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AHHOTaums. Busyanusarus OOJBIINX TPEXMEPHBIX CLEH 3aHUMAET CYLIECTBEHHOE BPEMs.
Jlnst cokpanieHust KoJIM4ecTBa 00padaTeIBaeMbIX OOBEKTOB HCIIONIB3YIOTCSI METOABI yJalCHHS
HEBHANMBIX TIOBEPXHOCTEH. B cTaThe paccmarpuBaeTcs ceMeHCTBO HHTEPAaKTHBHEIX METOIOB
yIaJeHUsl HEBUAMMBIX IIOBEPXHOCTEH, OO0JaNaloluX IPOCTPAHCTBEHHOH M BPEMEHHOM
KOrepeHTHOCTb0. Hambonee pacrpoCTpaHEHHBIM SBIISIETCS METOJ C HCIOJIb30BAaHHEM
anmnapaTHBIX 3arpocoB BUAMMOCTH. OIHAKO MOCHUIKA U IOJyYEHHE PE3yJIbTaTOB 3alpOCOB
BUJIMMOCTH 3aHMMAIOT 3HAUMTEIBHOE BpeMs IpH OOJIBIIOM KOJMYECTBE OOBEKTOB.
IpennaraeTcst alropuTM yJalCHUs HEBUIMMBIX MOBEPXHOCTEH Ha OCHOBE MPOIrPAMMHBIX
MPOBEPOK BHIUMOCTH OTHOCHTEIBHO COCTABIEHHOTO Ha rpaduyeckoM mporeccope Oydepa
riy6unsl. [Ipeiaraercs sBpUCTHKA IS ONIPEIEICHHS BEICOTHI HEPapXHUH, COOTBETCTBYIOIICH
HanOoubIel 3G(HEeKTUBHOCTH NMPOBEPOK BHAUMOCTHU. [IpemioskeHHBIH anropuT™ I03BOJISET
COKPAaTHTh KOJMYECTBO KOMAHJ BH3yaJM3allUd, 4YTO YJy4YllaeT IPOU3BOJUTEIBHOCTD
BU3YQJIM3aLH TPEXMEPHBIX CHEH C OOJBLIMM KOJIMYECTBOM OOBEKTOB IO CPaBHEHHUIO C
aJITOPUTMOM, OCHOBAaHHBIM HA alIapaTHBIX 3alPOCaX BUAUMOCTH.
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1. BgedeHue

Buzyanuzanust O0NBIINX TPEXMEPHBIX CLEH SBISETCS CIO0XKHOW BBIYUCIMTEILHON
3agaueit. [l ycKopeHHs BU3yalM3alMM HCIOJIb3YIOTCS METOAbl yJaJeHus
HeBUAMMBIX ToBepxHOocTelt [1], [2]. PaccmoTpum Hambomnee pacmpocTpaHEHHEBIS
METOJbl yJaJICHUsI HEBUIUMBIX MOBEPXHOCTEH M HEKOTOPHIE MX HEJOCTaTKH MpHU
BU3YyaJIM3aIMK OOJIBIINX TPEXMEPHBIX CIICH.

B paborte [3] nmpesyioxkeH adropuTM yJajleHus] HEBUIMMBIX TOBEPXHOCTEH Ha OCHOBE
nepapxuieckoro z-oydepa. Z-6ydep nenurcst Ha 4 4aCTH TaK, 4TO B KKIOH U3 HUX
3alUCBIBAETCsl caMoe jAanbHee 3HadeHue z. Ilpomecc neneHus MoBTOpsieTca 10
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MMUKCENeH. Z-MpaMua IMO3BOJISIET OBICTPO UCKIIIOUYNTH TPEYTOJBHUKU C TIOMOIIBIO
CpaBHEHHS MUHIMAJIHHOTO 3HAYCHHUS Z TPEYTOIBHIKA U MAKCUMAIBHOTO 3HAYCHUS Z
B obmactu. [lpu mporpaMMHON peanm3aniil TPOUCXOAMUT 3aTPATHOE OOHOBIICHHE
MMUPaMUABI TIPUA TOOABICHUN HOBBIX OOBEKTOB, YTO CHIDKAET (PPEKTHBHOCTH MPHU
pabote ¢ OONBIINMU CLIEHAMH.

B pabore [4] mpenmaraercst coctaBisate BSP-mepeBo ¢ 00BEKTaMU CTaTHYECKHUX
APXUTEKTYPHBIX CIICH U JEKOMITO3HUIIHAEH IO OCSIM apXUTEKTYPHBIX clieH. [orygaercs
uepapxusi, KOTopas COOTBETCTBYET CTPYKTYpe KOMHAT B 31anuu. MuHbopmaius o
BUJIMMOCTA XpaHWUTCS B rpade KOMHAT W MOPTAIOB. BHIMMOCTh KOMHAT
ompenerseTcss MyTeM pacrepu3auud nmopTainoB. OgHAKO JUIS COCTaBleHHS Tpada
TpeOyeTcsi MHOTO BBIYMCIHMTEIBHBIX PECYPCOB, U 3TOT METOJ PabdOTaeT TOJNBKO Ha
cratnueckux creHax. Kommepueckas nporpamma Umbra BeIMHCISIET BOKCEIBHOE
npejcTapieHue cueHsl [5]. TlycTble BOKCeNu HCIONB3YIOTCS KaK MOPTaIbl MEXIy
Pa3HBIMHM YacTsIMU ClieHBI. [IporpaMMHas pactepu3anus OpTalOB UCIIONIB3YETCS IS
OTIpeJIeTICHNs] BUIMMOCTH pasHbIX YacTed CIEHBl. JTOT aluroput™M 3QQeKkTHBHO
HaXOJUT 3arOpOKEHHbIE OOBEKTHI B CTATUYECKHX CIEHAX M LIMPOKO UCIIONb3YeTCs B
KOMITBIOTEPHBIX UIPax.

B paGore [6] ucnonb3yloTcss Macku HMOKPHITHS (coverage mask) uist onpeneneHus
BUMMOCTH. Ha BX0J1 1oiaeTcsi MaccHB MOJIMIOHOB B TIOPSAKE yJAJICHUS! OT KaMephl
(front-to-back). IIpomcxomuT pekypcuBHOE [elleHHEe W300pakKeHHs Ha KBaJIpo-
JIEPEeBO 110 TeX TOp, MOKa BUAMMOCTH MOJUTOHOB HE MOXET OBITh ONpeAeicHa I
Ka)X/10T0 KBajipaHTa. [ TaBHOE MPENMYIIIECTBO 3TOTO MOAX0/1a 3aKIF0YAETCS B HU3KUX
TpeOOBaHUAX K MaMATH M OTCYTCTBHE Iepe3amucu mukcenei. Omnako Tpelyercs
CIIEIMAIN3UPOBAHHOE alllapaTHoe odecrneueHne s d3PPEKTUBHON peann3alium.

B pabote [7] npemnaraeTcs WCMONIb30BaTh HEPAPXUISCKHUE MACKU TIOKPBITHS IS
OTOpaKkOBKM HEBHIUMBIX 00bekTOB. CHadama MPOUCXOJUT  pacTepH3aIHs
MOTEHINAJIBHO OJOKUPYIOMNX BHUIMNMOCTE OOBEKTOB, 3aTeM O0XOJ HEepapxuH, H
BBIIIOJIHAKOTCS IMPOBEPKU BUJIUMOCTH. AJ'IFOpl/ITM IIO3BOJIACT JAcJ1aThb
NpUOJIM3UTENLHOE ONpe/IeieHHe BHUIAMMOCTH, KOTJa IOpOT BHUAWMOCTH MEHbIIE
€IUHULBL. [J1aBHBIA HEIOCTATOK AJIrOpUTMa 3aKIH0YAcTCd B CIOXKHOM IIPOLECCE
otOopa OJIOKHPYIOIUMX OOBEKTOB, KOTOPBIA BBHIOMpAacT OONBIIAE OOBEKTHI C
MaJIeHBKUM YHCJIOM MOJIUTOHOB.

B nanHOi1 cTaThe paccMaTpuBarOTCS METObI Y/IaJI€HUsI HEBUIMMBIX ITOBEPXHOCTEH,
00J1a1alomuX NPOCTPAHCTBEHHOW M BPEMEHHOI KOT€pEeHTHOCTBHIO BHIMMOCTH, Ha
OCHOBE alMapaTHBIX M MPOTrpaMMHBIX NpoBepok BuauMocTd [8]11]. AnmaparHslii
3arpoc BUAUMOCTH — 3TO CIOCOO HAaXOXICHUS BHIMMBIX TI'paHed IoJudpa Ha
rpadpudeckoM mpomeccope [12]. 3ampoc BHINMOCTH OCTaHABIHWBaeTCsS, KOTIa
HaXOJWT TEPBYI0 BUAUMYIO TpaHb. [IpocTpaHCTBEHHAs KOT€PEHTHOCTH ITO3BOJIIET
OTIPENIeINTh BHIUMOCTH OOBEKTOB B 00NacTH mpocTpaHCTBa (y37e JepeBa).
Hanpumep, ecnu 31aHre HEBUANMO, TO OOBEKTH BHYTPH 3[aHUS TaK)Ke HEBHIUMBEI.
BpemeHnHass KOTepEeHTHOCTH IO3BOJSIET OIMPENSNNTh BHAMMOCTE B OyAyIIEeM IO
TeKymed BuauMocTH. Hanpumep, eciin 00bEKT BUAEH B TEKYILEM KaJpe, U KaMepa
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JIBIDKETCS] HENPEPBIBHO, TO MOYKHO CUMTATh €r0 BUAMMBIM CJEIYIOIINE HECKOJIBKO
KaJIpoB.

B pabore [8] paccmarpuBaroTCs CHOCOOBI ONTHUMAJIBHOW IOCBUIKM arlapaTHBIX
3allpOCOB BHIMMOCTH C HCHOJb30BaHMeM pacmmpeHus NV occlusion query.
Pe3ynbTaThl BUIUMOCTH B TEKYILEM KaJpe HCIOJB3YIOTCS B CICAYIOIIEM Kajpe.
I'naBHbIe MPOOJIEMBI C MPOM3BOAUTEIHHOCTHIO BO3HUKAIOT HM3-3a MPOCTAUBAHUS
mporeccopa (CPU starvation) u rpadudeckoro mpomeccopa (GPU starvation).
PesynbTaThl 3ampocoB BHIMMOCTH IPOBEPSIIOTCS B CIEAYIONIEM Kajpe, 4YTOObI
n3bexarh nNpocrauBaHus nporeccopa. Panee BupnMble 00bEKThI BU3YAIU3UPYIOTCS
B Hayaje TeKyIlero Kajapa, 9TroObl m30eXaTh NpPOCTaUBaHHUA TpadUIecKOro
npoueccopa. ABTOPbl  HCHOJNB30Balii  k-MepHOE €peBO, IOCTPOCHHOE C
MPUMEHEHHEM J3BpPUCTUKM Ha OCHOBE IUIONIanu y3ioB JepeBa [13]. 3ampocsr
BUAUMOCTHU MOCBUIAKOTCA HA JIMCThA U IO pe3yjibTaTaM OIPEACIACTCA BUAUMOCTD
BEPXHUX YPOBHEH MepapXuu. DTOT METOJ IMOAXOAUT Ul BU3YAIN3AIMU CIOXKHBIX
TPEXMEPHBIX CILIEH, €CIM B3STh HEPApXHUI0, KOTOpas HE TpeOyeT CYIIEeCTBEHHBIX
3aTpaT P JIBH)KEHHH OOBEKTOB.

B pabore [9] npemnaraercs HCHONB30BaTh MPOTPAMMHYIO pacTEpU3ALMIO IS
MIPOBEPKM BHIMMOCTH BMECTO alMapaTHBIX 3ampocoB BuauMmocTH. CHauana
MIPOMCXOUT pacTepu3alusi TPEYTroJbHUKOB OOJBIIMX OOBEKTOB Ha IEHTPAILHOM
mporeccope, coctapisiercs z-0ydep (full sized tiled z-buffer). 3atem mpoBepsiercst
BUAMMOCTh OIPAaHUYUBAMOIIMX MAPAJUICICIUICIOB OCTAIBHBIX O0BEKTOB CHauala
OTHOCHTEJILHO CyMMapHOro z-0ydepa, KOTOPbIii 3a/1aeT MAKCUMaJIbHOE 3HAUYCHHE Z B
npepenax noiocku (tile). Ecnam  TpeyronpHMKM 3aropoKeHbl OTHOCHUTEIBHO
cymmapHoro z-Oydepa, To 00bekT HeBumuM. MHade TpeOyercsi MOJHOLCHHAS
pacTepuzanus TPCYTOJILHUKOB )44 CpaBHCHUEC FHy6I/IH])I OTHOCHUTCIIBHO
MOJHOPa3MepHOro Oydepa mIyOMHBL. DTO METOA MO3BOJSIET JAeiaTh HMPOBEPKU
BUAMMOCTA 0€3 CHHXPOHHM3AaLMU C TpaQHUUYECKHM MPOIECCOPOM, HO JJIs HEro
TpeOyercs OTOOp OJIOKHPYIOIIUX OOBEKTOB, KOTOPBIA JIydIle BCETO JIENaeTCs
BpyuHyto. Pacrepuszanusi ONOKMPYIOIIMX OOBEKTOB C OOJNBLIMM KOJIMYECTBOM
MIOJIMTOHOB MOYKET OBITh JIOBOJIEHO JIOPOTOM, a BepCUsi 00bEeKTa C HU3KMM YPOBHEM
JeTAIN3alNH JaeT PUOIM3UTEIbHBIE PE3YJIbTATHI.

B pabote [10] npensioxkeH BepOSTHOCTHBIN KPUTEPUH JUIsl YMEHBIICHHS KOJIHMYECTBA
annapaTHBIX 3alpoCcOB BHIMMOCTH, KOTOPBIH ITO3BOJSIET HE IOCHUIATH 3aIPOCHI
BUAMMOCTH, KOT/Ia BU3yanu3alus 00bEKTOB B y3iie Mepapxuu neiinenie. B pabore
[11] mpenmmaratoTcst mambHEHIIHE CIIOCOOBI YMEHBIICHHS 3alpOCOB BHIAMOCTH
MyTeM MOCBUIKM OJHOTO 3aIlpoca Ha IPYIINY Y3JI0B JepeBa. ABTOpPbI HCIOIb30BAIN
nepapxuto p-hbvo (polygon-based hierarchical bounding volume decomposition [14],
KOTOpasi XOPOILIO CIPABISIETCSI CO CTATHYECKUMH CILEHAMH, HO HE MOJIXOIUT IS
JMHAMHYECKUX TPEXMEPHBIX CLECH.

B naHHOW cTaThe NpEnioKEeH alropuTM, KOTOPBIN SIBISETCS pPAa3BUTHEM HIIEH,
ONMCaHHBIX B paboTax [8], [9]. s XxpaHEeHNs] 00BEKTOB CIIEHBI HCIIOIB3YETCS OKTO-
JepeB0 C  MHOXECTBEHHBIMH  ccbhulkaMu  [15].  OKkTo-mepeBbs  HMEIOT
MHOTOYHCJICHHbIE TPHJIOKEHUs] B KOMIIBIOTEPHOI TpaduKe W BBIYHCIUTEILHOM
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TCOMETPHUH: yIaIeHHE 00 BEKTOB, HE TIOMAIAOIINX B YCEUYCHHYO MTUPAMUTY KaMephl,
TOUCK Coceiel, onpeieNieHne KOJUTM3Ui, TuiannpoBanue asmxenus [16][17][18].
OcraBuiasicss 4acThb CTaTbU UMEET CIEAYIOUIYIO CTPYKTYypy. B pasa. 2 ommcanbl
OCHOBHBIE (DOPMYIIBI, KOTOPBIC HCIIONB3YIOTCS B IPOTPAMMHON pacTepH3aldd H
MPOBEpKaX BUAUMOCTH. B pasnm. 3 ommcan mpeniaraeMblii aqTOpUTM YIOaJCHHS
HEBUIUMBIX TIOBEpXHOCTeW. B pasn. 4 mpencraBiIeHBI pe3ylbTaThl CPaBHEHHS
MPOM3BOIUTEIFHOCTH TIPEAJaraeMoro aJropuTMa W aITOPUTMa Ha OCHOBE
amnTmapaTHbIX 3aIPOCOB BHIUMOCTH. B pa3. 5 mpuBoasITCS OCHOBHEIE BEIBOJIBL.

2. Mpoeepku sudumMocmu 8 rnPo2pamMmMHOM Pexume

B anroputme, npeanaracéMoM B JaHHOU CTaThe, UCIOIb3YETCSI KO Al TPOrpaMMHOM
pacTepu3anni, OCHOBaHHBIA Ha BEKTOPHBIX HHCTPYKIUSX [ 19]. I[TockombKy CKOPOCTH
MPOBEPOK BUIMMOCTH MMeEET OOJBIIOE 3HAYECHUE, U ITOMY YAEIEHO HEJOCTaTOYHO
BHUMaHHA B pabote [9], paccmoTpuMm Ooinee MOAPOOHO TO, KaK OCYIIECTBISIOTCS
HMPOrpaMMHBIE IPOBEPKU BUIUMOCTH.

s onpeneneHnst MPUHAAIEAKHOCTH TOUKH TPEYTOJIIBHUKY HCIONIB3YeTCsl (VyHKIUS
pedpa Fup(x,y) = (ya —yp)x + (xg —X2)y + (X4 Y5 — X Ya) [20]. Fap(xy) >
0, eciit ToUKa (X,y) HaxXoaUTCs ceBa oT oTpeska AB, F45(x,y) = 0, ecnu Touka (X,y)
HaxXOAWTCSA Ha TPAMO, mpoxomsiei gepes AB, Fup(x,y) < 0, ecmu Touka (X,y)
HaxoAuTcs crpasa oT oTpe3ka AB. Tpeyromsauk ABC cocTOUT U3 TpeX OTPE3KOB:
AB, BC, CA. Touka (X,y) NPHHAIJIEKUT TPEYroJbHUKY, Koraa Fup(x,y) =0,
Fpc(xy) 2 0,Fca(xy) =2 0.

I'myOuHa z(p) TOYKH P BEIYUCIISIETCS C TOMOIIBIO OAPUIIEHTPUIECKON HHTEPITOIISIIIH:

2(p) = wx 2(A) + B 2(B) +y x2(C), me o= 2B g Ay _ Sap®)
2%SaBC 2*SaBc 2%SaBC

Hockomeky a+ B+ v =1, z(p) = z(A) + B * (z(B) — z(4)) + vy * (z(C) — z(A)).
Touka p siBusiercst Buaumoi, eciu zZ(p) < depth_buffer(p); Gmwxusst wI0CKOCTH
cootBercTBYeT (), HaNbBHSISA IUIOCKOCTH COOTBETCTBYeT | B Oydepe TIiayOuHBI.
Tpeyronbauk ABC cuurtaercss BUIUMBIM, €CIM BUAMMA XOTS OBl OJHA TOYKa M3
OTpaHUYMBAIOIIETO NpsIMOYyroyibHUKa TpeyroibHuka ABC. OkraHT OKTO-ZIepeBa
CUNTAETCS BUIUMBIM, €CIIM BUJCH XOTs ObI OJJMH TPEYTOJIbHUK OKTaHTA.

Jnst 5QQPeKTUBHBIX MPOBEPOK BHIMMOCTH HCIOJB3YIOTCS CIELYIOIIME METOJbI:
mpoekuust BepmmH AABB, wnHKpemeHTanbHOE OOHOBICHHE K03 duIMEeHTOB
¢yHkIMK pedpa, UCHoIb30BaHne BeKTOpHBIX HHCTpyKIMi SSE. PaccMorpum Goree
opOoOHO KaXKITyto U3 HUX.

Jns nauBHOH npoekuunu BepiinH AABB TpeOyercst yMHOXHUTE MaTpHIly NPOEKINN
Ha 8 BepumH (128 ymHoxenuit). Paccmotpum nBe BepuiuHbl Vi (X,y,z), vq (X +
Ax,y,z). 3amerum, uto M *v; = M * vy + M * (Ax, 0,0). dns Beruucnenust M * v,
JIOTIOJTHUTENBHO TpedyeTcss MOCUUTaTh My * AX, myq * AX, My * AX, m3q * AX.
Takum oOpasom, mis Tpanchopmarn AABB t1pebyercs 16 + 4 * 3 = 28
YMHOJKEHUH, 4TO 3HAYUTENBHO YCKOPSIET TpaHC(HOpMaLUIO OKTAHTOB.
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Paccmorpum MeTon BblUMCIeHHMsT (QYHKIMM pebOpa Uil COCEIHHMX NHKCenei
TpeyronbHuKa (X, y), (x+1,y), Fap(x+1,y) = (ya —yp)x+1) + (xg —xa)y +
(Xayg —XB *Va) = Fap(X,¥) + (ya —yg). Taxum oOpazom, mius mepexoma K
CIIEAyIOIIEMy NHMKCENI0 Ha JaHHOW CTpOKe Tpedyercs OAHO cioxkeHue. Jlns
Tpeyroabiuka ABC HyxkHo mocumrars koddduumentsr (Y4 — yp), (Xg —
X4), (X4 Yp — Xp Y4) OAMH pa3, a IOTOM ITPOCTO 00aBIISATH UX PU 00X0/1e THKCeeit
BHYTPH OTpaHHYHMBAIOLIEro npsiMoyroibHrka ABC.

Bexropueie uHCTpykuuu SSE 1O3BOMSIOT BBIIONHATHE 4 Omepanuu 3a OAHY
uHCcTpykuuio. AABB cocroutr u3 12 TpeyronsHukoB. IloMecTHB KOOpIMHATHI
BEPIINH TPEyrojabHUKOB B SSE peructpbl, MOXKHO 3a OJIHY HHCTPYKLIUIO BHIYUCIISTD
4 xoaddunmenra ¢pynkun pedbpa (s 4 tpeyronsHukoB). [Ipu o6xoxe nukceneit
TPEYyTroJIbHUKA PACCMaTPUBAIOTCS Cpasy 4 COCETHMX IMUKCEIIS.

Paccmotpum cymmapHsiii Oydep riyOHHBL, B KOTOPOM IPOCTABICHO MAaKCUMAJIbHOE
3HAYEHHE Z JUI KaXJ0H rpymiisl nukcenei (tile). st orbopa BUIUMBIX OOBEKTOB C
0TOpaKoBKOH Ha OCHOBE Oy(hepa riyOnHBI IPON3BOJUTCS IIPOSKIHS BEPLIMH 00bEKTa
Ha 3KpaH M IIPOBepKa OTHOCHTEIILHO CyMMapHOro Oy¢epa riayounsl. Ecin Haxoasres
TPEYTOJAbHUK M TPYIIa MUKCENeH, IepeceKaromascs ¢ TpeyroJbHUKOM, TaKUe 4TO
minZ, < maxZ;;,, TO TPEYrOJbHUK CUUTAETCS BHIUMBIM OTHOCUTEJIHHO
cymMmapHoro Oycdepa rayOmHbl. B 3TOM Cciydae memaercss mpoBepKa BHINMOCTH
Ka)KIOr0 MUKCeNs BHYTPU TPEYroJibHUKA. Ecu TakuX TpeyroIbHUKOB HET, TO OOBEKT
CUMTAETCS 3aTOPOKECHHBIM U BBIYMCIICHNE NITyOHHBI KaXI0T0 IUKCENs He TpeOyeTcs
(cm. puc. 1). IIpoBepku oTHOcHTENbHO Oy(epa TITyOMHBI OCYIIECTBISIOTCS B
ocHoBHOM nmamsitu Ha CPU, uro pasrpyxkaetr GPU.

visible

rocluded
Cx E

maxZ Z

Summary depth
buffer

Puc. 1. Ombpaxosxa mpey2onbHuUK08 Ha 0OCHOBe CyMMapHo20 bygepa 2nyounbsl
Fig. 1. Rejecting triangles using summary depth buffer.

OnucaHHbIe METOABbI TMO3BOJISIIOT 3HAYUTCIIBHO COKPATUTH BpPEMsS IIPOBEPOK
BUJIHUMOCTH OKTAHTOB.
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3. Anzopumm yOaneHuss HeeuOUMbIX nogepxHocmell

[pennaraemblii aIrOpUTM SIBISIETCSI pA3BUTHEM AJITOPUTMOB, ONTMCAHHBIX B paboTax
[8], [9]. OmHako, B oTmuume ot Coherent hierarchical culling, anmapaTtHbie 3anpoCkl
BUIMMOCTH HE WUCIONb3yloTca. B ormmume or Software occlusion culling,
BBITIOJHAIOTCSL TPOBEPKM BUJIMMOCTH OKTAaHTOB B CIEIYyIOLNIEM Kajape, T.e.
YUUTBIBACTCS MPOCTPAHCTBEHHAass W BpPEMEHHas KOrepeHTHOocTh. CHauana
PacCMOTPUM OCHOBHBIC LIATH MPEJIAaraeMOro ajaropuTMa, MoTOM OMHUIIEM OTINYUS
OT aJNrOpUTMa HA OCHOBE aIMapaTHBIX MPOBEPOK BUANMOCTH [21], IBPUCTHKY IUIS
OTIpEe/IeTICHUS] YPOBHSI HEPAPXUH, TEXHUKY KOHCEPBATHBHOI'O MOHHMXEHUsSI IIyOHHBI
BEPIIMH OKTaHTA JJIsl yCTPaHEHUS] MEPLAHUiA.

OOBEKTHI CLIEHBI TIOMELIAIOTCS B OKTO-AEPEBO C MHOXKECTBEHHBIMH CChLIKamu. J{j1st
Ka)XKJIOr0 KaJ[pa BBITIOJIHAIOTCS Cleayonye mark anroputma. CHadaga CKauuBaeTcst
Oydep rmyOuHBI mpenplAyliero kaapa c¢ rpaduueckoro mpoieccopa. st 3Toro
HY’KHO 3aBEPILUTH BU3YaJIM3alUI0 BCEX MOCIAHHBIX 00BEKTOB. XOTS 3TO U BHI3bIBAET
MPOCTOH MPOLIECCOpa, 3aTpaynBaeMOe BPEMsI OKa3bIBAaCTCsl MEHbIIIE, UM 3aTpaThl Ha
MOCBUIKY U ITPUEM 3alIPOCOB BUIMMOCTH IIPU UCIIOJIb30BAHUH alapaTHBIX 3alPOCOB
BUJINMOCTH.

Hardware queries (AMNB)

1. Get occlusion query 2. Render visible.
results that determine
octant visibility.

3. Send occlusion queries
for each octant on last level.

Software queries (MMNB)

-

1. Download depth buffer 2. Render visible.
of the previous frame.

Perform software visibility

checks.

Puc. 2. Ocnosnvie smanwi pabomer ancopummos AIIB u I11IB
Fig. 2. Main stages of hardware and software occlusion culling algorithms.
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Hanee dopmupyercss MacCMB OKTAHTOB HIIKHETO YPOBHS, KOTOpBIE IOMNANAIOT B
obmacte BugUMOocCTH Kamepsl (frustum culling). [ToToM BEITOTHSIOTCS TPOTPaMMHBIE
NPOBEPKH BHIMMOCTH OTHOCHUTEIIBHO IIONy4eHHOTro Oydepa TriryOMHBI, KOTOpBHIE
BBITIOJTHSFOTCS TTapaJUICIIFHO Ha BCEX JOCTYIHBIX sIpax mporeccopa ¢ JOCTYIOM K
Oydepy TiyOMHBI TOJNBKO Ha YTEHHE. Pe3ympTaThl NPOBEPOK BHIANMOCTH
3aIIMCBIBAIOTCSA B MacCHB OalT. 3aTeM BU3YaIH3UPYIOTCS OOBEKTH BHYTPH BUIUMBIX
OKTaHTOB.

Ha puc. 2 nokazaHsl 3Tarnsl, KOTOPbIE 3aHUMAIOT OCHOBHOE BPEMSI IIPH BBIIOJIHEHUH
anroputMoB AIIB (ammaparneie mpoBepku Buaumoctu) u IIIIB (mporpamMmmHubie
MPOBEPKH BUANMOCTH). bonee moapodno AIIB omwmcan B [21], rimaBHOE OT/IMYUE OT
[IIIB — wucnonk3oBanre 00BeKTOB “‘opengl query” mjisi MPOBEPOK BHIUMOCTH
okTaHTOB [12]. Oram 2 3aHMMaeT NPUMEPHO OJMHAKOBOE BpEMs, MOTOMY YTO
pe3ysbTaThl BHIUMOCTH B OOOMX CIy4asX OAMHAKOBbIe. JTam | BBINOJNHSAETCS
obictpee B IIIIB mpm OoxnbplIoM KOJIMYECTBE YPOBHEW HEpapXwH, IOTOMY 4YTO
3arpy3ka Oydepa TiayOMHBI — pa3oBasi oOllepanus, KOTopas IMPOHMCXOIUT IOCIe
cocrasienus Oydepa npeapiaymero kaapa (cM. tadi. 1). Taxoke [TI1B naer npupoct
MIPOM3BOANTEIBHOCTH 3@ CYET COKPALICHUs KOJIWYECTBA IIOCHIIAEMBIX Ha
rpadudeckuii mpoueccop KoMaHn (dtam 3).

Taon. 1. CpasHenue spemenu guinoiHeHuss 0cHosHwvix smanos AIIB u I11IB npu eusyanuzayuu
cyenvt 2

Table 1. Comparison of execution time of hardware and software occlusion queries when
rendering scene 2

Beicota okTo- | 3arpyska IIporpammusie | ITomyuenue Otnpaska
nepesa Oydepa TIPOBEPKU pe3yIbpTaToOB anmapaTHBIX
Ty OUHBI BUJIMIMOCTH anmnapaTHBIX 3a1pocoB

TIPOBEPOK BUAUMOCTH
BHAUMOCTH

3 1.2 Mmc 0.09 mc 0.24 mc 0.54 mc

4 1.2 mc 0.15 mc 1.42 mc 2.3 mc

5 1.2 mc 0.35 mc 8.25 mc 15.26 mc

6 1.2 mc 2.1 mc 57.9 mc 106.9 mc

7 1.2 mc 11.8 mc - -

BricoTa OKTO-7mepeBa CHIBHO BIHMSE€T Ha MPOU3BOJUTENBHOCTH IIPEIaraéMoro
anroputMa. PaccMOTpUM 3BpUCTUKY HJsi BBIOOpAa ONTHUMAIBHON BBICOTHI OKTO-
nepesa. [lyctb konmuuectBo oktantoB N = 8™C, riae m — KOJIMUECTBO YPOBHEH OKTO-
aepesa, C — cTeneHb pa3peskeHHOCTH OKTO-AepeBa. PaccMOTpUM TUIOBYIO CLIEHY, B
KOTOpoit M 00BEKTOB pacipeneneHs! paBHOMEpHO 1o KyOy u3 N okranToB. Bynem
CUMTATh, YTO B KaMepy IIOTIA/Ial0T TPU CTOPOHBI KyOa.
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2
3 n
[Tycte n = VN, Torga cropoHa Ky0a COIEpPKUT WM BUAMMBIX OOBEKTOB, TpHU

n?+n(n-1)+(n-1)(n—1)
CTOPOHBI COJEPKAT m M BUOMMBIX OOBEKTOB, BH3yalU3alUsd
2
n“+n(n 1)-1}\-](n 1)(n—-1) MTobj, TpOBEpKH
BUIAUMOCTH 3aHUMAIOT BpeMst NT.pecx. IIpenmnomnaraercs, 4yTo cymMMapHOE BpeMs
MOCBUIKM OKTaHTOB M OOBEKTOB SIBJISETCS Y3KUM MECTOM pPabOTHI aJlrOpUTMaA, a
rpaduueckuii nporeccop crpaBiseTcs ¢ BU3yalu3alued 00beKToB. DTH (HOPMYIIBI
MO3BOJISIOT ONPENENNUTh NACT JIM MPHUPOCT IPOU3BOAUTEIBLHOCTH BU3YaIU3aLUH
NePeXo Ha CIEeAyIOIUI YPOBEHb.
IIpn mepexone Ha CIERyIOIIMHA YPOBEHb KOJMYECTBO IPOBEPSIEMBIX OKTAHTOB
YBEJINYHUTCS, @ KOJTMYECTBO BUIUMBIX 0OBEKTOB TPEX CTOPOH Ky0a YMEHBILHUTCS B 1BA
pasa 3a cueT AeJeHHs 110 OCH, EPIECHANKYJISIPHONH COOTBETCTBYIOLIEH CTOPOHE Ky0a.
Takum 00pa3oM, KOJMYECTBO NPOBEPOK BHIMMOCTH YBEIMYHTCS, a KOJIMYECTBO
00BEKTOB, KOTOpPHIE IMOCHUIAIOTCS HA BHU3yaJIM3alMI0, COKPATHTCS. DTO IO3BOJISET
cAenarb NMPUMEPHYI OLIEHKY BBICOTHI OKTO-IE€pPEBA, KOTOpass AaeT MHUHUMAJIBHOE

n?+n(n-1)+(n-1)(n-1) MT
obj-

BUIUMBIX O0OBEKTOB 3aHHMMaeT BpeMs

BpEMsI COCTaBJICHUS KaJpa: (Nmm - Nprev)Tcheck < N
prev

B Tabm. 2 mpuBENEHBI OBPHCTHYECKME OLECHKH BBICOTHI OKTO-ZEpEBa |
COOTBETCTBYIOIIME BPEMEHA COCTABJIICHUS KaJpOB, KOTJAa B 00JIACTH BUIMMOCTH
KaMephbl [oTa1aeT Best CIieHa. Pe3ybTaThl MOKa3aiu, 4To MPEI0KeHHY IO 9BPHCTUKY
MOXHO HCIIOJIB30BaTh HpI/l BI/I3yaHl/ISaLH/ll/I TpeXMeprIX COEH C 6OJ'HJH_II/IM
KOJINYECTBOM OOBEKTOB.

Tabn. 2. Onpedenenue sbicompl OKMo-0epesa s IPPHEeKMUSHbIX RPOSEPOK BUOUMOCTIU
Table 2. Determination of octree depth for effective occlusion culling

Crena 1 Crena 2 Crena 3 Crena 4
Bpewms 77.5 mc 206.5 mc 113.0 mc 100.4 mc
COCTaBJICHHS
Kajapa npu
BBICOTE 4
Bpems 55.1 mc 147.0 mc 96.3 mc 84.0 mc
COCTaBJICHHS
Kajapa npu
BBICOTE 5
Bpems 54.5 mc 118.5 mc 98.0 mc 57.7 mc
COCTaBJICHHS
Kajpa npu
BBICOTE 6
Bpems  coct. | 93.0 Mmc 138.7 mc 162.0 mc 125.5 mc
Kajpa npu
BBICOTE 7
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Oppucruueckas | 6 6 6 6
OLICHKA BBICOTHI
OKTO-ZIepeBa

Uz-3a toro, uro rimybunHa z Bberuucisercs mo-pasHomy Ha CPU m na GPU,
HaKaIIMBAIOTCS OLIMOKK OKPYTJICHUS YHCEJI C IUIABAIOLIEH TOUKOH, M TOT )K€ CaMblil
MTUKCEh UMEET APYTYIO TIIyOUHY Z B IPOBEPKAX BUIAMMOCTH. JTO MOXKET BBI3BIBATH
MEpIaHus, KOTJa OKTAHT MONEPEMEHHO TO BHIUM, TO HEBUANMM. Iyl KOPPEKTHBIX
IIPOBEPOK BUANMOCTH HYKHO KOHCEPBAaTHBHO 3aHU3HUTH TITyOWHY, BBIYUCICHHYIO Ha
CPU.

PaccmoTpuM 3amady onpeneneHus paBeHCTBA ABYX UYMCEN € IUIABAIOIIEH TOUYKOM.
Yucna X M Y MOYKHO CUMTaTh paBHBIMH, eciu |[X — y| < K* epsilon * |x + y|, rae
epsilon npumepno pasmsercs 107> (pasHuLA MeXIy HAUMEHBIIMM YHCIOM C
IUIaBamooLeld Touykod Oojplie equHUIBI U enuHuned). OnHako rryOMHA MOXKET

1
OTJIMYATbCsl COBCEM MaJl0, MOCKOJIbKY OHa MpOoNnopHHuOHAJIbHA -—. KpOMe TOTO,
z

HCHU3BCCTHO, KAKOC 3HAYCHUC K CTOHUT 6paTb, ‘{TO6LI HpeBLICI/ITL HaKOHI/IBH.Iy}OCH
OLIMOKY OKPYIJICHUSL.
Z[pyFOfI BapI/IaHT — B34Th 4acCThb paCCTOHHI/IH Memz[y 6J'II/I)KHCI>1 )41 Z[aJ'ILHeﬁ l"paHI)IO
OKTaHTa BIOJb Z JIA KOHCCpBaTHBHOFO IIOHM»XXCHUA FJ'Iy6I/IHI>I BCpI.HI/IH. HOCHG
2fn f+_n
(F-mz | f-n
paCCTOHHI/Ie J0 JaJIbHEU ITIJIOCKOCTH, Z — paCCTOfIHI/Ie oT KaMepI)I J0 OKTaHTa BAOJIb
2fn 1 1
7 e
Iie a — XapakTepHbI pa3Mep oKTaHTa. B mpearaeMoM anroputMe BCe BEPILUHMHBI

npoekuuu z' = , TIIE N — PAcCTOSHUE 10 OJIKHEH IUTOCKOCTH, f —

ocu Z. ITocuntaeM paccTosiHUE MEXKIY IPAHAMU OKTaHTa: AZ =

1
OKTaHTa HpI/I6J'II/I)KaIOTC$I K KaM€pe Ha paCCTOAHUC EAZ ITO MO3BOJISET YCTpaHUTh

MEpliaHusad BO MHOTHX Cliy4dasX. HpeMMymeCTBO 9TOTO MMoaxoJa COCTOMUT B TOM, UTO
pacyeT NpOBOAUTCA HE JJId KAXKAO0I'0 MUKCEJIA, a I BCEX BEPIINH OKTaHTa OJAUH pa3
BO BpEMA NPOBECPKU BUAUMOCTH.

4. CpasHeHue npou3eodumesibHOCMU

CpaBHHBaeTCs BpeMsl COCTABIICHHS Kapa IPH BU3yaJIH3alHU CIICH C TOMOIIBIO JIBYX
QITOPUTMOB, KOTOPBIC OTJIMYAIOTCS METOJaMH IMPOBEPKH BUAMNMOCTH. B mepBoM
QITOPUTME UCIOJIB3YIOTCS anmapaTHbie npoBepku BuauMoctu (AIIB). Bo Bropom
aNTOpPUTMeE, KOTOPBIH MpeiaraeTcs B JAHHOW paboTe, UCTIONB3YIOTCS TPOTPAaMMHBIE
mpoBepku Buaumoctu (I1IIB). Kpome Toro, mpuBOAsTCS pe3ynbTaThl alroOpHTMa
OTCeYeHHUs] OOBEKTOB, HE IMOMANAIOMNX B O0NacTh BHAUMOCTH Kamepsl (Frustum
Culling). Xapaxrepuctuku TectoBoii cucremsr: Intel Core 17-7700 3600MHz 8192Kb
L3, Intel HD Graphics 630, 16GB DDR4 2400MHz. TecT 3aK/1r04aeTcst B ©3MEPEHUH
BPEMEHHU COCTAaBIICHUS Kaapa HpH ABIKEHUH KaMephl IO CIleHe. TecTOBBIE CIICHBI
(cm. puc. 3-6):
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e cumena 1: 10,827,713 tpeyronbHukoB, 71,961 0OBEKTOB; IpPUMEPHO
TIOJIOBHHY 00BEMa CIICHBl 3aHUMAIOT JOBOJBHO OOJBIINE OOBEKTHI C
MaJIeHbKAM KOJIMYECTBOM IIOJIMTOHOB;

e cuena 2: 31,462,818 tpeyrompaukos, 270,431 00bEKTOB;
e cuena 3: 11,536,541 tpeyronpaukos, 109,991 00bekTOB;

e cuena 4: 10,154,304 tpeyrosbuukos, 221,796 00bEKTOB; MCKYCCTBEHHAS
CIICHA, KOTOpast COCTOUT U3 36 3/1aHUil; B KOKIOM 3aHHHA UMEETCS OO0JIbIIIast
rpymnma OOBEKTOB, KOTOpas B OOJIBIIMHCTBE CIy4acB OKa3bIBACTCA
3aropOKEHHOM.

Puc. 3. Cyena I — apxumexmypnas cyena uz 10.8 Muniuonos mpeyeonvbHukos
Fig. 3. Scene 1 — architectural scene that contains 10.8 million triangles

Puc. 4. Cyena 2 — apxumexmypnas cyena uz 31.5 MuniuoHoe mpey2oibHuKo8
Fig. 4. Scene 2 — architectural scene that contains 31.5 million triangles
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Puc. 5. Cyena 3 — apxumexmypnas cyena uz 11.5 Muniuonoe mpeyeonvHukos
Fig. 5. Scene 3 — architectural scene that contains 11.5 million triangles.

Puc. 6. Hckyccmeennas cyena co 30anusmu uz 10.2 Muiiuonos mpey201oHUKo8
Fig. 6. Artificial scene 3 with buildings having in total 10.2 million triangles

Ha puc. 7-10 u B Tabu1. 3 mokazaHa IpOW3BOJUTEIHHOCTh CPABHHBAEMBIX AITOPUTMOB
Mpy TMPOXOJe MO TeCcTOBBIM cueHaM. Bo Bcex tectax anroputm [II1B moxazan
BBIMTPHII B THPOM3BOJUTEIBHOCTH. DTO MIPOHCXOIWT IO ABYM INpHYuMHAM. Bo-
MIEPBHIX, BBHIIIOJTHEHUE MTPOBEPOK BHIUMOCTH B IPOTPAMMHOM PEXHUME MPOUCXOIUT
JOCTaTOYHO OBICTPO, 3TO M03BOJMIIO B anroputme [1I1B ucnosap30BaTh 0KTO-1€pEBO
c Oonbliell BBICOTOM, YTO, B CBOIO OYEpe[b, COKPATHUIIO KOJUYECTBO BUANMBIX
00bekTOB. Bo-BTOphiX, B I[I[IB mochulaeTcs 3HAYMTEIBHO MEHBIIC KOMAH]
BU3yallM3alldd 3a CYET BBINOJHEHUS MPOBEPOK BUIUMOCTH Ha LEHTPAIBLHOM
MIPOLECCOPE.

Ckauku Ha rpaq)m(ax CBs3aHbl C UBMCHCHUEM KOJINYECTBA BUIUMBIX O6"I)€KTOB npu
JIBIDKEHUH KaMEpEHI IO CIICHE. 3HAYUTEIbHBIN 00BEM CIICHBI | 3aHUMAIOT INTIOCKOCTH,
Ha OKTaHTBl KOTOPBIX IOCHUIAETCS OOJBIIOE KOJMYECTBO 3alPOCOB BUAMMOCTH. 3a
cuer Oonee ObIcTphIX mpoBepok Buammoctu IITIB okaspiBaercst addexruBHee. B
ciieHe 4 comepKUTCS OONBIIOe KONMWYECTBO OOBEKTOB BHYTPH 3IAHWHA, H
YMCHBIICHHBIA pa3Mep OKTAaHTOB II03BOJSIET CHJIBHO COKPAaTUTh KOJIHYECTBO
BH3YQIIN3UPYEMBIX OOBEKTOB.
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Xots NIPeI0KEHHBIN ITOPUTM JaeT CYILLIECTBEHHBII HIPUPOCT
MIPOM3BOANTENHHOCTH HAa PACCMOTPEHHBIX CIIEHaX M MJaHHOM KoH(purypaunm
BBIUHMCIINTENIbHOM CHUCTEMBI, CYIIECTBYIOT M JApPYIHME CHEHApHH, B KOTOPBIX
Hepapxu4ecKye MPOBEPKU BUANMOCTH HE MMEIOT cMbIcia. Harpumep, koraa B crieHe
MMEEeTCs HECKOIBKO THICSIY 00BEKTOB, KOTOPBIE BCETA HA BUAY, CTOUT UCIIOIb30BATh
OTceueHne 00BEKTOB, HE TTONAAAI0IINX B 0071aCTh BUAUMOCTU KaMepbl, U HE TPATUTh
JMIIHNE PECYPCHI HA XpPaHEHHE HEPAPXUH U ITPOBEPKU BUAUMOCTH.

100 v - v ' : .
ANNapaTHEe NPOBEpKA BASMMOCTI (Hardware seclusion culling)
NporpaMMupe NPOBEPKH BALWMOCTH (Software occlusion culling)

Frustum Culling
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Puc. 7. IlpouzeooumenvHocms 80 pems npoxooa no cyexe 1
Fig. 7. Performance during camera walkthrough of scene 1.
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Puc. 8. Ilpouzeooumenvrnocms 80 8pemsa npoxoda no cyeme 2
Fig. 8. Performance during camera walkthrough of scene 2.
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Tabn. 3. Cpeonee epemsi cocmagienust Kaopa 80 6pemst NPoxo0d Kamepol O CYEHAM
Table 3. Average frame rendering time during scene walkthrough

Anroputm Cuena 1, mc Cuena 2, Mc Cruena 3, mc Cruena 4, Mc
Frustum culling |88.2 305.0 124.3 145.2

AIIB 56.8 98.2 117.2 584

[1I1B 335 77.2 86.9 345

5. 3aknroyeHue

B pabote mpensnioxeH alropuTM yAaleHHs HEBUANMBIX ITOBEPXHOCTEH Ha OCHOBE
MIPOrpaMMHBIX IPOBEPOK BUAUMOCTHU U OKTO-AepeBa. OMUCAHbI OCHOBHBIE TEXHUKHY,
KOTOpBIE TO3BOJIIIOT YCKOpUTHh mpoBepkn BuamMoctu Ha CPU. I[Ipemmoskena
OBPHCTHKA BHIOOpAa YPOBHS OKTO-AEpPEBa, KOTOPHIH COOTBETCTBYeT Hamboiee
3¢ PEeKTUBHBIM IIPOBEPKaM BHIUMOCTH U I0Ka3aHa e MPUMEHUMOCTh Ha MPaKTHKE.
Taroke TpeIo)keHa TEXHHWKAa KOHCEPBATHBHOTO IOHIKEHHS TITyOMHBI BEpIIHH
OKTaHTa sl yctpaHeHus Mepuanuil. [IpemnoxeHHbiid anroputm 3¢d(dexTHBHEES
CIpaBisieTcs C BHU3yalM3aluell apXUTEKTYypHBIX CIIEH, YeM aJrOpUTM Ha OCHOBE
anmnapaTHBIX IIPOBEPOK BUAUMOCTH.
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Occlusion culling algorithm based on software visibility
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25, Alexander Solzhenitsyn st., Moscow, 109004, Russia

Abstract. Rendering of 3D scenes with big number of objects is computationally intensive.
Occlusion culling methods are used to decrease the number of handled objects. We consider
interactive occlusion culling methods that have spatial and time coherence. We propose
algorithm to increase rendering performance by using occlusion checks implemented in
software mode. We propose heuristic to determine hierarchy level that corresponds to the most
efficient occlusion checking. The algorithm is compared with the algorithm based on hardware
occlusion queries. Checking for occlusion on CPU avoids transmission overhead between CPU
and GPU and as a result improves rendering performance of 3d scenes with big number of
objects. Section 1 provides an overview of related work as well as general purposes of given
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paper and its structure. Section 2 describes the basic formulas that are used in software
rasterization and visibility checks. Section 3 describes the proposed algorithm for removing
invisible surfaces. Section 4 presents the results of comparing the performance of the proposed
algorithm and the algorithm based on hardware visibility requests. Section 5 summarizes the
main conclusions.
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