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ANNapaTHO-MPOrpaMMHBIA KOMILIEKC I U3MEPEHUs
CBETOPACCEeMBAIOLIMX CBOMCTB MOBEPXHOCTEH

AHHOTauMs. JlaHHBIE O CBETOPACCEMBAIOIIMX CBOMCTBAX ITIOBEPXHOCTEU
UCIIOJIB3YIOTCSI B COBPEMEHHBIX CpEACTBaX MAIIMHHOW Trpaduku A
NOCTPOEHUS PEATTMCTUYHBIX (PU3MUECKH AKKYPaTHBIX M300paKeHUH, a TakKe
B CHCTEMax IPOEKTUPOBAHUS CJOKHBIX ONTHYECKUX YCTpOWUCTB. Jlis
NOJIYYEHHUS] TAaKUX JAHHBIX HEOOXOAMMBI BBICOKOTOYHBIE ONTHYECKUE
u3Mmepenus. B pabore paccmaTtpuBaeTcsi pa3paOOTaHHBIM —ammapaTHO-
MPOrpaMMHBIM KOMILIEKC, TPEAHA3HAUYCHHBIN AJIsI U3BMEPEHUS CIIEKTPAIBHOTO
U IIPOCTPAHCTBEHHOTO pacrpeeneHus CBETA, paccenBaeMoro
noBepxHOCTsIMU. [IpuGop OCHOBaH Ha OPUTHHAIBLHON  KOHIICTIIIHH,
o0OecnieurBaOIIel OJAHOBPEMEHHOE HU3MEPEHHE pacCesiHUSI B PA3IUYHBIX
HaIIPaBJICHUAX U BBICOKOE MPOCTPAHCTBEHHOE Pa3pelEHHE B KPUTHUYECKOU
oOiacTu BOJIM3M HAIPABICHUS 3€pKATBLHOTO OTpaskeHus. i mapanienbHoro
noigyueHuss  Oompmoro  oObeMa  MPOCTPAHCTBEHHOM  HH(POpPMAIUH
ucnonszyercss kamepa Ha II3C-matpune. B nHactosimiee Bpemsi mpubop
UCIIOJBb3YETCSl B DKCIUTYaTAlMOHHOM PEXKHME, C €r0 MOMOIIBIO MPOBEIECHO
00JIBII0€ KOJIUYECTBO U3MEPEHMUIA.

Voloboy A.G., V’ukova N.I., Galaktionov V.A., Ershov S.V.,
Letunov A.A, Potemin I.S.

An Installation for Measurement of Light Scattering
Properties of Surfaces

Abstract. Data about light scattering properties of surfaces are used in
modern computer graphics for creation of realistic, physically accurate
images and in computer systems for optical design. Such a data can be
obtained by high precision optical measurements. Direct use of traditional
optical devices is 1impossible because of great volume of needed
measurements. The paper discusses a new device intended for measurements
of spectral and spatial distribution of light scattered by surfaces. An original
concept of the device provides simultanecous measurements in numerous
directions and high resolution of measured data near the direction of specular
reflection. The CCD-based camera is used as a detector, for parallel
processing of large volume of spatial information. The complex is fully
operational, a great deal of practical measurements were already conducted
with it.
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1. BBeaenue

BoNbIIMHCTBO COBPEMEHHBIX METOAOB PEATUCTUYHON BU3yalM3aluu U
reHepanuu (poTopearucTUYHBIX H300pakeHui OazupyroTcsa Ha (uanyecku
aKKypaTHOM MOJEIMPOBAHUU PACHPOCTPAHEHUS CBETA B Pa3JIMYHBIX Cpelax.
[Ipn TakoM MoAEIUPOBAHWU OCOOCHHO BaXKHBIM SIBIISECTCS MPABWIBHOE U
(Gu3MUeCKM  KOPPEKTHOE  3aJlaHhe  CBETOPAcCeMBAIOIIMX  CBOMCTB
U300paKaeMbIX OOBEKTOB M TOBEPXHOCTEW: KpacokK, pedIeKTOpOB,
DJIIEMEHTOB  JKHJIKOKPUCTAIUIMYECKUX  MaHejed, o0pa3loB  TKaHEH,
OTJENIOYHBIX MaTepHaloB U Ap. B OOJBIIMHCTBE CIIy4aeB 3TH CBOWMCTBA
MaTepuagoB ~ HEU3BECTHbBI U MOJYYUTh  HMX  MOXHO  TOJIBKO
HETMOCPEACTBEHHBIMU U3MEPEHUSIMU.

Haubonee oO0IIHit croco6 OTHCaHUs OTPaXKAIOIINX
(cBeTOpaccenBaroONINX) CBOMCTB MOBEPXHOCTU — 3aJaHUE O8YHANPABIEHHbIX
dyukyuii  ompasicenus/nponyckanus  (JADPO/APII unmu BRDF/BTDF -
Bidirectional =~ Reflection/Transmittance  Distribution ~ Function B
anryoseiuHON nuteparype) [1]. ADPO/ADII, 3amaHHass B KaxJI0M TOYKE
MOBEPXHOCTH, OIMpEIENseT Kakas 4acTh DHEPruu, MPUHATAS] C HAMPABICHUS
Wi, OyZIeT paccesiHa TOBEPXHOCTHIO B HANPABICHUH W (puc. 1). Takum
oOpazomM, B obuiem ciyyae, IDO/[ADII B ka0l Touke sBIsAEeTCS PyHKUMEH
JIBYX HaIpaBJICHUM.

[Tonyuenue KOPPEKTHOM JIBYHAIIPABICHHOU byHKIIIN
OTPAKCHUSA/TIPEIIOMJICHUS TIOBEPXHOCTH SBIIACTCS HEMPOCTOM 3amadvyeil.
PeanbHo TONBKO X (Pu3MUECKOe U3MEPEHUE MOKHO CUMTATH ACHCTBUTEIHHO
KOppekTHbIM. [IpeacraBneHHblii B JaHHOW paboTe anmapaTHO-IPOrpaMMHbBIN
KOMIUJIEKC TpEeJHA3HAYeH Ui TIONYyYCHHS JaHHBIX 00 OTpakaromux,
CBETOPACCEHUBAIOIIMX CBOMCTBAX MOBEpXHOCTEH. JlaHHBIE, MOJyUYEHHbIE MPU
NOMOILM ONUCAaHHOTO KOMIUJIEKCa, MPUMEHSIOTCS KaK B COBPEMEHHBIX
CUCTEMaX KOMIBIOTEPHOUN rpaduku, TaKk U B MPOTPAMMHBIX CPEICTBAX s
MPOEKTUPOBAHUSI CIIOKHBIX ONTUYECKUX CUCTEM U YCTPOMCTB.
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Puc. 1. 3aganne A®II B chepuyeckoii cucreMe KOOPAUHAT (CUCTEMA
KOOPJAUHAT, ONPee/SIIOINX HAMIPABJIEHUS Wi, (6, W) B W,y (0, 9)).

Heonnoponueie  cBeTOpacceuBaroliu€  CBOMCTBA  MOTYT  OBITh
00yCJIOBIIEHBI MHUKPOT€OMETPHYECKOM CTPYKTYypOH moBepXxHOCTH ((akTypa
TKaHH, HEPOBHOCTb, IIEPOXOBATOCTh TBEPAOW MOBEPXHOCTH), JIUOO SBICHUEM
00bEMHOTO  paccesiHusl, Hampumep, B  JAKOKPACOUHBIX  IMOKPBITUAX
COBPEMEHHBIX aBTOMOOWJICH, MPEACTABISIIONINX COOOM CIION MPO3pPavyHOTO
JaKka C HANOJIHUTENSAMU B BHUJIE€ MHUIMEHTHBIX YacTUI[ M YacTHUI[ CO

CBOMCTBaMU 3€PKaJIbHOIO OTpaxeHus (puc. 2, 3).
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Puc. 2. MUKpOCTPYKTYypa HIeJKOBOIl TKAaHU H ee H300pakeHune.
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Puc. 3. O0beMHOe paccesiHue CBEeTa B MHOTOCJIOMHOM JIAKOKPACOYHOM
NOKPbITHH.

B obmem cnyyae HDO/ADPITI sBasercs dyHKuuedn ot nsTH
MIEPEMEHHBIX — YEThIPEX MPOCTPAHCTBEHHBIX U OJJHOM CHIEKTpalibHOM (puc.1):
® Y, G — YIJIOBbIE 3HAYECHMS, OIKCHIBAIOIINE HAIMPABICHUE
NaJIeHUs cBeTa B chepUUecKoil cucteMe KOOpANHAT;
e ¢, O — yrioBble 3HAYEHMS, OIHKCHIBAIOIINE HAIpaBJICHUE
paccesiHus CBeTa B cpepuuecKor cucTeMe KOOpIMHAT;
e JIMHA BOJIHBI MOCTYNAIOLIETO CBETA.

Kax mpaBuno, B MamuHHO#M Tpadrike MPUMEHSIOT TaOinuHyto Gopmy
NPEACTABICHUS HA HEKOTOPON PAaBHOMEPHOW WJIM HEPABHOMEPHOM CETKE IO
BXOJIHBIM TepeMeHHBbIM. [IpuMeHstoTCa Takke NpeICTaBlIeHus Ha OCHOBE
JUHEHHBIX KOoMOWHanmii 0a30BbIX (PYHKIMH, B KadecTBe KOTOPBIX
UCIIOJIb3YIOT ~ TEH30pPHBIE  MPOMU3BENECHUS  CHEPUUYECKUX  T'apMOHHUK,
MHOTOWIeHHI Zernike u p. [2].

Crneundurkanuu JPO 11 npuMeHEHUsI B MAIIMHHOW rpauke MOTYT
OBITH MOJTyYEHbI nyTeM MaTEeMaTUYECKOT O MOJIETUPOBAHUS
CBETOPACCEUBAIOIINX CBOMCTB HA OCHOBE HM3BECTHBIX MHKPOCTPYKTYPHBIX
cBoMcTB moBepxHOCTH [3]. OmHAKO OCHOBHBIM CIIOCOOOM €€ TMOJTyYCHHS
SBIJISIFOTCS. HENOCPEACTBEHHBIE H3MEPEHHsI CBETOPACCEHBAIOLIUX CBOMCTB
noBepxHocteit. [Ipobnema m3mepenus JIPO uccnenoBanace u UCCIeayeTCs
BO MHOTMX MHCTUTyTax MW yHuBepcuTerax wmupa [4-8]. B page
UCCJIEIOBATEIbCKUX LEHTPOB CO3JaHbl J1abOpaTOpuu, NPEIOCTaBISIOLINE

YCIIYTH T10 IPOBEJCHUIO TT0100HBIX u3Mepenuit [9-11].
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Jannast pabota sBasieTcsa npojosbkeHueM padot [12] u [13]. B Hux
onucaH pazpaboTaHHBIN MPOTOTUI U3MEPUTEILHOTO KOMILIEKCa, HA KOTOPOM
OblTM  OmpoOOBaHbI  OCHOBHBIE  KOHIIENTYaJIbHbIC, TEXHUYECKHUE U
IIPOrpaMMHBIE pelieHus. B Hacrosmee Bpems W3MEPUTEIbHBIM KOMIUIEKC
nopaboTaH ¥ MPAKTUYECKH JOBEACH JO CTAagud  [POMBIIUICHHOU
DKCIUTyaTalluH.

JlanpHelee U310)KeHue MOCTPOEHO M0 CIEAYIOEMY IUIaHy. B riase
2 naHa XapakTEPUCTHKA OCHOBHBIX MPOOJEM, CBSI3aHHBIX C MPOBEICHUEM
M3MEPEHUN CBETOPACCEHBAIOIIMX CBOMCTB MOBEPXHOCTEM, U PACCMOTPEHBI
MOJIXO/IbI, CYIIECTBYIOIIME B JaHHOM oOnactu. B rnmaBe 3 mpencraBieHa
paspaboranHas aBTopamu KoHuenius wusMmepenuit JDO/DII, onucana
NPUHLUNKAIbHAS MOJIEIb U3MEPEHUN U J1aHa JeTabHAsl CXE€Ma ONTHYECKON
yacTh KomIuiekca. ['aBa 4 mocpsiieHa Bompocam IporpaMMHoOi 00padoTKu
JAHHBIX W3MEpPEHHI. B 3aKkiIt0ueHuM NPUBEACHBI BBIBOJBI 10 PE3yJbTaTaM

9KCILIyaTalliuy KOMILICKCA.

2. lIpodaema nzmepenun PO/ APII u cymecTByrommue
pemieHust

B camom oOmem Buae cxeMa H3MEpPeHUH TNpocTa — Ha obpaserr
MOBEPXHOCTH TI0J] Pa3HBIMU YTIJIaMU HAMNpaBiSIOT JIyd CBETa W MPOBOIAT
MU3MEpPEHHUE OTPAKCHHOTO CBETA IS PA3JIMYHBIX YTJIOB HAOMIOMEHUSA. DTOT
MPOIIECC TMOBTOPSIOT IS 3aJaHHOTO MHOXXECTBAa 3HAYCHUH JJIMH BOJIH.
XapakTepHbIe YEPTHl CIIOKHUBIIUXCS K HACTOSIIEMY BPEMEHH IOJXOJOB B
obnactu mpaktudeckux maMepenuit JIDO/ADII paccMoTpuM Ha mpumepe
pabort [6 - 9].

B crarbe [6] mpeacraBiaen merton usmepenuss JdO ¢ momoiibio
toyeuHoro ucrouHuka u II13C kamepsl. OOpasern; mpeacTaBiser cobOou
MOJIYTUIOCKOCTh, BTOpasi IOJOBHMHA IUIOCKOCTH JIOJDKHA OBITH 3aHATa

3TajJoHOM. JIMHuS pasrpaHnicHusi, ICTOYHUK W IIPUCMHUK JICIKAT B OI(HOﬁ



IUIOCKOCTH TEPIEHANKYIIPHOH K IUIOCKOCTH O0pas3la M 3TaJoHA. 3a CYET
OJIHOMEPHOTO JBUKEHMSI MCTOYHMKA WM TNPUEMHHUKA B 3TOW IUIOCKOCTH
MOKHO peanu30BaTh (11 pa3HbIX TOYEK oOpa3lia) B MPUHLHUIIE BCE HAOOPHI
npocTtpancTBeHHBIX koopauHaT JdO. CroexTpaibHyr0 3aBHCHUMOCTb MpH
3ToM MOXxHO mnoiydarb u3 RGB mnpencrasnenus II3C xameps! (uiw,
THUIMOTETHYECKH, MEHSsI IBET TOYEYHOrO0 HCTOYHMKA). JlaHHBIM TOIXOA
IpEJCTaBIsIeTCs BECbMa HMHTEPECHBIM, WU MOI Obl MOJY4YUTh JalibHEHIIee
pazButue. OHAaKO U3-3a HEOOXOJIUMOCTH UCTOB30BaHUS 00pa3iia OOJIbIINX
[0 CPaBHEHUIO C DJIEMEHTAMH YCTAaHOBKH Pa3MepOB, YTO XOPOIIO MOIXOIUT
U1l KPyHMHOMAcCIHITaOHBIX OOBEKTOB — CTEH 3/IaHUM, JTOPOKHBIX MOKPBITUH,
ra3oHOB, — OH MaJIO IPUTO/ICH JIJIs JIA0OPATOPHBIX U3MEPEHUN 00pa3IIOB.

Cnoxxnas pobsiema, CBsI3aHHAs! C U3MEPEHUSIMU CBETOPACCEUBAIOIINX
CBOMCTB, 3aKJIFOYAETCSI B TOM, YTO B CHJIy MHOromepHoro xapakrepa PO
KOJIMYECTBO H3MEPEHUH, KOTOpbIE HEOOXOIMMO MPOBECTH, H3MEPSETCS
JecsITKaMd U COTHAMHU Thicsid. llosTomy mnpu pa3zpaboTke peanbHbBIX
U3MEPHUTENBHBIX YCTAHOBOK CTPEMSTCS TeM WJIA HHBIM  00pa3om
ONTHMHU3HUPOBATh 3TOT MPOLECC, B YACTHOCTH, paclapajyieUuTh €ro, 4ToObl
nojgyyaTb 3a oOAHO u3MepeHue 3HadeHuss PO oAHOBpEMEHHO IS
HEKOTOPOT'0 MHOXKECTBAa 3HAUCHMI BXOAHBIX MapameTpoB. [Ipu 3ToM BaxHO
o0ecneduThb JOCTaTOYHO BBICOKYIO TOYHOCTh U3MEPEHUH.

B npubope Kopnenbckoro yHuBepcurera [7] uamepsemblii oOpasell
UMEET JIB€ CTENeHH CBOOOMABI BpPAILEHUS, M MCTOYHHUK CBETa MOXKET
nepeMeniarbest o chepe BOkpyr obpasua. IIpueMHUK, IpercTaBISIFOIIMNA
coboif maccuB (OTOAMOMOB, 3aKpeIieH HemnoJBxHO. Ilpu 3amaHHOM
MOJIOKEHUH oOpasima ¥ JaMmbl  JTOT NpUOOp TakKe  IO3BOJISET
PETUCTPUPOBATH MHOYKECTBO CHEKTPAJIbHBIX KOMIIOHEHT B BHUAMMOM
nuarma3oHe JAnuH  BoMH. CKaHMpPOBAaHHWE YIVIOB TMPOM3BOAUTCS IO
yOpaBJICHUEM  MPOrpaMMbl, KOTOpas  ONTUMH3UPYET  MEXaHUYECKHUE
JIBWOKCHHMST JIaMIIbI W Oo0pas3la i MUHUMHU3AlUUd OOIIEro BpEeMEHH

WU3MEPEHUMN.



KonnenryanpHo Hanbomee 030K K MPECTABICHHON paboTe MOIXO,
onucaHHbli B cratbe [8]. 3mech oOpasen u 00bekTHB I13C-kamepsl
NMOMEIIEHbBl B I[EHTP 3€pKajJbHOM ToJynpo3pauHoil cdepnl. Yepes
HOBEPXHOCTh c(eprl oOpaszer] OCBEIIAeTCs KOJUIMMHPOBAHHBIM ITYYKOM OT
MCTOYHHUKA, IEepeMENIalonierocs Mo Jayre Ui W3MEHEHUsl yria MaJeHus.
Paccessnuplii  00pa3lioM CBET, OTpaXKasich OT MOJYNPO3payHON cdepsl,
nomajgaer B 00bekTUB Kamepel. B pesynprate Ha [I3C-marpure
doxycupyercss HU300pakeHHe, OTOOpaKaIOIIee BCHO MPOCTPAHCTBEHHYIO
kaptuy DO g manHoro yria nageHus. CnekrpanbHas 3aBUCHMOCTD
oOecrieunBaerca 3a cuer noiydaemMoro RGB mpexacraBnenus csera I13C-
Mmatpuieil. Eciu ke 3Toro He1ocTaTOYHO, MOJIHBIN CIIEKTP MOKHO MOJIYYUTh
IIyTEM HCIIOJIb30BAHNS HECKOJIBKUX MOHOXPOMHBIX ITy4KOB.

JloctouncTBOM Mipubopa [8] sBigeTCS BO3MOKHOCTD MOJTY4YaTh 38 OJTHO
U3MEpPEHUE JTAHHbIE JIJI1 BCEIO MHOYKECTBA YIiIoB paccesiHus. [IockonbKy Bes
00J1acTh M3MEPCHMI TIpeJICTaBlIcHA KaK H300pakeHue, Jro0ble M3MEHCHHS
CETKHA MOTYT OBITh BBINIOJIHEHBI Ha YPOBHE MpPOrpaMMHOM 00paboTku. B TO
K€ BpeMs, BO3MOXKHOCTb HENPEPBIBHOIO H3MEHEHUs yIJla MaJeHus
3aTpyAHSICT peaju3alMi0  MOJHOIEHHBIX  CIEKTPAJbHBIX  HU3MEPEHHI.
Cy1iecTBeHHBIM HEAOCTAaTKOM MPUOOPOB AAHHOTO THIA SBISETCS OOJBIIOE
[Iapa3uTHOE pPACCEsTHUE CBETA, BO3ZHUKAIOLIEE 3a CYET MCIOJIb30BaHUS
NOJIyIIPO3payHOil c(ephl, UTO BENET K PE3KOMY CHMKEHHUIO TOYHOCTH IS
HAIPaBJICHUIN C HU3KOW WHTEHCUBHOCTBIO PACCESHUS Ha 00pasIie.

B nmpu6ope GCMS-4 bupmbl Mypakamu [9] u3MepeHUs MPOBOIATCS
cienyomuM obOpazoM. MCTOYHMK — rajoreHoBasl Jiamma — W HPUEMHHK
BpAILlalOTCs BOKPYT BEPTUKAIBHOM OCH, MPOXOJAIIEH yepe3 LEeHTp oOpasla.
[IpyeMHUK COCTOMT U3 CIEKTPAJIbHOrO Mpubopa U JEeTEeKTopa B BHIE
muogHoin smHediku (He [I3C). OOpaszer;r MOXeT BpamarbCsi BOKPYT
TOPU3OHTAJIBHON ocu. B pesynaprate mnpu (UKCUPOBAHHOM MOJOKEHUU
UCTOYHMKA, MPUEMHHMKAa U o0paslia OJHOBPEMEHHO PErMCTPUPYIOTCS BCE

CIIeKTpaJibHble KOMIOHEHTHI (35 Touek oT 390 no 730 uM ¢ uHTepBasiom 10



HM) DO nmns oaHoro Habopa TIeOMETPUYECKHMX NEpEeMEHHbIX. Tpu
YIOMSIHYTBIX BBIIIE€ BPAIICHUS MO3BOJISIIOT MOJIYYUTh JIFOOOW HAOOp YTJIOB,
XapaKTepU3yIOUIUX MPOCTPaHCTBEHHYI0 Touky PO (mas M30TPOMHOTO
oOpasma). CkaHUpOBaHUE YIJIOB MPOM3BOJUTCS B OIMPEACICHHOM TMOPSIKE,
3aJI0’)KEHHOM B YIIPaBJISIFOIIEH MporpaMme mpuodopa.

[IpakTHyecku Bce CXEMbI, paCCMOTPEHHbIE B ATOU IJaBe TPYIHO (a
WHOT/Ia M HEBO3MOJXKHO) HCIOIb30BaTh sl u3Mmepenuit JIDII (bynkmun

IMPCIOMIICHUA CBeTa), 4TO ABJACTCA UX CYHICCTBCHHBIM HEAOCTATKOM.

3. Onucanue annmapaTHo 4YacTH KOMILIEKCA JIJISI U3MEpPeHu s
JADO/ADII cBeTOpaccenBaOIMX CBOMCTB MOBEPXHOCTEN

[Tpu pa3zpaboTke H3MEPUTETHHOIO KOMILIEKCA IPECIEAOBAIUCH IBE
eI — MHUHMMM3AlUs BpPEMEHU H3MEpEHUN U OO0ecreueHue BBICOKOU
TOYHOCTH pe3yJbTaToB. C TOYKM 3pEHHs MOCIEIHEH LEeNH BaXKHO ObLIO
yuecThb crnerupury JADPO/PII, ucrnons3yeMblx B KOMIBIOTEPHOU rpaduke.
OObIYHO C TOMOLIBI0 3TUX (YHKUMA 3a7al0TCd  CBOMCTBA TaKHUX
IIOBEPXHOCTEN KaK KPAacKM «METAJUIMK», TKaHW. ISl 3TUX IOBEPXHOCTEN
XapaKTEepHbl BBICOKUI I'paJUeHT (YHKIUH B 00JIACTU YIJIOB HAOJIOJCHUS B
OKpPECTHOCTH HampaBlIeHUs 3epKajpHOro orpaxkenus (mua JPO) wu

npenomiienus (g JPII), kak nokazano Ha puc. 4.

Hanpaenenue
SUPKATBHOIC
OTPAHCHAA

Hanpaenenue
MPEAOMICHHNA

Puc. 4. I'padpux TunuuHoi pyHkuum paccesinusi cBera (cedeHue).
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[TooToMy KOHCTpPYKIHsI TpuOopa W METOAMKA W3MEPEHHH JIOJDKHBI
o0OecnieunBaTh BBICOKOE YIJOBOE pa3pelIeHHEe KOOPAWHATHOW CETKH B
yKa3aHHBIX 00JIaCTsIX.

TpeboBanne MUHUMH3AIMU BpPEMEHHW W3MEPEHUU TPUBOAUT K
UCTIOJIBb30BAaHUIO M300paKeHU W UX MOCIEAyomeld o0paboTKe B KaueCTBE
OCHOBHOTO apXHUTEKTypHOro pemieHus. C y4eToM CyIIECTBYIOIIUX B JaHHOE
BpeMs ammapaTHbIX BO3MOXKHOCTEW O3TO BBUIMBACTCS B HCIOIH30BAHHE
muppoBoit  poroxkameprl. Takum o00pazoM, mpenIaraemMoe peuieHue
HaXOJMTCS HA CTHIKE TPEX HAYUYHBIX HAIMIPABJICHUN — ONITUYECKUE U3MEPEHHUS,
KOMIbIOTEpHAs rpaduka u 06paboTka n3odpaxenuii [14].

B ycranoBke [7], e uCmonb3yeTcsl BHICOKaMeEpa IJIsi OTOOpaKCHHS
BCEX HAaNpaBlIEHUN paccesiHus, MPOCTPAHCTBO «BBIBOPAUMBACTCS» MPH
MOMOIIIM OTpaXkarole nonycdepsl, Kamepa MoMeIaeTcs psaoM ¢ o0pa3om
U WCTOJb3yeTCS IIMPOKOYTOJNBHBI OOBEKTUB THIA «PBIOMH Tiasz». ITo
UJCHHO KpacuBOE pEIICHHE MPUBOJUT, OJHAKO, K BBICOKOMY YPOBHIO
Napa3UTHOIO pAacCesHuss CBETa, YTO OTPULATENIbHO CKa3bIBaeTCsl Ha
HA/IKHOCTH W TOYHOCTH pPe3yabTaToB. [103TOMYy B JaHHOM MpOEKTE OBLIO
pelIeHO0 TIOMECTUTh Kamepy OTIEeNbHO OT obOpasua. PaccesHHbIl cBeT s
BBIJICJICHHOTO HampaBleHUS cOOMpaeTcs Ha OOBEKTUB KaMephbl C IMOMOIIBIO
JMH30BOU MPOEKTUPYIOIIEH CUCTEMBI, a JJIsl OCTAIBHBIX HaNpaBICHUN — MpH
IIOMOIIIM CBETOBOJIOB.

Ha puc. 5. npeacrasien o0muil Buj M3MEPUTENbHOM YCTAHOBKH U €€
cxema. CTpenkamMy MOKa3aHO COOTBETCTBUE MEXKIY AJIEMEHTAMHU yCTAHOBKH
Ha QororpadpuyeckoM H300paKeHMHM W Ha cxeme. [lamee B 93Toil TiaBe
NPEICTaBICHO MOAPOOHOE OMHMCAaHWE W3MEPUTENBHOTO KOMIUIEKCa W
npolecca  MOJYYeHMs JAaHHBIX O  CBETOPACCEMBAIOLIMX  CBOMCTBaX

IMOBCPXHOCTH.
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Puc. 5. Cxema n o0muii BU M3MEPUTEIbHOM YCTAHOBKH.

3.1. Konyenmyanvnasa mooeib usmepeHuil

Cucmema KoopouHam OJisi USMEPEHUsL C8emopacceusarouux CeoUcms.
PaccMoTpuM, Kak MPOUCXOAUT HM3MEPEHHE PACCETHHOTO OT IOBEPXHOCTH
CBETa JJI1 HEKOTOPOTo yrila MaJeHusl PU 3aJaHHOM JTmHEe BoJHbI. OOpasenn
OCBEIIAIOT TIOYTH TMapaJljIeIbHBIM IyYKOM MOHOXpOMHOro cBera. CBer,
paccemBaeMblii  00pas3loM, W3MEpSIeTCSl 1A MHOXECTBA  BBIXOJIHBIX
HaIpaBJIeHUI, KOTOPBIC 3a1at0TCsl B cpepruueckoi cucreme koopaunar. Och
CUCTEMBI KOOPJMHAT COBNAJACT C BBIJICICHHBIM HAMPABICHUEM 3€PKAIbHOTO
otpaxkenus (IDO) wiu npenomnenus (APII). Ha puc. 6 nmokazana cucrema

KoopauHat a1t usmepenus JPO.
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Iy

y /Hanpan:u:ﬁm:
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/ SCPRATBEHOI
o CHHA

Hopmane

Sy

[Tanarommit myw

Puc. 6. Cpepuueckasi cucremMa KOOPIAUHAT JIsl HANIPABJIEHU I
oTpa:keHHOro csera. Hanpasienue orpa:xxeHHoro ceera D1 umeer
KoopaMHATHI (¢,,6,), Hanpasienne D2 - (¢,,6,) u T.1.

Koopaunatel BBIXOJHBIX HampaBlieHUH Ha puc. 6 0003HAYCHBI
OykBamu 0O, ¢. Ilo anamormm c reorpadu4ecKUMH KOOpPIUHATAMH,
KOOpAMHATEI O W (¢ MOXHO paccMaTpuBaTh KaK IIUPOTY U JOJTOTY
COOTBETCTBEHHO.

Hazno ormeTuts, uTO HaHHas cucTeMa KOOPAUHAT UCIOIb3yeTCs TaKxKe
B pa3pa0OTaHHBIX HAIIMM KOJUIEKTUBOM CHUCTEMaxX KOMIIBIOTEPHOM rpaduku
U MOJENUpOBaHUs oOcBemeHHocTH [15, 16]. DTo mo3BojisieT JErko

HCIIOJIB30BATh N3MCPCHHLIC (bYHKHI/II/I B Ka4CCTBC BXOJHBIX JaHHBIX.

Bapvupoeanue mnanpasnenus naoaroweco ceema. W3mepurenbHas

YCTaHOBKAa  CKOHCTPyMpOBaHa TakuMM 00pa3oM, 4YTO  HalpaBICHHUE
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3epKaJIbHOTO OTpakeHUs! (OCh BBIXOAHOU cucTeMbl koopauHat st JDO)
JNOJDKHO OCTaBaTbC HEU3MEHHBIM M HAIpaBJICHHBIM Ha KaMepy. ITO
JIOCTUTAETCS 32 CYET OJJTHOBPEMEHHOTO U3MEHEHUS HAIIPABJICHUS MA/IA0IETO

Jyda ¥ moBopota obpasna (puc. 7).

Bpamenne obpazua

l 3epRANBHOE OTPAKCHHE / SSpEAIEOS OTpASS
T Hopmans & obpasuy -
Obpasen B i "

Tamasomii

bt Bpamenne HeTouHHE:

CEBCTA

Puc. 7. U3MeHeHHe HATIPABJICHHUS MAJAK0LIET0 JIy4a ¢ 0OJJHOBPEMEHHbIM
BpalieHreM o0pa3ua odecneynBaeT HEU3MEHHOCTh HATIPABJICHUS
3epKAJIbHOI0 OTPAKEHHUSI.

N3MeHeHne HanpaBiieHUs MAJAI0UIEro Jyya JIOCTUTAETCs IIPU MTOMOIIN
JNBYXIIO3UIIMOHHBIX 3€pPKajJl M HCHOJb30BAHUS HECKOJIBKMX BXOIHBIX
OTBEPCTUH (CM. CXeMy Ha puC. 5). DTO MO3BOJSET MPOBOJUTh U3MEPECHUS IS
yraoB maaenust 0°, 10°, 20°, 30°, 45°, 60° ana PO u ans 100X YIIIOB
<75° nia JIPI1. B 0oCHOBHOM MOIIEPKUBAOTCA U3MEPEHUS [JI1 U30TPOIHBIX
00pa3oB, XOTsI B HEKOTOPBIX CIydasX BO3MOXHBI TaKKe H3MEPEHUS

aHU30TPOITHBIX 00PA3IIOB.

Hopmanuzayuss  pacnpedenenus  pacceannozo  ceéema. PO
ONpeaENseTCs] KaK OTHOUIEHUE 3HEPTUU CBETA, OTPAXKEHHOIO B HEKOTOPOM
HalpaBJ€HUH, K OHEPruM NaJaroulero CBeTa, I[O03TOMY HEo0X0AUMO
U3MepATh 00€ 3TU BelaMuuHBL. JIJIg M3MepeHus: 3HEpruM IMaJaroliero CBeTa
HEKOTOpas (UKCUpPOBAHHAs €€ 4acTh (0K0JIO 8%) OTBETBISETCS MPHU MTOMOIIU
CTEKJIIHHOM IIJIaCTUHBI B OMOPHBIN KaHal (CM. pUc. 5) U U3MepsAeTcs Kaxablid

pa3 HaIpsSIMYIO.
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3.2. ZIemanbHoe onucanue umepumesibHo20 KOMnjilexkca

Ha puc. 5 nmpuBenena moapoOHasi cxema KOMIUIEKCA B TOJIOKEHUH,
COOTBETCTBYIOIIEM yIuIy TmaaeHus o6=45°. H3MepuUTenbHbId KOMIUIEKC
COCTOMT W3 ONTHYECKOro mpubopa ¥ YNPaBIAIONIETO KOMIIBIOTEPA.
OnTtuyeckuid mpuOOpP COCTOUT U3 TOJCUCTEMBI OCBEIIEHHUS, MOJICUCTEMbI

dbopMupoBaHUS U300pAKEHUS U TIOJICUCTEMBI OIIOPHOTO KaHaA.

Iloocucmema oceewyenus. VICTOUHUKOM CBETa SIBJISIETCS KCEHOHOBAs
nyroas Jjamma JIKcIIWMJI 150 (B 0€3030HOBOM HCHOJHEHUH) C
spdextuBHBIM paszmepom ayru 1.0 x 0.3 MM U 1LBETOBOM TemmepaTypoit
6000K.

N300paxkeHre 1EHTpaJbHOM YacTH AYTH JamIlbl MPOEKTUPYETCS C
JBYKPAaTHbIM YBEIWYEHUEM BXOJHBIM KOJUIUMATOPOM | B BUIE JIMH3BI C
upucoBoi auadparmMoil Ha BXOJHYIO Iejb MoHoxpomartopa SP-150,
ynpasisiemoro kommetotepoMm [17]. Jlnadparma mno3BojisieT peryiaupoBaTh
YTJIOBBIE pa3Mephbl HAIIPABIISIEMOTO Ha 00pa3el] myJkKa.

Bo BpeMmsi u3aMepeHuil MOHOXpOMATOp CKaHUPYET BUIMMYIO OO0JIACTb
CIeKTpa, pa3buBas ee Ha 35 kaHaNOB ¢ mHTEpBaIoM 10HM, B IMana3oHe OT
390um o 730uM. CriekTpaibHas MIMPUHA KAHAJIOB MOKET PETyJIHpPOBATHCA
Opy IOMOIIM Iuened MoHoxpomaropa. OOBIYHO TpU  U3MEPEHHSX
UCIIOJIb3YIOTCS 1B PEKUMA C MUPUHOW KaHaIoB 10HM U 15HM.

B kaudecTBe BBIXOJHOIO KOJUJIMMATOpa WCIONb30BaHA JIMH3A C
¢doxycHbiM  paccrosiuueM F=150mM, ¢oxycupyromas u300paxeHune
BBIXOJTHOM WIEJIM MOHOXpPOMAToOpa Ha IUIOCKOCTh, OJM3KYH K IIOCKOCTH
oOpasua, ¢ ysenuueHueM ~10 pa3. 3a JMH30M HaAXOAUTCS HAKIOHHAs
IJIOCKONApaIesibHasl CTEKJISHHAs IUIaCTMHKA, OTBETBILIIOIIAA OKOJIO 8%
CBETOBOT'O MOTOKAa B ONOPHBIA KaHai. [lanee mo xoay Jiyda yCTaHOBIJIEHO
YIPABJISIEMOE KOMITBIOTEPOM KOJIECO C HAaOOpPOM HEWUTpaibHBIX (UIBTPOB,

CIIy ariee JJs pacllupeHus: JUHAMUYECKOTo Juana3oHa npuoopa.
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ITocne 3TOro cBeT OTpa)kaeTcss CUCTEMON JBYXIO3ULIMOHHBIX 3€PKAIT U
najaer Ha oOpasel] yepe3 OJHO U3 BXOJHBIX OTBEPCTUMH, PACIOOKEHHBIX HA

«3KBaTOpe» Noychepsl.

Iloocucmema gopmuposanus u300padxceHus BKIOYAET COOCTBEHHO
u3MepsieMblil 00pasel, noixycdepy ¢ OTBEPCTUSIMH, CBETOBOABI, JINH3Y, IKpPaH
C IUIaCTUHOM M3 MATHPOBAaHHOIO CTEKJIa M BBIXOAHBIMH KOHLAMU
CcBETOBOJIOB, a Takxke [13C kamepy.

OO6pa3zen noMenaercs B UEHTPE Mnoxychepbl ¢ BHYTPEHHUM PaInyCcoM
okoio 200 MM. BXogHbIE KOHIIBI CBETOBOJAOB BMOHTHMPOBAHBI B OTBEPCTHS,
BBICBEpJICHHBIE B MoOjdychepe, M HaNpaBiIeHbl K LEHTPY MOJycQepsl.
OTBepcTHs CO CBETOBOJAMHU 00pa3yt0T HEPABHOMEPHYIO CETKY IO BBIXOJIHBIM
yriam 0, ¢.

JIunza nuamerpom 80MM c QokycHbIM pacctosiHueM 150mMM cobupaet
CBET, paccenBaeMblii 00pa3loM B mnpexaenax He Oosee 10° or HampaBieHUs
3epKAJIbHOTO OTpaXeHHs, U (POKycHpyeT ero Ha Kpyrjol IUIACTHUHE U3
MaTUPOBAHHOI'O CTEKJAa, KOTOpas HAaXOJWUTCS B LEHTPE NPSIMOYIOJBHOTO
skpaHa. [lnactTuHa Haxoautcs B (OKaNbHOM IJIOCKOCTH JIMH3BI M YIJIOBOE
pacmpesieieHue CBEeTa, OTPAXEHHOro OT oOpasua, mpeodpazyeTcs B
IPOCTPAHCTBEHHOE, T.€. 3HaueHUs O mpeoOpaszyroTcsi B COOTBETCTBYIOLIUE
3HAYeHUs paguyca. DTO O3HAYAET, UTO CBET, OTPAXKEHHBIN OT JIIOOOW TOUKU
oOpasua 1noja HEeKOTOPbIM YIJIoM O OyAeT OTpakeH B OJHY M Ty e TOUKY Ha

mactune (puc. 8).

Taddysann
MIacTHHA

JTunza

Puc. 8. [Ipeodpa3oBanue yrii0Boro pacrnpeaejaeHusi B IPOCTPAHCTBEHHOE.
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Takoit mOAXOA TO3BOJSET CYUIECTBEHHO IMOBBICUTH  YIJIOBOE
paspemieHue B 00JacTM BOJM3M 3€PKAJBHOTO OTPaXEHWs, TIAe s
OonbmrHCTBa 00pa3uoB JIPO umeet Hanbosee BEICOKUI IpagueHT.

Ha Tom e skpaHe CMOHTHpPOBaHBI BBIXOJHBIE KOHIIbI CBETOBOJIOB,
UAYHLIMX OT MHoiycepsl, a TakKe BBIXOJHOM KOHEI| ONOpHOro KaHaina. B
paboyeM COCTOSIHMM 3KpaH BBIMJIIIUT Kak Ioka3aHo Ha puc. 9. CropoHa
9KpaHa, oOpalleHHas K Kamepe, uMeeT cepudeckyro GopMy C IIEHTPOM B
oOwvektuBe kamepnl. [13C kamepa (ST-5C, mpousBoactBo Santa Barbara
Instruments Group, Inc.) popmupyer nzoOpaxeHue 3kpaHa ¢ IJJACTUHON U3

MAaTUPOBAHHOTI'O CTCKJIa U KOHIIaMU CBCTOBOJOB.

l.l.'.‘.
L N N N R NN ERENNNMSNN)
[ EE N E R NN R EENE RN,
L E R B B R R R RN N NENN)

Puc. 9. Jkpan ¢ BbIxoAaMu cBeTOBOAOB U NU(Yy3HOH NIACTUHOM.

Iloocucmema onopHnoz2o Kawania HAYMHAETCS C IUIOCKOINAPAJUIEIBbHON
CTEKJISIHHOM IUIACTHHBI, KOTOPAsl OTHENSET 4YacThb CBETA OT MCTOYHHMKA M
HaITPaBJIIET €r0 MPH MOMOIIY BCIIOMOTATENIBHOI0 3€pKaja Ha BXOJ OIIOPHOTO
KaHaza (cBeToBOJ1a). BrIX0HOM KOHEL OIIOPHOI0 KaHajia BMOHTUPOBAH B TOT
K€ DKpaH, B KOTOPOM YKPEIUIEHBI BBIXOJAHBIE KOHIIBI CBETOBOAOB, UAYIIUX OT
nonycdepsl. Takum oOpazom, mHpopManms 00 PHEPruM HMCTOYHUKA CBETA
[OCTYyNAaeT B YHPABISAIOLIMN KOMIIBIOTEp U MOXET OBITh MCIIOJIb30BaHA
IPOrpaMMOi 171l BBIUMCIICHUS MEPBUYHBIX AaHHbIX n3Mmepenus DO/ PII,

Kak dTO omucaHo gaiee B 11. 4.1.
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Qyukyuu  ynpasnsarowezo komnviomepa. CEHOpPMUPOBAHHOE TIPHU
nomorn  [I3C  kamepsl W300pakeHHE TMOCTYMAeT B  YNPaBISFOIIHA
KOMIIBIOTEP, KOTOPBIN Hcnoiab3yeT nporpammy Video for Windows, a Takxke
IpOrpaMMbl IS BBIUMCICHUS TEPBUYHBIX JaHHBIX M3MEPEHUN U WX
noctobpadoTku (cM. riaBy 4). B QyHKIMHM ynpaBisioOIIero KOMIIbIOTEpa
BXOJUT TaKXKE YIPaBICHUE YCTPONCTBAMH KOMIUIEKCAa — MOHOXPOMATOPOM H
KosecoM ¢ (unpTpamu.  YmpaBieHHE ~ BHEIIHUMHU  yCTpOMCTBaMH
BBIMIOJHSETCS  MpPW  TMOMOIIM  CICNHMaJbHOW  MpOTpaMMbl  Yepes

MMOCJIACAOBATCIIbHBIC ITOPTHI MTOJHOCTHIO ABTOMATUYCCKH.

3.3. Ilpouecc usmepenuii

Kak omnucano Bblllle, KOMIUJIEKC PETUCTPUPYET OJHOBPEMEHHO BCE
MPeyCMOTPEeHHBbIE KOHCTpyKIMer koMmmnoHeHThl JIDO wmm JADIT ans
3aJIaHHOM JIJIMHBI BOJIHBI M NPW YCTAHOBJICHHOM 3HAYECHWM YTJIAa MaJCHUS
cBera. /[ (UKCUpOBAHHOTO yTiia MAJACHHS MPOU3BOJIUTCS CKAaHUPOBAHUE
BCEH CHEKTpaJIbHOM 00JIaCTU W3MEPEHH TMpPU TMOMOIIM YIIPABISIEMOTO
KOMIIBIOTEPOM MOHOXpPOMATOpa. YKa3aHHbIE JAEHUCTBUSI COCTABIISIIOT OCHOBY
M3MEPUTENIBHOTO IMKJIA JUIs 3aJaHHOTO yIyla TAaJeHUs W IPOBOIATCS
aBToMaTudecku. JleWcTBus, oOecrieuMBarolMe W3MEHEHHE YyrIJia MajeHus,
(U3MeHEHUE MOJ0XKEHUN 3epKall) MPOU3BOASTCS BpyuyHylo. MI3MeHeHue yria
nagenus ms JAPII mocturaercs moBoporoM obpasma, a mis PO eme u
CUHXPOHHBIM C HUM U3MEHEHUEM TPACKTOPUH MAJAIOIIETO JIyya.

[Ipu m3mepennu PO ana tunuyHOro oOpasma ¢ aBTOMOOHMIBHOM
KpacKoil BpeMsl, 3aTpauyuBaEMOE Ha PyUHbIE JEHCTBUS, COCTABIISIET IPUMEPHO
70 muH. IIpu usmepenun [JDII, BciaeactBue onTUMHU3ALMU KOMIIOHOBKH

npubopa, Ha pydHbIE AIEUCTBUS IPUXOAUTCS Mopsiaka 20 MUH.
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3.4. Texnuueckue xapaxmepucmuxu

Cnexmpanvuwiii ouanazon: 390-710 um ¢ marom 10 HM.
Jlunamuueckuii ouanaszon no koaggduyuenmy apxocmu: 0.01 — 2500
lloemopsemocmo nonyuennvix pezyromamos: 1-3%

Tounocmo nonyuennvix pezyromamos: 4-8%

Venosoe pazpewenue: 0.5° — 1.5° B nuanazone 10 10° ot HanpaBiieHUs
3€pKaJbHOTO OTpaxeHus, 1.5° — 8° mid npyrux HanpaBJIEHUW, B CPEAHEM —

0oKoJ10 3°.
Paszmep ceemosozo namua: 0.7-2 cM (B 3aBUCUMOCTH OT yTJia TaJICHUS )

Pasmep oopasya (L — nnuna, H — Beicota, T — TonmuHa):
MUHMMaNbHbI: 2.5 cmM L x 2 em H

MakcuMaIbHBIA: 20cMLx 15cM Hx 1.0em T

Kpususna o6pasya. KOHCTpYKUMS HW3MEPUTEIBHOTO KOMIUIEKCA
npeaHa3HavYeHa JUIsl U3MEPEHUs IOCKUX 00pa3ioB. KpuBu3Ha moBepXHOCTH
OTPULIATEIIbHO CKa3bIBA€TCSd HAa TOYHOCTH pPE3YyJbTAaTOB, OJHAKO PaaHyC

kpuBu3HBI 300 CM U BBIILIE PUEMIIEM JJI1 U3MEPEHHUI.

Tunwi mamepuaioes. Kommiekc mo3BoisieT IMPpOBOAUTL H3MCPCHUA

TOJIBKO o0pa3uoB c CUMMETPUYHBIM paccesHueEM (korga

ADO(9)= ADO(-9)).

Yenvt naoenus ceema: 0°, 10°, 20°, 30°, 45°, 60° g [JPO u moOble
yribl <75° s JAPII.
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4. IlporpamMHasi 00pad0OTKa TaHHBIX U3MEPEHU I

4.1. Bviuucnenue nepsuunuix oannvix /[@0O//IDI1

JIByHanpaBieHHass (QYHKLUMS OTPa)KEHUsS/TIPEIOMIICHUS OIpPEAeIIseTCs
KAaK OTHOIIEHWE WHTEHCHUBHOCTH CBETA, OTPAKEHHOTO (MJIM MPOMYIIEHHOIO)
o0pa3lioM B HEKOTOPOM HAaIlpaBJICHUHU, K CBETOBOMY IOTOKY MaJarouIero
CBETOBOIO ITyYKa.

Kak onucano B mpeapliynieM pasjese, CBET, paCCESHHbIM B 3a1aHHOM
HanpasieHuu (@, 0), perucTpupyercs Ha BBIXOJHOM OTBEPCTUHU MOJyCQEpH.
YacTp M3IIy4aemMoro JIaMIiod CBETa OTBETBIAECTCA IMPU MOMOIIU CTEKIISTHHOU
IJJACTUHBI U TAK)KE PETUCTPUPYETCS YEPE3 ONOPHBIN KaHaJ.

3aperucTpupoBaHHbIC 3HAYEHUS CBETOBOIO TOTOKAa, OTPAKEHHOTO
o0pa3lioM ¥ W3JIy4aeMOro JIaMIOW, MPOMOPIIMOHAIBHBI  3HAYCHUSIM
MHTEHCUBHOCTHU, MO3TOMY COOTBETCTBytoulee 3HaueHue BDF MoXeT BBITh
BBIPAXKEHO KaK

BDF(¢, 0) =S(p,0) x L/ L' (1)
rae L u L’ — 3aperucTpupoBaHHbIC 3HAUYEHUSI IHEPTHM [JISi OTPAKEHHOTO
o0Opasziom U U3JIy4aeMOro JaMIION CBETA. Koaddumments
nponopuuoHanbHOCTU S(, 0) onpenenstoTcss psAAOM NapamMeTpoB, a UMEHHO
reoMeTpue ycTpoicTBa, AuadparMbl, 4YyBCTBUTEIBHOCTHIO TATYUKOB U T.II.
Ot KOd(PIULIMEHTBI MOTYT OBbITh BBIYHCIICHBI B pe3yJIbTaTe MPOBEICHUS
U3MepeHui s 3TaioHHoro oodpasma ¢ u3BectHo JJIOPO(BRDF). B kauectBe

TAKOTO 3TaJIOHAa WCIOJIL3YETCsl MACIOPTH30BAHHBIN 00pa3er] W3 MOJOYHOTO
crekaa bC-10:
S(¢, 6) = BRDFetaion(, 6) / (L /L") (2)
[Ipouienypa w3MepeHHs JTAJIOHHOTO o0Opaslia W  BBIYUCIICHUSA
koddummentoB  S(p, 0) Ha3pBaeTcs KanmuOpoBkou. Takoil momxon
MPEANOYTUTENICH MPAKTUYECKA BO BCEX 3ajadaxX aMIUIUTYTHOTO H3MEpPEHUs

paccesinusa [18]. KanuOpoBka 10jKHA MPOBOAUTHCS PETYISIPHO ISl y4eTa
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BO3MOKHBIX U3MEHEHUM B XapaKTEPUCTUKaX MPUOOPOB, BXOJSIINX B COCTaB
YCTaHOBKH (HampuMep, U3MEHEHUN TapaMeTPOB JaMIIbl).

Huwxe omucan cmoco0® HW3MEpeHHs HSTAJIOHHOTO o0paslia U METOJ
BBIYHCIICHUS KOY(PPUIIMEHTOB S 10 JTaHHBIM U3MEPECHHM.

N3mepenne 3TanoHHOro oOpaslia MPOBOJUTCA CIEAYIOIMIMM 00pa3oMm.
[Tygyox cBeTra mMOCTymaeT dYepe3 OTBEPCTHE, OOBIYHO HCIONb3yeMOe IMpH
U3MEPEHUH JJI yTIia MaJIeHUus Gy (B PEAIbHOCTH KaK MpaBuio Gy = 10°, uto
HauOosiee y100HO), U OPUEHTUPOBAH NEPHEHAUKYISPHO 00pa3ily (MOCKOJIbKY
MMEHHO [l TakOoro yrja TMaJieHus HWMEIOTCS MaclOpPTHBIE JaHHBIE).
Boruucnum sHepruto, oTpaxxeHHyI0 B HanpaBieHuu (3,0).

Ilyctb ocu koopauHAT BBIOpaHBI Tak, 4YTO HOPMalib K 00pasiy
BbIpakaercs (popmyIion

ny = (sin2cy, 0, cos2ay),

HaIlpaBJICHHE HAOIOCHUS BhIpaKkaeTcs GopMyJIon

v = (sin3cos, sinJsing, cosY),
a HampaBJICHUE MaJICHUs CBETA €CTh

v/= ng.
DHeprus, u3inyyaemas o0pas3loM, BEIPAXKAETCs Kak

Est zﬁt(gst)COSYStXTst[st (3)
rae fq — ADO sramonHoro obpasma aig yria HajeHus, COBHAJAIOIIETO C
HopMmanbio (B TakoM ciydae JIDO sBiasercs (yHKIUEH TOJBKO OIHOMN
YIJIOBOW KOOPIWHATHI), J¢ — YTrOJ MEXIy HanpaBjeHUEM HaOIIOACHUS U
HaIPaBJICHUEM 3€pPKAIIbHOTO OTPAXKEHHS, Yy — YTOJ MEXKAy HarpaBlieHUEM
HAOJIIOICHUST U HOPMalblo, Iy — MHTEHCUBHOCTb HCTOYHWKA CBETA, Ty —
sKcno3ulus Kamepbl. [lOCKOJIbKY —yrosl TaJeHus MEepHIEeHIUKYISIPEeH
NOBEPXHOCTH, HANpaBJICHHE 3€PKAJbHOTO OTPAXKEHUS COBMAJAET C

HOPMAJIBIO K ITOBCPXHOCTH, ITIOITOMY

4t = Vst = acos(v,ng)
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C npyroii CTOpOHBI, SHEPIHsl, U3TydaeMas IIpy U3MepeHuu o0pasia, paBHa
E = f(c,9,p)cosyxtl (4)
rae f ectb IPO obpasma, Y — yroia MeXIy HamnpaBjieHUE HAONIOJCHUS U

HOPMAJIbIO K ITOBCPXHOCTH, I — UHTEHCUBHOCTbH HCTOYHHKA, T — OKCIIO3HUIIHA

KaMephl.

O6benunss (3) u (4), nomyyaem

f(6,3,0) = (fu(Ss)c0s 3y / cosy) x (E/(t]) / Es/(Tsls)) (5)
Jlnia onpenienenrs MHTEHCUBHOCTH HCTOYHHUKA CBETA MCTOIb3YETCsS OMOPHBIM
KaHal. B KkaHal MOCTymaeT IOCTOSHHAs JOJI (¢, CBETa, H3Iy4aeMoro
UCTOYHUKOM, 3TOT CBET NPOXOAUT uyepe3 (uibTp ¢ KOo3pHUIHEHTOM
nponyckanust 7, U KaMepa pPETUCTPUPYET 3TOT CBET BMECTE CO CBETOM,
OTpaXaeMbIM OT oOpa3la (CM. JETallbHYyl0 CXeMy Ha puc. 5). DHeprus,
perucTpupyemas B COOTBETCTBYIOIIEM (parMente uzoOpaxeHus (T.e.
SHEPrus, MOCTYIUBIIAS HA KaMEPy IO ONOPHOMY KaHay), COCTABISCT Tyl oy
npu U3MEpPEeHHH 3TajoHa W T7/ MpH WU3MEPEHHH MPOM3BOJIBHOIO OOpasIa.
O0603Hauast HEPruto0, MOCTYNUBIIYIO IO OMIOPHOMY KaHally, uepe3 £ Moxem

nepenucars (5) kak

6,9,0) = (fa(S)c0s Sy / cosy) x (E/NE'/T)) / (Es/(E's/ T«))))
DHeprus E nponopuuoHaibHa CO3JaBa€MOM €10 CBETUMOCTH L, MO3TOMY

f(GaSa(P) - (fst(‘(}st)cosgst / COSY) X ((L/(L,/D) / ((Lst/(L'st/Tst))))
rac Lst u L — 3HaAUCHUS CBETUMOCTHM B TOUYKE I/I306pa)KGHI/ISI,
COOTBETCTBYIOIICH HaINpaBJIeHUIO paccesHus (0,(p) mpu U3MEpeHUn dTajoHa
U IIPOHU3BOJIBHOTI'O 06pa3ua COOTBCTCTBCHHO, a L ,st nu L' — 3HaueHus
CBCTUMOCTH OT OIIOPHOI'O KaHalla IIpU U3MCPCHUHU 3TAJIOHA U IIPOU3BOJIBHOI'O
obpa3iia.

MDakTUYECKU MBI OonIcpupyem HC C CaMMMH 3HAYUCHUSAMU CBCTHMOCTHU

9KpaHa, a ¢ HCKOTOPLIMHA 3HAYCHUAMU IIPONMOPHIHNOHAIbHBIMHA UM — SIPKOCTBIO
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Touek. B JaHHOM CJIy4dac 3TO KOPPCKTHO, ITOCKOJIbKY Mbl BE3/I€ NCIIOJIb3YEM
TOJILKO OTHOIIIECHHUS dTUX 3HAYCHUM.

BBeaem macmraOupyroniyii MHOKUTENb, HE 3aBUCSILUNA OT o0pa3ua:

5(0,9,0) = f(Ss)cos Sy / (cosy/ (Ly/(L' &/ T)))

rac 1mo onpeaciiCHUlO,

cosy = (V,ny) = sINScosPsin2Gy + cosIcos20y;
cosy = (v,n) = sindcos@sinc + cosIcosc
[TonmyueHHbIE MHOXKHMTEIM 3alMCBHIBAIOTCS B MPO(HIbL yCTPOWCTBA, U Jajice

JDO st mpou3BOIBHOTO 00pa3Ia BEIYUCISETCS 10 hopMyIIe

f0,9,0) =s5(c,9,0) x L/(L'/T)

4.2. Ilocmobpabomka nepeuiHvIX OAGHHBIX

[lepBuunbie ganable u3mepeHHbx JDPO/ADII npeacraBnsaoTr coOoit
Habop 3HayeHud F(O;, ¢;) ST HEKOTOPOrO MHOXKECTBA BBIXOJIHBIX
HanpaBieHuil (0;, @;) 11 HEKOTOPHIX BBIXOJHBIX HAINPABICHUN JIaHHbBIE
MOTYT IO TEM WJIM MHBIM IPUYMHAM OTCYTCTBOBAaTh — HAIIpUMEP, U3-3a TOTO,
YTO SPKOCTh MO JAHHOMY HAIPaBJICHUIO OKa3ajlachb BHE JIOIYCTUMOTO
JYara3soHa, BOCHpPHHMMaeMoro kamepou. Kpome Toro, kak yka3zaHo B
OpeabIAyIIEM pas3felie, AaHHbIE TaKK€ OTCYTCTBYIOT JUIsl HEKOTOPBIX
HarnpaBieHu mnaneHusa. s Takux HanpasieHudt F(0;, ¢;)=0. Ilpumep
NEepBUYHBIX JAaHHBIX BDF, mnonydeHHBIX B pe3ynbTare HU3MEPEHUM,

npeacTasieH Ha puc. 10.
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Puc. 10. Ilpumep nepuunsbix ganubix PO pasa ¢=0°, 22.5°, 45°, 90°.

Tpubnusicenue nepsuunvix 0anuwvlx en1aoxoiu kpueoi. Ha iepBom stare
OCTOOPaOOTKH MPOU3BOAUTCS BBIYUCICHUE TIIAIKOW KPUBOW, MAKCHMAIIBHO
ONMM3KOM K W3MEPEeHHbIM JaHHBIM. Lleapl0 JaHHOTO JTama  SIBISIETCS
n30aBlIeHHe OT CIy4alHOrO0 IIyMa W TOJyYeHHWE JaHHBIX JUISI BCETO

Analia3oHa yIJIOBbIX KOOpP/JAHWHAT. BYI[CM HMCKAaTb KPUBYIO B IIPCACTABICHUU

F(S,(P) = Zl CIF}(S’ (P) (6)

I7i€ ¢; — Heu3BeCTHble KOA(uimeHTsl, a F; — (yHKUUH U3 HEKOTOPOIo
OasucHoro Habopa. Torma 3agadyy MOXKHO c(OpPMYIHpOBaTH Kak 3aaaqy

ITIOUCKa KpHBOﬁ 10 MCTOAY HAMMCHBIINX KBAJPAaTOB!:

0 .
Z,-Wi X(F(Sia(Pi)—f(Si,(Pi)) = min! (7)
TJIe W; — BEC i-i TOUKH, B CHEPUIECKUX KOOPAMHATAX
Ww; = Sinel-AG,-
TpeboBaHue TIaIKOCTH MOKHO BBIPA3UTh B BUJIE
2 .
2w x|(grad F)(8;,¢,)|” = min! (8)
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rje | | o0o3HavaeT IIMHY BEKTOPA, a TPAIUEHT BBIYUCISCTCS TSl (PYyHKITUN Ha
CIIMHUYHOM cdepe:

gradF:e‘ga—F+e(p ,1 or
o) sin3 o

TpeOoBanus TIAJAKOCTH M MAaKCHUMaJIbHOM OJHM30CTH K JIaHHBIM

U3MEPEHUST NPOTHBOpEYaT APYyr Jpyry. Mbl HUCHONb3yeM NOAXOJ,

33KJ’IIO‘IaIOI]_II/II\/IIC$I B ITIOMCKC MUHHUMMH3AIIUN BBIPAKCHUA

A2

3w < (F(9,,0) - /(8.9 +&3,w; x|(grad F)(8;,¢,) =min!  (9)

IJe € — MmapameTp, peryiupyrommii crenedb maakoctu gynkuuu. [Ipu =0
TpeOoBaHUE MIAAKOCTH WTHOPUPYETCS, U KpUBas MPOXOAUT MaKCHUMAaJIbHO
OJMM3KO K M3MEPEHHBbIM 3HaueHUsAM. [Ipu OONBIIMX 3HAYEHHSIX € IMOIy4YaeM
OYEHb MIAJKYI0 KPUBYIO, HO OTKJIOHEHHE OT JIAHHBIX U3MEPEHUSI MOXKET ObITh
BenuKo. IIpumeps! anmpokcuManuii Ipyu pa3iaudHbIX 3HAYEHUSAX IapaMeTpa €

npuBeeHbl Ha puc. 11. 3HaueHue € nonOupaeTcs: IKCIEPUMEHTATBHO.

0,6

04

03

0.2

HooTaw
— smoothed eps=0.005
— smoothed eps=0.2

0,1 — smoothed eps=0.5
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Puc. 11. Annpoxcnmanuu nepBu4HbIX JaHHBIX BDF npu pasanynbix
3HAaYeHMAX MapaMeTpa rJIaJKOCTH &.
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HpaKTI/IquKI/I, 9TO COOTBCTCTBYCT HAJIOKCHUIO OI'PAHUYICHUA

D |(grad F)99)f <

Hcnonp3ys Habop M GazucHbIx GyHKINH, Torydaem u3 (9):

2 2
) M-1 M-1 OF; 1 OF, -
A :ziwix(ZI_o CzFi,z—ﬁ)z“ZZz_o Wi X (Cz 6{; J +(C‘ : = min!

! sin9d; O¢

rae
Fi;=F(0,p;) uT.0.

OA __
MHUHUMYM OOCTUTACTCA KOraa IIpOnU3BOJHBIC E -

M-1 M-1 OF; ; OF; 4 1 OF; oF;
IR YL IR TED 3 Jigt X(c’ 29 08 S’ oo o |
1
TO €CTb

M-1 oF;, OF; 1 OF, 0F,
1=0 Clzi{WiFi,lFi,kﬁLSWi[ 29 29 +

j} = zi Wif;'F;',k

sin’ 9; 0p 09
MMmeeM cucTeMy anrebpanyeckux ypaBHEHMI
M-1
Do Auc =Gy (10)

rae
A= WiF F e w

G =D wifiFix

Pemas (10), momydaeM COOTBETCTBYIOIIHE KOIPDUIIMESHTHI M MOXKEM

OF. ; OF. OF. ; OF.
il i,k +82_Wi . i il i,k
0% 09 ' “sin®9; J¢ O (11)

TeNephb BHIYMCIUTD allIPOKCUMUPYIOMUN pas (6) Ha Bcei 001acTH 3HaAYCHUN
aprymenta. [Ipu Boruncnenun matpuil (11) MOXHO UCIIOIB30BaTh CBOMCTBO
cumMmeTpuu (Ay; = A;x) ¥ BBIYUCIATD TOJIBKO BEPXHUN TPEYTOJIBHHUK.

AnnpokcuManus — MPOU3BOAUTCSA  TOCIENOBATEIIBHO  JUISl  BCEX
HaITpaBJICHUM NAJCHUS CBETA.

basucubie pyHKIIMU F MOTYT OBITh BBIPAXKEHBI KaK
F1(0,0) = P(B)coske,  Fix(8,9) = P(0)sinke,

rane P, — xakwe-to ¢ynkuuu. [Ipm BbIOOpe Habopa ¢GyHKuuMN P, cnemyet
npuHATh BO BHUMaHue Xxapakrep ADO/IDII, kortopsie OOBIYHO HMEIOT

00JbIION TpagueHT B okpecTHOCTH O =0° u JOBOJBHO MOJIOTH B JIPYTUX
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obmactax. C yuerom storo st sddexkruBaoi anmnpoxkcumarnuu JDO/IDII
0a3uc JODKEH BKIIOYATh (YHKIMH C pa3iWYHbIMM TpajaueHTamu. [lis
MOCTPOCHUS TAKOTO Oa3UCHOTO Habopa MOXKHO B3sITh N GyHKIMI (Harpumep,

MOJIMHOMOB) p,(Xx) u ctpoutsh P/(0) ciemyromum 06pa3om:

By (9) = py(s9)
B(9) = pi(s9)

Py (8)=py(s9)
Py (8) = p,(259)
Pa(9) = p,(259) 12
Py (8) = py,(259)
Py (8) = py(459)
Py, (9) = p(4s9)

Py (8)=py_(4s9)

re s MaclTabupyromui MHOKUTENb. [Ipu Takoi cxeme p,(x) JOJKHBI ObITh
onpenenensl Besae. [Ipocreilmumii moaxos 3akioyaeTcs B TOM, YTOOBI 3a
npejeiaMu HEKOTOpPOro MHTepBasia (GyHKIUA p,(x) riaaako oOHysiack. B
JAHHOW peanu3aluy BEIOpaHbl QYHKINUH p,(X):
Pn(x) = (1 +£j2(1 +ijn/2{(l —x?)*x" |x <1
4 n 0 |x>1
[Tockonbky DO usmepsitorcss B unTepBaie 0°<0<90°, s =1/90° u
pesyabTupytomue GyHkiuu P(0) BRIMISIAAT KaK MOKa3aHo Ha puc. 12.
3aBUCUMOCTh OT a3UMYTAJIBHOTO yIJa ¢ €CTECTBEHHBIM 00pa3oM
BBIPAKACTCS TIPY MTOMOIIUA TPUTOHOMETPUUYECKUX (PYHKITUN, TAK YTO MOTHBIN

HaOop 6asucHbIX GyHKMi as npubamxenus DO umeet Bu:

an,m(eﬂq)) = Pn(e)COSk(Pa F2n+l,m(ezq)) = Pn(e)SIHk(P
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Puc. 12. basucusblie Gynkunu Py0).

Bocnonnenue danuvix 011 8vi0eieHHbIX HANPABIeHUll NAOeHUs ceemd.
Ha  Bropom  »Tame  mocTOoOpaOOTKM  BOCTOJHSIOTCS  JaHHBIC,
COOTBETCTBYIOIIME HAMNPABICHUSM MAJCHUS, Ui KOTOPBIX H3MEPEHUS HE
IPOU3BEAEHBI WIIK B IPUHIMIIE HE MOTYT OBbITh BbINOJHEHBI (6 =0° nns PO
u 6 =90° g JDPO/DII).

Jlns mpomexyTtounblx 3HaueHud o JIDO(c) BbIUMCHSETCS MyTEM
untepnoiasiuuu. PO qis 6 = 90° ycranasnuBaetcs paBHbiM PO npu 6 =
60°, 1.e. 1PO s nocneaHero u3 u3aMepsieMbix yrios najaenus. PO mis o
= (0° Beruncisiercs sxkcrpanosanneit mo 3HaueHusM PO mpu 6=20° n 6=10°
C YCPEIHEHUEM IO BCEM 3HAYEHUSIM (.

PesynpTat mocto6paboTku 3anmuckiBaeTcs B ails B popmare, KOTOPHIi

MOXCT HCIOCPCACTBCHHO  HCIIOJB30BATLCA  IIPOIrpaMMaMHU MaIllMHHOM

rpadukKu.
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5. 3akaouenue

OCHOBHBIEC 1I€7HM, KOTOpPbIE MPECICAOBAINCH MPU MPOCKTUPOBAHUU
U3MEPUTEIBLHOTO KOMILIEKCa, ObUTH C(OpMyIMpOBaHBI HCXOAS M3 3a1ad
3aaHusl  (U3MYECKU KOPPEKTHBIX BXOJHBIX JAHHBIX [JII  CHUCTEM
MOJICTTUPOBAHUS OCBEIICHHOCTH W T€HEPAINH PEATUCTUIHBIX W300paKECHUM.
OCHOBHBIMH LEISIMU SIBJISUTUCH

e o0OecreyeHue BBICOKOTO YIJIOBOTO paspelieHuss B  BbIJICICHHOU
obmnactu, rae JJPO/JIPIT nmeer MakCUMaNbHBINA TPATUCHT;

® JIOCTaTOYHO TMOJIHBIA OXBaT BCEro TEJIECHOrO0 Yria, B KOTOPOM
MPOUCXOJUT PACCESTHUE CBETA,;

® MHUHUMMU3AIUS BPEMEHU U3MEPEHUI.

Jlnst  gocTwkeHWs JTHX TIiesield Obula pa3paboTaHa OpUTHHAIBHAS
KOHIIEMIIMSI ONTHUYECKON CXEMbl M3MEpPEHUM, KOTOopas IpeaycMaTpUBACT
OJIHOBPEMEHHOE HCIIOJb30BaHUE CBETOBOJAOB M 00JACTU H300paKEeHUS,
dbopMupyemMoil JIMH30H, TJI€ B KayeCTBE NPOCTPAHCTBEHHBIX KOOPJHUHAT
BBICTYNIAIOT ~ HENMOCpeACTBEHHO  yribl. Hcnmomp3oBanune  I[13C-kamepsnl
MO3BOJIIET OJHOBPEMEHHO H3MEPSATH OOJIBIIOE YHUCIO MPOCTPAHCTBEHHBIX
TOYEK, MNPUYEM BpeMsS HM3MEPEHUNU MNPAKTUYECKHM HE 3aBUCUT OT YHUCIa
UCIIOIBb3YEMBbIX  CBETOBOJIOB, T.€. H3MEPSEMbIX  IPOCTPAHCTBEHHBIX
komnoneHT JIDO/IADIL. JlocturHyras TOYHOCTH u3MepeHHit (4-8%) 1o
OIIEHKaM OJKCIEPTOB OJIM3Ka K MaKCHUMaJlbHO BO3MOXXHOM TpPH JaHHOM
YpPOBHE TEeXHOJOTHH. Bpemsi u3aMepeHus ObUIO JOBEACHO 1O HECKOJIBKHUX
yacoB (3-4 yaca) 1 mpocToro oOpasia aBTOMOOMIIBHOM Kpacku. OmHako
00pa3ibl  CJIOXKHBIX  MaTepuajoB THUMA  MOJYNPO3PAYHBIX  IUICHOK,
METAJUIMYECKHE IUIACTUHBI C MHKpPO-HAaCE€YKaMH MOTYT TOTpeOOBaThH
OOJBIIOTO 4YHWCIA JOTOJHUTENIBHBIX H3MEpPEHUM © Oojee  CI0XKHOU

nocTOOpabOTKY MONYYEHHBIX MEPBUYHBIX JAHHBIX. B Takux ciayuasx Bpems
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U3MEPEHUST MOXET HUCYUCIATHCS JHSIMU (B OTAENIbHBIX ciydasx g0 10
pabounx gHEH).

3a Bpems, Mpollealiee OT CO3JaHus MpoToTumna ycrpoicta ([12],
[13]), 6b1TH TOpaboTaHBl MHOTHE TEXHUYECKHE U MPOTPAMMHEBIE perieHus. B
HACTOSIIIIEE BpEMSl KOMIUIEKC (DYHKIIMOHHPYET MPAKTUYECKU B PpEKUME
IPOU3BOACTBEHHOM 3KcIutyarauud. C ero MnoMoIbi0 ObUIM MPOBEACHBI
U3MEPEHMsI CBETOPACCEUBAIOIIMX CBOMCTB OOJBIIOIO YHCiIa Pa3HOOOpPa3HBIX
MaTepuasioB. M3HadyanbHO KOMIUIEKC pa3padarbiBajics [UIsi HW3MEpEeHus
JIBYHANPABICHHON (DYHKIMM OTpPaKEHUs, TMO3BOJSIIOMIEH C XOpOIIeH
TOYHOCTBIO MEpPUTh TAKUE MAaTE€pUalibl KaK CJIOKHBIE KPAaCKM M TKaHHU.
Opnako Oyaromapsi JajdbHEHIIEMY pa3BUTHUIO allapaTHOM W MPOrpaMMHOMN
yacTed KOMIUIEKCa CTajl0 BO3MOXKHBIM H3MEpPATh TaKUe HEOObIYHbIE WU
HECTaHJApTHbIE  00pa3llbl  KaKk  METaUIMYeCKHe  MOBEPXHOCTH  C
MUKpOpenbeoM, TUIACTUKOBBIE IMOBEPXHOCTH C  MHKPOOOPO3AKaMH,
MaTepHallbl CO CBETOPACCEUBAOIIMMU CBOWCTBAMM, HE MMEIOIIMMHU OCEBOM
CUMMETPHUH, «TOJICTbIE» o00pa3lbl C OTPAKAWIIEH MOBEPXHOCTHIO,
HaXOJALIEICS O/ CJI0EM IPO3PAYHOIO IJIACTUKA WU CTEKJIA, U JIP.

Cnemudpukanun PO u JDII, nomydeHHbie B pe3yabTaTe U3BMEPEHUH,
HANpAMYIO HCHOJB3YIOTCS B CHCTEMax KOMIIBIOTEpHOW TpaduKu JIst
CO3/aHUs HU300paxkeHU (HOTOPEAMCTUUECKOrO0 KauyecTBa, TaKUX Kak
CUCTEMa CHUHTE3a PEAIMCTUYHBIX M300paXKeHW B peajbHOM BpemeHH [15],
cuctema VHTEpHET cepBuca JUIsl MOJEIMPOBAHUU OCBELIEHHOCTH M CHUHTE3a
peanucTuuHbIX H3o0paxkeHuit [16]. Taxxe Onaromaps HCIOJIb30BAHUIO
U3MEPEHHBIX JaHHBIX B CHCTEMAaX KOHCTPYMPOBAHUS M MOJEIUPOBAHUS
OCBETUTEJIbHBIX  ONTHYECKHX YCTPOMCTB, OCHOBAaHHBIX Ha pacyere
pacnpocTtpaHeHus cBera Metoaom Monte-Kapno [19], Ham ynamock
NOJyYUTh PE3yNbTaThl, Aaomue omuoOKy mopsaka 5-10% mo cpaBHEHHIO C
WU3MEPEHHBIMU BBIXOIHBIMH XapaKTEPUCTUKAMU PEATbHBIX YCTPOMCTB.

Bepcusi ctaThu ¢ IBETHBIMU WILTIOCTPALMAMHU pa3MeIleHa 10 apecy

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