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AHAJIU3 OHO0K KOMIIBIOTEPHOT0 MOIEJIMPOBAHMS I100AJILHOT0 OCBEIEeHMSI
AHHOTAUA

B pabote paccmaTpuBaroTcs BOMPOCH (U3HUECKH AKKYpaTHOTO KOMITBIOTEPHOTO
MOJEIUPOBAHUS OCBEUIEHUS CJHOXKHBIX cCleH. OIHMM U3 TJAaBHBIX METOJO0B
MOJICTIUPOBAHUSL SIBISICTCSI pacdeT TJI00aIbHOM OCBEIIEHHOCTH CIIEHBI METOJ0M
Mounrte-Kapio tpaccupoBku Jiydeil. PesynbraTamMu pacdera MOTyT OBITH Kak
pacrpe/iesieHdsi OCHOBHBIX CBETOBBIX XapaKTEPUCTUK Ha MMPUEMHUKE U3TYyUYCHUs, TaK U
pacmpeniefieHde  OCBellleHHsT BO Bced cueHe. [IpoBeneH aHanmu3  OmIMOOK
MOJECIUPOBaHUS (OIIMOKH  «IUCKPETH3ALMN» UM «CXOJUMOCTH») TJIO0AIbHOM
ocBellleHHOCTH. OCHOBHOE BHUMAHUE YJIEJIEHO OIIMOKE «CXOJUMOCTUY» KaK OCHOBHOM
OIMOKEe, OMpEACSIIONICH KayeCTBO HTOrOBOTO H300pa)keHHs. AHalu3 OIIUOKHU
«CXOJIUMOCTH MPOU3BEAECH [JIi JBYX OCHOBHBIX CIy4aeB MOJICJIIMPOBAHUS:
BBIYHCIICHUS TJI00aTbHON OCBEIICHHOCTH BCEH CIEHBI M BBIYHMCICHUS PACIIPEACICHUS
OCBEILICHHOCTH Ha MPUEMHHKE U3IydeHusa. [IpuBeneHbl OLEHKU MNPOTrHO3UPOBAHMS
BPEMEHU BBIUMCICHUN, HEOOXOIMMOro JUId JOCTIKEHUS 3aJlaHHOW TOYHOCTH
MOJEIUPOBAHUSA, a TAKXKE KPUTEPUHU, ONPEACISIONME OKOHYAHHE IpoIecca
MOJEIUPOBAHUS.

A.G. Voloboy, V.A. Galaktionov, S.V. Ershov, D.D. Zhdanov,
I.S. Potemin, L.Z. Shapiro

Analysis of global illumination calculation errors

Abstract

The accuracy of physically based lighting simulation and realistic rendering is
considered in the paper. One of the main global illumination simulation methods is
forward Monte Carlo ray tracing. The analysis of global illumination simulation errors
(discretization and stochastic ones) is presented. The quality of rendering is determined
mainly by stochastic error. Also the issue of prediction of calculation time necessary to
obtain requested simulation accuracy is discussed and practical approach to solve the
issue is suggested. The prediction mechanism with rich user interface and criteria for
simulation process termination is presented.

Pa6ora nonnepxkana PODU, rpantel Ne 07-01-00450 u Ne 08-01-00649, a taxxke
komnanueir INTEGRA Inc. (SImonus).
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1. BBenenmune

PU3NUECKN aKKypaTHOE KOMIBIOTEPHOE MOJEIUPOBAHME OCBEILICHHS HAXOIUT
HIMPOKOE MPUMEHEHUE B apXUTEKType, MHAYCTPUM AHU3alHA, KMHEMaTorpapuu, npu
IPOCKTUPOBAHUM CBETOTEXHUYECKHX YCTPOMCTB, a TakXe MPH I[OCTPOCHHUH
(GOoTOpeanCTUUYECKUX H300pAKEHUI CUEH BUPTyaldbHOW peaibHOCTH. Pe3ynbratoMm
TaKOro MOJIETUPOBAHUS MOTYT OBITh JHMOO KapThl paclpeeieHus CBETOBBIX
XapaKTEPUCTUK (OCBEIIEHHOCTH, SIPKOCTU WJIM MHTEHCUBHOCTH CBETa) Ha OOBEKTax
CLEHBI WJIM TPUEMHUKAX U3ITy4YEHHs, TM0O0 (POTOpealncTUYECKOe N300paKEHNUE CLIEHBI.

Hnsa  obecrieueHust (U3NYECKOM aKKypaTHOCTH METOAbl MOJAEIUPOBAHUS
pacipoCTpaHEHUsI U B3aUMOJICHCTBUSL CBETAa C OOBEKTaMH JIOJKHBI OCHOBBIBAThCSI Ha
¢u3nueckux 3akoHax. Kpome Toro, HEOOXOIUMBIM yCIOBUEM (PU3NYECKU AKKYPATHOTO
MOJCIIMPOBAaHUS  SIBJISIETCS ~ BO3MOXKHOCTH ~ OLICHKM  TOYHOCTH  PE3yJIbTara
MO/ICJINPOBAHUSL.

KommbroTepHoe MOAEIUpPOBAaHUE PACHPEIECICHUSI CBETOBBIX XapaKTEPUCTHK Ha
0o0BEKTax CIIEHbl HANpaBJICHO Ha pelleHue ypaBHEHUs peHaepusra [1]. OngHum u3
OPUOJMKEHHBIX ~ PELIEHUH STOT0 YpPaBHEHUS SABISIETCS METOJ Te€OMETPHYECKOM
TpaccupoBKHU Jydeil. [IpuHumMas Bo BHHMaHue OoOpaTUMOCTh XOJa JIyda, & UMEHHO,
Tpacca Jyya B NpsIMOM HampaBieHUMM (OT HCTOYHMKA CBETa K HaOIIOJATEINo)
COBIIAJIACT C TPACCOM Jyda B 0OOpaTHOM HaIpaBlIeHUH (OT HAOIIOATENs K UCTOUHUKY
CBETa), JUIsl pacyeTra CBETOBBIX XAPAKTEPUCTUK MOXHO HCIOJIb30BAaTh KAaK METOJbI
npsMOil, Tak W OOpaTHOM TpaccUpoBKH Jyudeid. Kpome Toro, Meromsl mpsMoil H
o0OpaTHOM TpPAaCCUPOBKU JIy4el MOIYT HCIOJIb30BaTh KaK JETEPMUHUCTHUECKUE
penieHus (MeTobl nepeHoca 3Hepruu [2, 3] uin MeToAbl pacueTa BUAMUMON SPKOCTU
[4]), Tak U cTaTUCTUYECKUE METOJIbI pacueta (MeTobl MonTe-Kapio [5]).

B 3agaudax, CBSI3aHHBIX C TOCTPOEHUEM (HOTOpPEANUCTUUHBIX H300paKEHUM,
3 ()EKTUBHBIM  ABIFAETCS COYETAaHWE METOJOB NPSIMOM TPACCHUPOBKH JIy4eid,
PaCCUUTHIBAIOIIUX pACIpeIeNICHHE TTI00abHON (MJIM BTOPUYHOM) OCBEIIEHHOCTU WJIN
SIPKOCTH Ha OOBEKTAaX CLEHBI, C METOJaMH OOPATHON TPaCCUPOBKH, CYMMHPYIOLINX
SAPKOCTU OOBEKTOB CLEHBI C MPSIMBIMU SIPKOCTSIMH OT MUCTOYHMKOB CBETA IO Tpacce

Jyda OT HaOmomarenss B HampaBieHUHM cleHbl [6-8]. [lns pacuera rioOanbHOM
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OCBEUIEHHOCTH (SIPKOCTH) 0OBEKTOB CLEHBI 3()(PEKTUBHBIM PEUIEHUEM SABIISIETCS METOJ
Momnre-Kapino TtpaccupoBku nyuyen. Mpes npsmMoll TpacCHPOBKH JIy4e METOJIOM
MonTe-Kapino  cocTouT B CTaTUCTUYECKOM  BOCHPOM3BEACHUM  MEXaHU3Ma
pacnpocTpaHEHUsl CBETa IIyTEM MOJIETUPOBAHMS BCEBO3MOKHBIX TPACKTOPUH Jyyel OT
UCTOYHUKOB CBETAa J0 OOBEKTOB CLEHBI. TpaekTopuu CBETOBBIX YacThll ((POTOHOB)
IIPOCIICKUBAIOTCSI HA BCEX JTalaxX MX CYLIECTBOBAaHUSA, OT MOMEHTa MX TI'€HEPALHH
MCTOYHHUKAMU CBETA JI0 MOTJIOLIEHUS WM BbIXOJa W3 clieHbl. HauanbHble mapaMeTpsl
dy4ya (IIOJIOKEHHWE UM HAaIpaBJICHMUE) PACHpENEessIOTCsS CTOXacTUYECKUM OO0pa3oM B
COOTBETCTBHUH C YIJIOBOW M MPOCTPAHCTBEHHOM MIIOTHOCTSIMU U3Ty4YE€HHSI HICTOYHUKA, a
KOJIMYECTBO (DOTOHOB, BBINMYIIEHHBIX HCTOYHHUKOM CBETA, MPONOPLUUOHAIBHO €ro
sHepruu. B mpouecce pacnpocTpaHeHUs JIydd B3aUMOJEUCTBYIOT ¢ 0ObEKTaMU CLIEHBI.
B cooTBercTBHM C ONTUYECKUMH CBOMCTBAMHU NEPECEUEHHOW MOBEPXHOCTU (TaKUMH
KaK [orjoueHne, (QyHKIUSMU paccerBaHMs, BKIIOYAs «3E€pKAJIbHBIE» (DPYHKUIUU
paccenBaHMs) Jy4d MOTYT BEPOSTHOCTHBIM 00pa3oM OTpa3uThCs, paccesiThCs,
MPEJIOMUTHCA, OTIOTUTBCS. MEeTOT €CTECTBEHHBIM 00pa30M MOAIEPKUBAET BCE TUIIBI
NOBEPXHOCTEH, BKJIIOYas coueTaHusi AUPPY3HBIX U 3epKaJbHBIX CBOWCTB, a TaKkKe
MOBEPXHOCTH, OIMCHIBAEMBIE CIIOKHBIMH (DYHKIMSAMU OTpa)xeHus: (MperoMIICHHS)
CBeTa.

[Io Mepe B3auMOJEHCTBUS Jiyueld C OOBEKTaMHM CLEHBl SHEprus (POTOHOB
HaKariuBaeTcsl Ha 00bEKTaX CLEHBI B BUJE IT100ATbHON OCBEIIEHHOCTH WU SIPKOCTH.
Korzaa komyecTBo NpOTpacCUPOBAHHBIX JIyYEH TOCTATOYHO BEJIMKO, MOKHO TOBOPUTH,
YTO paCIpeAesICHUE CBETOBBIX XAPAKTEPUCTUK C HEKOTOPOH CTENEHbIO TOYHOCTH
COOTBETCTBYET PEAJILHOCTH, U, OYEBHHO, YEM OOJbIIE Jy4Yeil OBLIO HCIOJIB30BAHO B
TPacCUPOBKE, TEM BBIIIE TOYHOCTh MOJEAMpoBaHMs. KOHEYHO, HaHHas OLEHKa
TOYHOCTH MOJICIMPOBAHUS SIBISIETCS KAuE€CTBEHHOW W oueHb oOmel. Iloatomy
IIPOTHO3UPOBAHUE U OLIEHKA TOYHOCTH MOJIEITUPOBAHMS SBISICTCA aKTyaJIbHON 3aJaden
(u3NYECKN aKKypaTHOTO MOJICIMPOBAHUS OCBELICHUS CJIOKHBIX CIIEH.

JlanHast paboTa MOCBAILEHA METOJaM OLIEHKU IMOTIPEIIHOCTEN MOJETUPOBAHMS
r7100aJIbHON OCBEIIEHHOCTH (SIPKOCTH) OOBEKTOB CLIEHBI U IPOrHO3UPOBAHUIO BPEMEHU

MOJCIINPOBAHUA, HGO6XOI[I/IMOFO JJIA JOCTHXKCHUA 3aI[aHHOﬁ TOYHOCTH.



2. Pacuer r;i00a;15H0M OCBEIICHHOCTH M IOCTPOeHUEe GOTOPeaTUCTHYECKHUX

U300paKeHnin

JUisi TOHMMaHUSI UCTOYHUKOB OIIMOOK MOJIETUPOBAHMS M300paKEHHsI CLUEHBI U
OIIMOOK pacueTa paclpeiesieHUus] CBETOBBIX XapaKTEPUCTUK HAa OOBEKTaX CICHbI
HEO0OXOJMMO OIPEAEIIUTh, KaK JaHHBIE CBETOBbIE XapaKTEPUCTUKU PACCUUTHIBAIOTCS U
KaK (POpMHUPYETCS BU3YyaTbHOE N300paKEHUE CLEHBI.

OnTryeckoe MOJIEIMPOBAaHUE B Pa3pabOTAHHOM HaMH MPOTPaMMHOM KOMILJIEKCE
UCIIOJIb3YeT NPUOIMKEHUE TPACCUPOBKU JIy4eH sl pacueTra OCHOBHBIX CBETOBBIX
XapaKTEPUCTUK CIEHbl. J[JIs MNOCTpOeHUss H300pa)KeHHsI MCIONb3YeTCs aIrOpUTM
oOpaTHOM TpaccupoBKM Jydei. Maes anroputmMa COCTOMT B TOM, YTO W3 TIJjasza
HaOroAaTeNd 4epe3 KKyl TOUKY dKpaHa 3alyCKaeTcs Jyd J0 MEepeceYeHus €ro c
00beKTOM cIrieHbl. Puc. 1 7eMoHCTpUpyeT alnroputm oOpaTHOM TpacCUPOBKH Jiyueil. B
TOUYKE MepeceyeHusi ¢ 00ObEKTOM JIyd CUUTBHIBAET 3HAUEHHE €r0 SIPKOCTH U 3Ta SIPKOCTh
U €CTh SIPKOCTh, BHJIMMAasl TJa3oM HaOmoxaarend. llpenmonaraercs, 4To BHIUMYIO
APKOCTh MOTYT co37aBaTth JuO0 1ud@y3HO pacceuBaronyie OOBEKTHI, JIHOO
CaMOCBETALIMECS 00BEKThI. 3epKAJIbHBIE U MPO3pPAaYHbIE HEPACCEUBAIOIINE OOBEKTHI HE
SBIISIIOTCA MCTOYHMKAMHU SIPKOCTH, @ TOJIBKO TIEPEHOCIT B3IJIsA HaOIrogaTeNs
(oTpakaloT WJIM TIPEJIOMIISIIOT) Ha JPyTrHe CBETAIIMECS OOBEKThl ClEHbl. Muaes
oTpakeHus (IIPeJIOMJIEHUS) peau30BaHa B aJITOPUTME OOPATHOM TPACCHPOBKH JIydei
IIOCPEJICTBOM COOTBETCTBEHHO 3E€PKAJIBHOIO OTPAKCHUSI WM IPEJIOMIIEHUS Jyda Ha
00BEKTaxX CIEHbl C MOCIEAYIOIIEH €ro TPacCUPOBKOW 10 ONMXKAWIIMX BHJIMMBIX
00OBEKTOB CIIEHBI, 10 T€X MOp IMOKa BCS BUAMMAs SIPKOCTh B HAIPABJICHUU JIydya HE
OyJIeT paccuuTaHa.

Ba)xHbIM 3JIEMEHTOM OOpAaTHOW TPAaCCUPOBKHU JIy4€il SBISIETCS PacdeT SPKOCTH
00BeKTOB cueHbl. OYEeBUAHO, YTO pacueT SIPKOCTH CAMOCBETSIIMXCS OOBEKTOB HE
BBI3BIBAET HUKAKUX MPOOJIEM, OJTHAKO BBIUMCIECHUE SIPKOCTU PaCCEUBAOIIMX OOBEKTOB
SBJISIETCA JTOCTaTOYHO CJIOKHOM mpoueaypord. MOKHO BBIIEIUTHh JBa OCHOBHBIX
Cllydasl OCBEILEHHUS PACCEHBAIOUIMX OOBEKTOB: NPSIMOE OCBEIICHHE, KOrJa OOBEKT

HCTIOCPCACTBCHHO OCBCIIICH HMCTOYHHUKOM CBCTA (Ha IIyThn CBE€Ta OT HUCTOYHHUKA 0O



00bEKTa HET HUKAKUX JIPYTHMX OOBEKTOB), U BTOPUYHOE OCBEIICHUE, KOT/a OOBEKT

OCBCIIICH CBETOM, paCCCAHHBIM JAPYTUMHU 00BEKTaMH CIICHBI.

Puc. 1. Upes anroputMa TpacCUpOBKH JIydei AJis MOCTPOCHUS U300PayKEHUS CLICHBI.

B ClIydac MnmpAamMoro OCBCHICHUA APKOCTb O6T)€KT3, (bopMpreMaﬂ IIPOTAXKCHHBIM

HMCTOYHUKOM CBETA, BBITVISIAUT CJICIYIOIIUM 00pa30M:

Syl T
L(p Ju )=;J.BSDF(u ,D —p)L(p,p —p)cosyda) ,
Q

(1)
re:
p — TMOJIO’)KEHUE UCTOYHHUKA CBETA,
p' — TOYKa MOBEPXHOCTH HAOIIO/ICHNUS,
u' — HarpaBJieHHE HAOJIIOACHUS,
y — Yrol MEXIy HalpaBJICHUEM HaOMIOJEHUSI W HOPMalbl0 K OCBEIIAeMOM

IIOBCPXHOCTH,

L(p, P’ — p) — APKOCTb MCTOYHUKA B HANPABJIEHUU TOUKU HAOIIOEHHM,



BSDF(ii',p' — p) — IBYHanpaBleHHas (YHKIHUsS paccerMBaHMs (OTHOIICHUE APKOCTH

MOBEPXHOCTH B JJAHHOM HAMPABJICHUU K SIPKOCTHU UeaibHOro quddyszopa).
WNuTterpupoBaHre MPOUCXOAUT MO BCEM BUIMMOW OOJACTHM MCTOYHUKA CBETa U

MOXXET OBITb CBEIEHO K IPOCTOMY CYMMHPOBAHHUIO MOCTOSIHHBIX SIPKOCTEH OT

JJIEMEHTapHBIX YYaCTKOB UCTOYHHUKA CBETa. B cilydae ToueYHOro WM mapajuieIbHOTOo

HCTOYHHKA CBCTA BBIPAKCHHUC (1) HMCCT BUA:

L(it) = BSDF(@ ' - p)E(p)eosy @)
rje:
E(p) — OCBEIEHHOCTH B TOUKE 7 , GOPMHUPyEMast HCTOYHUKOM CBETA.

Boruucnenue BTopuyHOro (rio0aibHOr0) OCBEIEHUs — 3a7ada 0oJiee CIOoXKHas,
Y JUUTA €€ PEIICHUS UCIIOIB3YETCS MpsiMasi TpACCUPOBKa JTydet MetonomM Moute-Kapio,
0 KOTOpPO#i roBopuioch paHee. [10CKONbKY KaKIblii (POTOH MEPEHOCUT JIEMEHTAPHBIM
noToKk (moTok ¢OTOHA paBeH CYMMapHOMY TIIOTOKY BCEX HCTOYHUKOB CBETA,
JIEJICHHOMY Ha KOJMYECTBO MCIYIICHHBIX (POTOHOB), TO OOBEKTHI CIEHBI MOTYT
HaKariuBaTh MaJaloIUi Ha HUX TTOTOK M, B 3aBUCUMOCTH OT THIA O0BEKTA, COXPAHATh
€ro B BHUJE KapT OCBEHIEHHOCTH WU SIPKOCTU. McKiroyass MEepBUYHOE OCBEILCHHE,
MO>KHO MOJIYYUTh KapThl BTOPUYHON OCBEIICHHOCTH (SIPKOCTH).

Pe3ynbTaThl MOAECNMPOBAHUS, YUYUTHIBAIOIIME TEPBUYHOE UM  BTOPUYHOE
OCBEUIEHUS, IPE/ICTABIIEHbI HA pUC. 2.

Boluncienne nepBUYHOTO OCBEIICHUS, KaK MPABUIIO, HE COAEPKUT OMMOOK. B
MPOCTBIX chydassx BbeIpakeHUs (1) u (2) MOTYT OBITh BBIYUCIEHBI aHATUTUYECKUM
0o0pa3oM, CIIOKHBIC CIIy4au CBOJSATCS K TOYHOMY MHTETPUPOBAHUIO SPKOCTU IO
BUJIMMOM TOBEPXHOCTU HCTOYHHMKA cBeTa. OJHAKO BBIYMCIIEHHE TJI00aJbHBIX KapT
OCBEILIEHHOCTH (SIPKOCTH) Ha OOBEKTaX CIEHBI COJIEPKUT OLIMOKH, CBSI3AHHBIE CO
crenu@UKol TEOMETPUU CLEHbl U CTOXAaCTHMYECKHUM IIYMOM, OOYCJIOBJICHHBIM

MCIIOJIB3yEeMBbIM MeTOIOM MoHTe-Kapio.



Puc. 2. 300paxxeHue cLieHbl C y4eTOM NEPBUYHOIO M BTOPUYHOT'O OCBEILEHUI.

3. OcHOBHBbIE HCTOYHHUKH OIIHMOOK MOACIUPOBAHUA U METOABI UX OIICHKH

Brruncnenue cBETOBBIX XapaKTEPUCTHUK, TAKUX KakK TI00aibHass OCBEIIEHHOCTH
(IpKOCTh) Ha OOBEKTaX CIICHBl WM PaCHpe/le]ICHHE OCBEIIEHHOCTH (SIPKOCTH) Ha
IPUEMHUKAaX HU3Jy4yeHUus ocyliecTBisiercss metogoM Monrte-Kapiao u, kxak moOoi
BEPOATHOCTHBI METOJ, COJECPKUT CTOXACTHUYECKHWE OINMOKM BhIYMCIEHUS. Takke
HEOOXOJMMO MMOHUMAaTh, YTO CBETOBBIE XapaKTEPUCTUKU BBIUMCIISIIOTCS Ha dJIEMEHTax
OOBEKTOB CIICHBl KOHEYHBIX pa3MepoB (B BEpIIMHAX TPEYTOJbHOW CETKH,
dbopMupyroleii TEOMETPUIO CIIEHBI, B TEKCTYPHBIX s4YCHKax, MPHUBSI3aHHBIX K
TFE€OMETPUM CIICHbI, WIM sYeWKaX MPUEMHHUKOB H3ilyueHus). [loaromy TouHast oueHka
CBETOBBIX XapaKTEPHUCTUK B 3aJaHHBIX TOYKAX CIIEHbI HeBO3MOkHA. OIeHKa MOXKET
OBITh cCHelaHa C TOYHOCTBIO JI0 pa3Mepa O00JacTH, B KOTOPOM aKKyMYJUpPOBAJICS
najalomuid ceer. TakuMm 00pa3oM, MOTPEHIHOCTh BBIYUCICHHUS COCTOMT M3 JBYX

OCHOBHBIX OIIMOOK — OIIMOKH CAUCKPCTU3alUKN» CICHBI, CBSI3aHHOM C KOHEUYHBIMHU



pa3zMepaMu 3JIEMEHTOB CIIEHBI, U OUIMOKH «CXOJMMOCTHY, CBS3aHHOM CO CIIy4yalHbBIM
MPOLIECCOM BBIYHCIICHUMN.

Ommbka «IUCKpETU3AlUM» — 3TO OIIMOKAa WHTEPIOJSIUMU OCBEIIEHHOCTH
(sspKOoCTH) B TIpejenax 3JIEMEHTa CIICHbI, HAKAIlJIMBAIOIIETO0 CBETOBOM MOTOK. KaxkabIit
DJIEMEHT CIICHbl HAKAIUIMBACT €JIMHCTBEHHYIO BEJIUYHMHY, W, OUYEBHIHO, YeM OOJIbIIE
AJIIEMEHT CIIEHBI, TeM Oojiee MpOoOJIEeMAaTHYHO OCYIIECTBISATh TOYHOE pacCIpeiesiCHHUe
3TOM BEJIIMYMHBI B MPEIEIaxX AJIEMEHTa CHEHbl. [loaToMy Mg ynydileHus KadecTBa
WHTEPIOISALINANA 3TON BEJIUYUHBI MCIOJIB3YIOTCS COCEAHUE DIIEMEHTHI, © YEM MEHBIIE
pasMep DdJeMeHTa CIEeHbl, TeM 0oJieeé TOYHO MOXET OBbITh BOCCTAHOBJICHA
UHTEPIOJSAIUOHHAS (PYHKIMSA. ECTECTBEHHBIM YCIOBUEM YMEHBIIECHUS OLIMOKH
«IUCKPETHU3alUN» SBIIAETCS YMEHBIICHHUE OJEMEHTOB CIEHBI, AKKyMYJIUPYIOLIUX
najammux cBerT. OHAKO YMEHBIIICHUE AJIEMEHTOB CIIEHBI IIPU COXPAHEHUU BPEMEHU
MOJICIMPOBAHUS, KaK MPaBUIIO, MPUBOJUT K YBEJIMUYCHHUIO OIIMOKH «CXOJIUMOCTH.
[ToaToMy oONTUMaNbHBIM pELICHUEM SABISICTCS aJalTHUBHOE pPa30MEHUE CIEHBI,
KPUTEPUEM KOTOPOTo OYJET CBEJACHUE OIMIMOOK <«JIMCKPETU3ALUN» U «CXOJIUMOCTH» K
OJHOMY 3HAYEHUIO.

JlanHast paboTa He pacCMaTpPUBAET aCHEKThl aIAIITUBHOTO pa30UEHUs CIEHBI, U
MOTOMY aHaju3 OIIMOOK «JIUCKpeTU3anuu» He mpousBoautcs. [Ipenmnonaraercs, 4To
pa3Mep 3JEMEHTOB CLIEHbI JOCTATOYEH JUIsl BBIMOJHEHHS aKKYpaTHOW WHTEPIOJISLIUN
OCBCILICHHOCTH WU spKOocTU. JlanbHeimas dYacTh palOOThl MOCBSIIEHA aHAIU3y
OIHUOOK «CXOJUMOCTH» pacyeTa paclpeeeHus] OCBEHICHHOCTU (SIPKOCTH) Ha JBYX
Pa3IMYHBIX TUMAaX OOBEKTOB CIIEHBI — TPEYTOJbHON CETKH, OMUCHIBAIOIICH T€OMETPUIO

CHOCHBI, U sTuerKax IIPUCMHHUKA U3JTYUCHHA.

3.1. MeTtoabl OLIeHKH MOTPEIIHOCTH BbIYMCJICHHUS IJI00aTILHOI

OCBCIICHHOCTH

['moGanbHast OCBEIIEHHOCTh (SIPKOCTh) CIIEHBI SIBJISIETCS KOMIIOHEHTOM MOJEIN
MOCTPOCHUST (POTOPEATUCTUUECKOTO M300pAKEHUSI CIIEHBI, M €€ pacueT TpelOyeT
BBICOKOTO YPOBHSI TOYHOCTH. [IOCKOJIBKY TEPMHUH «BBICOKHW» YPOBEHb TOYHOCTH HE

SIBISCTCS KOJMUYECTBECHHOM XapaKTepHCTHKOﬁ, H€O6XOI[I/IMa MCTOJMKa OLICHKN YPOBHSA
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TOYHOCTH, B PAMKax KOTOPOM, MOXKHO OBbLIO OBl ONPENEIUTh 3HAYEHHE «BBICOKOTO
YPOBHSI TOYHOCTH.

Jis merona Monte-Kapno ommOka «CXOOUMOCTH» MOXKET OBITh ONpeiesieHa
KAaK JIMCTAaHLHS MEXIY HUICalIbHO MPaBUIBHOM KapTOW OCBELIEHHOCTH (SAPKOCTH) H
peaslbHO BBIUMCIEHHOM KapTol. IIpuHKMMas BO BHHMMaHue, 4To pa3Mmepsl U (opma
TPEYTrOJIbHUKOB, HA KOTOPBIX MPECTABIEHBI KapPThl, MEHSIOTCS IO CLIEHE, HEOOXOJUMO
BBINIOJIHUTh YCPEAHEHUE BBIYMCIECHHON AUCTAHIUU IO pa3Mepy CLEHbI (CyMMapHOM
IUIOHIad  BCEX  TPEYrOJIbHUKOB  CLEHBI). JanHass ~ OgucCTaHUUSA  €CTh
CPEIHEKBAIpaTUUYECKOE OTKJIOHEHHE paclpeleieHusi riI00albHON OCBEUIEHHOCTH
(SIPKOCTH) OT UJIE€ATBLHOM KapThl U MOXKET CIIY)KUTh OLIEHKOM OIIMOKU MOJEIUPOBAHUS.
BrIpaxeHue cpeTHeKBagpaTHIECKOTO OTKIIOHEHUS UMEET CIIETYIOIUI BAL:

N J [, )~ ECeor )]

S

: 3)

rae:

E)—uneanpHas kapTa OCBEIIEHHOCTH (SIPKOCTH),

E — xapTa ocBeneHHOCTH (SIPKOCTH ), BEIYKCIIEHHAst MeToj oM MonTe-Kapsio,

S — cyMMapHas IJOLIaab MOBEPXHOCTU BCEX TPEYrOJbHUKOB, Ha KOTOPBIX ObLIa
paccunTaHa KapTa OCBEIIEHHOCTH (SIPKOCTH).

Boipaxkenue (3) mmeeT pa3sMEpHOCTh OCBEIIEHHOCTH (SPKOCTH) HA €IUHUILY
wiomwaa. boiee yaoOHBIM BBIpAKEHHEM I OLEHKH CpPEIHEKBAAPATUYECKOIO
OTKJIOHEHUSI MOJKET CIY>)KUTh BBIPDAXKEHUE JIaHHOW OLIEHKM B OTHOCHUTEIBbHBIX
eauHuIax. B mocnenHeMm ciiydae aOCOJMIOTHOE 3HAYEHHE CPEIHEKBAAPATHUYECKOIrO
OTKJIOHEHHsI HOPMHUPYETCSI Ha CpEJIHEE 3HAUEHHE OCBEIIEHHOCTH (SIPKOCTH) CLieHbI. B
KaueCTBE CPEITHEr0 3HAYEHUSI MOTYT OBITh UCIIOJIb30BaHbI KaK CPEIHEKBAIPATUUECKOE,
TaK U cpeHeapu(PMETUUECKOE 3HAYEHUSI OCBEIIEHHOCTH (SIPKOCTH).

<E>:lZEi (apuqbwwemuqecme ycpe()HeHue)

Sz
Ot = <% 1 : ’ (4)
<E > =3 Z E; (keadpamuueckoe ycpeonenue)

rIe:

E; — 3HaueHue oCBENIEHHOCTHU (SIPKOCTH) B i-OM TPEYTOJIbHUKE CIIECHBI,
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K — xonm4aecTBO TpEeyroJbHUKOB CIICHBI.

OCHOBHBIM  HEIOCTAaTKOM  BBIpaXKEHUS (4) SABISETCS  HEBO3MOXHOCTH
NpUMEHEHUsI €ro Ha TmpakTuke. WneanbHass KapTa OCBEHICHHOCTH (SIPKOCTH)
HEU3BECTHA, OHA €CTh PE3YJbTaT MOJCIMPOBAHUS TPH OCCKOHEYHOM BpPEMCHH
BbunciieHus. [1o3ToMy B YCIOBHUSIX PEalIbHOTO MOJEIMPOBAHUS B KauyeCTBE OIECHKH
UJIcaIbHONW KapThl OCBEIIEHHOCTH (SPKOCTH) MCIOJIb3YeTCS KapTa, BHIYMCICHHAS TIPU
IpyruxX (HE3aBUCHUMBIX) HAYaJbHBIX 3HAYCHUSX MATYMKOB CIIyJalHBIX dmcell. bwuto
MPUHATO PEIICHUE MCIOIh30BaTh B KAYECTBE JIByX HE3aBHUCHUMBIX KapT OCBEUIEHHOCTH
(SIPKOCTH) «YETHYIO» M «HEUETHYIO» KapThl. Pe3ynbTaThl TPACCHPOBKHU YETHBIX JTyde
COXPaHSIOTCS B «YCTHOW» KapTe, a Pe3ylbTaThl TPACCUPOBKH HEUETHBIX Jydeld — B
«HeueTHoN» Kapte. Puc. 3 (a) u (0) J1eMOHCTPUPYIOT PE3yJIbTAThl TPACCUPOBKHU (KapThl
pacrmpeieNieHdss OCBEIICHHOCTH) HEYETHBIX M YETHBIX JIy9eH COOTBETCTBEHHO IS
CIIEHBI, U300paKEHHOM Ha puc. 2.

[Tpu 3TOM BbIpakeHue (3) aJisi OIEHKU MOTPEHTHOCTH BBIYUCIICHUS TI100abHOMN

OCBEILIEHHOCTH (SIPKOCTH) MPUMET CJICAYIOIINI BU/I;

o f(EHeqem(xayL— E,..(x.)) | 5)

rie:
Ecuem — KapTa OCBEIIEHHOCTH (SIPKOCTHU ), BEIYMCIICHHAS JJIsl HEUETHBIX JTyUeH,
E. .y — KapTa OCBEIIEHHOCTH (SIPKOCTH ), BBIYMCIICHHASI 111 YETHBIX JIy4eHl.
['moGanbHasi KapTa OCBEIIEHHOCTH (SIPKOCTH) €CTh KapTa, copMupoBaHHas
HEUETHBIMU W YETHBIMH Jiydamu. Puc. 4 JeMOHCTpUpPYET KapTy paclpeacsieHUs
OCBEILIEHHOCTH, COCYUTAHHYIO JIJIS IAHHOU CIICHBI.
HecMoTpss Ha mpocTOTy NPHUHATOrO penieHus (MCHOJb30BaTh «YETHBIC» U
«HEYETHBIC» KapThl), OHO MOKa3aja0 ceOsl TIOCTAaTOYHBIM JJIsl 3a7a4 OIEHKH TOYHOCTH
MOJICIMPOBAHUSL OCBEHICHHOCTH (SPKOCTH). DTO OBUIO TPOBEPEHO Ha ThICAYAX

MIPOBEICHHBIX MOJEIUPOBAHUNA peaIbHbIX MOENEH (CLIEH).
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Puc. 3 (6). 'no6anbHast kKapTa OCBELICHHOCTH, CPOPMHUPOBAHHAS YETHBIMH JIy4aMH.
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Puc. 4. 'moGanbHas KapTa OCBEILEHHOCTH, C(HOPMUPOBAHHASL BCEMU JTy4aMHU.

3.2. MeTOJIBI OLHCHKH MOIrPE€IHOCTA BLIYUCJICHHUSA OCBCIICHHOCTH HA

NPpUEMHHUKAX H3JTYICHUA

JUist pacdera pacnpenesieHUsT OCBEIICHHOCTH WM SPKOCTU BUPTYaJIBHOTO
JETEKTOpa Halla CHUCTEMa MCIOJIb3YyeT MOJENb NPUEMHHKA H3IYy4YeHUS B BHUJC
pEeryjsipHOM MPSMOYTOJIbHOW PEIIETKH, B sYEMKaX KOTOPOM HaKaruIMBaeTcs JHOO
naJaolas CBEToBasi dHeprus (OCBELEHHOCTh), TU00 UCXOASIAsi CBETOBAsI SHEPTUs B
3aJlTaHHOM HamNpaBJICHUH WU TEJIECHOM yriie (SIpKoCcTh). Takum 00pa3oM, 3HAUYEHHUS
CBETOBBIX BEJIUYMH B SIYEHKaX MPUEMHUKA U3TYyYEHHUs IPONOPLHOHAIBHBI KOJIUYECTBY
(OTOHOB, aKKyMYJIMPOBAaHHBIX B IAHHBIX SYEIKaX.

Heob6xonumMo OTMETHTH, YTO paclpelesieHHEe OCBELICHHOCTU (SIPKOCTH) Ha
NPUEMHUKE U3IY4YEHUS, KAaK MpaBUJIO, HE COACPKUT OLIMOKY «IUCKPETHU3ALUN.
Mopenb npueMHUKa U3Ty4YEHHUs, UCTIOIb3yEMas B HAILIEW CUCTEME, SBJISIETCS] aHAJIOTOM
dbusnyeckoro uzMeputesnbHoro mnpuodopa (porompuemuuka, CCD maTpuipl U T.10.).
[ToaTOMy pazmep sUEHKHM JEeTEKTOpa NPUEMHUKA U TEIECHBINA YIoJl 3aXBaTa U3JIy4YEHHUs
COBMAJAIOT ¢ (PU3MYECKUMH MapaMeTpaMy MPUEMHHUKA U3Ty4YEHUS, KOTOPBIA MOXKET

HCIIOJIB30BaThCA B ,HaHHOﬁ peaHBHOﬁ COCHC. B PE3yIIbTaATC peaHBHBIﬁ l'IpI/I60p HC
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MOXET HU3MEPUTh pacHpeieiCcHUe OCBEIICHHOCTH (SAPKOCTH) C Oojiee BBICOKUM
paspelieHrneM, 4eM MOJIeJIh UCTIOIb3yeMOT0 IPUEMHHUKA.

Uckirouast ommOKy «IUCKPETHU3ALUUY, MOTPEITHOCTh BBIUMCICHUS CBETOBBIX
XapaKTEPUCTHK B SYCHKaX MPUEMHHKA CBOAUTCS K OIMIMOKAM «CXOAUMOCTH». JIJis
OIICHKHA OIMMOKH «CXOJIMMOCTH» HCIOJIb3YETCS CTaHJApTHBIA TOJIXOJ pacyera
CPEIHEKBAIPATUUECKOTO OTKJIOHEHUS CIy4alHON BeIMYMHBI (PHEpruu (OTOHOB B
sYeKax TPUEMHHKA H3Iy4deHUs). BO-TIEpBBIX, pacCUHMTHIBACTCS CpPEIHEE 3HAUCHHEC

CBETOBOU DHEPTUM B AUYCHKaX:

E, &
<E >=_2Ei > (6)
N i=l
rae:
E; — oTHOcuUTENnbHOE 3HAYEHWE CBETOBOM DJHEPIUM, NPUHOCHMOU B SYEHUKY

IpUEeMHHKA i-bIM (POTOHOM (IIPUHUMAET IIEJI0€ 3HAYEHHE, PAaBHOE CKOJIBKO pa3 i-bIit
(OTOH monani B IaHHYIO SYEHKY),
Ey—»neprus equanyHOTO (HOTOHA,
N — xoam4ecTBO (HOTOHOB, UCITYIIICHHBIX IMPU MOJICTUPOBAHUH.
Torna cpemHekBaapaThyeckas BapHWamus SHEPTHH (POTOHOB B SUCHKE MOXKET
OBITH OLICHEHA CJICAYIOIIUM 00pa3oM:

o= %(%Oziﬁ —<E>2J : (7)

i=l

Takum oOpa3zom, Al OLEHKM TOYHOCTH OCBELICHHOCTH (SIPKOCTH) B sUEHKax
IpUEMHHUKA KaXk/as syeiika JOHKHA aKKyMYJIMPOBaTh HE TOJIBKO KOJIMYECTBO (DOTOHOB,
NPUILIEIIINX HA AYEUKY, HO U CyMMY KBaJIpaTOB KOJMYECTBa MonagaHuil ()OTOHOB B
syeiiky. OLeHKa TOYHOCTH, IMpHUBEACHHas B BbIpakeHUU (7), — 3T0 aOCOIIOTHAA
CpeIHEKBaJpaTHUeCcKasi BapHalisl BEJIMYHUHbBI OCBEIIEHHOCTU WM SIPKOCTH B SUYEHKE.
[IpencraBnenne omuOKH B (OpPME OTHOCUTENBHOTO CPEIHEKBAAPATUYECKOIO

OTKIIOHCHUA UMCCT CHGI[YIOHII/Iﬁ BHA:

(8)
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OCHOBHOE OTJIMYHME METOAA OLEHKH IOIPEIIHOCTH PaCIpEAeSIeHUs CBETOBBIX
BEJIMYMH HAa NPUEMHUKE HU3IyYEHHUsS OT OLEHKH MMOTPEUIHOCTE Ha MOBEPXHOCTSX
CLEHBI 3aKJI0YaeTcsd B TOM, YTO JUIsI MPUEMHHMKA HW3JIyYCHHs JIOIYCKAETCsS OLIEHKA
JIOKaJIbHOW OIIMOKH B JIFOOOM 3aJaHHOM sSYelKe, B TO BPEMs KaK ISl MOBEPXHOCTEH
CLICHBI OLICHUBAETCS yCPEAHEHHAs OLIMOKa IO BCEM 3JIEMEHTaM MOBEPXHOCTEN CLIEHBI.
Taxxe paznuurie METO/I0B OLIEHKH MOTIPEHIHOCTEN 00yCcIaBIMBAaeTCsl BO3MOXKHOCTAMU
rpaguueckoro MHTEepdeinca MporpaMMHOIO KomIuiekca. Eciu olieHKa MOrpemHoCcTH
P BBIYMCIIEHUU PACHPEACIICHHUsS] OCBEIEHHOCTH CLIEHBI BBIIAECTCS B BHUJAE OJHOTO
yucaa (CpeaHero Mo BCeil CleHe), TO JJISl OLICHKA OUMIMOOK Ha MPUEMHUKE U3ITy4CHUS
pa3zpabotan Ooratelii rpaduueckuii uHTEpdeEiic.

Crnenyromast cepusi PpHUCYHKOB  JIEMOHCTPUPYET BO3MOXHOCTH — aHAJIN3a
pacrnpesiesieHrs CBETOBBIX XapaKTEPUCTHK UM UX TOYHOCTH HAa MPHUEMHHUKE WU3ITyYECHUS.
Puc. 5 pemMOHCTpUpYET HHTEPBEPHYIO CLEHY, B KOTOPOM HMEETCS CTOJI C
PAaCIIOJIOKEHHBIM HA HEM IIPUEMHHUKOM H3JTyYEHUS.

Ha puc. 6 mokazaHbl pe3yJabTaThl MOJIETUPOBAHMS  PACIPEIACICHUS
OCBEILIEHHOCTH Ha NMPUEMHUKE U3IY4YEHHs B BHJIE U300pakeHUs U TpapuKOB CEUECHUMN
JAHHOTO pacHpesieNieHusl, paclpeiesieHuss OTHOCUTENbHBIX OMIMOOK Ha IMPUEMHUKE
U3IyYeHUs] B BHJIE M300paK€HUS B IICEBJOLBETaX M TUCTOIPAMMBbI pacHpeesIeHuUs

omuOOK Ha IMPUCMHHUKE U3JIYUCHHUA.

Puc. 5. CueHa C IPUCMHHUKOM HU3JTYYCHHA HaA CTOJIC.
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tablel - observer image I | tablel - error map . tablel - histogram
= ~

OTHOCHTENBHAS TOYHOCTB:
®  0.36% - KBaIpaTUUECKOE YCPEIHEHHUE
e 6.60% - apudmeTHuecKoe yCpeaHEHUE

(a) (6) (8)
Puc. 6. Pe3ynbTaThl MOAECIMPOBAaHUS pACIIPEACIICHUS OCBEIIEHHOCTH. (a) — COOCTBEHHO
pacmnpeneneHrue oCcBeleHHOCTH, (0) — pacnpeaeneHne ommdoK MOIETUPOBaHus, (B) — TUCTOTpaMMa

OIINOOK MOZACIINPOBAHUA B a0COJIFOTHBIX 3HAYCHUSAX OIIMOKH pacnpeaciicHrus OCBCIICHHOCTH.

Jlist olleHKM cpefHedl OmMOKM Ha MPUEMHHUKE U3IyUYeHHsS] HUCIOJIb3YIOTCS
apudMeTHYECKHUEe U KBaJIpaTUYeCKUe METOIbl yepeaHeHus. [lockonbpky pazMep suerku
MIOCTOSTHEH, TO BBIPOKCHUS VISl CPEIHUX 3HAYCHUN CBETOBBIX BEJIMYHMH M MX OIIMOOK

Ha IIPUCMHUKC U3YUCHUA JOCTATOYHO IIPOCTHI.

K K

II(ZO'f <L> :%ZLZ. (apuqbwwemuqeacoe ycpeOHeHue)

O-rel = T_; li:IK ’ (9)
<L>= {EZLIZ (Kea()pamuqecme ycpe()HeHue)
i=1
Trac:
L; — 3HayeHWe OCBEIIEHHOCTH (SIPKOCTU) B sUYEHKE -0l SYEHKH MPUEMHHUKA

W3JIy4YEHUS,

K — konmuecTBO siueeK B IMPUCMHHUKC U3JIYYCHHA.

17



Ha puc. 6 [0ONOTHUTENBHO TMOKAa3aHbl 3HAYEHHUS OIEHKU CPEJAHUX OILIMOOK
NPUEMHHUKA M3JTyYCHUS, BBIUYMCICHHbICE apU(PMETUUYECKUM ¢  KBaJIPaTUYECKUM

MCTOAaMHU YCPCIAHCHUA.

4. HporH03np0BaHne BPEMCEHHU pacucera, He00X0IMMOTr0 AJI51 JOCTHKEHUS
3aJJaHHOHM TOYHOCTH BbI‘lHCJICHHﬁ, H KPpUTEPUH NIPOJO/IKUTECJIBHOCTH

MOJICIUPOBAHNA

OI_[CHKa TOYHOCTH MOJICIIMPOBAHUA  ABJISICTCA HCO6XOI[I/IMBIM YCIOBHUCM
(1)I/ISI/I‘ICCKI/I AKKYPAaTHOI'O OIITHYCCKOIO0 MOJCIHMPOBAHUNA. I[OCTaTO‘-IHBIM K€ YCIIOBUEM
ABJACTCA IIPOTrHO3MPOBAHUC BPCMCHH pacydcTa, H€O6XOIII/IMOFO I JOCTHKCHU A
BaI[aHHOfI TOYHOCTH. I[JBI OLOCHKH H€O6XOIII/IMOFO BPCMCHHU MOJICIIMPOBAHUA MOXKHO

HCIIOJB30BATh XOPOIIO M3BCCTHYIO TCOPETUUCCKYIO 3aBUCUMOCTD!

1

~—, 10
Jrel \/; ( )

DTa 3aBUCHMOCTh XOpPOIIO COTJIACYETCA C OLEHKOM TOYHOCTH, NPUBEICHHOW B
BoipaxkeHuu (8). Ilpenmonarasi, 4T0 KOJWYECTBO HUCHYIIEHHBIX (DOTOHOB JOCTATOUYHO
BeIUKO ( N > o ) M sSUYEHKH TNPUEMHUKA U3JIyYEHUS HaKaIlIMBalOT HE3aBHCUMBIC

dbotonsl (£=0 unu E~1), BelpaxkeHue (8) CBOAUTCSA K:
1
O-rel = ﬁ s (1 1)

rje:
1 — KOJIMYECTBO Jy4Yell, aKKyMYJIMPOBAHHBIX SYEHUKON NPUEMHHKA U3ITy4YCHHUS.

IIpyHuMas BO BHUMaHHE, YTO B CPEAHEM BpeMs Ha TPACCHUPOBKY OAHOIO JIyda
(poToHa), mpUXOALIErO HA SYEHKY NMPUEMHHKA, MEHSETCS HE3HAYUTEIbHO, MOXHO
3aKJIIOYUTh, 4YTO  KOJMYECTBO  Jy4yed, AaKKyMYJIUMPOBAHHBIX  IPHEMHHUKOM,
IPOMOPIMOHAIBHO BpPEMEHH MOJeaupoBanus. OUeBUIHO, YTO BBICOKAsl CTEIEHb
TOYHOCTHM MPOTHO3a BPEMEHU MOJIEIUPOBAHMS BO3MOXKHA MPHU 3HAYUTEIBHOM
KOJIMYECTBE TPOTPACCUPOBAHHBIX Jiyued (N) Jyded U HEBBICOKOW NOTPEIIHOCTU
BBIUUCICHUH (1 >>1).

ANTOpPUTMBI OLIEHKM TOYHOCTH M IPOrHO3UPOBAHMS BPEMEHH MOJEINPOBAHUS,

OCHOBaHHbIe Ha BbIpaxeHusx (5), (9) u (10), He SBIAAIOTCA TPYAOEMKUMH C TOUKH

18



3pEHUSI BBIYMCIUTEIBHBIX PECYPCOB, MOATOMY OILIEHKA TOYHOCTH U TMPOTHO3 MOTYT
BBIYUCIISITHCSI MTHTEPAKTUBHO, 0€3 BUIUMOM 3aJIepKKU BPEMEHU MOJICTUPOBAHUS.

JInsi WHTEpPaKTHUBHOM OLEHKA TOYHOCTH W IPOTHO3UPOBAHUS BPEMEHHU
BEIYHCIICHUA HaMu ObIT pa3paboTraH OoraTelii rpadudeckuii mHTEpdeiic (puc. 7).
WNHTepakTuBHBI aHANIM3 TOYHOCTHM BBIYMCICHUN BKJIIOYaeT B ce0a rpaduk
3aBUCUMOCTH TOYHOCTH OT BPEMEHU BBIYUCIICHHM (10 HACTOAIIETO BPEMEHH 3TO
pealbHasi 3aBUCUMOCTbH, IIOCJE€ HACTOSIIIEro BpeMeHu — TmporHo3). Ha Hem
oToOpakaeTcst 3HaueHHe TeKylel TouHoctu (1udpa 2 Ha puc. 7), NpoIieaiee Bpems
¥ KOJIMYECTBO MPOTPACCUPOBAHHBIX JIyuel (1udpa 1), ycTaHOBIEHHAS TOJIb30BaTEIIEM
XKemaemasi TOYHOCTh (1udpa 3) ¥ MPOTHO3HPYEMOE BpeMsl JJIsl TOCTHIKCHUS 3aJaHHOM
TOYHOCTH C IPOTHO3UPYEMBIM KOJIMYECTBOM Jyuei (1udpa 4).

Puc. 7-9 nemMOHCTpHUpYIOT TpOrpecc BBIUYKMCICHUS TJ100aJIbHOW OCBEHIEHHOCTH
WHTEPHEPHOU CILICHBI (aHAJIOTHMYHBINA MPOTPECCUBHBIN aHAIN3 TOUYHOCTU BBIYMCIICHUS
MOXXET OBbITh THpUMEHEH K Jo0oMy TpHeMHUKY  u3nydenus). ['paduk
MPOTHO3UPYEMOTO BPEMEHM BBIYHMCICHUN OOHOBISETCS KaXABId pa3 1Mo Mepe
HaKOIUICHUS HOBOM MOpUMM JaHHbIX. HaudanbHbld MPOTHO3, CIENaHHbIA 4depe3 17
CeKyHJl pacuera (ITOKa3aHHBIA Ha pUC. 7), XOTSA U HE SABISETCA aOCOTIOTHO TOYHBIM
(OTHOTIPOIIEHTHOE 3HAYE€HHME OIIMOKH, MOKa3aHHOE Ha puc. 9, mocturaercs uepes 11

MUHYT 1 49 cexyH]1, a He yepe3 12 MUHYT U 5 CEeKyH]T), OH JIOCTATOYHO JIOCTOBEPEH.

Process Control (mcrt hall)

Stop criteria Other Uisibility

Puc. 7. I'padyik 3aBUCUMOCTH TOYHOCTH OT BPEMECHH BBIUUCIICHUH C MMPOrHO30M HEOOXOIUMOTO
BpPEMEHH TSI TOCTHIKEHUS 3aJaHHOH TOYHOCTH.
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Process Control (mcrt hall)

IlStop criteria | Uisibility

Puc. 8. Pe3ynbraTsl MOAETUpPOBaHHS, OLIEHKA TOYHOCTH U Ipa)UK MPOTHO3UPYEMOTO BPEMEHH
pacuera uyepe3 3 MUHYTHI U 26 CEKYH] pacyera.

Process Control (mcrt hall)

Stop criteria UVisibility

[5top pt. = |

Puc. 9. Pe3y.HBTaTBI MOZACIINPOBAHUS, OIICHKA TOYHOCTHU U Fpa(i)I/IK IMPOTHO3UPYEMOT'O BPEMCHHU ITOCIIC

OKOHYAaHHA pacycTa.
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Hano orMeTruTh, 4TO NPOTrHO3 BPEMEHHM BBIYMCICHUS JOCTATOYHO TOYEH C
MEPBBIX CEKyHJ pacueTa (OH HaxoauTcss B mpenenax 2-3% oT oOIIero BpeMEHU
pacyeTta), U 1O Mepe IMPOJOKCHHS] BBIUMCICHUNW TPOTHO3 CTAHOBUTCS OoJiee
JOCTOBEpHBIM. Tak, TpeOyemMoe OJHOMPOIEHTHOE 3HAYCHHE OIIMOKU JTOCTUTAETCA B
MPAKTUYECKU MPABUIBHO MpEJCKa3aHHOE BpeMsi, MOKa3aHHOE Ha puc. 8 (MpUMEpPHO
yepe3 TPU € NMOJIOBUHON MUHYTHI PacyeTa).

[TockoJIbKy TOYHOCTh MOJICTUPOBAHUSI MOXKET OLICHUBATHCS WHTEPAKTUBHO,
BO3MO>KHO UCIIOJIb30BaTh MIUPOKHI CIIEKTP KPUTEPUEB OKOHYAHUSI MOJECIUPOBaHUs. B
00111eM cirydae BpeMsi MOJICIMPOBAHUSI MOXKET OBbITh YCTAHOBJICHO HE TOJIKO SIBHBIM
00pa3oM, HO U MO KOJIUYECTBY JTy4eH, MPUHATHIX BEIOPAHHBIM MPUEMHUKOM U3Ty4CHUS
(w1 BRIOpaHHBIMHM SYCHKaMHM TpHUeMHUKAa wu3aydeHus). Kpome toro, kpurepuit
OKOHYAHUSI MOJICTTUPOBAHUSI MOKET OBITh YCTAHOBJICH IO JOCTHXKCHUIO 3aJaHHOMN
TOYHOCTH BBIUMCIEHUSI TJ00aJbHON OCBEHIEHHOCTH WM TOYHOCTH Ha 3aJaHHOM
NpUEMHUKE U3Iy4YeHUs (BBIOpAHHBIX suYeHKaxX MPUEMHUKA H3IY4YCHUs), MPU ITOM
TOYHOCTh MOET OIICHUBAThCS KaK B aOCOJIOTHBIX, TaK U B OTHOCHUTEJIbHBIX

BCINYHNHAX.

5. 3akaouenue

ANTOPUTMUYECKHE W TPOTPAMMHBIC PEIICHHS OICHKA M IPOTHO3UPOBAHUS
TOYHOCTH KOMIIBIOTEPHOTO ONTHYECKOTO MOJCIUPOBAHUs OBLIM HWHTETPUPOBAHBI B
IpOrpaMMHBIN KoMILIEKC Specter [9].

B pamkax mporpaMMHON CHCTEMBI (PU3MUECKH aKKypaTHOTO MOJCITUPOBAHUS
OCBEIICHUS CJIOKHBIX CIIeH Specter ObUT pa3paboTaH psJl METOJOB OIIEHKHA TOYHOCTHU
MojenupoBanusi. Pa3dpaboTanHbeie MeTO/bI UMEIOT AU depeHIIMPOBAHHBIA MOAX0 K
TUITy OOBEKTa, Ha KOTOPOM OIICHWBACTCS TOYHOCTh MojaenupoBaHus. Ha ocHoBe
pa3pabOTaHHBIX METOJOB OBbUIM pPea30BaHbl BHICOKOI(P(GEKTHUBHBIE aJITOPUTMBI U
MPOTPaMMHBIC PEIICHHS, KOTOPHIE TO3BOJISIOT HWHTEPAKTHUBHO IPOW3BOIAUTEL OICHKY
TOYHOCTH W OCYIICCTBIISITh HEOOXOAWMBIA JJIA JOCTHKCHUS 3aJaHHOW TOYHOCTH
MPOTHO3 BPEMEHM pacyeTa MpaKTUYECKU Oe3 KaKoro-mmbo 3ameyieHus paboTh

OCHOBHOW YacTH nporpaMmbl. KpoMe Toro, pa3paOoTaHHbIE NPOrPAMMHBIE PEIICHHUS
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UMEIOT OoraTelii rpaduueckuii  uHTEp(dEC MOJIB30BATENd, YTO IO3BOJIAET
WHTEPaKTUBHO  OLIGHMBaTh  KaKk  [J0OAlbHBIE  XAPAKTEPUCTHKHM  TOYHOCTH
MOJIETIMPOBAHUS, TAK U JIOKAJIbHBIE XapaKTEPUCTUKH B 33/IaHHBIX 00J1aCTsIX cleHbL. Bee
3TO MOJIOKUTEIBHBIM 00pa30oM OTIMYAeT pa3pabOTaHHBIE METOJIbI, AITOPUTMBI H
IPOTPAMMHBIE  PELIEHUS OT PELICHUH, NpeMIaraéMplX JPYTUMH CHCTEMaMHU
ONTUYECKOTO MOJEIUPOBAHHUS.

[IporpamMmHBbIil KOMILIEKC Specter Oojee NATHAAUATH JET NPUMEHSETCS s
MOJIETIMPOBAHUS IPOMBIIIJIEHHBIX MOJENEH CBETONPOBOMASIIMX CHCTEM U OOJIBLIMX
(HECKOJIBKO MMJIJTMOHOB OOBEKTOB) apXUTEKTYPHBIX CLEH. 3a 3TOT IMEepuoja ObUIU
IPOBENCHBl THICAYM MOJCIMPOBAHUN, B KaXJOM U3 KOTOPBIX MCIOJb30BaJICA
MEXaHU3M OLICHKM TOYHOCTH U MPOTHO3UPOBAHMS BPEMEHU OKOHYAHUS BBIYMCIICHUI.
OH noka3zan ce0s JOCTAaTOYHO HAJEKHBIM M YJIOOHBIM CpPEIACTBOM YIPABICHUS
MIPOLIECCOM BBIYUCIICHUM.

PabGora momnmepxkana rpantamu PODOU Ne 07-01-00450, Ne 08-01-00649, a
Takke Gupmoii Integra Inc. (AAnonus).

DNEeKTpOHHBIA BapUaHT CTAaThbU C LBETHBIMU WJUIFOCTPALMSAMHU pa3MEIIECH Ha

caiite http://www.keldysh.ru/pages/cgraph/publications/cgd publ.htm.
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