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'Kazaxckuil Hayuonanvhblil yrugepcumem um. ano-Dapadu,
2Vuusepcumem Meoscoynapoonoeo buzneca

TECTUPOBAHHUE BU3YAJIU3AILIMU VULKAN JJISI TEOMO/JIEJIEN
HA CUCTEMAX C TPAOMYECKHUMHU NPOLIECCOPAMM J1JI5sI
TPACCHUPOBKH JIYUEHN

B 0annotl pabome onucvléaemcs papadbomra 8blCOKONPOU3600UMENbHO20 NPUTLONCEHUS OISl NPeo-
CMABNeHUst OBYMEPHBIX U MPEXMEPHBIX Pe3VIbMamos YUCIEHHbIX BbIUUCIEHUL 6 2paguieckom uoe.
Cpasnusaromest 06a MOOYIs U3VAIUZAYUL, PA3PAOOMAHHbIE HA OCHOBE PA3HBIX MeM0o008 Nepesood mpex-
MepHOUL Mooenu 8 08ymepHoe uzoopasicenue. s eusyanuzayuu Mooenet UCnOab3YImecs mexHoI02ul
Vulkan u ancopummor pacmepusayuu u Ray Tracing, u nposooamcs cpasHumenbuvie aHAIU3bl pabomovl
08YX NPUNOHCEHULL 8 PA3HBIX YC06UAX. Paspabomannvle MOOYIU 8U3VATUIAYUL MONHCHO UCNONB308AMb OJIsL
0mModPANCEHUsL PE3VILINAMOE YUCTICHHO20 MAMEMAMUYECKO20 MOOCTUPOBAHUSL HA MPEXMEPHBIX CEMKAX.

Knwuesvie cnosa: Vulkan, 2D, 3D, xomnviomepnas epaguka, eusyanuzayus, cemouHdas Mooeib,
mpaccuposra iyyel.

BBEJEHMUE. Pa3paboTka cucteM BH3yalIn3aliy JBYMEPHBIX U TPEXMEPHBIX JaHHBIX
JUTS aHAITN3a Pe3ybTaTOB YNCICHHOTO MOACITUPOBAHMS SBISIETCS OAHUM M3 Pa3BUBAIOIINX-
Csl ¥ BXHBIX HampapieHwid. [IpeacraBnenne pe3ynbTaroB B rpauueckoM BUjIE yiTydila-
€T BOCIIPUATHE U UCTIOJIb30BAHUE CIICIIHATUCTAMH. B CBSI3U C HCIIONIb30BAHUEM HOBEHIIINX
TEXHOJIOTUH pa3padoTaHO MPUIOKEHHE JUIS BU3yaIH3aLluH PE3YJIbTaTOB BEIUMCICHUN B pe-
aJbHOM BpEMEHH.

B 1011 0051acTH CymiecTByeT BEICOKast TOTPEOHOCTDH B yIOOHBIX METOIaX IPE/ICTaBICHHS
JAHHBIX, YTO IPHUBEJIO K PA3BUTHIO WHIYCTPHH CIIEHUAIN3UPOBAHHOTO IIPOTPAMMHOT0 00eC-
MEUSHHS TSl BU3YAI3alliK PE3yJIbTaTOB YHMCIEHHBIX PAacyeTOB PAa3IMUHBIMU CIIOCOOAMH.
B otnnumne ot GONBIIMHCTBA IPyTUX 00JacTe HAYYHOH BU3yaln3alliy, BU3yalu3alns Ha
HE(TSHBIX U ra30BBIX MECTOPOXKICHUSX Pean3yeT KIIACCHIECKYIO ITOJUTOHAIBHYIO BH3ya-
JIU3AIUIO JIJIS TIPEJICTABICHUSI TE€OMETPUUYECKON MOJIETTH MECTOpOXAeHus. [ eooruueckne
MOJIeNT HEPTAHBIX MECTOPOXKACHUN OOBITHO CITMIITKOM BEJIHKH C TOYKH 3PEHUS KOJTMYECTBA
3JIEMEHTOB, YTOOBI X MOXKHO OBLIO JIETKO BH3YaJIN3MPOBATH CO CTAOMIBHOM YaCTOTON Ka-
npoB. [Ipobiembl ObUTH CBS3aHBI C TEM, YTO BBIYUCIICHUS BEAYTCS Ha CYNEpKOMITBIOTED-
HBIX CHCTEMaX, a BU3yaIH3amus padoTaeT Ha KIIMEHTCKOM yCTpoiicTBe. B mocnennee Bpems
OBLIH TIpe/ICTaBIICHBI OTIPEICTICHHBIE CITOCOOBI BU3YaIH3alliy O9€Hb OOJBIIIOTO KOJTHYECTBA
MOJIUTOHOB [1].

Juis Bu3yanmzanuu Mojeliell Ha KOMITbIoTepax ObLIa MCIOJIh30BaHA TexHOJOorHsS Vul-
kan. Ha ceropnsimnuii nens npakruuecku Bce ycrpoiictBa (I1K, MoOuibHbie TenedoHsl,
IUTaHIIETH) TOAAEPKUBAIOT TexHONOoruio Vulkan. [TaBHBIM JOCTOMHCTBOM HU3KOYPOBHETO
Vulkan API siBisieTcs mpsiMOi AOCTYH K allapaTHbIM pecypcam rpaguyecKoro npoueccopa
U pacnpesieiieHue Harpy3KH MeXIy IIEHTPaIbHBIM IIPOIECCOPOM U TpapHuUECKUM MPOIeC-
copoM. Takum 00pa3oM, MOXKHO JIOOUTHCSI BBICOKOU MPOU3BOJAUTEIIBHOCTH U JIOJITOH aBTO-
HOMHOCTH /ISl MOOUJIBHBIX YCTPOMCTB.

Ucnonesys texHonoruto Vulkan, Obitn paspaboransl Moaynu 3D Busyanuzanuu Juist
HACTOJIBHBIX KOMIIBIOTEPOB, OCHAINICHHBIX JUCKPETHOU Tpaduueckoit kaproit. Takxke pas-
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pabotan Mozyib 3D BU3yanu3aiuu ¢ UCIOIb30BaHUEM HOBelIel Texnonoruu Vulkan Ray
Tracing B peaJibHOM BpeMeHU. MOTyJib BU3yalIU3alluK, pa3pad0TaHHbIH ¢ UCTIOIB30BAHUEM
TEXHOJIOTUU TPACCHPOBKH JIydel, BU3yaJIM3UPYET Pa3InyHbIe MOJIENU B peaIbHOM BpeMe-
HU, YTO MO3BOJISIET BU3yaJIbHO HAOMIOAATh 32 N3MEHEHUSIMH KaKoro - JIN0O mporecca.

Takxe B cTarbe IIPEICTABICHbl IPUMEPBI BU3YaIU3aluid pa3HbIX MOJEIEH KOMIIbIOTE-
pax. OTMeTnM, YTO pazpadOTaHHOE MPUIOKEHHE MOXKET BH3YaIU3UPOBATH JIFOOBIC PE3yiib-
TaThl YUCJIIEHHOTO MaTeMaTUYE€CKOTO MOJIETUPOBAHNS Ha CTPYKTYPHUPOBAHHBIX U HECTPYK-
TypupoBaHHbIX 3D ceTkax.

OB3O0P JIMTEPATYPBI. Ha cerogusuamii 7eHb CyIIeCTBYIOT HECKOIBKO ITPOrpaMM-
HBIX HHTEPEHCOB, UCIIONB3YIOIIUE IBYMEPHYIO U TPEXMEPHYIO KOMIILIOTEPHYIO IpaduKy,
takue kak OpenGL, DirectX u Vulkan. OpenGL siBiisieTcst BBICOKOYPOBHEBBIM POTPaMM-
HBIM UHTEpQeiicom [yt rpadudeckux ycrpoicts [2-4]. API Vulkan siBisieTcst npueMHUKOM
OpenGL, HO oHM oueHb cwibHO oTiauuatorcs. Co cnenupukanusmu Vulkan APl moxHO
0o3HaKOMUTCsI B jureparypax [5-8]. Vulkan mopmnepkuBaeT €IUHCTBEHHBIN MICHICPHBIN
s3Ik SPIR-V [9].

B wuccnenoBarenbckoit padore [10] m3ydarorcs BeicOKonpousBoauteibHbie API, u
MPOBOAATCS MOAPOOHBIE CpaBHEHMSI MexAy cTanaapTHeIM OpenGL n HoBeitmmmu API Ta-
kux kak Vulkan u DirectX 12. OcHoBHoe oTnnume TexHonorun Vulkan ot DirectX 12 B
kpoccmarpopmennoctu. DirectX 12 moctynen tonbsko mist [IK ¢ OC Windows 10, tor-
na xak Vulkan nocrynen npaktuuecku 1iisi Becex ycrpoicts (ITK, moOunbHbie TenedoHsl,
TJIAHIIETHI).

B crarbe onuceiBaeTcs pa3paboTKa MPUIOKEHHS U1l BU3yaJIM3aii HEPTSAHBIX MECTO-
POXKICHNI Ha HACTONBHBIX TIAaT(GOpMax C MCIIOIb30BaHKEM TexHonoruu Vulkan u mpoBo-
JUTCS TIIATENbHBINA aHaIU3 MPOU3BOAUTEIILHOCTH MIPH BU3YaTH3aLlUH OONBIINX MOJEIEH.

B pabore [11,12] pa3paboranbl ONTUMH3UPOBAHHBIE aITOPUTMbI BU3YalIU3aIH1 PE3YIIb-
TaTOB YUCJIEHHOTO MaTeMaTHY€CKOTO MOJIEIMPOBAHUS HA CTPYKTYPUPOBAHHBIX CETKaX C HC-
MOJIb30BaHMEM $I3bIKa HielaepoB onbnmorexn OpenGL, Torna kak B omuchIBaeMOl padote
ucnonb3yercs TexHonorust Vulkan ¥ ToTOBBINA MOIYIb BU3YaIM3UPYET JIOOBIE pe3ybTaThl
YHICIEHHOTO MaTeMaTHYeCcKOro MOJEIMPOBAHUS HA CTPYKTYPUPOBAHHBIX U HECTPYKTYpH-
POBAaHHBIX CEeTKaX, a JJIs MOBBIIICHHS MPOU3BOANUTEIBHOCTH HCIIONB3YyeTCS TEXHOJIOTHUS
Vulkan Real Time Ray Tracing [13,14]. Kak u B OOJIBIIMHCTBE MOJOOHBIX ITyOIHKAIIHIA,
3 PEKTUBHOCTH METOJIa BU3YAIU3aLUKN U3MEPSICTCS TyTeM CPAaBHEHMsI KOJMUYECTBA BH3Yya-
JTU3UpyeMbIX KaJapoB B cekyHay (FPS) ¢ ncnosnp3zoBanneM pa3nudHbIX TEXHOIOT M.

Kpome Toro, He0OXOAMMOCTb BBHICOKOIIPOM3BOANUTEIBHON BU3YyaIN3alli PE3YyIbTaTOB
pacueToB He(pTEra30BbIX MECTOPOXKICHUH CBsI3aHa C HATMYMEM BHICOKOIIPOU3BOAUTEIBHBIX
BBIYUCIICHUH TakuX 3a7a4. [lomoOHbIe HccienoBanus MPeICTaBIeHbI B IPEAbIIyIIHX pado-
Tax aBTopoB [15-17].

METOJBI.

IMocranoBka 3agauu. UToObI NPOTECTUPOBATH U CPABHUTH HECKOJIBKO MOAYJICH BU3ya-
JM3alK1, HaM HEOOXOANMO ONPEACTUTh METO M3MepeHUsl 3PPEKTUBHOCTH BU3YaTH3aLIUH.
MpbI mombITaduCh TOOUTHCS IIABHBIX TPAaHC(HOPMAMOHHBIX MaHHUIYJSIHUNA reoMeTpuye-
CKOHM MoJiesTi HEeTSIHOTO MeCTOPOKIeHHUs. [[ITaBHOCTh aHUMAaLUK ONPEIENIeTCs] YaCTOTON
KaJpoB, TpEICTaBIeHHBIX Ha 3kpaHe B cekyHay (FPS). KomdoprHoe u ynobHoe konmye-
CTBO KaJpOB B CEKYHJy MOXKET BapbHpOBaThbCs U Pa3HBIX JIIOACH, HO B OOJBIIMHCTBE
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CllyyaeB OHO JOJDKHO ObITh HIKe 40 B HayYHBIX NPUIOKEHUIX. HeKkoTopble monb30BaTen
npeArnoynTaoT 3HadeHus: 60 uiau Beime. B naHHO# pabore MBI pacCMOTPUM, CPaBHUM H
MpOaHaJIM3UPYEM Ha OCHOBE Topasjio Oosiee BhICOKUX 3HaueHuit FPS. D10 cBsi3aHO C TeMm,
YTO JajbHENIIee YBEJINYEHUE T€OMETPUUECKON MOJIEIN IPUBEAET K IIPONOPLUOHATIBHOMY
n3MeHeHuro koaunaecTta FPS.

IIJ'IH AOCTHUIKCHHA MAaKCUMAJIbHO BO3MOXXHBIX PE3YyJIbTATOB BU3YyaIU3allui C IMMOMOIIBIO
pa3pa60TaHH51x MOILYHCP'I MbI UCHOJIB30BaJIM CI'CHCPUPOBAHHBIC MOACIN Ha OCHOBEC IIPO-
CTOM TeoMeTpuH KyOa.

Texnonorun susysm3anuu. CyiiecTByeT /iBa MeTo/ia nepesoga 3D Mojenu B AByMep-
HOE U300pakeHue il OTOOpaKeHMsI Ha SKpaHe: pactepusanus 3D Moaenu u TpaccupoBKa
nydeid. OOBIYHO UCTIONB3YETCsI METO[] pacTepu3ali. MeTo/ pacTepu3aliiy 3aKII09aeTCs B
cnenyromieM. Ha miockocTh dKpaHa IpoeHupyroTCst IPUMUTUBEI 3D Moenu U ¢ TOMOIIBIO
CIICHIMAJIbHBIX aJITOPUTMOB MOJYYaCTCs LUBET KaXXA0I'0 IMUKCEIIA, nemamnﬁ BHYTpPHU CIIPOC-
MUPOBAHHBIX MIPUMHUTHBOB.

TpaccupoBka jyueill - 3TO METOJ CO3JaHUs TPEXMEPHBIX MOJEIEH C IPUMEHEHHEM
MIPHUHIIUIIA, TOJ00HOTO peabHbIM (PU3NUECKUM MporeccaM. OT KaMephl JUIs KaXI0TO MUK-
cellsl 9KpaHa reHepupyeTcs Iyd A0 00beKTa, 3aTeM MUKCENlb OKPAIIMBAETCs IIBETOM B MECTE
nepecedeHus ¢ 00beKToM Jiyua. [Ipumep OTpHUCOBKH METOJIOM pacTepu3alliii U TPACCUPOB-
KM JIy4eil MO’KHO yBHUJIETh Ha pUCYHKe 1.

Image
Camera

A) b)

Pucynok 1 — A) oTprcoBKa METOZIOM PacTEpHU3AIIH,
B) oTpricoBKa METOZOM TPACCHPOBKH JTyUeH

Jiist paboThI ¢ TPaCCHPOBKOH JIydei CyIIECTBYIOT CIEAYIOIINE 3JI€MEHTbI U TIOHSTHS:

® Crpykrypsl yckopenus (Acceleration structures) - crennanbHbIi OOBEKT, HHKAIICY-
JUPYIOUIMHA BHYTPEHHIOI KapTHUHY reoMeTpuu. Ero MOXXHO paccMmaTpuBaTh Kak OJMH U3
BHJI0B fiepeBa (BVH), yckopsiromuii mouck nmepecedeHuil 1yda i reOMeTprH.

® Tabnuua npusssku meiaepos (Shader Binding Table, SBT) - crpykrypa naHHBIX,
no3Bositoniast APl oTnpaBUTh HECKOIBKO MISHEPOB (M / MM €T0 OTJENBHBIX CTaJni) s
TPAaCCUPOBKH JIydei, a 3aTeM B INHAMUYECCKOM BUJE BHI3BIBAIOT LIEHEp U3 3TOH TAaOIMLIbI
B LICHEpaX.

® Hogas koMaH1a, Kotopas 3amyckaeT TpaccupoBky (vkCmdTraceRaysNV).

® Hoserii koHBeiep (pipeline), KOTOpBIH MOKET paboTaTh C TAOMUIECH IISHIEPOB s
TPAaCCUPOBKH Jy4eH.
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KomnbrorepHoe nmpuiiokeHne ObUIO peasu30BaHO C MCIOJIb30BAaHHEM HOBEHIIMX pac-
HIMPEHUH U1 TpaccupoBkH styueit uepes API Vulkan

Vulkan — ato API ans rpadudeckux BelYMCIUTENBHBIX ycTpolcTB. Vulkan siBisieTcs
kpoccruiarpopmenabiM API 1711 BBICOKOITPOM3BOAUTENBFHOTO JOCTyMA K TpauKe U BbI-
YHCJICHUI Ha COBPEMEHHBIX BUAEOKapTax. OH MOXET HCIOJIb30BaThCS U Pa3HOPOIAHBIX
YCTPOMCTB, TaKUX Kak Tpaduyeckue MpoLeccopbl, MOOMJIbHBIE YCTPOMCTBA, TJIAHIIETHI.
Vulkan mnpenocraBiseT NPHIOKEHUSIM HENOCPEICTBEHHOE YIpaBieHHE TIpaduiyecKuM
YCKOpeHHEM Juisl yinydineHus 3G ekTHBHOCTH U ipou3BoAnuTenbHOCTH. Vulkan ennHCTBEH-
HBIH BBICOKOIIPOM3BOAUTENBHBIN rpaduueckuii APl paboraronuii ¢ HECKOJIBKUMH Onepa-
LHUOHHBIMH crcTeMaMu BKirodas Windows, Linux u Android.

BxomHbIME JTaHHBIMY BU3YaJIN3aLlUH SBISIFOTCS PE3YJIbTaThl pACYETOB Pa3JIMUHBIX 3a/1a4.
OHU coJiepKaT TeOMETPHIO U pa3HbIC XapaKTePUCTHKH iacta u umerot popmatr GRDECL.
Ha pucynke 2 1eMOHCTpUpYeTCs MPUIIOKEHUS BU3YIM3AHH U1 MOOMIIBHBIX U HACTOJb-
HBIX YCTPOMCTB.

Monynp BU3yanu3anui, pazpadorannsie ¢ ucnonb3oBanuem Vulkan API mis HacTonb-
HBIX CHUCTEM, BU3YaIH3HPYET Pa3IHUHbIE MOJICIIH, YTO TI03BOJISIET BU3yalbHO HAOIIOnaTh 32
MPOLIeCCAMH.

P UCYHOK 2- TPUIIOXKCHUEC JI1 HACTOJIbHBIX YCTpOf/’ICTB.

PE3VYJIBTATBI. /I npoBeeHus TECTOB C BU3yaJIN3aTOPOM Ha KOMIIBIOTEpax ObLI HC-
MoJIb30BaH nepcoHanbHbIi KoMibioTep (Core 17 3770 3.40 GHz, 16Gb DDR3), ocHamien-
HBIH AuCKpeTHOW rpaduueckoit kaptoi (nVidia GeForce RTX2080 ti, 11Gb GDDR6). Ha
Tabauie 1 onucanbl XapaKTEPUCTHKH UCTIONB30BaHHBIX YCTPONCTB AJISl TECTUPOBAHMSL.

Tabnuya 1 — Xapaxrepuctuku rpaduyaeckoro ycrporictBa Geforce 2080 ti.

Nvidia Geforce 2080 ti
KoiruecTBO BBIYMCIUTEIBHBIX OJIOKOB 4352
TeopeTrueckas MPOU3BOAUTEILHOCTh 28,5/14,2 TFlops
WnTepdeiic mamsatu 352 6ur
CkopocTh nepeiayu JaHHbIX HaMsITH 14000 MI'1g
[IpomyckHast criocoOHOCTH MaMSATH 448 I'b/c
Brigenennas BujieonaMsTh 8 I'b GDDR6
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CpaBHEHHE KOJIMUYECTBA KaJpOB B CEKYHAY NPH BU3YIM3AIHH OYCHb OOJBIINX IBY-
MEPHBIX CETOK ¢ MCIob30BaHreM Vulkan MeTOIOM pacTepH3aluu U TPACCUPOBKH Jydeit
oKa3aHo B Tadaune 2.

Tabnuya 2 — KonndecTBo KagpoB B CEKyH]y IPH BU3yaTH3alluU Pa3IHUHBIX
CEeTOK OOJIBLIOro pa3Mepa.

Pa3mep KonnuecTso Vulkan pacrep- | Vulkan RT (FPS)
sTaeeK ney (FPS)
100x100 20,000 3500 2600
500x500 500,000 3600 1285
1000x1000 2,000,000 1650 1095
2000x2000 8,000,000 650 1005
3000x3000 18,000,000 265 585
4000x4000 32,000,000 155 625
5000x5000 50,000,000 100 600
5700x5700 64,980,000 78 610

Kaxnas sueiika CeTKH COCTOUT U3 ABYX TPEYTOJIbHUKOB, [I03TOMY KOJIMYECTBO HOJINTO-
HOB B J1Ba pa3a OoJIbIle KOJIMUECTBA SUCEK.

Kak BuaHO B Tabnuue 2, Ipu BU3yaJU3alMy ¢ HCIIOIb30BAHUEM METOA PacTepU3aLH
B HEOONBIINX pa3Mepax, T. €. mpuMepHo 10 2000x2000 umu go 8 000 000 y3710B, KOTUYE-
CTBO KaJpOB B CEKyHIy OOJIbIIE, YeM KOJIMYECTBO KAaJPOB B CEKYHIY IPH BHU3yaJIH3alUU
C MCIIOJb30BAaHUEM METOJAa TPAcCUPOBKH Jyueil. OfHaKo, IO Mepe YBEJIMYEHHUs pazMmepa
MOJICTIM PEe3y/IbTaThl MPH BU3YAJIM3ALUH C MCIOJIb30BAHMEM METOJA TPACCHPOBKU JIyder
IIPEBOCXOIAT PE3y/bTaThl METOAA pacrepusanuu. MeTos pacTepu3alny, MOKa3aHHbIH Ha
rpadyKe Ha pUCYHKE 3, TOKA3bIBACT, YTO PE3YJIbTAT YMEHBLIACTCS C yBEIMUCHUEM pa3Mepa,
B TO BpeMsI KaK METOZ TPAaCCHUPOBKHM JIyuell MOKa3bIBaeT CTAOMIIBHBIN pe3ysbTaT IpH pas-
Mepe Oosee yem 18 MUIIITMOHOB Y3II0B.

4000
3500
3000
2500
2000
1500 -
1000
508 —4—Vulkan
A DDA D ~fl—\/ulkanRT
SSFE S TS
SO RO R LI S S SRS
P ol P PP S
RO ANANACAGAN
BT SO PSP
PSR S
%QQQ@Q SF .o +00+
S S SsS

Pucynok 3 — OTHOCUTENBHBIN rpaiK KOJIMYECTBA KAJAPOB B CEKYHY ITPU HCIOIB30BAHUH
METOJIOB pacTepU3aliy U TPACCUPOBKH JTydeH
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Kpowme Toro, yem Goibiiie ceTouHas MOJISNIb 3aHUMAET 00JIaCTh OKHA MPOTPAMMBI, T. €.
yeM 6HI/I)KC MOJECJIb K 9KpaHy, TCM 6OHI)HIC OHa BJIMACT Ha NPONU3BOAUTCIILHOCTD, U pa3HUlia
MEXIY ABYMSI METOJaMU MeHsieTcs. Pe3ynbrarsl BU3yanu3anun MpHOIMKEHHON MOJIENH ¢
MCIIOJIb30BAHUEM Pa3MEpOB B TAOJUIIE 2 MOKa3aHbI B TAOIHIIC 3.

Tabnuya 3 — KomuuecTBo KaJpoB B CEKyHy IPU BU3yaTH3alUU Pa3IHUHBIX
OOJNBIINX CETOK MPUONVKEHHOH MOJIEIH

Pa3mep KonnuecTBo sueex Vulkan pacrepu3zanms Vulkan RT (FPS)
(FPS)
100x100 20000 3500 2340
500x500 500000 3600 1000
1000x1000 2000000 1660 400
2000x2000 8000000 660 207
3000x3000 18000000 265 166
4000x4000 32000000 157 166
5000x5000 50000000 102 149
5700x5700 64980000 77 200

Kak BugHO U3 Tabnuibl 3, Metox pactepusanuu padboraer 6onee 3hdekTuBHO, YeM Me-
TOJ TpaccupoBku Iryuel, 10 4000x4000, HO mpu OONBIIKX pa3Mepax METOJ TPACCHUPOB-
KM Jy4ell MOKa3bIBaeT CTAOMJIbHBIN PE3yNbTaT, U KOJUYECTBO KAAPOB B CEKyHIy METOxA
pacrepuzanuy cHwkaercs. lIpuunHa yMeHbIICHHs pe3ylibraTa METOo/la pacTepu3alny 3a-
KJIIOYAeTCsl B TOM, YTO BO BPEMs PACTEPHU3ALUHU IPOSKLHUS KaXKA0TO y3J1a IPOSLUPYEeTCs Ha
IUIOCKOCTb 3KPaHa U 3aKPALINBAIOTCS TUKCEIH, IIOATOMY C YBEJINUECHUEM KOJIMUECTBA Y3JI0B
YBEJIUYMBACTCS YMCIIO MPOLIECCOB pacTepu3alui. MeTol TpacCUPOBKH JIydel reHepupyeT
Jy4H 4yepe3 MJIOCKOCTh KpaHa, I03TOMY YHMCIIO KaJpOB B CEKYHAY YMEHbBIIAETCS IO MEpe
NpUOIMKEHNST MOZIENIN K OKHY IIPOTPaMMBbl, HO rpad)uK Ha PUCYHKE 4 IMOKa3bIBAET, YTO C
OOJIBLLIMMU CETKaMH TPACCHPOBKa JIyueil padoTaeT JIydlle, 4eM pacTepru3aLusl.
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Pucynok 4 — I'paduk KommuecTBa KaJpoB B CEKyH/Iy IPH BU3YyaJIU3allU Pa3IHnuHbIX
OOJIBIINX CETOK MPUOIMKEHHON MOJICIIH.
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Kpome Toro, pasmMepHOCTh MOJIENIN CETKH BIMAET Ha MPOU3BOJUTEIHHOCTh, U Pa3HU-
1a MEXIy STUMH JIBYMsI METOJIaMH Takxke n3MeHsercs. Tabnuia 4 moka3plBaeT CpaBHEHHE
KOJIMYECTBA KaJ[pOB B CEKYHJy JIByX METO/IOB IIPU BU3yaJIN3allU TPEXMEPHBIX ceTok. Jlis
CpaBHEHHMs ObljIa UCTIONIB30BaHA MOJIENb KyOa ¢ pa3IMyHBIME pa3MepaMH U 3arojJHEHHBIE
Clly4yailHBIMU [IBETaMH M300paKeHHBbIC Ha PUCYHKE 5.

Pucynok 5 — TpexmepHas Moziesb Kyoa.

Taonuya 4 — KomudecTBo KaapoB B CEKyHY IPU BU3YATH3AIUU PA3THIHBIX TPEXMEPHBIX
CETOUYHBIX MOJeJIeH

Pasmep Kommuectso stueex | Vulkan pactepusanust VulkanRT
(FPS)

10x10x10 2000 3400 2450
20x20x20 16000 3600 2350
50x50x50 250000 3300 2240
100x100x100 2000000 1460 1700
150x150x150 6750000 515 1550
200x200x200 16000000 255 1325
250x250x250 31250000 146 1120
280x280x280 43904000 109 1000
300x300x300 54000000 88 900

Kak BuaHO u3 Tabnuuel 4, METOA TPACCHUPOBKH JIyuei IMOKa3bIBACT B HECKOJBKO pa3
OoJiee BBICOKYIO TPOU3BOANUTENILHOCTh, Y€M METO/] PACTEPU3aLMU [IPU BU3yaJIH3all1 MOJIE-
neit pazmepom 6onee 100x100x100. ITockonpky B ciydae pacTepu3alul yYUTHIBAIOTCS BCE
Y3IIbI MOJIENH, a B CITy4ae ¢ TPACCUPOBKH JIydeH JIyd BO3BpaLIaeT TOJIBKO LIBET Ha Mepece-
YEHHH, & HEBUMMBIE CJIOM 0331 HE YYUTBIBAIOTCS, TO3TOMY AJISl TPEXMEPHBIX MOJENIEH
METOJl TPACCUPOBKH JIyuel JaeT XOPOLIYIO MPOU3BOAUTENBHOCTE. Pe3ynbrarsl Tabauusl 4
MIOKa3aHbl Ha rpadMKe Ha PHUCYHKE O.
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Pucynok 6 — I'paduk xommuecTBa KaJJpoB B CEKyH/Iy IIPH BU3yaJIN3alNU TPEXMEPHON
CETOYHOH MOJIeNH.

Pesynbrarel BU3yanu3aunu NpuOIMKEHHONH TPEXMEPHOH MO/ ITOKa3aHbl B TaOIuIe
5 n Ha rpaduke Ha pUCyHKe 7.

Tabnuya 5 — KonniecTBo KagpoB B CEKyH/y IPH BU3YyaIN3alMU Pa3IMIHBIX OOIBIINX
CETOK MPUOIMIKEHHOH TPEXMEPHON MOJIeH

Pasmep KomnmuecTBo saeek Vulkan pacrepuzanus VulkanRT
(FPS)
10x10x10 2000 3350 2160
20x20x20 16000 3500 2200
50x50x50 250000 1840 1980
100x100x100 2000000 770 1690
150x150x150 6750000 358 1410
200x200x200 16000000 200 1270
250x250x250 31250000 120 1230
280x280x280 43904000 1130
300x300x300 54000000 1060
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Pucynok 7 — I'paduk KommyecTBa KaJpoB B CEKyH/Iy NP BU3YyaJIU3aINHU Pa3IHUHBIX
OOJIBIINX CETOK NPUOJIIMIKEHHOW TPEXMEPHOH MOJIEIIN
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AHAJUIM3. Ananuzupys pe3yabTrarsl, HOJTY4YeHHbIE IPU CPAaBHEHUH MOJyJIei BU3yalln-
3alliH, pe3ysbTaThl, oyuyeHHble Ha HacTodbHOM GPU, o4eHb BbICOKHE M HAYMHAETCS OT
4300 FPS mpu paboTe ¢ MOIesIsIMU MajIoro pa3Mepa U ¢ yBEeJIMYSHNEM pa3Mepa CHIKAeTCs
Jo 615 FPS.

Ha Tabnuue 2 nokaszansl pesyasratsl FPS npu Bu3yanuzanuu IByMEpHON MOAeIH Ha
HactoabHOM GPU ¢ ucnons3oBaHMEM METOJIa pacTepHU3aLMU U TPACCUPOBKH Jyueit. OT-
pUCOBKa MeToJIoM pacTepuszanuu 10 pazmepa 2000x2000 nokassiBaet 1650 xaapoB B ce-
KyHIy, a B MeTozie TpaccupoBku jyueid FPS paBen 1095. [lo mepe yBenuuenus pasmepa
Monenu FPS oTpucoBku MeTooM TpacCHUpOBKH JIydel MPeBOCXOAST pe3ysIbTaThl METO/1a
pactepuzanuu. Ha tabnuie 3 MoxXHO yBHAETH pe3yabraTsl FPS nmpubnmxennoit nsymep-
Holl Monenu. Ilpu oTpucoBke mpubaMmKkeHHON Moxenu 1o pasMepa 3000x3000 moxxHO
3aMEeTUTh, YTO METOJl pacTepu3aluy nokassiBaeT Oonbue FPS, uem meTox TpaccupoBku
Jqy4e, HO MpH OONIBIIMX pa3Mepax sYeeK KOJTMYECTBO KaJIpOB B CEKYHAY IPU OTPUCOBKE
METOJIOM pacTepH3aluy HIDKE, YeM KOJINYECTBO KaJpOB B CEKYH/y NPU OTPUCOBKE METO-
JIOM TPACCUPOBKH JIy4eil.

Ha Tabnuue 4 mokaszansl pesyibrarsl FPS mpu Bu3yanuzanuu TpexMepHOU MOJEIH
Ha HacTtoiapHOM GPU c ncnonb3oBaHueM MeToAa pacTepU3alliid U TPACCUPOBKU JTyUel.
U3 Tabaump MOKHO 3aMETUTh, YTO OTPUCOBKA METOAOM TPACCHPOBKH JyUeil MOKa3bIBaeT
Oosee Beicokuii FPS, ueM MeTos pactepusanuu mpu OTPUCOBKE MOCIIN pa3MepoM Oosiee
100x100x100. Ha tabmune 5 MoxkHO yBHIETh pesyibraTsl FPS mpubnmkeHHON Tpex-
MepHoi Mozenu. TyT MOKHO 3aMeTUTh, UTO, HaunHad ¢ pazmepa 50x50x50 TpexmepHoit
MOJI€NH, KOJIMYECTBO KaJpOB B CEKYHJly MpPH OTPHUCOBKE METOJOM TPACCHUPOBKH Jyuei
B HECKOJIBKO pa3 MPEBOCXOJUT KOJIMYECTBa KaJpOB B CEKYyHIY IPU OTPUCOBKE METOAOM
pacTepu3anui.

OBCYKJIAEHUE. B pesynsrare cCpaBHEHHUS METO/Ia PACTEPUBALIMH [TOKA3aI XOPOIIIYIO
MIPOU3BOAUTENLHOCTE IPU HEOOIBIINX pa3Mepax, HO M0 Mepe YBETUUEHHsI pazMepa MOJICITH
CETKH METOJ] TPACCUPOBKH JTy4el MoKa3aj CTaOMIbHYIO U BBICOKYIO TPOU3BOAUTEIEHOCTb.
Onnako 1Mo Mepe MpHOIMKEHHsI K MOJEIH Bbl MOJKETE BHJIETh, YTO KOJIMYECTBO KaJpoB
B CEKyH/y 3HAUUTENIbHO M3MEHSAETCS B METOZE TPACCHPOBKH Jiyued. DTO CBA3aHO C TEM,
YTO IJIOUIA/(b MCKOMOTO JIy4a YBEIHMUMUBAETCS, a METO/l pacTepU3allii HE MEHSET KOJIn4de-
CTBO OIepaluii, IO3TOMY OH CYIIECTBEHHO HE MEHSETCS, TOCKOJIBKY MPOEIUPYeTCs KaKaast
siueiika Ha 9kpaH. Kpome Toro, pu BU3yalIn3aluy TPEXMEPHBIX CETOYHBIX MOJIEIEeH METO/
TPaCCUPOBKH JTyUeil moka3zai 6osee BEICOKYIO TPOU3BOAUTEILHOCTE, Y€M METO]] pacTepH3a-
UK. OT0 0OBSICHAETCS TEM, YTO METOJI paCTePU3aLUK BEIYMCIISIET POCKLIMHU KaX 101 siueii-
KM Ha IJIOCKOCTh 3KpaHa, a METOJl TPACCUPOBKH JIydel He yUUTHIBAET HEBUIUMBbIE YUACTKH
oObekra. CrenoBaTebHO, AUl BU3yalu3allud TPEXMEPHBIX CETOUHBIX MOJEJICH, BHITOJHO
HCIIOJIb30BATh METOJI TPACCUPOBKH JIyUEeH.

3AKJIFOUEHHUE. B nanHo# crarbe ObLIa MOCTaBJICHA 3ajjadya pa3paboTKU BICO-
KOTIPOU3BOAUTENBHOTO KOMIIBIOTEPHOTO MpHiIokeHus. IloayueHsl pe3ynbraTsl paOoThI
KOMBIOTEPHOTO NPUJIOKEHHS C MCIOIb30BAaHUEM METOJla pacepu3allMd U MeTojia Tpac-
CUPOBKH Jyueil. B kauecTBe BXOAHBIX JAHHBIX JJI TECTUPOBAHUS NPOU3BOIUTEILHOCTH
ObLTa UCTONIB30BaHA MOAETH Kyba pazHOro pasmepa. buin mpoBeaeHbI cpaBHUTEIbHBIC
aHaAJIM3bl PE3yJIbTaTOB KOMBIOTEPHOTO IMPHIIOKEHHS C HCIOIb30BAaHUEM JBYX METOIOB
OTOOpaXKeHUSI.
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T'PA®UKAJIBIK ITPOIIECCOPIAPHI BAP JKYHUEJIEPIE COYJIEJIEPIIH KOJI
TAPTYbBIH BAKBIJIAY YHIIH VULKAN BU3YAJIM3ALUSACBIH TECTUIEY

Byn oicymvicma epaguranviy mypoe candvlk ecenmeynepoiy exi omuemoi dcane yur onuemol
Homuoicenepin YColHYea apHANAH HCO2APbl OHIMOI KOCLIMULAHBIY 23IPILeHyl cunammanzan. Yul enuemoi
M00envOi exi onuemoi betineze ayoapyoviy apmypii a0icmepine He2i30en2eH eKi 8U3YATUIAYUSLAY MOV
canvicmuipuinadbl. Modenvoepoi eusyanuzayusnay ywin Vulnan mexuonozusnapuvl dcone pacmepusa-
yus dicane Ray Tracing ancopummoepi KOIOAHbLIAObL, JHCIHE IPMYPIL HCAOAUNAPOA €Ki KOCLLMULAHBLY
JUCYMBICHIHA CATLICIBIPMATbLL MANOAY AHCACANAObl. O3IpileHeen GU3yanu3ayusanay Mooyno0epin caHoblK
MAMeMAMUKAIbIK MOOEIbOEY HAMUNCEILEPIH YUl OueMOi mopiapoa Kepcenty Yulin Koioany2a 601aobl.

Tyiiin ce30ep: Vulkan, 2D, 3D, komnvromepiik epaghuxa, 8u3yanusayus, mopivl MOOelb, CaVieniK
i30ecmipy.
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TESTING VULKAN VISUALIZATION FOR GEOMODELS ON SYSTEMS
WITH GRAPHIC PROCESSORS FOR RAY TRACING

This paper describes the development of a high-performance application for representing two-
dimensional and three-dimensional results of numerical calculations in graphical form. Two visualization
modules developed on the basis of different methods for translating a three-dimensional model into a two-
dimensional image are compared. Vulcan technologies and rasterization and Ray Tracing algorithms are
used for model visualization, and comparative analyses of the operation of two applications in different
conditions are performed. The developed visualization modules can be used to display the results of
numerical mathematical modeling on three-dimensional grids.

Key words: Vulkan, 2D, 3D, computer graphics, visualization, grid model, ray tracing.



