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AnnoTtanus. CTaThss ONHCHIBACT (DYHKIMOHAIBHBIE OCOOCHHOCTH CHCTEMBI ONTHYECKOTO MOJCIHPOBAHHUS
Lumicept, KoTOpbIC SBASIOTCA 3HAYMMBIMH JJIsI MOJACIHPOBAHUS OCBEUIEHHOCTH H BEPH(UIMPOBAHBI C
HCIIOJIb30BaHUEM TECTOBBIX CLIEHApHUeB, pa3paboTaHHBIX MexayHapoaHoit komuccuei mo ocsemenuro (CIE)
B pamkax cranaapra CIE 171:2006. Bkpatiie ONUCBHIBaIOTCS METOJbI ONTHYECKOTO MOJEIUPOBAHMUS,
UCIIOJIBb3YeMBIE B IPYTHX IPOrPAMMHBIX KOMIUIEKCAX, B YACTHOCTH, METO/IbI KOHEYHBIX 2JIEMEHTOB M 00paTHON
TpaccupoBku Jydeir. K umciay ocobeHHOcTel cucteMbl Lumicept, BAHUSIONIMX HAa MPOXOXICHHE TECTOB,
OTHOCATCS KaK KOHKPETHBIE BBIYHCIUTEIBHBIE aITOPUTMBI ONITHYECKOTO MOJAEIHPOBAHMUS, UCIIOJIB3yeMbIe B
TECTOBBIX CIEHAPHAX, TaK U OCOOCHHOCTH IPEICTABICHHS NAHHBIX CIIEHBI, KOTOpPHIE BIHAIOT Ha PaboOTy
BBIUHCIIATENIHFHBIX aTOPUTMOB. B KauecTBe BBHIYMCIUTEIBHBIX aJTOPHUTMOB HCIIONB3yeTcs npsmas MoHTe-
Kapro tpaccupoBka srydei, BKIrO4Yass MeTobl TpacciupoBku mytei (Path Tracing), u crenmanu3upoBaHHble
METO/IbI, HAIPUMEP, METOJT pacyueTa roJ0Boi quHamMuku ocBenieHHocTH (Daylight Autonomy). OcoGeHHOCTH
MPEJICTABICHUS CIEH BKJIIOYAIOT CIIOCOOBI 3aJaHUsI ONTHYECKUX CBOWMCTB MOBEPXHOCTEH, MOAEIMPOBAHHE
TOYEYHBIX U MPOTSHKEHHBIX HCTOYHUKOB CBeTa. Takke OTASNBHO 3aTPOHYTa TeMa MCIONIb30BaHMsI PA3INIHBIX
Croco0OB TeHepalny CIy4ailHbIX YHCEN, TPUMEHSEMBIX B CTOXAaCTHUECKMX METOJAX TPACCUPOBKHU JIydeil.
PesympraTter  TecTupoBaHMS cucTeMbl Lumicept MpPOIEMOHCTPHPOBAIM KOPPEKTHOE MOIETHPOBAHHE
pacrpocTpaHeHHs CBETa JAaHHOH CHCTEMOW, MPH 3TOM TOYHOCTh PE3YJIBTATOB CPaBHHMAa C TOYHOCTBHIO
PE3YIBTATOB IPYTUX HOMYISIPHBIX CUCTEM.
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Abstract. The paper describes functional particularity of the Lumicept lighting simulation system analyzed in
the scope of verification against CIE 171:2006 test cases developed by International commission on
Illumination (CIE). Methods used in Lumicept and other lighting simulation software are shortly described, in
particular, a finite element method and a backward raytracing method. The Lumicept system particularity
influenced testing procedure includes particular lighting simulation algorithms used in test cases, as well as
scene data representation specifics. The simulation algorithms used are direct Monte Carlo ray tracing,
including path tracing methods (Path Tracing), and specialized methods, such as the method for Daylight
Autonomy calculation. Scene representation particularity includes setting the optical parameters of the surfaces
and modeling of point and area light sources. Various random number generators used in stochastic ray tracing
are also discussed. The results of testing the Lumicept system demonstrated that the system correctly simulates
light propagation, and the accuracy of the results is comparable to the accuracy of results from other popular
systems.

Keywords: optical modeling; lighting simulation; physically based rendering; ray tracing; software validation;
lighting simulation test cases; International commission on Illumination; CIE 171:2006.

For citation: Kopylov M.S., Birukov E.D., Potemin I.S., Voloboy A.G. Particularity of algorithms and data
representation in Lumicept lighting simulation system in scope of verification against CIE 171:2006 test cases.
Trudy ISP RAN/Proc. ISP RAS, vol. 38, issue 3, part 3, 2026, pp. 49-64 (in Russian). DOI: 10.15514/ISPRAS-
2026-38(3)-35.

1. BeedeHue

CoBpeMeHHOEe MTPOCKTHPOBAHUE APXUTEKTYPHBIX OOBEKTOB U CBETOBEIX MMPHUOOPOB HEBO3ZMOXKHO 0€3
HCTIOJB30BaHUS CHCTEM KOMITBIOTEPHOTO MOJENHUPOBaHUs. [IpeIBapuTeNbHBINA pacyeT MOo3BOJSET
obecrieunTh 3HEProdP(PEeKTUBHOCTH 3MaHMA, KOMMOPT U OE30IacCHOCTh YEIOBEKa, a TaKKe
MIPOBEPUTH MPOEKT HA COOTBETCTBHE MEXIYHAPOIHBIM SKOJIOTHYECKUM CTaHIAPTaM, TAKHUM Kak
LEED u BREEAM. Ho nans Toro, 4to0bl MOXHO OBLJIO TPOTHO3UPOBATH OCBEIIEHHOCTb,
MOJICIUPOBAaHNE [OJDKHO HMETh BBICOKYI0 TOYHOCTE. B CBA3M € 3THUM K IPOrpaMMHOMY
00eCIIeUeHHNIO /IJIsI ONTHYECKUX PacueTOB IPEIBSBISIOTCS KECTKHE TPEOOBaHUS B OTHOIICHUH
(M3UYECKOH JOCTOBEPHOCTH MOIYYaEMBIX PE3YJIHTATOB.

Crangapt MexnyHapoanoit komuccun 1mo oceniennio CIE 171:2006 sBnsercss mpuU3HAHHBIM
MeXayHapoaHbpIM OeHumapkoM [1]. OH BkirodaeT B ceOs HAOOp CIIEHAPHEB, TEOMETPUUECKUE H
(oTomMeTpHyecKre TaHHbIe. DTAJIOHHBIE PE3yIbTATHI 3TUX CIIEHApHEB 0a3HUPYIOTCS JINOO HA TOYHBIX
aHAJUTUYECKUX pELICHHUAX, JH0O Ha MOJATBEPKACHHBIX OSKCHEPUMEHTAIBHBIX HW3MEPECHUSX.
[TonoxxuTenbHOE TECTHPOBaHWE MPOIPAMMHOIO KoMIniekca corsacHo O6eHumapky CIE 171:2006
SIBIISICTCS HEOOXOJMMBIM YCIOBHEM JUIA TPHU3HAHHSA €ro MPUTOAHBIM IS MPEHHU3HOHHBIX
WH)KEHEPHBIX U HAYyYHBIX PacUYeTOB.
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B pabGore [2] Obutn mpencraBieHbl pe3yNbTaThl BEPUPUKALMH CHCTEMBI ONTHYECKOTO
mozenupoBanus Lumicept [3] mo meromauke CIE 171:2006. Pe3ynbraThl mpoaeMOHCTPUPOBAIH
BBICOKYIO CXOMHUMOCTH C OTAJIOHHBIMU 3HAYCHUSIMH, YTO MOATBEPAHIO OOIIYIO aJeKBaTHOCThH
cucteMbl. OJHAKO 3a paMKaMH HCCIICNOBAHUS OCTANINUCh TEXHHYECKHE ACTCKThl pean3aldu
BBIYMCIIMTEIBHOTO sApa M CTPYKTYPHl IPEICTaBICHUS IaHHBIX, KOTOPHIE HEHNOCPEICTBEHHO
00€eCIeYnBaIOT JOCTUTHYTYIO TOYHOCTb.

Henbto maHHON paboTHI SIBISIETCSA OETalbHBIA aHain3 (QYHKIHOHAIBHBIX M AITOPHUTMHUYCCKHUX
pelIeHuil, peal30BaHHbIX B cucTeMe Lumicept, Hanbojee 3HAYMMBIX B KOHTEKCTE MPOXOXKACHHUS
BepH(DUKALMOHHBIX CIEHapHeB. B To BpeMs Kak MHOI'ME KOMMEpYECKHE MaKeTbl HCIOJB3YIOT
THOpPHIHBIE WM YHPOIUCHHBIE HMOAXOIBI IS YCKOPEHUS BU3YalM3alliH, BEIYUCIUTEIBHOE SAPO
Lumicept ocHoBano Ha Meromax croxactuueckoit (Mourte-Kapio) tpaccuposku sydeii (Monte
Carlo Ray Tracing, MCRT) u tpaccupoBku nyteii (Path Tracing). 9To MO3BOJISET JOCTHYB BHICOKO#M
(bu3UUeCKOil  JOCTOBEPHOCTH  MOJCIMPOBaHMS, MacmTabUpyeMod B  3aBHCHMOCTH  OT
TPOAODKUTEIBHOCTH pacyeTa U 4KCla TPACCHPYEMBIX Jyuei. B cTaThe Takke paccMaTpHBacTCs
METOJI JMHAMHUYECKOro aHaiu3a ecrtecTBeHHOro ocBemienus (Daylight Autonomy). Ocoboe
BHHUMAHUC YJCJICHO MAaTEMATHYCCKUM MOJICIAM MPEACTABJICHUA CHEHbI: 3aJaHUI0 ONTHYCCKUX
CBOMCTB HOBerHOCTeﬁ, MOACIUPOBAHUIO PA3JIMYHBIX THIIOB HMCTOYHHUKOB CBE€Ta W BJIUAHHUIO
METOAOB I'CHCpaluu HCCB}IOCHy‘IaﬁHLIX YHCCJI Ha CXOAMMOCTH PE3YJbTATOB B CTOXACTUYCCKHUX
pacuerax. [loHMMaHue >THX BHYTPEHHHX MEXaHH3MOB IIO3BOJIICT HE TOJBKO HHTEPIPETHPOBATH
pesynbratsl TecToB CIE, HO M onpenenuTs rpaHiLbl NPHMEHAUMOCTH [IPOIPAMMHOI0 KOMILIEKCa B
CITOKHBIX CBETOTEXHHYCCKHX 3a/1aUax.

2. Cywecmeyroujue MemoOhnl U peweHusi

MogenupoBanne TI00anbHOW  OCBEIIEHHOCTH  SIBISICTCA  KPUTHYECKH BAKHBIM  3TalloM
CBETOTEXHMUYECKOr0 aHanm3a. OHO IO3BOJIICT BOCHPOM3BECTH (H3MUYECKH JTOCTOBEPHOE
pacmpesieneHue cBeTa B TPEXMEPHOH CIIEHE, YUUTHIBAS KaK MPSAMOE N3TydYeHHE OT HICTOYHUKOB, TaK
U €ro MHOTOKpDaTHBIE OTpPaKeHHSI OT IOBepXHOCTeH. Pa3zHooOpaswe ¢u3NUecKuX sBICHUH,
BO3HMKAIOIIUX MpPU TEPEHOCE H3NIYyYCHUs, TPEIONpPEACTIO  TIOSBICHHE  HECKOJIBKUX
(hyHIaMEHTAJIBHBIX TIOJIXO/I0B K MOJICIUPOBAHHIO, KJKIIBIH U3 KOTOPBIX HMEET CBOU IIPEUMYIIECTBA
u orpanndeHus. CylecTBYIOIINE METOJbl pacueTa ri1o0albHOM OCBEIIEHHOCTH MOXKHO YCIIOBHO
pa3fenuTh Ha JBE OCHOBHBIC KaTEerOpHM, Oa3upylOIIHecs Ha pa3IUYHBIX MaTeMaTHYEeCKHUX
MIPUHIUIAX: METOABI, OCHOBAHHBIE HA TPACCHUPOBKE JIydeH, M METOJbl, MCIOJIB3YIONHE amnmapar
KOHEYHBIX 3JIEMEHTOB.

2.1 MeToa KOHEYHbIX 3/IeMEHTOB

MeTo KOHEUHBIX JIEMEHTOB, TJIABHBIM IPEACTaBUTEIEM KOTOPOTO B 3a]]a4aX OCBEICHHS SIBIIAETCS
meron u3nydaresnsHocTd (Radiosity) [4], paccMaTprBaeT nepeHOC CBETOBOW HEPIMHU Kak Hpolece
oOMEHa H3Iy4eHHEM MEXAYy MAWCKPETH3MPOBAHHBIMH YYaCTKaMH IIOBEPXHOCTEH CIICHBI.
[ToBepxHOCTH pa30MBaIOTCA HA MaJIbIe MJIEMEHTHI (IUIOMAIKN WIN NaT4M), U JUI KaXI0TO U3 HUX
COCTaBJIIETCS ypaBHEHHE DHEPreTHUEcKOro OallaHca, yYWTHIBaKOIIee Kak COOCTBEHHOE, Tak U
OTpa)XeHHOE M3ITydeHHUE. DTOT M01X0]] 0COOEHHO 3 (EKTUBEH JUISI MOISIUPOBAHISI MHOTOKPATHBIX
T dy3HBIX B3aMMHBIX OTPaKEHUH, TaK KakK IMO3BOJIET MOIYYHUTH paclpeiiejeHue SIPKOCTH, He
3aBHUCAIIEE OT TOYKH 0030pa. Penrenne cucremsl ypaBHeHni MeTosa Radiosity naet cranmonapHoe
pacnpesieneHle OCBEIIEHHOCTH, YTO o0ecrieunBaeT ObICTPYIO BU3YaJIM3alUIO CIEHBI C Pa3IMYHBIX
PaKypcoB TOCJIE OJHOKPATHO BBIMOJHEHHOTO pacdera. OCHOBHBIMH OTPAaHHYEHUSIMH JITAHHOTO
MOAX0Ma SIBIISIIOTCS €r0  NPUMEHHMOCTh TIPEHMYIIECTBEHHO K HACANbHO IU(PQY3HBIM
(1aMOEPTOBCKUM) TTOBEPXHOCTSIM U BBICOKAsI pECYpCOEMKOCTh, a TaKXKe CIOKHOCTh TMOCTPOCHUS
CEeTKH pa30MeHNs I CIIEH CO CIIOKHON FreOMeTpHeH HITH 3epKabHBIMHU CBOWCTBAMH TIOBEPXHOCTEH

[5].
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2.2 MeToAbl, OCHOBaHHbIE Ha CTOXaCTUYECKOMN TPaCCUPOBKE ny4en

B ocHoBe 3T0OH mapagurMel JIEKUT MOZIEIMPOBAHUE MyTEM pacHpOCTPaHEHUS CBETOBBIX JIydeH,
HCXOAIIMX JIMO0 OT HICTOYHHKOB CBETA, JINO0 OT KaMepHl, 4epe3 CueHy. JJaHHBII T01X0 IT03BOIIET
3(Q(EeKTHBHO MOIEIMPOBATh MIMPOKHH CIEKTP ONTHYESCKUX SBJICHUH, BKIIOYAs 3epKajbHbBIC
OTp@XCHUs, NPEIOMJICHHs, KayCTHKH, IUCIICPCHI0 M CIeKTpaibHble 3ddexTel. Paznnunble
BapHaHThl TPACCHPOBKHM JIydyed, Takue Kak mpsmas Tpaccuposka (Forward (Monte Carlo Ray
Tracing, FMCRT)), obpatnas (Backward Ray Tracing wnu Path Tracing) u nByHampaBieHHast
(Bidirectional Path Tracing) [6], oTnnuaroTcst cnocobOM TeHepalMy i OTCIICKHUBAHUS TPACKTOPHIA
pacrmpocTpaHeHHsi cBeTa. Bce MeTo[pl OOBECAMHSET TO, YTO OHHM OasupyeTcss Ha pEIICHHH
HHTETPANbHOTO YpPAaBHEHHWsT MEPEHOCAa W3IYYCHHS MyTeM CTAaTHCTHYECKOro (HOPMHPOBAHUS
MHOXecTBa myTed cBera [/, 8]. DTo ypaBHEHHE, TaKKe M3BECTHOC KaK ypaBHEHHE PEHICPHHra
UMeeT BH:

Lo(x,w,4) = L, (x,w, 1) + fnfr(x,a)’, w,DL;(x,w', ) (—w' -n)dw’, @)

roe A — mimHa BOJHBI cBeTa, Lo(x,w,A) - KOMMYECTBO W3IyYEeHHs C JUIMHONW BOJHBI A,
BBINYIIEHHOTO W3 TOYKH X BIOJb HANpPaBJICHUS W, fn fr(, 0, w,)Li(x, 0, ) (-0 -n)dw' —
HHTErpad 1o mnonychepe Bxomsamero wusnydenus, f,(x,w’,w,A) — naBynydeBas QyHKIHS
orpaxenus (JJPO), onmcriBaromias XxapakTepUCTHKH MPOIecca OTPAKEHHUS CBETa OT MIOBEPXHOCTH,
Li(x,w', 1)~ cyMMa BXOISIIET0 H3JIyYCHHs, 3aBUCSAMIAs OT [UIMHBI BOJHBI A H3JIydeHHS,
BBIMYIIEHHOTO B TOYKY X IO HampaBieHWio ', (—w'*n) — cKamipHOe NMpOU3BEICHHE —w' U
HOPMAJIH K MOBEPXHOCTH N, XapaKTEPU3YIOLIEE MOTTIOIEHUE U3IYUEHUS [IPU OTPAKEHUH.
[perMyIIecTBOM TPaCCUPOBKH JIyUeil ABISAETCS €€ CIOCOOHOCTh K JOCTHKEHHIO BLICOKOTO YPOBHS
(GU3HIECKOM KOPPEKTHOCTH M YHHBEPCAIBHOCTh B OTHOINECHHH THIIOB MAaTEPHAIOB U TEOMETPUH
CIIEHBI, BIUIOTH JIO MOJEIMPOBAHMS CIIOKHBIX ONTHYECKUX 3(P(PeKToB 63 HEO0OXOAUMOCTH
NpeIBAPUTENLHON TUCKPETU3AIMHU TIOBEPXHOCTEN. OHAKO BEHICOKAS BBIYHUCIUTENBHAS CIO0KHOCTD
U CTaTUCTUYECKHUH IIYyM, BOSHUKAIOIIMKA BCIEICTBUE CTOXACTUYECKOW MPUPOJIBI METOIa, TPEOYIOT
3HAYMTENBHBIX BPEMEHHBIX 3aTpaT U YBEJIMYEHHS KOJIMYECTBA BBHIOOPOK JUIS JOCTHIKEHUS
TpeOyeMoii TOUHOCTH.

3. Cywecmeyroujue npo2pammbsl MoOOesTuUpPoeaHusi 0ceeuw,eHHoCcmu

CyImecTByeT MHOXXECTBO INPOTPAMMHBIX PEIICHUH IS MOJCIUPOBAHMS OCBELICHHSA, KOTOpHIC
peaIM3yroT pa3iMyHble TEOPETHYECKHE MOAXOJbI, OPUEHTHPYSCh Ha creludHuyYecKue 3amaud u
obmactu npuMeHeHus. Cpeau WHCTPYMEHTOB, OPHEHTHPOBAHHBIX HA HAay4YHBIE MCCIEJOBAHUS H
MPENU3NOHHbBIA aHaiu3, Bhyienmsercs Radiance [9]. Dtor makeT sBiseTcs OHHM W3 CaMBIX
BIMATENBHBIX B 0O0JIaCTH (U3MYECKH KOPPEKTHOTO MOJAEIMPOBAHUS; OH HCIOIBb3YET METOX
00paTHOW TPAacCHPOBKM JIy4el M KIIIMPOBAHHE OCBEIIEHHOCTH. Ha ero ocHoBe peain3oBaHBI
crielanu3upoBannpie cucrtembl, Takue kak DAYSIM [10], cdhokycupoBaHHas Ha aHau3e
nHeBHoro ceeta, u Evalglare [11], npenHasHaueHHas miis pacyeTa MmokasaTeneil OCIeINIeHHOCTH.
OTH IporpaMMsl, 4acTO UCIOJIB3YEMBIE B CBSA3KE, IPEJOCTABIIAIOT MOIHBIA HHCTPYMEHTAPUH IS
KOMIUIEKCHOTO CBETOTEXHHMYECKOTO aHAIN3a, TPEOYsI P 3TOM BBICOKOH KBaJIM(UKAIMHN OllepaTopa
1 3HAYUTEIHHBIX BEIYUCIUTEIBFHBIX PECYPCOB.

Kommepueckne mnaketbl, Takue kak DIALux [12], opueHTHpoBaHBI Ha Ooyiee LIMPOKYIO
uIKeHepHyto ayaurtopuio. DIALux wucnoms3yer rubpuansii moaxox [13], couerarormmit
MoanHuIMpoBaHHBIN MeTox Radiosity /it OBICTPBEIX pacdeToB OOIIETO OCBEIICHUS C 3JIEMEHTaMH
TPaCCUpPOBKM JIyded g (UHATBHOH (POTOpeaTMCTUYHOW BH3yalnm3aluu. Takol MOaxon
obecrieunBaeT NpUeMIIeMoe COYeTaHHe CKOPOCTH 1 Ka4eCTBa JUIs THIIOBBIX 33/1a4 IIPOSKTHPOBAHUSI.
Criennanu3upoOBaHHBIE DEIICHUS TakXKe HWrparoT BaxHylo ponb. Velux Daylight Visualizer
MIPUMEHSeT MHOTO(AKTOPHBIA METOJ], BKIIOYAIOMIMK IBYHAIPABICHHYIO TPAaCCHPOBKY Jy4ed H
dotonnbie KapTel [14], 1mst mEeTaNBHOTO aHANM3a €CTECTBEHHOTO OCBEIICHHS B apXHTEKTYPHBIX
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MPOCTPaHCTBaX, 0COOEHHO NPY MOAEIMPOBAHNY IIPOHUKHOBEHUS CBETa Uuepe3 OKHa. B To ke Bpems,
uHCTpyMeHTHI, mog00HbIe VISSLA [15], dbokycupyrorcst Ha Gonee y3KuX 3amadyax, MOACITHPYsI
BOCHPUSITHE OCBEIICHHS TIOJbMHU C HAPYIICHUSIMH 3PCHNUS, YIUTHIBAs a0eppalvu U paccesHAE.

Kaxnast u3 cymecTByOMHUX CHCTEM 00JIalaeT CBOMMHU CHIJIBHBIMH M CIA0bIMU CTOPOHAMH, YTO
orpezesseT UX NPUMEHUMOCTh B KOHKPETHBIX 3aauax. J{is 3a1a4, TpeOyromux BEICOKOH TOUHOCTH
BOCIIPOM3BEACHUS CIIOKHBIX ONTHYECKUX 3(PPEKTOB, U NPU CTPOroil BepUpHUKALUK COOTBETCTBHS
(u3MyecKUM 3aKOHaM, KaK, HapuMep, IpH TectiupoBanuu 1o cranaapram CIE 171:2006, metonsl,
OCHOBaHHBIE Ha CTOXAaCTHYECKOH TPAaCCHPOBKE JIydeH, YacTo IEMOHCTPHPYIOT OOJIBIIYIO
JOCTOBEPHOCTB 10 CPABHEHHUIO C YIPOLICHUSIMH, IPUCYIIIMI METOLy KOHEUHBIX AJIEMEHTOB. [lanee
B CTaThe OyIyT MOAPOOHO PAacCMOTPEHBI 0COOEHHOCTH cHCcTeMBbl Lumicept, BKIodas ee 6a30BbIi
BerUCTUTENbHBIN MeTox FMCRT, rubpunHsie aaropuTMbl pacdeTa eCTECTBEHHOTO OCBEIICHHUS, a

TaKkXKe METOIAWKY BepHU(HKAIMKH ee padOTHI B COOTBETCTBHU ¢ TpeOoBaHWsAME cTaHmapra CIE
171:2006.

4. OcobeHHOCMU cucmeMbl OnMu4Yecko20 modenupoeaHusi Lumicept

4.1 NMpepcTaBneHne reoMeTp1Mn U NPOCTPAHCTBEHHbLIX CTPYKTYP YCKOPEHUS

I'eometpus cuensl B cucreme Lumicept [3] npencraieHa B BUie JUCKPETHBIX TPEYTOJIbHBIX CETOK.
B ornnume OT cucTeM, HCHONB3YIOUIMX AHAJIMTHYECKOE OIMCAHUE IOBEpXHOCTEH, paboTa C
TPEyroJbHBIMH CETKaMH II03BOJISIET YHH(DUIIMPOBATh aJlrOPUTMbI ITEpEceUeHus JTyueii ¢ 00beKTaMu
aro0oi  cnokHOCTH.  JImsi  MHHUMM3alMM  BBIYMCIHUTENBHBIX  3aTpaT Ipu  00paboTKe
nmnoptupoBaHHbIX CAD-mansbex (u3 cpex AutoCAD, Open Cascade u nmp.) Ha cTaauy 3arpy3Ku
NPOU3BOAUTCS afanTUBHAs Teccensiuus. [IpM  HEoOXONMMOCTH —ammpOKCHMALUH — IaIKHX
NOBEPXHOCTEH CHCTEMa MOJJCP)KHBACT JOIOJHHUTEIbHOS pa30OUeHHe TPEYrOJbHHKOB C
MHTEPHOIALUEH KOOPAUHAT IIPOMEXYTOYHBIX BEPIIHH.

Jnst obecriedeHUsT BBICOKOH CKOPOCTH TpacCHpoBKH B Lumicept peann3oBaHa ABYXypOBHEBas
HepapXxuiecKas CTpYKTypa yckopeHust Ha ocHoBe BSP nepesbeB [16]. D10 KpUTHUYECKH BaKHO IPU
TIPOBEIEHUH BEPH(PUKAIIMOHHBIX TECTOB, TPEOYIOIMX TPACCHPOBKH OONIBIIOrO vrcia tydei (10° n
6oee) 1T MUHIMH3AIUHN CTOXaCTHYECKOTO [ITyMa.

ApXUTEKTypa TPacCHUpOBIIMKA PEATU30BaHA HA JBYX YPOBHSAX, Y4TO O0ECIEYMBACT MOKOCTH H
MacuTabupyeMocTb ISl pa3INuHbIX CLIEHAPHEB MOJIEIMPOBAHMSL:

e Bepxuuit yposenp (Top-level tracer): Ha stom ypoBHe BSP-nmepeBo crpoutcst st
orpannuuBapImux 00beMOoB (AABB) oTaenbHBIX OOBEKTOB CIEHBI. DTO TO3BOJSET
OBICTPO OTCEKATh IyCThIE O0JACTH MPOCTPAHCTBA W ONPENEINSATh C KAKMMHU OOBEKTaMH
CICHBI JIyY MOTEHIINATBHO MOXKET TIepPeCceybCsl.

e Hwxuuii ypoBenb (Mesh-level tracer): BHyTpu KakJoro oTAeiIbHOIO I€OMETPUYECKOTIO
o0bekTa BSP-nepeBo cTpouTCst /171 OTHENBHBIX TPEYTOJIbHUKOB €0 CETKH. DTO MO3BOJISIET
3¢ PEKTUBHO HAXOUTh TOUHOE MECTO MEPECEUCHHS JIyya C TIOBEPXHOCTBIO O0BEKTA.

Takoe uepapxudeckoe pa30HeHHE MPOCTPAHCTBA MO3BOJIET 3P (PEeKTUBHO 00padaTHIBATH CIICHEI KaK
C MaJjbIM, TaK M C HKCTPEMalbHO OOJBIIUM KOJMYCCTBOM IIOJHUTOHOB, ONTHMHU3HPYS ITOHCK
MepeceueHil Kak Ha YpPOBHE KPYIHBIX CTPYKTYp, TaK U Ha YPOBHE MX BHYTPEHHEH r€OMETpHH.
IIporecc TpaccupoBkm JTyda BKJIr0UaeT 3¢dekTuBHBI 00xoxn BSP-nmepeBa, mpu kKoTopom Iyd
MOCIIEIOBAaTEIbHO TPOBEPSIETCS Ha TIepecedyeHre C y3JaMH paslieleHus MpocTpancTBa. Ha
KOHEYHOM 3Tare MPOUCXOIUT BHIYUCIEHUE TOYHOTO TIEPECeUSHISI Tyda C TPEYTrOJIbHUKOM, IPUIeM
JUTSI TIOBBIIIIEHUS TPOU3BOIUTENBHOCTH MPUMEHSIOTCS TEXHUKU KAIIMPOBAHUS U ONITUMU3ALNN HA
YpOBHE IPUMUTHBOB.

Hcnons3oBanue TIIATEJILHO CIIPOEKTUPOBAHHOTO BSP-tpaccupoBmnka SIBIISICTCS
(byHTaMeHTaNbHBIM IS JTOCTMDKEHHS BBICOKOM cKopocTH pacdetoB B Metoge FMCRT,

53



Kopylov M.S., Birukov E.D., Potemin I.S., Voloboy A.G. Particularity of algorithms and data representation in Lumicept lighting simulation
system in scope of verification against CIE 171:2006 test cases. Trudy ISP RAN/Proc. ISP RAS, vol. 38, issue 3, part 3, 2026. pp. 49-64.

obecrieunBasi Ipu 3TOM HEOOXOIMMYIO TOYHOCTH IS ITpoxoskaeHus ctporux tectoB CIE, a Takxe
JUIS1 CJIO’KHBIX T€OMETPUYECKUX CLEH, COAEepKAIIUX MUJUTHAPbI TPEYTOJIbHUKOB.

4.2 OnTu4yeckue napameTpbl 06 bekToB B Lumicept

CucrtemMa ONTHYECKOTO MOJENHpoBaHWsA Lumicept mpenocTaBiseT BO3MOXKHOCTH [UIS 3aaHHA
CaMbIX Pa3HbIX ONTHYECKUX ITAPaMETPOB HCTOYHHUKOB OCBEICHUS H OOBEKTOB CIIEHBI, C KOTOPBHIMH
B3aUMO/ICHCTBYIOT JTy4u cBeta. [Ipu 5 TOM cieayeT 3aMeTHTh, 4TO CLEHBI 3 TecTOBBIX HabopoB CIE
171:2006 TpeOyIOT O4YeHb OrpaHUYEHHBIH HabOp mapaMeTpoB. B yacTHOCTH, B ClieHax AJIsl TECTOB
rpynmsl [V [1] npeamosnaraercst TONbKO 3aJaHie TOHHOMETPHIECKHUX AUArPAMM JJisi HCTOYHHKOB
OCBEIIEHHS, ¥ KOOPPHUIIMEHTOB OTPaKCHHS IIOBEPXHOCTEH.

[TapameTpsl oBepXHOCTH B cucteMe Lumicept mo3BoAIOT 3a1aTh KOI(PPHUIUESHTH OTPaKEHUS U
IpeNoMJIeHUsT MO0 KakK 3aJaHHble TaONWIaMu JBYHanpaBjieHHbIE (QYHKIMH, KOTOpBIE
NPE/CTABISIFOT COOOM 3aBUCHMOCTH ONTHYECKUX CBOKMCTB OT yrijia INajeHHs Jyda CBeTa M yria
HaOMIONCHUs, MO0 HWHTErpalbHBIMH 3HAa4YEeHHsIMH. B 000MX ciydasx OTAENBHO 33JaloTcs
k03 dunments! i aupGy3HOM (paccesHHOM) U 3epKanbHOU (Specular) KOMIOHEHTBI OTPaXKEHUsI
u npenomieHus. Kpome storo, noctymusl Takxke Ko3(pOUIMEHTHI A1 TOTOTHUTENBHBIX MOJENIeH
OTpaXXeHUsI/TIPeIOMIICHNS], HarpuMep, MoJienu Bapra.

IIpn moAroToBKe pacyeTHBIX MoneNiedl st BepUUKaMK CIlEAyeT YYHUTHIBATH CHEHUPUKY
OTIMCAHUsI MaTepUaoB B Pa3IIMYHbIX pa3Jiesiax cTaHaapTa. B 4acTHOCTH, B TECTOBBIX cueHapusax [V
rpynnsl - CIE  171:2006 mapameTpbl  MaTepUaloB  XapaKTEPU3YIOTCS  €IUMHCTBEHHBIM
KO3(D(OUIMEHTOM OTpaXKEHUs Uil Ka)KIOH IOBEPXHOCTH O€3 YTOYHEHHs BHAA (OYHKIHUH
pactipeneneHus. B cBA3M C 3THM, NpM ajanTalMy CLHEH U 3THUX CLEHApPHEB, OTPaKCHUS
NPUHAMAIUCh Kak HCKIounTenbHO Iuddysueie. st tecToB m3 npyrux rpynn Habopa CIE
171:2006, Tie KOMIIOHEHTHI YKa3aHbI IBHO, TaKKE AOIYIIEHUS HEe TPeOYIOTCs.

Hcrounnk cera B cucteme Lumicept MOKET OBITh TOYEUHBIM, «IIPOKEKTOPOM», HAPAIUICIBHBIM,
IUIOLIAHBIM B BHJIE TIOBEPXHOCTH OIPEAEICHHON TeoMeTpuiecKoi (opMsbl, OO 3aJaHHBIM C
MTOMOIIBIO0 MaTepHaja Co CBOMCTBOM CaMOCBEUEHUs, HA3HAUYEHHOI0 Ha Ty WM WHYIO TOBEPXHOCTb.
Kpome 3TOro, MOXXHO OTHENbHO HACTPOUTH JHEBHOE OCBemleHHe. /|11 BceX THIIOB HCTOYHHKOB,
KpoMe MapajjiebHOr0, BO3MOXHO 331aTh TOHHOMETPHUECKYIO JHarpaMMy, KOTOpasl OmpezesseT
YIJIOBOE paclpe/ielIeHHe CBETOBOTO MOTOKAa. MOIIHOCTh MCTOYHHMKA ONpefesnseTcs Jubo depes
MIOJIHBIN CBETOBOHM IOTOK, OO depe3 AEHCTBUTENbHBIM PaTHOMETPUUECKUI MOTOK IHEpPIruu (B
BarTax), JMOO C TMOMOIILI0O MHTEHCUBHOCTH CBeTa (A7l BCEX THUIIOB, KPOME MapajuIebHOTO).
W3menenne moOOro W3 yKa3aHHBIX IapaMeTPOB ABTOMATHYECKH NEPECUMTHIBACT OCTAIbHBIC
napaMeTpsl. sl MaTepuaioB ¢ CaMOCBEUEHUEM 3a/1aeTCsl APKOCTh MJIM ITOJTHBIH CBETOBOH MOTOK,
KOTOPBIIT OyJeT ONpeIeNaThCs C yYeTOM BCEeH IUTONIAIN TOBEPXHOCTH TJAaHHOTO MaTepHana.

B tecte 5.3 u3 Habopa CIE 171:2006 MCTOYHHK CBETA YKa3aH B BHJE TUIOCKOTO MPSIMOYTOIBHUKA.
B cucreme Lumicept ero MokHO 3a7aTh JIMOO Kak COOCTBEHHO MCTOYHMK CBETa NMPSIMOYTOJIHHOM
(opMBl, MO0 Kak IPSIMOYTOJIEHBIN reOMETpHIEeCKUi 0OBEKT ¢ caMOCBEYEHHEM. MBI TECTUPOBAIN
00a BapuaHTa, IPH ITOM PE3yNbTaThl TECTUPOBAHUS OKA3aJIUCh MPAKTUYECKH OJUHAKOBBIMH.

5. OcobeHHOocmu eblquc/numesibHbiXx Memodoe8, MpUMeHsieMbIx Onsi
pacyemoe 8 mecmosbiXx cueHapusix

Bce BeUncnuTeNbHEBIC METOABI, MPUMEHAEMBIC B CUCTEME ONITUYECCKOTO MOJACITIMPOBAHUA Lumicept,
OCHOBAaHbI Ha TPACCUPOBKE nyqeﬁ C UCIIOJIb30BAHHUEM CTOXAaCTHYCCKOT'O BH60pa TPACKTOPHUH JIy4a.
B nponecce TeCTUpPOBaHUA HAMU ObLIU I/ICl'[p06OBaHBI HCCKOJIBKO UX pa3HOBI/IZlHOCT€I7L

5.1 Mpsamas TpaccupoBka FMCRT n ynpaBneHue pacyetom B Lumicept

OCHOBHBIM BBIYUCIIUTENHHBIM METOIOM CUCTEMBI Lumicept sBisieTcst MeToa psimMoit MonTe-Kapio
tpaccupoBkn Jnydeid (FMCRT). DTor MeTroa TO3BOJSET CTAaTUCTHYECKHA BOCIPOU3BOIUTH
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(usnyeckuii porecc nepeHoca U3y4eHus, HAYMHas OT TeHEepaly CBETa HCTOYHUKAMH, IPOXOAS
Yyepe3 MHOTOYUCIICHHbIE B3aUMOJICHCTBHS (OTPayKeHUsI, IPEIOMIICHUS, PACCEUBAHMs) C OOBEKTaMH
CIIEHBI U 3aKaHYMBAas PETHCTpaIMeil WK roriomenneM. VicxoqHele mapamMeTpsl JIydei, Takue Kak
TMIOJIO’KEHHE M HallPaBJICHHE, OTIPEACIISIOTCS] CTOXaCTHYECKH B COOTBETCTBUH C XapaKTEPUCTHKAMHU
m3nydarenedl. OHepruss (DOTOHOB yMEHBIIAETCS BAONb HX TPAGKTOPHH, YTO IO3BOJISET
MOJICIIUPOBATh CIIOKHBIE ONTHUYECKHE YPPEKTHI, BKIOUas KayCcTUKY, nupdy3HOe mepeoTpakeHue
n pacrekanue nsera (color bleeding). BaxHOo OTMETHTH, YTO MPOTSHKEHHBIE MCTOYHUKH CBETA
00pabaThIBarOTCA MOTHOCTRIO MeTooM MonTte-Kapino 6e3 nx MpHHYIUTEIHHOTO pa30MeHus Ha
Ha0bOp TOYEYHBIX, YTO 00ecreuynBaeT (HU3NIECKYI0 KOPPEKTHOCTh TEHEH U OCBEIICHHOCTH.

Jns momydeHWs 3HAYCHMHE OCBEIIEHHOCTH B KOHKPETHBIX TOYKAaxX INPOCTPAHCTBA B CHUCTEME
Lumicept mporie BCEro HCHONb30BaTh TaK Ha3bIBAEMbIE BUPTYAJIbHBIC H3MEPUTEIBHBIC TPHOOPHL.
OHH TIpencTaBISAIOT CcO00OW TMOBEPXHOCTH pa3NUYHONH (GOPMBI M PETUCTPHPYIOT JIyYH,
nepecekatomue ux. [locKoIbpKy ¢ MOMOIIBIO CTOXaCTUYECKON TPACCHPOBKY HEBO3MOKHO MOJIYIUTh
TOYHOE 3HA4YEHHE OCBELIEHHOCTH B KOHKPETHOW TOYKE NPOCTPAHCTBA 32 KOHEYHOE BPEMs, TO
HCTIOJIB30BAIMCh MPSIMOYTOJIbHBIE BUPTYalbHble M3MepUTENbHbIe NMpHOOpHL. VX pa3mepsl ObLIN
CYIIIECTBEHHO MEHBIIIEC PACCTOSHUS MEKAY COCEAHUMH IPHOOPAMH.

Ha puc. 1 npuBenena Busyanusauus cuensl Tecto [V rpymmsl u3 Habopa CIE 171:2006 B cucteme
Lumicept. ['eomeTpust 00bEKTOB BO BCEX IIPHMEpPaX 3TOM IPYIIIBI OTMHAKOBASI, & OTIMYHS CBOJATCS
TOJIBKO K IIapaMeTpaM IMOBEPXHOCTEH, a TakKe K apaMeTpam U MOJIOKEHUIO HCTOYHUKOB cBeTa. Ha
puc. 1 BUHA ceTKa U3 BUPTYaJbHBIX N3MEPHUTENBHBIX IPHOOPOB, UCIIONIB3YEMbIX JUISL PETrUCTPaLuK
Jy4yeH CBeTa.

Puc. 1. Ilpeocmasnenue cyenvt onst mecmog IV epynnoi ¢ cucmeme Lumicept.
Fig. 1. Representation of scene for test cases of 1V group in Lumicept system.

5.2 Ucnonb3oBaHMe MeTOO0B peHAepUHra Ans BbIYUCIIeHUSA OCBELUEeHHOCTHU

Meron obparHoit TpaccupoBku nyueit (Backward Ray Tracing, BRT), B Tom umncie ¢
ucronb30BaHueM KapT ocemeHHOCTH (Illumination maps), a Takke METOA TPACCHPOBKH ITyTeH
(Path tracing), kak npaBmJIO, MCHOJNB3YIOTCS HE JUISi BHIYMCICHUS 3HAUYEHWH OCBEIIEHHOCTH B
OIIpeZIeJIeHHBIX TOYKaX, a Ul MOCTPOEHHsS (OTOPEUTUCTUUHBIX H300paxkeHWi. OIHAKO Takue
METOJIbl TAK)KE€ MOXXHO HCIIOIB30BaTh M MPH ONTHYECKHX pacueTax. B aToM ciyuyae B kadecTse
CEHCOpa HCHOJIB3YETCSl M300paXE€HHE C BHUPTYalbHOW KaMephl C 3apaHee HacCTPOCHHBIMH
napaMeTpamu. [l kamepbl, HCIOJIB3yeMOH B KadecTBE CEHCOpa, HEOOXOIMMO YCTAaHOBHUTH
OPTOTOHAIBHYIO MpoeKuto. OHa MoIpa3yMeBacT, YTO Yroy 0030pa KaMepsl ONPENENseT anepTypy
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Kak 0071aCTh, BUIUMYIO TIEPCIECKTUBHOM KaMEPOH € TEM K€ yIJIOM 0030pa M COOTHOIIEHHEM CTOPOH
BHAMMO# 00IaCTH B INTOCKOCTH LIEJIEBOH TOUKH. B ciIydae opToroHanbsHOM MpOEeKIHH HabII0gaTeNb
HAaxoOUTCs Ha OECKOHEYHOM pacCTOSHUM, a YIJIOBOE pas3pelleHHe, OIpefersiolee
«TMpaMHUIATIBHYIO» alepTypy Kamepbl, B OTIIMYME OT IEPCHEKTUBHON MPOEKLUH, 3/1eCh HE UMEeT
cMbIcIa. YTol 0030pa B Cilydae OPTOrOHAIBHOM IIPOEKIUU UCIONB3YeTCs TOJIBKO IS OIpeIeeHHs
MIPOCTPAaHCTBEHHOM anepTyphl (pa3MepoB n300pakeHHs ¢ KaMepsbl). PaccTosHie M1y LeJIeBOH 1
HavalbHOM TOYKaMU ABISIETCS (PAKTHIECKUM U BIUSIET HA allepTYPy KaMephl.

Ecnu Bce TOYKH, B KOTOPBIX HEOOXOAMMO IPOU3BECTH M3MEPEHHE OCBEUICHHOCTH, HAXOJATCS Ha
oIHOI mIockocTd (uro cmpaBeanuBo Juist TectoB [V rpymmsl CIE 171:2006), To penaepuHr
MIPOBOJNTCS €IUHCTBEHHBIHN pa3. TOUKy «IoJI0KEeHUsI KaMeph» U MapaMeTp «yria 0030pay, CMBICI
KOTOPOTO UISi OPTOTOHAJIBHOM KaMephbl OBUT OOBSACHEH BHIIIE, 33/Ial0T TaKUM 00pa3oM, 9TOOBI Bce
TOYKH, U1 KOTOPBIX HEOOXOANMO MPOM3BECTH M3MEPEHHUS OCBEIICHHOCTH, HMOMEUIAINCh OBl B
00acTe BUAMMOCTH KaMepbl. 3aTeM Ha M300pakeHHH, TOJyYEHHOM B Pe3yIbTaTe PCHIACPHHIA,
BBIOMPAIOTCSI TIMKCENM, COOTBETCTBYIOIINE HWCKOMBIM TOYKaM. biaromaps HCIOIb30BaHHIO
OpPTOTOHAIBFHON TNPOEKIMM KaMephl, KOOPAWHATHI IHKCENeHl Ha MOCTPOSHHOM H300paKeHUH
MPOTNOPIMOHANBHBI TPEOYEMbIM KOOPMHATAM TOYEK W3MEPEHHUS OCBELIEHHOCTH.

[Tpn momydeHHn OCBEIIEHHOCTH B TOYKE MOXET OBITH MCIIOJIH30BAaHO 3HAYEHHE EIMHCTBEHHOTO
nukcens. OIHAKO IS CHYDKSHHUS BIUSTHUS 3aIIyMJICHHOCTH TTOCTPOCHHOTO M300pa)KEHHSI MOKET
UCTIONB30BAThCS MPOCTast (GMIIBTpANUs, BEIYUCIIONIAsl CPEAHEE 3HAUEHHE HECKOJIBKUX ITHKCENICH
BOKpYT TpeOyemoii Touku. [IpakTuka nokasana, 4To AOCTATOYEH pa3Mep OKHa (uiabTpauuu B 3-5
nukcened. Ha puc. 2 mpeacTtaBneHo n3o0paxeHHe, NMOTyYCHHOE B Pe3yjbTaTe PEHACPHUHIA IIO
METOJly TPAaCCUPOBKH IyTeH, M HCIOJb30BAHHOE JUISl MOJYYCHUs] 3HAYEHHH OCBEICHHOCTH B
3aJaHHBIX TOUKaX.

|

Puc. 2. Pezynomam penoepunea, ucnonv3yemviil s ROIYYeHUs: 3HAYEHUL 0C8eWeHHOCMU (Cnpaga — 6
pedicuMme UCKYCCMEEHHBIX YBEMOs).
Fig. 2. Rendering result used for obtaining illuminance values (right — in false colors).

IMocne BBITIOMHEHHST TECTOB OKA3aJ0Ch, YTO MPH 3aJaHUH JOCTATOYHOW TOYHOCTH BBIYMCICHHUIT
PE3YIBTAThI JJIS BCEX TPEX UCIOJIB30BAHHBIX METOIOB MPUMEPHO OJNHAKOBBIC M YKIIAIBIBAIOTCS B
TpeOyeMbIe THAana3oHEI.

5.3 NapameTtpbl MeToaa MoHTe-Kapno TpaccupoBku nyyen

B cucreme Lumicept peann3oBaH THOPHIHBIA pPEXHM pacyera IS KapT OCBEIICHHOCTH |
BHUPTYaJIBHBIX M3MEPHUTENIBHBIX MPHOOPOB. B 3TOM pexxnme mpsimas KOMIIOHEHTa (B YaCTHOCTH,
MPSIMOI COJTHEYHBIA CBET) BBIUUCIIACTCS aHAIUTHYCCKHU JUIS KaXKOW BEPIIMHBI PACUETHON CETKH
WJIM THKCEeJIs TEKCTYPhl. DTO UCKIIOYAEeT CTATUCTUUECKUN IITYM Ha TpaHULaX TEHEe# U rapaHTupyer
HX YETKOCTH C MOCIETYFOIUM IIPUMECHEHUEM CIICIIUATU3UPOBAHHOTO AITOPHTMA TEHEBBIX 00 BEMOB.
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Henpsimas sxe (oTpaskeHHast) OCBEIIEHHOCTh PACCYUTHIBAETCSI MeT010M MoHTe-Kapio TpaccupoBku
Ty4ei.

Craructnueckast npupona FMCRT Hen30eXHO NPUBOIMT K ITOSBJICHHUIO BBICOKOYACTOTHOTO IIyMa
Ha pe3yJbTUPYIOUIMX KapTax OCBEIICHHOCTH, OCOOEHHO B 00NacTaX C HEJOCTaTOYHBIM
KOJIMYECTBOM 3apETHCTPUPOBAHHBIX Jyueil. /Iyt ymeHbmenus atoro 3¢ ¢dexra B Lumicept MoxxHO
pEerynupoBaTh YpOBEHb (QHIBTPALMH PE3YJIbTATOB, KOTOPBIH JMHAMUYECKH MOI0UpPAET MapamMmeTpsl
JUISL pa3HBIX 00JIacTel M300pa)keHusl, a TAK)Ke BEIOMPATh aIrOPUTM aJIallTUBHOM MPOCTPAHCTBEHHOM
¢unprTpanmu. OH paboTaeT MmyTeM IWHAMHYCCKOTO HM3MEHEHHs paguyca cOopa ITaHHBIX: €CIH
KOJIMYECTBO JIydeH, MONABIINX B PACUCTHYIO BEPIINHY, HEJOCTATOYHO AJISI JOCTH)KEHUS 33JaHHOTO
YPOBHS TOYHOCTH, JITOPUTM aHATU3UPYET COCEIHUE BEPIIMHBI B PACIIUPSIONIEMCS PAJIyCe 10 TEX
1op, MOKAa CyMMapHbBII 00beM MAaHHBIX HE JOCTUTHET CTaTucTudeckoro mopora. Ilocme 3toro
BBITIOJTHACTCS CIIAKUBAHUE OCBEIICHHOCTH TI0 CMEKHBIM TPEYTOJIbHUKAaM. BakHO OTMETHTH, 9TO
JaHHBI MeTon (uibTpaiyu, >GQEKTUBHO IMOJABISS BU3YAIBHBIN IIyM, MOXET IPHUBOAUTH K
CITIQKUBAaHUIO JIOKAJBHBIX IHKOB OCBEIIEHHOCTH. B CBSI3M ¢ 3TUM, IpU MpPOBEAECHUU
BepudukanuoHHbix TectoB CIE, TpeOyrommx Qukcanuym 3KCTpeMallbHBIX 3HAYEHUH, ypOBEHb
¢unbTpanuy OblJI MUHUMU3UPOBAH, a TpeOyeMast TOYHOCTh JJOCTUTajIach 3a CUET YBEJINUCHHS YKciIa
TpaccupyeMsbix Jiyueil. s HacTpoiiku mporecca pacuera FMCRT u ymnpaBieHHs BBIXOIHBIMHU
nanHbIME B Lumicept npenycmorpen auanor «Illumination Maps Calculation» nmokasaHHbli Ha pHC.
3. OH mnpenmocTaBiusieT [CTANbHBIA KOHTPOJIb HAJ MOJCIHPOBAHWUEM, TIIO3BOJAS JIOCTHIb
HeoOxonuMoro OanaHca MEXIY CKOPOCTBIO BBIUHCICHHI M KadeCTBOM IONYyYaeMBIX KapT
OCBEILEHHOCTH.

Vnpasnenue npoueccoMm pacuera FMCRT ocymiecTBisieTcss yepe3 psii KIOYEBBIX IapaMeTpoB.
[Tonp30BaTens MoKeT THOKO 3amaBaTh KPUTEPUH OCTAHOBKM pPAacdeTa, KOTOpPBIE BKIFOYAIOT
JOCTHKEHHUE OIPEAEICHHOTO YPOBHS 3alpalinBacMOi TOYHOCTH, JIMMUTHI 110 BPEMEHH WIM MO
KOJIMYECTBY BBIMYIICHHBIX JTydel. Tarxke cymecTByeT BO3SMOKHOCT OCTAHOBKH 10 COOTHOILICHUIO
HENpsSMBIX MONAJaHWH, 4YTO TO3BOJSIET TPEKPATUTh BBIYUCICHHUS TPH  IOCTH)KEHUH
Hea(GEeKTUBHOCTH JabHEHIIero coopa faHHbIX. B mporecce pacdyera 0ToOpakaeTcst JOCTUTHYTas
TOYHOCTh W COOTBETCTBYIOUIMH rpaduk, OTpaxkaroluii cxoguMocts pemeHus. Cucrema
MPEOCTaBIsACT OOUIMPHYIO CTAaTUCTHKY IO TPACCHPOBKE, BKIOYAs KOJMYECTBO BBITYIIEHHBIX
Jy4eid, 9UCIIO MOTaJaHnui 1 MPOICHT "yOUTHIX" ITydeid.

Pe3ysbraThl MOJETMPOBAHKSI MOTYT OBITh MOJIY4EHBI KaK B BU/E KapT ocBerieHHocTH (illumination
maps), Tak ¥ ¢ HCIOJb30BaHUEM BHPTYAIbHBIX M3MEPHTEIbHBIX NMpuOopoB (Observers), KOTOpbIE
PETHCTPUPYIOT CyMMapHBIH CBETOBOH IMOTOK B IPON3BOJILHBIX TOUKAX.

I'mbxoe ympasnenue Bcemu 3TuMu napamerpamu FMCRT, oT HacTpoiiku KpuTepreB OCTAaHOBKH 110
yYpOBHE# GHUIbTpalMM W THNA BBIXOJHBIX JAHHBIX, I03BOJSET IMOJb30BaTeisiM Lumicept
aJanTHPOBATh METOA K TPEOOBAHMAM Pa3INYHbIX 3a7[ay, OT OBICTPBIX MPEIBAPUTEIFHBIX PACUETOB
JI0 BBICOKOTOYHBIX CHUMYJISLIMH, HEOOXOAMMBIX /I HAay4YHBIX HCCIIEJIOBaHUM W BepuUKalnu,
Bkitouas ctporue tectsl CIE.

5.4 CraTucTuyeckass OOCTOBEPHOCTb WU BbIOOpP reHepaTtopa crny4auHbIX
yucen

OpHoit w3 Kmo4eBbIX 3amad TecToB rpymmel VI nHabopa CIE 171:2006 sBusercss mpoBepka
CTATUCTHYECKOW  HM30TPONHOCTH  QJTOPUTMOB  ONTHYECKOTO  MOJAETHMPOBAHUS  Uepes
CUMMETPHYHOCTh Pe3yNbTaToB. I10J] «CHMMETPHYHOCTHIO» B JAaHHOM KOHTEKCTE ITOHHMAeTcs
MOJIy4eHNE 3KBUBAJCHTHBIX PE3YNIBTATOB (B MpejesiaX CTAaTHCTUYECKOW MOTPEIIHOCTH) B CICHAX,
COJIEPXKAINX TOBTOPSIOMKECS (pParMeHTHl TEOMETPHH, HIACHTUYHBIE WCTOYHHKH CBeTa W
napaMeTpsl MaTepHasoB.
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Fig. 3. Monte-Carlo simulation parameters dialog.

[Mockonbky Meton mpsmoit TpaccupoBku MonTte-Kapimo (FMCRT) onmpaercs Ha cTOXacTHIECKOE
MHTETPUPOBaHNE, KaueCTBO T€HepaTopa CIlydallHbIX YHCEeN HAMpsSMYIO BIHMSIET Ha PaBHOMEPHOCTb
pacripeneneHus Jydeld W, Kak CIEACTBHE, Ha CXOAMMOCTh PE3YyJIbTaToB B CUMMETPHUYHBIX 30HAX
pacdyetHoil TockoctH. st obecneyeHust (M3MUYECKOH JIOCTOBEPHOCTH TpeOyeTcs, YTOOBI
HCTIONb3yeMBIEe  ITIOCJIEAOBAaTENFHOCTH  00Jajand  BBICOKOW  CTENEHBIO  CTATHCTUYECKOH
HE3aBUCUMOCTH M IE€PUOJOM, HCKJIIOYAMOUIMM IUKIMYECKOe IOBTOPEHHE BBIOOPOK B paMKax
OJTHOTO PacyeTHOTO KA.

B  cumcreme  Lumicept  peanm3oBaH  NPOTpPaMMHBIM  alITOPUTM  IICEBIOCITYYaWHBIX
nocieoBaTebHOCTEH Ha 6ase Metoqa Buxmana-Xwna [17, 18]. JlaHHBI adropuT™ npeacTaBisieT
co00if KOMOWHHPOBAHHBIM JIMHEHHBIA KOHTPYIHTHBIM TE€HEPATOp, WCHOIB3YIOMUN TP
HezaBucHMBIX Moayist: 30269, 30307 w 30323. Takas peanuzamusi oOecrieunBaeT TEPUOJ
HoC/Ie0BaTeNLHOCTH mopsaaka 6.95 X 102, uTo sABnIsgeTcs AOCTATOYHBIM JUIS MPOBENEHHS
BBICOKOTOYHBIX CBETOTEXHHYECKHUX PACUETOB.

B mpomecce Bepudpukamumm mo tectam VI rpymmer Habopa CIE 171:2006 6pu1 mpoBeneH
CpaBHHUTEINIbHBIH aHain3 3()(HEKTHBHOCTH HCIIOJIB30BaHHS alMapaTHBIX MCHEPATOPOB CIIy4YaiHBIX
gyncen. B YacTHOCTH, paccMarpuBaloch HCHONB30BaHHe HHCTPYKimH RDRAND [19] mis
MIPOIIECCOPOB APXUTEKTYPHI X86-64, KOTOpast U3BJEKAET CIydaiiHble 3HAUESHHU ST HETIOCPEICTBEHHO U3
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3HTp0HHﬁHOFO HUCTOYHMKA BHYTpPU KpUCTaUla Ipoueccopa. B X0A€ OKCIICPUMCEHTOB ObLIN
BBIABJICHBI CJICAYIOMINE KPUTHICCKUE HEAOCTATKH alllapaTHOTo Imoaxoaa:

e BrruncnurensHas U30BITOYHOCTH: Bpems  BbeimonHeHus uWHCTpykiun RDRAND
CYILIECTBEHHO IPEBBILIAET BpeMs BBINOJIHEHMSI MPOrPaMMHOIO ainropurMa. B 3agauax
TPacCUPOBKU MUILIMAPIIOB JIyuel OOpalleHue K amlmapaTHOMY IeHepaTopy CTaHOBHIIOCH
«y3KHM MECTOMY, 3HAYUTEIBHO CHIKAsL OOIYIO MPOU3BOIUTEILHOCTh CUCTEMEI.

e OrcyrcTBue aerepMuHHU3Ma: Jlnsd 3Tama OMIAAKH alrOPUTMOB W BEpU(PUKALMH II0
stanoHHeIM TectaM CIE KpuTHYecKM BaKHa BOCIIPOM3BOIAMMOCTD PE3yIbTATOB.
AnmapaTHBIH T€HEpaTop HCKIIOYAET BO3MOXKHOCTH MOBTOPEHUS WACHTHYHOTO pacyera,
YTO 3aTPyJHSAET MONUCK OIIHOOK 1 aHAJIN3 CXOAUMOCTH.

o Cra0WwIpHOCTh  XapaKTepUCTHK:  TeoperWdyeckd,  (u3WUECKHe  MPOIECCH B
MTOTYTIPOBOTHHUKAX (TEIUIOBOM mIyM), uctonbiyemsle B HWRNG, MoryT koppenupoBats ¢
N3MECHEHHEM BHEIIHHUX YCJIOBHH, TAKHX KaK TeMIlepaTypa MpoIeccopa WM HalpsKeHUE
NUTAaHUA. XOTS COBPEMCHHBIE IIPOLECCOPHI NPHMEHSIOT IOCTOOpabOTKy I
BBIPAaBHUBAHUS PacIpeIeICHIs, TPOrPaMMHBIi alropuT™ Buxmana-Xwna rapantupyer
CTporoe coOMI0JeHIe MaTeMaTH4eCKO paBHOMEPHOCTH BHE 3aBUCHMOCTU OT COCTOSIHUS
anmnapaTHOM Cpenbl.

5.5 Oco6eHHOCTU pac4eTOB eCTeCTBEHHOro OCBeLleHNs

BaxHoii hyHKIMOHATIBHOW 0COOEHHOCTBIO CHCTEMBI Lumicept ABiIseTcs BO3MOXKHOCTD IPOBEACHUS
KOMILICKCHOT'O aHaJIN3a eCTECTBEHHOT0 ocBeleHus 3nanuii [3, 20]. Cucrema noiepkuBaeT pacyeT
KITFOYEBBIX (DOTOMETPHUYECKUX METPHK, TAKUX KAaK IIPOCTPAHCTBEHHAsI aBTOHOMHS THEBHOTO CBETA
(sDA) u romoBas skcmo3unus conHeuHoro ceera (ASE), onpenenennsix B crangapte IES LM-83-
12 u sBstotuxcst 6a3oBbiMu 111 cepTudukanuu 3aanuii o cucreme LEED [21]. MozaenupoBanue
OCBEIICHHOCTH B JaHHOM KOHTEKCTE TpeOyeT aHallM3a COCTOSHHS CIEHBI AT KaXJOro daca B
TedeHue roaa (cBoime 4000 pacueTHBIX MOMEHTOB), YTO HAaKJIaIbIBAET KCTPEMalbHbIE TPeOOBaHN
K IPON3BOIUTEIILHOCTH BBIYNCIUTENBHOTO SIIpa.

[Ipsmoe ucnone3oBanme Meronma TpaccupoBku srydeit Monte-Kapmo (FMCRT) mis kaxmoro
BPEMEHHOIr0 Iara o0ecle4nBaeT BBICOKYI0O TOYHOCTb, OJHAKO SBISIETCS BBIUHCIUTEIBHO
M30BITOYHBIM: MOJIHOE TOJIOBOE MOJIETMPOBAHKE TUIIOBOTO MOMEIEHUS] MOKET 3aHMMaTh Oosee 30
4acoB MpOLECCOpHOro BpeMeHnu. [lnsi pemieHust 3tod mpobiemsl B Lumicept peann3oBan
ONTUMHU3UPOBAHHBIA THOPUIHBIN aITOPUTM, OCHOBAHHBINH Ha IEKOMITO3UIIMK CBETOBOTO MTOTOKA Ha
TPU HE3aBHCHUMBIX KOMIIOHEHTHI, Ka)KAasg U3 KOTOPBIX 00pabaThIBaeTCsi C MCHOIb30BAHUEM
CIICIHAT3UPOBAHHBIX MATEMATHUECKUX MTOIX0I0B [22].

e [Ipsmoli conHeuHbld cBeT. JlaHHBIM KOMIIOHEHT KPUTUYECKH Ba)XKEH TS pacueTa METPUKU
ASE, Tak KaKk OH OIpeJeseT 30HbI IPAMOro OCBELIEHHS U MOTEHIUAIBHOTO BU3yalIbHOIO
muckomgopta. B Lumicept npsimoe ocemenne paccunteiBaercs meronom FMCRT s
KaXI0T0 TOJOXKEHUS COJHIA IyTeM TPACCUPOBKU Jy4a OT HU3MEPUTENBHOM TOUKU
HEMOCPEJCTBEHHO K HWCTOYHMKY, YTO BBIYHCISIETCS JOCTATOYHO ObICTpo. Bricokas
TOYHOCTh JAaHHOTO pacyera oOecredmBaeTcs 3a CYeT OTCYTCTBHS BPEMEHHOU
MHTEPIOJIIINN: 3HAYECHHUS OTIPENIENAIOTCS T KaKA0TO TpeOyeMoro MoMeHTa BpeMeHH 0e3
arpoKCUMAaIIUH.

e Kocsennslil conHeusbslil cBeT. OTpakeHHAas KOMIIOHEHTa COJHEYHOIO CBETa MEHee
YyBCTBUTEIbHA K MaJbIM H3MEHEHUSM IONOXKEHUS HCTOYHUKA. [[nda e€ yckopeHus
ucrons3yercs cetka Kiemca, paszpensiomas HeGecHylo moisrycdepy Ha npumepHo 1000
PaBHBIX YYacTKOB (sf4eek). PacueT OCBEIIEHHOCTH MPOU3BOAUTCS TOJBKO JJISI BEPIINH
CeTKH, Tmocyie 4ero it kKaxaoro n3 4000 BpeMEHHBIX MOMEHTOB HTOTOBOE 3HAYCHHE
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MOJy9aeTcsl MyTeM OWIMHEHHONW WHTEPIOANNN MEXIy YeTBHIPbMS ONIKaWIIIMA
BEpILIMHAMHU, YMHOKEHHOW Ha aKTyaJIbHbIN MOTOK.

e Jludpdysnoe m3myyenne HebocBoa. [ pacyera BKiIa1a HEOOCBOa UCTIONB3YETCS MOIENb
HeOa [epeca. baromaps nmmHeHOCTH ypaBHEHHUS NepeHOCa W3ITYICHHUS, OCBEIIEHHOCTh B
pacdeTHOM TOUYKe MpEeACTaBIAeTCs KaK TMHEWHBIA (QYHKIIMOHAT HaJl TOHHOTpaMMoii Heba.
B Lumicept cTpouTcss MaTpuia OTKIMKa Ui pa3pekeHHOi cetkm Kiemca (~150
HanpasieHuil). [locine ogHOKpaTHOTO BBHIYMCIEeHUs MaTpulbl MetogoM FMCRT, pacuer
OCBEILEHHOCTH JIJIs JII0OOT0 COCTOSIHUSI He0a CBOIUTCS K CYMMHUPOBAHUIO MTPOU3BEICHUI
9JIEMEHTOB MATpPUIBI HAa 3HA4YCHUs] SPKOCTH Heb0a B COOTBETCTBYIOIIMX Y3JIax, 4YTO
BBINOJIHACTCA 32 MIJUTUCEKYH/IBL.

Bompoc n0oCTOBEpHOCTH NpEeMIOKEHHOTO YCKOPEHHOTO MeToja pemaercs B Lumicept wepes
nepapxudeckyto Bepupukanuio. Ha mepsom 3tamne BepupUIUpyeTcsi CaMO BEIMHCIUTEIBHOE SIPO
FMCRT c¢ wucnomnp3oBanmem makera TectoB CIE 171:2006. B wactHOCTH, creHapmii 5.11,
MO/JIETIMPYIOIIUI OCBEIIEHHOCTh BHYTPH MOMeIeHHs OT quddy3HOro HebOa yepe3 OKOHHBIN MPOeM,
paccunThiBaeTcst B Lumicept ¢ nmpumeneHneM nosnHoro Merona Monre-Kapio 6e3 ucnonb3oBanus
cetok Kinemca u annmpoxkcumanuif. Pe3ynbTaTsl MOKa3bIBalOT, YTO OTKIOHEHHE OT aHAIUTHUECKUX
stanonoB CIE no Toukam Ha oJy, CTeHax M IOToJIKe cocTabisieT He Oosnee 1-2% (Tabmuup! 8-10 B
[22]), uTo moaTBEpKIAET OTCYTCTBHE ATOPUTMUUYECKHUX OIMIMOOK B 0A30BOM alropuTME.

Ha BTOopom sTane Bepu(HIUpYyETCs TOYHOCTH CaMOro TMOPHUAHOTO METOAa (C HMCIOJIb30BaHUEM
ceTok Kiemca u Marpuil oTKJIMKa) IyTeM €ro cpaBHEeHus ¢ pesyibratamu nonHoro FMCRT na
JUIMTENBHBIX Neproaax. CpaBHUTEIbHBIN aHANM3, MPOBEACHHBIN A Pa3IMYHBIX CE30HOB (3MMa,
BECHA, JIETO, OCEHB), MIOKa3all, YTO PACXOXKICHHE B UTOTOBBIX MeTpuKax SDA u ASE He npeBbliaeTt
1,4% npu yckopeHHH mporecca pacueToB Ooinee deM B 60 pa3 (¢ 30 wacoB go 30 MuHYT I
TOJIOBOTO LIUKJIIA).

Takum oOpa3oM, BbicOKas cterneHb Koppemsuu 6a3oBoro FMCRT ¢ tectamu CIE 171:2006 B
COUYCTaHWU C BBICOKOW CXOTUMOCTBIO YCKOpeHHOro Metona ¢ 06azoBeiM FMCRT mo3Bomser
YTBEpKIaTh, 4YTO pealn30oBaHHBI B Lumicept aJropuTM pacdera €CTECTBEHHOTO OCBEIICHHS
SABISIETCS (PU3NYECKH JIOCTOBEPHBIM M KOPPEKTHBIM WHCTPYMEHTOM JUIl (POTOMETPHUIECKOTO
aHaIu3a.

6. Peaynbmamsl mecmupogaHusi

KoppexkTHast paboTa reHepaTopa CIIydaifHBIX YHcel mpoBepsiiachk B TecTax 6.10 m 6.11 u3 Habopa
CIE 171:2006. Janabie TecTsl paboTaroT ciexyromuM odpazoMm. Tect 6.10 mpencraBuser coboit
npocreiiiyro koMHaTy B (opme kyba co cropoHoit 4 merpa. TodeuHBIH HMCTOYHHMK CBETa
pacIiooXeH B LEHTPEe KyOa. Y JIaHHOTO MCTOYHHKA OTCYTCTBYET TOHHOMETpPHUECKas JrarpaMma,
U, TaKUM O0Opa3oM, €ro CBETOBOH MOTOK PaBHOMEPHO pAaCIpeeNicH IO BCEM HalpaBIICHUSIM.
CoOTBeTCTBEHHO, PHU paboTe alropuTMa MpsIMO TpacCUpOBKH Jydeit mo meroxy Monte-Kapio
pacrnpeneneHue BepOsITHOCTH HAaPaBJICHHUS JTy4da JUIsS BCEX YIIIOB JOJDKHO OBITH paBHOMEPHBIM. [t
pPETUCTpAIK OCBEIIEHHOCTH BAOJb KaKIOW M3 TpaHel KyOa OBUTH pa3MEIIeHbl BUPTYyaJbHbBIC
U3MEpUTENbHbBIE PUOOPHI, COCTaBIsONME (U1 TaHHOUW TpaHW) CeTKy pasmepHocThio 10 Ha 10
puOOPOB C OAMHAKOBBIM IIaroM. Pe3ynbTaThl TECTHPOBAHUS 10 JAHHOMY CLIEHApHIO B CHCTEME
Lumicept mokasanu 3Ha4eHHs, COOTBETCTBYIOIINE OKHIAeMbIM (OTKJIOHEHHE He MpeBbIcHo 1%),
KaK IpH OTCYTCTBHU BTOPHYHBIX OTPAKEHHH (€CIIM MaTepHall BCEX rpaHel MOJHOCTHIO MOTJIOMAET
CBET), TaK ¥ NPH HAJMYMK BTOPUYHBIX OTPAXKEHUI (B 3TOM ciydae MaTepuall BceX rpaHeid umeer
kodpdunneHt auddy3Horo orpakeHus, paBHsIH 0.5).

Tecr 6.11 sBuserca Oornee cIOXHBIM. B JTaHHOM TecTe MCTOYHHMK CBETa PACIOJIOKEH B LIEHTpPE
norosnka (Ha paccrossHu 0.0001 or Hero) B KOMHare, MMeEIOIIEH (opMy napajienenurnena c
pasmepamu 1o 4 MeTpa B FOPHU3OHTAIbHOU IUIOCKOCTH U BBICOTOH 3 MeTpa. MICTOUHUK MOKET
coJiepxKaTh OJHY U3 TPeX TOHUOMETPUUECKUX JUArpaMM: C OCEBOM CUMMETPHEH, C JBYCTOPOHHEN
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U C YeThIpeXCTOpOHHEH cummerpuei. Takum oOpa3om, (QYHKIHMS pacnpeseneHus BEpOSTHOCTH
Jyded B 3aBUCHUMOCTH OT yIJIa MAJEHUS TakXkKe JOJKHA MUMETh COOTBETCTBYIOILIYIO CUMMETPHIO.
PesynbraTel TECTHPOBaHUS, IPHUMEP KOTOPBIX MOKA3aH Ha puC. 4 B BU/E U30JUHUNA OCBEIIEHHOCTH,
MPOJEMOHCTPUPOBAIN KOPPEKTHYIO CHMMETPHIO 3HAUCHUH C OTKIIOHEHHEM He Oonee 2%.

Bo Bcex BBIIIEONMCaHHBIX CLIEHAPHIX UCIIONb30BaICA IPOrPaMMHBIHM reHepaTop MCeBIOCIydaiHbIX
qucen MO anroputMy Buxmana-Xwumna. CpaBHUTENbHOE TECTUPOBaHME II0OKA3ajo, 4TO
UCIIOJIb30BAaHUE HTOTO alroOpUTMa OOECHEYMBAET MPOXOXKJCHHUE TECTOB Ha CHMMETPHIO C
TOYHOCTBIO, HE YCTYMAIOIIEH anmmapaTHOMY MCTOYHHKY dHTponuu. C y4eToM 3HauMTENbHO Ooiee
BBICOKOMl CKOPOCTH pPabOThI M OOECICUCHUSI IOBTOPSEMOCTH BBIYMCICHMH, HCIIOIb30BAaHNE
anmapatHoro rereparopa RDRAND B sape cumcremsl Lumicept OBDIO  TpH3HAHO
HeleIeco00pa3HbIM.

Puc. 4, P€3yﬂbmambl mecmoe Ha CUMMEMPUUHOCNb BbIYLUCTICHUT (uaozluHuu OCGEZM@HHOCMM).
Fig. 4. Results of calculational symmetry testing with usage of random numbers generator.

Ha puc. 5 npuBenenst rpaduku pe3yabTaToB TecTUpoBaHus i Tecta 4.1 u3 nadopa CIE 171:2006.
CeHCopbl PAcMoNioKEeHbl B y3JMax ceTku pasmepoM 7 Ha 7. CeMb OTAETBHBIX TpaduKOB
MPEACTaBISAIOT PE3YIbTAThl IJIsl 7 CEHCOPOB, HAXOAUIMXCS Ha OJHOM mpsMoi nuHUM. LIBeTHhIMU
JMHHUAMH TIPEACTABICHBl pE3yJbTaThl MOACIUPOBAaHMS B cucteMe Lumicept pasinyHbIMU
meronamu: 3eneHoi smHKneit — FMCRT ¢ peructpanneil cBeta Ha BUPTyalbHBIX H3MEPHUTEIBHBIX
npubopax, kpacHo — FMCRT mns pacgera kapt ocBemenHoctd 1 BRT mns ucmonszoBanms
KaMephl B KauecTBe CeHcopa, cuHeil — Path Tracing. UepHble CIuTONIHBIE JTHMHUHM MOKAa3bIBAIOT
MaKCHMaJIbHO BO3MOJKHBIE BEPXHIOIO (Camasi BEpXHSS JIMHUS) ¥ HIKHIOIO (camMasi HYKHSS JIMHHS)
TPaHMIB! JIOIMYCTUMBIX 3HAYEHHH C YYETOM IIOJIHOH BO3MOXKHOH TIOTPEHIHOCTH, a YepHBIC
MyHKTUPHBIE — BEPXHIOIO (BTOpasi CBEPXY) M HUXKHIOW (BTOpas CHHU3Y) TPAHUIIBI JIOITYCTHUMBIX
3HAYCHHH C Y4ETOM TOJIBKO M3MEPHUTEIHHBIX OIINOOK.

Ha puc. 6 nokazaHo no ogaHoMy rpaduKy (JUrs 0JHOM JIMHUHU U3 7 CEHCOPOB) AJISl OCTAIBHBIX CIIEH
n3 IV rpymnnel. Tak jke, kKak U Ha pUC. 5, I[BETHBIMM JHHHUAMHU MPEACTABICHBI PE3yJIbTAThI
MOJICTUPOBaHUs B cucteme Lumicept pasnudaHsIME METOIaMH, & Y€PHBIC CIUTOIIHBIC 1 MTyHKTHPHBIC
JIMHUM TIOKA3bIBAIOT IPAHHUIIBI TOMYyCTUMBIX 3HAUCHHH.

Ha rpadukax puc. 5 u 6 BeTHBIE JTUHUN, COOTBETCTBYIOIINE PAa3IMIHBIM METOAAaM, MPAKTHIECKH
CIIMBAIOTCS B OJTHY JIMHHIO, YTO MOKA3BIBAIOT CX0KECTh pe3ybTaToB. Cienyer oOpaTuTh BHUIMaHHE
Ha TO, YTO BPEMsI BBITIOIIHEHUS 10 JOCTIXCHHS 3aJaHHOW TOYHOCTH JJISl BCEX OMMCAHHBIX METO/IOB
OBUTO TPUMEPHO OMUHAKOBBIM. [IpHM 3TOM pe3ynbTaThl MOAEIMPOBAHUS HAXOIATCA B IIpefenax
JIOITyCTUMOMN OIMHNOKK (YepHbIe CIUIOIIHBIC JIMHWN) W B TPAHUIAX U3MEPEHHBIX JaHHBIX (YEpHBIC
MYHKTHpHBIE TUHNM). B Tabn. 1 npuBeneHb! 3HaYeHHUs OCBEIICHHOCTH, PACCYUTAHHBIC B CHCTEME
Lumicept u ycpeaaeHHble 0 BceM 49 TOYKaM, a TakKe YCPEeJHCHHbIC BEPXHUI 1 HHKHUN NPeIesbl
JIOITyCTUMBIX 3Ha4eHNH. BUIHO, 9TO BEIYMCICHHBIE 3HAYCHUS HAXOATCA B IOIYCTHMBIX paMKax.
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CIE test 4.1 Position 1 CIE test 4.1: Position 2 CIE test 4.1 Position 3 CIE test 4.1: Position &

CIE test 4.1 Position 5
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10 o IS

Puc. 5. Ilonnvle cpagnumenvHule pe3yibmamul mecmos cex Memooos ona mecma 4.1.
Fig. 5. Complete comparative testing results of all methods for 4.1 test case.

CIF resr 4.5 Posirion 4 CIF test 4.3: Posirion 4

CIL test 4.4 Pasition 4

Puc. 6. Yacmuunvle cpaguumenvHule pe3yivmamvl mecmog écex Memooos 0is mecmog |V epynnor.
Fig. 6.Partial comparative testing results of all methods for the test cases of IV group.

Tabn. 1. Yepeonennvie snauenus ons mecmos \V epynnoi.
Table 1. Averaged illuminance for the test cases of IV group.

Howmep tecta 41 4.2 4.3 4.4 4.5 4.6

BepxHuii mpeesnt 10myCTUMBIX 3HAUYSHIH 112.0 | 675 | 2542 | 375 | 51.1 | 2285

BrruncnenHas cpeHsas OCBEIIEHHOCTh 91.3 65.5 | 234.8 | 36.0 43.1 | 212.7

Huwxuuit npenen 10mycTUMBIX 3HaYEHUI 88.0 53.1 | 199.8 | 29.5 40.1 | 179.5
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7. 3aknroyeHue

Pe3ynpraThl TeCTHpOBaHHMSI ISl CHCTEMBI ONTHYECKOrO MOJENHpoBaHMs Lumicept, B memom,
MPOAEMOHCTPUPOBAIN KOPPEKTHOE MOJCIUPOBAHME PACIPOCTPAHEHHsI CBETa, IPU 3TOM HUX
TOYHOCTh HE yCTymaja pe3yibTaTaM, MOJYyYeHHBIM Ul APYTHX HOMYJApHBIX cucTeM. M3 Bcex
TECTOB TOJILKO B 2% cirydaeB ommoOKa npeBbicuia pyoex B 10%, KOTOPbIH cHuTaeTCsl MaKCUMaJIbHO
NpUeMIIEMBIM B HHXXEHEpHbIX pacuerax. Cieayer Takke OOpaTWTh BHUMAaHHE Ha CpaBHEHHE
Pe3yJIbTaTOB, IMOMYYEHHBIX B cucTeMe Lumicept Uit OZHUX M TeX e TECTOBBIX CIIEHAPUEB, HO MPH
WCIOJIb30BaHUHU PA3JIMYHBIX METOAOB cuMyisiuuu. Pacuersl npoBoaunuchk npsimoir Monrte-Kapio
TPAacCCHPOBKOH JIyde C HCIOJIB30BAHMEM BHPTYalIbHBIX H3MEPUTEIBHBIX MPUOOPOB, MPSIMOU
Momnre-Kapno TpaccupoBKkoil Jyueil ¢ HCIIONB30BAHMEM KapT OCBEUICHHOCTH (C TeHeparmeit
(hmHATEHOTO M300pakeHMs TIPH TOMOIIN 00PaTHON NEeTePMUHUCTHYECKON TPaCCHPOBKH JIydei), a
TaKKe TPACCHPOBKOW myTed. TecTmpoBaHHE MOKAa3alo, YTO B LEJIOM PE3yIbTaThl, MOIyYCHHBIE
MepEYNCICHHBIMH CIIOCO0aMH, OUCHB OJM3KH APYT K Apyry. HezHauuTensHas pa3HUIa B HEKOTOPBIX
TOYKax, MO BCEW BUIUMOCTH, OOBSCHIETCS TOJBKO CTOXACTHYECKMM IIYMOM M HE BBIXOIHT 3a
JOIYCTHUMBIE ITPEAEIEL.

B menmom, pe3ynbTaThl TECTHPOBAHUS JTOKA3BIBAIOT, YTO BCE BHIYUCIUTEIHFHBIE METOIBI CHCTEMBI
Lumicept obecreunBaroT (HU3MUIESCKH KOPPEKTHOE MOJICIMPOBAHKME OCBeHIeHHOCTH. HekoTopbie
OTJICNIbHBIC OTKJIOHCHHS OT JOMYCTHUMBIX 3Ha4YeHUi (Hampumep, B Tectax 4.2 u 4.6, moapoOHO
paccMoTpeHHbie B paboTe [2]) OyayT SBISATHCS MPEAMETOM AaTbHEHIIINX UCCISIOBAHUN.
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