real-time rendering and the
use of hardware-accelerated ray tracing across different GPU architectures.

3. An approach has been proposed for utilizing machine learning in image rendering
through Al-based super-resolution to high resolutions and real-time frame generation,
aimed at reducing computational load in the graphics pipeline while preserving the visual
quality of the rendered images.

Applied Contributions:

l. A methodology has been developed for the experimental evaluation and comparative
benchmark of platform-independent graphics applications performance across different
operating systems, graphics environments and graphical interfaces.

2. A prototype of a platform-independent real-time rendering engine with pathtraced ray
tracing using Vulkan and Rust has been implemented, with which experimental tests
were conducted, proving identical or equivalent execution performance under Windows
and Linux environments.

3. The feasibility of achieving comparable performance using the developed system across

diflerent operating systems and graphics environments without relying on platform-
specific implementations has been experimentally proven.
I consider that these contributions reflect the achievements of the doctoral candidate

resulting from the conducted research and hold clear potential for practical application.

6. Evaluation of the degree of personal participation of the PhD student in the
contributions

The results obtained from the analysis and research conducted in the dissertation have
been presented at scientific forums, peer-reviewed by independent reviewers and have received
the necessary pubticity and recognition from the scientific community. On this basis, as well as

upon a careful reading and analysis of the dissertation, the abstract and the author's publications,
I can conclude that the research and contributions are his personal work.

7. Evaluation of the publications on the dissertation

Four publications have been presented on the topic of the dissertation in the period 2023
2026. Two of them have been published in the proceedings of the international scientific
conference COMSCI (COMSCI 2023 and COMSCI 2025), and one has been accepted for
presentation and publication at COMSCI 2026. One publication was presented at the 60th
Intemational Scientific Conference ICEST 2025. The doctoral candidate is the sole author ofone
publication and the primary author of the remaining three. To date, no citations have been
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registered. The presented scientific works fully satisfy the minimum national requirements and
the specific criteria of the Regulations on the Terms and Conditions for Acquiring Academic
Degrees at the Technical University of Sofia for obtaining the educational and scientific degree
of'Doctor'.

8. Using the results ofthe dissertation work in scientific and social practice

The obtained results of the dissertation hold significant methodological and practical
value and can find active application in scientific and applied scientific practice across several
main areas. First and foremost, the developed platform-independent graphics pipeline represents
a ready-to-use software prototype and a robust experimental framework for future research in
computer graphics, ray tracing a:rd GPGPU computing, without restricting researchers to a

specific operating system or hardware vendor. The methodology for integrating machine leaming
methods for super-resolution and frame generation into the graphics pipeline can serve as a
foundation for developing new neural networks aimed at optimizing performance under
resource-constrained conditions. The developed conceptual model and the functional-imperative
paradigm for safe resource management can also be successfully integrated into the educational
process for specialized courses in system programmrng. parallel computing architectures and
computer graphics.

9. Assessment of the compliance of the abstract with the requirements for its preparation,
as well as the adequacy of reflecting the main points and contributions of the
dissertation work

The disse(ation abstract presented by M.Sc. Eng. Georgi Georgiev spans 30 pages and is
formatted in accordance with the requirements of the Regulations on the Terms and Conditions
for Acquiring Academic Degrees at the Technical University of Sofia. It accurately reflects the
content, the essential aspects of the research, the achieved theoretical and practical results and
the defined scientific, applied scientific and applied contributions contained in the full text of the
dissertation. A list of publications on the dissertation topic and a summary in English are also
included.

10. Opinions, recommendations and notes

The doctoral candidate has performed a significant body of research work on the
dissertation topic, which has led to valuable scientific and applied scientific results. Regarding
the formatting of the dissertation, I can offer one main editorial remark to help the doctoral
candidate refine his future scientific and publishing activities - the text contains numerous
abbreviations that are not explained upon thcir first appearance and arc not includcd in thc list of
abbreviations.

The aforementioned remark is strictly formatting in nature, does not diminish the value of
the achieved scientific results and does not affect my overall positive evaluation of the
dissertation. The topic lies in an exceptionally relevant and promising field of research;
therefore, my recommendation to M.Sc. Eng. Georgiev is to continue his research work and
scientific development to further build upon the achieved results.
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I l. Conclusion

Having reviewed the dissertation, I consider that it meets all the requirements of the Act
on Development of Academic Staff in the Republic of Bulgaria, the Regulations for its
implementation, as well as the Regulations on the Terms and Conditions for Acquiring
Academic Degrees at the Technical University of Sofia. The relevance of the topic, the

conducted research and analyses, as well as the achieved results reflected in the scientific
publications, provide me with full grounds to give a positive evaluation of the dissertation. Based
on this, I propose to the esteemed Scientific Jury to award the educational and scientific degree
of "Doctor" to M,Sc. Eng. Georgi Georgiev Georgiev in the field of higher education 5.

Technical Sciences, professional field 5.3 "Communication and Computer Engineering" in the
scientific specialty "System Programming".

Date: 31.08.2026 r. Reviewer
/Prof. Emil lontchev, PhD/
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