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Mpeaucnosue

9TO yueOHMK [JiSl CTyJeHTOB TPeThero U YeTBepPTOro roga obydyeHus, rnoce-
IMIAIOUIMX KYyPC KOMIIBIOTEPHOIO 3PEHMSI — OJHOM U3 HayYHO-TEXHUUECKUX
OUCLIUTIIVH.

MpeamMeT KHUMM

3aavya KOMITBIOTEPHOTO 3peHUsT — IpuMeHeHMe GOTo- U BuaeoKkamep st
aHaM3a WIN MTOHMMaHMS pPeabHbIX CIIeH. DTa AUCIUILIMHA U3yJaeT MEeTO-
IOJIOTUYECKME Y aITOPUTMUUYECKIE TTPO6IEMbI, a TAKSKe BOITPOCHI, OTHOCS -
yecs K peayn3aiuy MmpeaioKeHHbIX PeleHniA.

B KOMITBIOTEPHOM 3pEeHMM HAC MOXKET MHTEePecoBaTh, HA KAKOM PacCTOsI-
HUM OT KaMepbl HAXOAUTCS 34aHNe, IBVKETCS JIM aBTOMOOMIIb ITOCepeIyiHe
CBOEJ1 IMOJIOCHI, CKOJBKO UeJIOBEeK MPUCYTCTBYeT Ha M300paskeHUM U ke
MPUCYTCTBYET I Ha HEM KOHKPETHbIIT uesioBeK. Ha Bce 3TM BOIIPOCHI HY>KHO
IaThb OTBET, MMesl JIUIIb cOXpaHeHHble Gororpaduu mau Bumeo. biarogapst
HeJJaBHUM JTOCTMKEHMSIM 06/1aCTh MPUMEHMMOCTY KOMITbIOTEPHOTO 3PEHMS
3HAUUTEIBHO paciupwmiack. [Iporpecc 3aTpoHY/I KaK TeEXHOJIOTUM U3TOTOB-
JIEHUSI KaMep ¥ MeTOAbl BbIUMC/IE€HUIA, TaK U TeOPETUUECKMEe OCHOBAHMUS
KOMITHIOTEPHOTO 3PEeHMSI.

3a rmocsegHME TObI KOMITBIOTEPHOE 3PEHME CTAJIO KITFOUEBOI TEXHOJIOT Y-
eli BO MHOTMX 00/1acTsX. Ecii peub UaeT o moTpe6uTeIbCKOM SJIeKTPOHMKE,
TO IOCTATOYHO YIIOMSIHYTbh MOOMJIbHBIE TeJie(hpOHBI, TOMOIIb BOAUTEISIM VI
B3aMMOJIEIICTBIME T10JIb30BaTENsI C KOMITBIOTEPHBIMM UIpaMu. B aBToMaTu-
3alMM IMPOMBIIIJIEHHOCTY KOMIIBIOTEPHOE 3peHMe TTOBCEMECTHO IPUMEHSI-
eTCsT IS KOHTPOJISI KauecTBa M TEXHOJMIOTMUYECKMX IMpoIeccoB. CylecTBeH-
HBII BKJIaJl KOMIIBIOTEPHOE 3pEeHYEe BHECTO B KUHOMHIYCTPUIO (BCIIOMHUM,
HaIpuMep, aBaTapbl UM CO3aHMe BUPTYaJIbHBIX MUPOB Ha OCHOBE OTCHS-
ThIX M300paskeHn1, TOMTOTHEHNE UCTOPUUYECKUX BUIEOAAHHBIX UV BBICOKO-
KavyecTBeHHbIE Mpe3eHTaluu GuiabMoB). U 9T0 IuITs Majast 4acTh 06/1acTeii
MIpYMEeHeHMs, CBI3aHHBIX C 06paboTKOI 1 aHaIM30M (poTorpaduit 1 BUIeo.

XapakTep U3NoXeHus

B kHUTe maeTcst oblee BBeJleHE B OCHOBbI KOMITbIOTEPHOTO 3pEeHMSI, KOTO-
pble HaxXOAST MPUMeHEeHMSI B CaMbIX pa3HbIX MPUKIAJAHBIX 06macTsaX. MaTe-
MaTMKa UTpaeT BaXKHYIO POJb B U3JIOKEHMM, 0OCY>KIAI0TCSI TAKsKe aJTOpPUT-
Mbl. KOHKpeTHbIe MPUIOKEHMSI B KHUTE He pacCMaTpPUBAIOTCS.
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Ha Bpe3kax mpecTaB/ieHbl MCTOpUUecKast MHPOpMaIlus, CChIIKM Ha MICTOY-
HUKM M3JIaTaeMOro MaTepuaja ¥ CBeIeHMsI 0 MaTeMaTUUeCKNX 0ObeKTaxX B
TOM MeCTe, Ile OHM BIIepBble BCTPEUaloTCsl. Bpe3ku ciemyer paccMaTpuBaTh
KaK donoJiHeHUs K OCHOBHOMY TEKCTY.

Kuura He sIB/IsIeTCS CITIPaBOYHMKOM I10 TEKYIIVIM MCCIeI0BaHUSIM B 06j1ac-
TU KOMIIBIOTEPHOTO 3peHMUsI, M 00beM OMOIMOrpaduUecKmux CChIJIOK OUEeHb
02paHuyeH; YATaTeNIb JIeTKO HalgeT MHTePeCyIolii ero MaTepuasa B CeTH.
KommbioTepHoe 3peHue — akKTMBHO Pa3BMBAIOILASCS OUCLIMILIMHA, KOJM-
YeCTBO CChUIOK OTPOMHO, TTIO3TOMY JIt06ast MOIBITKA BTUCHYTD ITOJIHYIO OM-
6mmorpaduio B OrpaHMYeHHOE IIPOCTPAHCTBO KHUTK OOpedyeHa Ha IIpOBaJl.
Ho mbI, o KpaiiHeit Mepe, JaJiuM COBET: Ha CTpaHuIle homepages.inf.ed.ac.
uk/rbf/CVonline/ Bbl HaiifieTe OHJIATHOBOE BBE€HME B Pa3/IMUYHbIE ITPOOIEMBbI
KOMITbIOTEPHOTO 3pEHMsI.

Lilenesas ayautopus

Kuura 3a1ymMbIBaach Kak BBOAHBIN KypC /IS CTYI€HTOB TPETHET0-UETBEPTOTO
KypCaoB, CIIEVaIM3UPYIOIIMXCS B HAYUHbIX VMJIM TEXHUYECKUX AVICIIUTUIMHAX.
[TpenBapuTeNnbHbIE 3HAHNUS B 06/1aCTM 0OPAOOTKM M aHaIM3a M300paskeHMit
MJIY KOMITBIOTEPHO# rpaduky ObuTM Gbl IT0JI€3HBI, HO IepBbIe [IBe IJIaBbl CO-
mepskaT Havya/ibHbIe CBEIEHNSI O KOMITbIOTEPHOI 06paboTKe 1M306paskeHMiA.

Ucnonb3oBaHue Matepuana Ha NpPaKkTUKe

Marepuassl, IpefCcTaBlIeHHbIe B KHUTe, YACTUYHO UCIIOAb30BAIMCh B MOUX
JIeKIMSIX 10 MeXaTpoHuKe U MHpopmaTtuke B OKIEHICKOM YHUBEPCUTETE
(Hosag 3enangusi), B LlenTtpe uccnenoanuii u matrematuku (CIMAT) B I'ya-
HaxyaTto (MekcuKka), B yHuBepcurere ®paiibypra u ['értunrena (l'epmanms),
B Koprmobckom TexHMYeCKOM yHUBepcuTeTe (ApreHTMHA), B TailBAHbCKOM
HaLlMOHAJIbHOM HOPMajbHOM YHUBepcuTeTe (TaliBaHb) U B YXaHbCKOM YHU-
Bepcutete (Kuraii).

B KHMTe MCIIOMb30BAINCH TAK)Ke MaTepuasibl M3 MPeAbIayIIuX my6imKa-
unii aBTopa: [R. Klette and P. Zamperoni. Handbook of Image Processing Operators.
Wiley, Chichester, 1996], [R. Klette, K. Schliins and A. Koschan. Computer Vision.
Springer, Singapore, 1998], [R. Klette and A. Rosenfeld. Digital Geometry. Morgan
Kaufmann, San Francisco, 2004] u [F. Huang, R. Klette and K. Scheibe. Panoramic
Imaging. Wiley, West Sussex, 2008].

[lepBble ABe U3 MEPEUNCIEHHBIX BbIIIE KHUT UCITOIb30BAINCh KaK JOMOJI-
HeHNe K JIeKLXSIM aBTOpa M0 KOMIIbIOTEPHOMY 3peHuI0 B 'epmanuu 1 Ho-
Boti 3enanguu B 1990-x u B Havasie 2000-X I., @ TPETHS — B JIEKLIUSX, TIPOUN-
TaHHBIX B 60Jiee MMO3AHMIT TTePUO]I.


http://homepages.inf.ed.ac.uk/rbf/CVonline/
http://homepages.inf.ed.ac.uk/rbf/CVonline/
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3amMeuaHusa ana npenoaasarens
U peKOMEHAYEMbI NOPAAO0K UCMONb30BaHUSA
KHUU

Kuura comep>xut 60mbliie MaTepuana, 4eM MOXKHO OXBaTUTh B OTHOCEMECT-
poBoM Kypce. [IperonaBaTenio cjieyeT oT6MpaTh MaTepuas, coob6pasysich C
KOHTEKCTOM: MpeABapUTeIbHbBIMU 3HAHUSIMU CTYIEHTOB ¥ HaIlpaBI€HHO-
CTBIO MOCTENYIOIINX KYPCOB.

Kaxkmasi rmaBa 3aKaHUMBAETCS YIIPAKHEHMSIMY, B TOM UMCIe TTpenosarat-
MIMMU ITporpaMMupoBaHye. B KHITe He OTHaeTcs perouTeHe KaKkoi-Inoo
KOHKpeTHOI1 cpezie. Ho 06b1YHO rpuMeHeHMe QyHKIMIA, UMEIOUIVXCS B TAKUX
6ubnmorekax, kKak OpenCV, yrpoiaer pemieHue. YIpakKHeHMs 110 ITporpam-
MMPOBaHMIO HaMepeHHO chOPMYIMPOBAHbI TaK, YTOOBI Y CTYIEHTOB ObIIIO He-
CKOJIbKO BapMaHTOB oTBeTa. Hampumep, B yripakHeHM 2.5 K r1aBe 2 MOXKHO
BU3YIM3UPOBATH PE3Y/IbTAThI C IOMOIIIO Java-aruieToB (XOTSI B TEKCTE STOTO
He TpebyeTcsl), MCTI0Nb30BaTh M300pakeHMsI GOBILIOTO MU MAJIOTO pa3Mepa
(B TekCTe pa3Mep He yKas3aH) ¥ OrPaHMUUYUTD IBMKEHME Kypcopa LieHTPaJIb-
HOJt Y4aCTbl0 BXOAHOTO M300pakeHMs, Haripumep kBagpatom 11x11 ¢ 1eHT-
pPOM B TOUKe p, KOTOPbI BCeraa eJNMKOM COOePKUTCS B M300pakeHUN (Win
paccMOTpeTh TakKke 0COOble CJTyyau, KOTa Kypcop MOsKeT MpUOIKaTbCs K
rpaHuiie n3obpaxennst). [[03TOMy KaKIbIii CTyII€HT MOXKET JaTh CBOE pellle-
HJe yIIpayKHeHUIA, ¥ TBOPUECKMII IIOAXOZ, CJIelyeT BCSIYeCKU PUBETCTBOBATD.

HJdononHutenbHble pecypcobl

Ha compoBoguTe/bHOM caiiTe KHUTY MMEIOTCS TOTIOJTHUTE/IbHbIE MaTepua-
JIbl (DaHHbIe, UCXOMIHBIN KO/, TpMUMepbl, Tpe3eHTanun). CMm. www.cs.auckland.

ac.nz/~rklette/Books/K2014/.

bnaropapHoctu (B andaBuTHOM nopspke
no gpammununm)

51 GnaromapeH IepeunucaeHHbIM HIMKe KojleraM, OBIBIIMM UM HBIHEITHUM
CTYI€HTaM U APY3bsIM (€CM YIIOMUHAETCS TOJIbKO PUCYHOK, TO ST BBIPAXKAI0
MPU3HATETbHOCTh 32 COBMECTHYIO PabOTy MJIM KOHTAKTbI, OTHOCSIIIMECS K
TeMe PUCYHKA).

¢ A-Kn

Ali Al-Sarraf (puc. 2.32), Hernan Badino (puc. 9.25), Anko Borner (pas-
JIMYHbIe KOMMEHTAPUM 10 YEPHOBBIM BapMaHTaM KHUTY U BKJIAJ B


http://www.cs.auckland.ac.nz/~rklette/Books/K2014/
http://www.cs.auckland.ac.nz/~rklette/Books/K2014/
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pasgen 5.4.2), Hugo Carlos (moMoiiib BO Bpemst pab0TbI HaJi KHUTO B
CIMAT), Diego Caudillo (puc.1.9,5.28,5.29), Gilberto Chavez (puc. 3.39
u 5.36, BepxHuii psam), Chia-Yen Chen (puc. 6.21 u 7.25), Kaihua Chen
(puc. 3.33), Ting-Yen Chen (puc. 5.35, Bkiag B paszen 2.4, B I71aBy 5,
npenocraBiaeHne ucxogHoro koma), Eduardo Destefanis (Bkian B
npumep 9.1 u puc. 9.5), Uwe Franke (puc. 3.36, 6.3 1 9.23, mpaBblit
HkHUIM), Stefan Gehrig (3ameuanus 1Mo BoOMpocy aHaaM3a CTepeo-
usobpaskenmii u puc. 9.25), Roberto Guzman (puc. 5.36, HUsKHII psin),
Wang Han (ripuBiiedeHne CTyI€HTOB K IIPOBEpPKe YePHOBUKA KHUTU),
Ralf Haeusler (Bknag B pasmen 8.1.5), Gabriel Hartmann (puc. 9.24),
Simon Hermann (Bkiazn B pasmenbl 5.4.2 u 8.1.2, puc. 4.16 u 7.5),
Vaclav Hlavac¢ (mpemjioskeHus I0 yAYYIIEHUIO cOCTaBa miaB 1 u 2),
Heiko Hirschmiiller (puc. 7.1), Wolfgang Huber (puc. 4.12, nipaBblii
HIsKHMi), Fay Huang (Bkiap B r1aBy 6, 0c06eHHO B pasgen 6.1.4), Ruyi
Jiang (Bknapm B paspen 9.3.3), Wagar Khan (puc. 7.17), Ron Kimmel
(peiJIO’KeHMS O CIIocobe M3JTOKEeHMS JTIOKAJIbHBIX OTIePaTOPOB U OII-
TUYECKOTO TOTOKA — OHU BBIHYXKJIEHHO 3allJlaHMPOBaHbl B OCHOBHOM
IS cnepyoiero usmanust kuuru), Karsten Knoeppel (Bkiam B pa3s-
nen 9.3.4).

¢ Ko-Sc

Andreas Koschan (3aMeuaHust K pasaMyHbIM YacTSIM KHUTU U PUC.
7.18, cripaBa), Vladimir Kovalevsky (puc. 2.15), Peter Kovesi (Bknap B
riaBbl 1 1 2, Kacaronmiics: Ga3oBOii KOHTPYIHTHOCTH, BK/IlOUast pas-
pellleHMe Ha ITyoauKaiuio pucyHkoB), Walter Kropatsch (ripemoxke-
Hust o 1aBaM 2 u 3), Richard Lewis-Shell (puc. 4.12, neBbIit HVOKHMIT),
Fajie Li (ympaxknenmue 5.9), Juan Lin (Bknaz B pasmen 10.3), Yizhe Lin
(puc. 6.19), Dongwei Liu (puc. 2.16), Yan Liu (pa3perieHne Ha my6/n-
Kaiuio puc. 1.6), Rocio Lizdrraga (pa3peleHye Ha IyOIMKaInio PUC.
5.2, HwkHMit psx), Peter Meer (3amevaHusi K pasgeny 2.4.2), James
Milburn (3ameuanus K pasmeny Sect. 4.4). Pedro Real (3ameuanus Ha
TeMbl TeomMeTpuu 1 Tononorun), Mahdi Rezaei (Bkiag B matepuas o
pacro3HaBaHuy Jull B iaBe 10, BKIOUasi TEKCT, pPUCYHKU U YIIPAK-
HeHue 10.2), Bodo Rosenhahn (puc. 7.9 cripaBa), John Rugis (orpe-
IejeHye KPUBU3HBI ITOH06MS U yrpaskHeHust 7.2 u 7.6), James Russell
(Bkyam B pasgen 5.1.1), Jorge Sanchez (Bkian B mpumep 9.1, puc. 9.1
cripaBa u 9.5), Konstantin Schauwecker (3amedyaHust o geTeKTopax
MIpM3HAKOB U 00HApykeHUM T1ockocTeit metogom RANSAC, puc. 6.10
cripaBa, 7.19, 9.9 u 2.23), Karsten Scheibe (Bkiap B rmaBy 6, 0C06€HHO
B pasguen 6.1.4, u puc. 7.1), Karsten Schliins (Bkiag B pazgen 7.4).
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e Sh-Z

Bok-Suk Shin (mpepyoskeHust mo pemakTupoBaHuio B Latex, sameua-
HMSI K Pas/IMIHBIM YaCTSIM KHUTU, BK/IaJ B pasmgensl 3.4.1 1 5.1.1 u puc.
9.23 ¢ oTHOCSAIMMMUCS K HEMY KoMMeHTapusimn), Eric Song (puc. 5.6
ceBa), Zijiang Song (Bkiam B miaBy 9, ocobeHHO B pasmen 9.2.4),
Kathrin Spiller (Bkyag B u3io)keHMe TpeXMepHOTO c/ydasi B pasjie-
se 7.2.2), Junli Tao (Bkiam B MaTepuas 06 06Hapy>KeHUM MEIIeX0I0B
B miaBe 10, BKIOUasi TEKCT, pUCYHKM, ynpakHeHue 10.1 u 3ameua-
HUSI O CTPYKType 3Toit miaBbl), Akihiko Torii (Bknam B pasmen 6.1.4),
Johan Van Horebeek (3ameuanust k rmaBe 10), Tobi Vaudrey (Bkiap
B pasgen 2.3.2 u puc. 4.18, Brian B pasngen 9.3.4, ynpaxkHenue 9.6),
Mou Wei (3ameuanus K rinase 4), Shou-Kang Wei (coBmecTHast pab6o-
Ta Haj BOIpocaMM, OTHOCSIIIMMMCS K pasgeny 6.1.4), Tiangong Wei
(Bkiam B pasmen 7.4.3), Jiirgen Wiest (puc. 9.1 cneBa), Yihui Zheng
(Bknap B pasmen 5.1.1), Zezhong Xu (Bknag B pasmen 3.4.1 u puc. 3.40),
Shenghai Yuan (3ameuanus k pasmenam 3.3.1 1 3.3.2), Qi Zang (yripask-
HeHue 5.5, puc. 2.21, 5.37 u 10.1), Yi Zeng (puc. 9.15), Jovisa Zuni¢
(BKkJag B pasmen 3.3.2).

ABTOp 0cob6eHHO npusHaTeneH CaHouHo Mopanecy (Sandino Morales) (de-
IlepajibHbIi OKpYyr Mex1Ko) 3a peannsaliiio U TeCTUPOBaHME aJITOPUTMOB,
MpenocTaBaeHe MHOTUX PUCYHKOB, BKJIaJ, B I71aBbl 4 U 8 ¥ MHOTOUMCIEHHBIE
3aMeuaHysl, Kacawluyecs pa3JIMIHbIX YacTeil KHUrK, Baaducnasy Ckapbeky
(Whadystaw Skarbek) (Baprasa, ITosbiia) 3a pa3Hoo6pa3Hbie MTpeIosKeHNST
0 YJIyYIIeHUIO cofepykaHus KHUTU U 3a TpelJjIoskeHHble yrpaxkHeHus 1.9,
2.10, 2.11, 3.12, 4.11, 5.7, 5.8, 6.10 u I'appu Tu (Garry Tee) (Oknenn, HoBas
3enaHAus) 3a TUIATENbHYIO PeIaKTypy, 3aMedyaHusi, 4yacTu Bpe3ku 5.9, cHoc-
Ky Ha cTp. 480 u ellle MHOTO LIEHHBIX COBETOB.

sl 6marogapio cBoto skeny, [uzeny Knemme (Gisela Klette), 3a HarmicaHme pas-
mena 3.2.4 0 [MCTaHIMIOHHOM eBK/IMI0BOM IIpeoOpa3oBaHMM U 38 KPUTHUUEC-
Kye 3aMeuaHusi O CTPYKType M JeTajsIX KHUTK BO BpeMsl paboThl Haf, Heil B
LlenTpe ucutenosanuii u mareMatuku (CIMAT) B I'yaHaxyaTo B iepmoz, Mex-
Iy CepeayvHOl Mo ¥ Havajaom Hosiopst 2013 T. B repuoj; TBOPUECKOTO OT-
ITyCKa, mpemocraBieHHOro OKIeHaACKUM yHYBepcuTeToMm (HoBas 3emaHaus).

Petinxapo Knemme
I'yanaxyarto, Mekcuka
3 Hos16pst 2013 1.
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|S| MOIIITHOCTh MHOKeCTBa S
llall, HopMma L,
llall, HopwMma L,

jjormyeckoe «M»

\Y% soruveckoe «NJIN»

n repecevyeHie MHOXECTB

U oO6benHeHVe MHOKECTB

O KOHell IoKa3aTeabCTBa

a, b, c BellleCTBeHHbIe Uncia

A MHOeCTBO CMeXHOCTU

A(Y) IJIOLAb M3MEePUMOTro MHOKeCTBa (KaK QYHKI[NS)

a,b,c BEKTOPbI

AB,C MaTpUILbI

a, B,y YIJIBI

b IauHa 6a3bl B CHCTEME CTepeoKaMep

C MHOKeCTBO KOMIUIEKCHBIX uMcen Buma a+i-b,rtmei=vV-1,a,b eR

d IIMCIIapaTHOCTh

d, meTtpuka L,

d, MeTpuKa L,, M3BeCTHasl TAKKe KaK eBKIMI0Ba

e nocTostHHas e = exp(1l) = 2,7182818284

€ BellleCTBEHHOe U1CIIo, 6osbiiee O

f (oxkycHoe paccTostHME

f,.&h byHKuIMM

G, MaKCUMaJIbHAs SIPKOCTH B ITOJTyTOHOBOM M300pakeHUM

y KpUBasi B eBKJIMIOBOM MPOCTPAHCTBE (HANpUMep, mpsiMasi JIMHUS,
JIoMaHas WIu TiagKasi Kpusasi)

H maTtpuia l'ecce (reccuaH)

i,j,k,I,m,n HaTypaabHble UMC/ia; KOOPAMHATHI NTMKcened (i, j) B OKHe

LI.,., 0 u3obpakeHue, OAVH U3 ITOC/IeI0BATEIbHBIX KaAPOB, KaJip B MOMEHT
BpeMeHu ¢

L IJiviHa (BelleCTBEHHOe YMCI0)
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N

cols? ~ “rows

Z

XYy

X, Y, Z

ITMHA CIIPSIMITSIeMOT KpuBOi (PyHKIIVS)

BellleCTBEHHOE YMJI0; 3HaUeHue 1o ymoayanuio ot 0 fo 1
HaTypaJbHOE YICIIO

OKPECTHOCTbD (B CETKe, HAJIOKeHHOi Ha M300paxkeHle)
KOJIMYECTBO CTOJIGI[OB, KOJIMYECTBO CTPOK

MHOXeCTBO HaTypanbHbIX uncern {0, 1, 2, ...}
aCUMMIITOTMYEeCKasi BepXHsIsS rpaHuIia

HOCHUTENTh M300paskeHus (image carrier), MHOXXeCTBO BCeX TTO3UIINIA
nukceneit N xN

TOUKM B R? c KoOopAMHATAMMU X U Y

Touky B R® ¢ koopamuuatamu X, Y, Z

BeIlleCcTBeHHasl ITOCTOSTHHAs 7T = 4 x arctan(1) = 3,14159265358979
MHOTOTPaHHUK

paguyc OKpYsKHOCTU MUu cdepbl; Touka B R? min R3
MHOKeCTBO BellleCTBEHHbBIX yMces

MaTpuiia ToBOpoTa

MMYTh C KOHEYHbIM UMCJIOM BepIIVH

Touka B R? mn R3

MHOX€eCTBO

MOMEHT BpeMeH!; TouKa B R? v R3

BEKTOp TapaJijieIbHOTO TlepeHoca

IIOPOTrOBO€e 3HaUeHMe (BellleCTBEeHHOE YMCIIO0)

KOMITOHEHTBI OITUYECKOTO TTOTOKA; BEPIIVHBI VI Y3JIbI;
TOouku B R? mnu R3

BEKTOP OITUYECKOTO IOToKa u = (U, V)
OKHO BHYTPM M300pakeHMsI, OKHO C HaUaJbHbIM ITUKCETIEM P

BellleCTBeHHbIE ITepeMeHHbIe; KOOPAMHATHI IMKCeIsT M300paske-
HUA (X, y)

KOoOpauHaThI B R3
MHOKECTBO LIeJIbIX UMCe



naBa

HaHHble U306paXkeHus

B 9T0i1 r/1aBe MbI TO3HAKOMMMCSI C 6a30BbIMM 0003HAUYEHUSIMU M MaTeEMAaTH -
YeCKMMM TTOHSITUSIMM JIJIS OIIMCAaHMST M300pakeHMsI Ha Pery/IsipHOI CeTKe B
MPOCTPAHCTBEHHOM MJIM YaCTOTHOJ 00J1acTy. 3/1eCh sK€ MbI OMMIIIEM CITOCO-
6bI 3aJaHMSI I[BETA U TIO3HAKOMMMCS C IIBETHBIMM M300pasKeHUSIMMA.

1.1. U306pakeHus B NpOCTPpaHCTBEHHOM
obnactu

LindpoBoe usobpaxeHue ompenensieTcst MOCPeACTBOM duckpemusayuu He-
MpepbIBHBIX aHAJOTOBBIX JAHHBIX B MPOCTPAHCTBEHHO obnactu. OHO co-
CTOUT U3 TIPSIMOYTOIBHOTO MaccuBa nukceseii (X, y, u), KaXKIbIit U3 KOTOPBIX
SIBJISIETCSI KOMOVHALIME MEeCTOIIONIOKEHUS (X, y) € Z2 v 3HaUeHUS U, TIPe[I-
CTaBJISAIOIIETO 0mcyuem B TOUKe (X, y). 3[1eCb Z — MHOKECTBO BCeX LIeJIbIX UM-
cent. Touku (x, y) € Z* o6pasyioT pezyasipHyio cemky. ®opMaabHO M300pake-
Hue [ oripeneseHO Ha MPSIMOYTOJIbBHOM MHOKECTBe 2, KOTOpOe Ha3bIBaeTCs
Hocumenem (carrier) I:
N={x,y):1<x<N

cols

A1<Yy<SN_lc7? (1.1)

rows

M CONEPKUT y3JIbl CEeTKU, VI MECTOTIONIOKeHUsT muKceneit ot N > 1 u

cols

N_ .21

Mpbl mpepnriosiaraeM JeBOCTOPOHHIOW CHCTEMY KOODAMHAT, TOKa3aH-
HyI0 Ha puc. 1.1. Cmpoxa y conepskut ysibl cetku {(1, y), (2, ), ..., (N_,, )}
mas 1 <y<N_ ., acmonbey x — y3ibl ceTku {(x, 1), (x, 2), ..., (x, N )} 1
lsxs Ncols'

B sTOM pasmesne Mbl HAUHEM 3HAKOMCTBO C ITpeaMeToOM 00paboTKu mud-
POBBIX M300paskeHMI ¢ 0OCYKIEHMSI CITOCOOOB MPeICTaBIEHMS M OTIMCAHMS
IAHHBIX M300paskeHMsT B IIPOCTPAHCTBEHHON 06/1aCTH, OIpeIesseMoii HO-

cuTtesem (2.



1.1. U306paxeHns B NpOCTPaHCTBEHHOM 0bnactn < 19

Puc. 1.1. /leBOCTOpOHHSASA cucTeMa KoopamHaT. bonbluoi nanew, ykasbiBaeT
NONOXUTENbHOE HAaNpaBAeHUE OCU X, yKa3aTesbHbI NaneL, — NoOXUTENIbHOE
HanpaBfieHWe OCU Y, eC/IM CMOTPETb C BHYTPEHHEN CTOPOHbI IALOHM.

(Ha neBom pucyHke BMAHa Takxe HapoyHas LepKoBb B ropoake BaneHcuaHa,
KoTopas Bcerga 6blna nepeq, rnasamu aBTopa, KOrAa OH Nucan 3Ty KHUry
B LleHTpe nccnepoBaHuin u matemaTuku B [yaHaxyaTo)

1.1.1. NMukcenu u oKHa

Ha puc. 1.2 mokasaHbl ABa CIlocoba TeoMeTpuuYecKoil MHTepIIpeTauyun
TIMKCeJIei, T. €. OTOOPOB M300paskeHMsI Ha PEryysIpHO CeTKe.

¢ ¢ & e oo 0P
e o oo e e o0
®e ® ® ¢ 00 9 Q8
& oo e e 000
B R O B R R O B S R
oo o oo o000
L
o GG e & ¢ & 0 o OO0

Puc. 1.2. Cresa. Ha ysenuyeHHOM n306paxeHUn BUOHbI SYeliKu cemku;
pa3HbIMM OTTEHKAMM CEpOro NpeacTaB/ieHbl 3HAYEHUS MUKCeNen n306paxeHus.
Chpasa. MoXKHO TaKxe CYMTaTb, YTO 3HAYEHMSI U30OPAKEHUS — ITO METKM
B Y3N1aX CETKM, ABNSIOLLMXCS LEHTPAMM SUEEK CETKM

SIueiik¥ CeTKMU, Y3JIbl CETKU M CMEKXHOCTbD. [1306pakeHNsI, KOTOpbIe Mbl
BUIVIM Ha 9KpaHe, COCTOSIT U3 sSTUeeK, 3aKpalleHHbIX OJHUM I[BeTOM. Mcxoms
13 TaKOTI'O MPeICTaBIeHNSI, Mbl MOKEM CUMTATh ITMKCETh KPOXOTHBIM 3aKpa-
IIEHHBIM KBaJIpaTUKOM. TO TaK Ha3bIBaemasi Mooeb siueek cemku. Ho Mosk-
HO TaK)Ke pacCMaTPMBATh MUKCEIb KaK y3eJl CeTKY, TOMeUeHHbIi 3HaUeHN-
eM n306paxkeHusI. dTa M0oOesb Y3108 CemKuU yKe O6bla ToKazaHa Ha puc. 1.1.
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Bpeska 1.1 (npoucxoxpeHne TepMUHA KMUKCENb»). TEpMUH KMUKCENb» — COKpalle-
Hue oT «picture element» (3nemMeHT M306paxkeHus). OH 6bi1 BBeLEH B 060POT B KOH-
ue 1960-x rr. rpynnoi nccnepoBatenei u3 Jlabopatopmm peakTUBHOIO ABMMKEHMS
B lNacapeHe, wrat KannudpopHus, koTopas 3aHMManacb 06paboTkoi n3obpaxkeHuH,
CHATbIX KOCMMUYECKMMHM annapatamu. CM. [R. B. Leighton, N. H. Horowitz, A. G. Herriman, A.
T. Young, B. A. Smith, M. E. Davies and C. B. Leovy. Mariner 6 television pictures: First report.

Science, 165:684-690, 1969].

[Tukcenu — «aToMapHbIe 37IeMeHTbI» n300paxkeHust. CaMu 1o cebe OHM He
OIpeNesaoT HUKAKMUX OTHOIIIEHUI CMEXHOCTU. B Monienu syeek CeTKU Mbl
MOYKEeM TIpeAroaraTb, YTO MUKCEIN SIBJSIOTCS CMEXHBIMU TOTAA U TOJb-
KO TOTZA, KOTA COOTBETCTBYIOIME MM 3aKpallleHHble KBaLpaTUKU UMEIOT
00111y10 cTOpoHY. HO MOKHO Takske CUMTATh MUKCEIN CMEKHBIMU, eC/IM OHU
pasaMUHbI M UX 3aKpallleHHble KBAaAPaTUKM MMEIOT XOTSI Obl OAHY OOIIYIO
TOUKY (CTOPOHY WJIU BEPIIUHY).

OxkHa mnzobpaxkenns. OkHom W,""(I) Ha3pIBaeTCs 4acTb M306paskeHNs I,
MMeloasi pasMep mxn U MO3UIMOHMPOBAHHASI OTHOCUTETBbHO HAUAIbHOLL
mouku p (T. e. HeKOTOporo mnukcesst). [To yMonuaHuio ogpasymeBaeTcsi, YTo
m = n — HeYeTHOe YMCJI0, a p — LIeHTp okHa. Ha puc. 1.3 mokasaHO OKHO

W(Z;';j%) (SanMiguel).

1 100 200 300 400 500 600 700 800
! ! ! ! ! ! ! ! Lo x

1
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Puc. 1.3. OkHo 73%77 n3obpaxenus SanMiguel. Ha n3obpaxeHuu rnaBHoMm
nupamuabl Myses KaHnbsapna-ge-na-BupreH B Mekcuke nomeyeH HayanbHbli
MUKCenb C KoopauHatamu p = (453, 134)

OG6BIYHO MBI YITPOIIAeM HOTALMIO U TUIIEM ITPOCTO Wp, IOCKOJIbKY CaMO
13006paskeHye 1 pasMep OKHA M3BECTHBI 13 KOHTEKCTA.
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1.1.2. 3HaueHMa U OCHOBHbIE CTaTUCTUKKN U306paXKeHUs

3HaueHMs U300paskeHUsI U 6epyTCs U3 JUCKPETHOTO MHOKECTBA BO3MOXK-
HbIX 3HAaUeHUI. B KOMIIbIOTEPHOM 3pEeHMM YacTO pacCMaTPUBAIOT OTPEe30K
BemiectBeHHO ocu [0, 1] € R Kak 067acTh 3HaYEHMT CKaIsIpHOTO 1306pa-
KeHMsI. DTO 0OCOOEHHO I10JIe3HO, ey 3HaUeHUs U300paskeHNsT MHTePIIO/N-
PYIOTCS BBINIOJIHSI@EMBIMM IIPOLIeAYPaMU U IIPEACTAB/ISIIOTCS TUIIOM JaHHbBIX
REAL. B 3TOJi KHMTe MBI [10 YMOTUYaHUIO CUUTAEM, UTO 3HaUeHUSIMU M300pa-
SKeHMS SIBJISIIOTCS LieJIble YMcia.

CrajisipHbIe ¥ OMHAPHbIE M300paskeHMsI. 3HAUEHUSIMU CKAJISIPHO20 U30-
OpaxceHus SIBASIIOTCS 1enble yncna: u € {0, 1, ..., 29 - 1}. [IpuHSITO MHTEpPIIpe-
TUPOBATh TaKMe CKaJIIpPHbIE 3HAUEHMUS KaK YPOBHMU SIPKOCTH, Korga O cooT-
BETCTBYET UepPHOMY IIBeTy, 2¢ — 1 — 6eJioMy, a OCTaJbHbIe YPOBHM JIMHEITHO
MHTEPIONMPYIOTCS MEKIY YepHBIM 1 6eIbIM. B TakoM cytyyae Mbl TOBOPUM,
YTO M300pakeHne nouymoHosoe. Ha MpoTsoKeHUY MHOTUX JIET ObIIO TTPUHSI-
TO MCIOJb30BaTh d = 8§, HO HeJABHO TeXHMUECKMM CTaHIAPTOM CTajo a = 16.
YTOOBI He 3aBMUCETh OT TaKMX JeTasleii, Mbl Oymem 0603Hayath G = 29— 1.

B 6uHapHom u300pax;eHuu TTMKCEIM MOTYT MPUHMMATh TOJIBKO JIBa 3HA-
YeHMsI, TPaJAUIIMOHHO 0003HaYaeMbie 0 = GesIblil U 1 = UepHBbIA, T. €. YepHbIe
00beKTHI pa3MelleHbl Ha 6eioM (GoHe.

BekTtopHble M RGB-usoOpaskeHusi. B BeKTOpHOM M300paskeHUMU, B
OT/INYME OT CKaJIIPHOTro, MMeeTcsl Oojiee OOHOTO KaHAIAd WU NOJIOCHL.
3HaueHMAMM M300pakeHMsl SABJISIOTCS BEKTODPBI (U, ..., Uy, ) [JIVHBI

hamels- HATIPVMED, IIBETHBIE M300paXeHNMsI B IIMPOKO PacCIpOCTPaHEHHO
uBeToBol momenn RGB mmeror Tpu KkaHaia, IO OOHOMY IJisI KPAcCHOIA,
3€JIeHOJI ¥ CYHEeI KOMITOHEHTBI. 3HAYeH NS U, B KaKIOM KaHasie TpUHazieskar
MHOxecTBY {0, 1, ..., G__1, T. e. K&XbI/ KaHall — 3TO IPOCTO IMTOTYTOHOBOE

max

nsobpaskenue. Cm. puc. 1.4.
Cpennee. ITycTb MMeeTcs CKalsIpHOe M3o0paxkeHue I pasmepa N, xN

cols rows”

Bcen 3a MaTemMaTuueCcKoi CTaTMCTUKOM Mbl Ha3blBaeM cpedHuM (CpemHUM
YPOBHEM SIPKOCTU) U300paskeHusI I BeIUUMHY

cols * ' rows

Wz 2[(x,y)=

cols rows x=1 y=l (1.2)

L3 16y

|Q (x,y)eQ2

1 Nois N,

M,

raoe |2|=N_ -N _— MOIIHOCTb HOCUTEJIS {2, COIepsKalllero Bce mKcenan. Mal

cols rows

MpeaIoYMTaeM BTOPOJ Crtocob 3amucu. B aToit hopMysie Mbl UCITOTb3yeM I,
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a He u; I - 910 OTOOpAkeHMe, OIpee/IeHHOe Ha (2, a U MbI OCTaBJIsSIEM [JIsT
3HAQUeHMI OTOe/JIbHBIX IMKCEIe.

Puc. 1.4. UcxopHoe ugetHoe RGB-u3obpaxeHue Fountain (cresa ssepxy),
Ha KOTOpPOM 3aneyaTt/ieHa nnowanb B [yaHaxyaTto, u ero pasfnoXxeHue Ha TpU KaHana:
KpacHelli (cnpasa esepxy), 3eaeHsill (cesa 8HU3y) U CUHUL (Cnpasa 8HU3Y).
KpacHoMy LiBeTy COOTBETCTBYET BbICOKAs SPKOCTb KPACHO20 KAHANA
M O[HOBPEMEHHO HU3Kas IPKOCTb 3e/€H020 U CUHe20 KaHan08

Jucnepcus M CTaHAAPTHOE OTKJIOHeHme. /Jucnepcueli n3obpaskeHust I
Ha3bIBAETCS BEINUMHA

= =3 [1n-u]. 13)

' |Q (x,y)eQ

KBagpaTHbIi KOpeHb U3 Hee ¢, Ha3bIBACTCSI CMAHOAPMHbIM 0OMKJIOHEHUEM
n3obpaskeHus I.
[IpuMeHMMbI TaKye XOPOIIIO U3BeCTHbIe (OPMYIIbI CTATUCTUKM, KaK

1
o = g > I(xy) |4 (1.4)
| (x,y)eQ

®opmyia (1.4) MO3BOSET BBIYKUCISITh CpeaHee U IUCIIePCUIO TyTeM O HO-
KpaTHOTO IPOXO0/a I10 u306paxkeHnto. Ecjiv 6b1 MbI MCITOIb30BaIN OIpese-
nenus (1.2) u (1.3), To MoOHamO6MIIOCH ObI BA ITPOXOAA: OIMH JIJIsSI BbIUMCIIEe-
HMSI CpeqHero ¥ BTOPOi 1151 BBIYMCIAEHUS AUCIIEPCUMN.
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I'mcrorpammsel. [ucmozpamma TpencTaBisieT TabAUIy 4acTOT, OOBIYHO
B BU/JIe CTOJIOMKOB Ha rpaduke. C MOMOIIbIO TUCTOIPAMM IPe/ICTaBIISIIOTCS
YaCTOThI 3HAUEHMII CKAJIIPHOTO M300paskeHMsI UM OJJHOTO M3 KaHAJIOB BEK-
TOPHOT'O M300paskeHMs.

[TycThb MMeeTcs cKaJsIpHOe u3o0pakeHue I ¢ mukcensimu (i, j, u), Toe
0 <u<G,_ .Msplonpezensem adconomHsie Uacmonvl, MOACIYATHIBASL, CKOJIb-
KO pa3 3HaueHMe U BCTpeuaeTcs: B HocuTese Q, cogepikalleM Bce MUKCeNNn:

Hw = [{xy) €2:1xy) =u}l, (1.5)

rae |-| 0603HauaeT MOIIHOCTh MHOKeCTBa. OmHocumenvHole 4acmomsl — 3Ha-
yeHust MeXXIy O 11 1 — MOSKHO CPaBHUTD C QYyHKITMEN IIJIOTHOCTY BEPOSITHOCTY
(OIIB) pacripeneneHust AMCKPETHON CIy4daiHOV BemumHbI I(p). OHU BbIYKC-
JISTIOTCS 110 (hopMmyiie

H, (u)
h(u)=—L-2~. (1.6)
3nauenns H(0), H(1), ..., H(G_ ) onpenensioT (abCOMOTHYIO) IUCTOrpaM-
My YPOBHE} SIPKOCTU CKaJISIpHOTO M300pakeHus I. Ha puc. 1.5 mokasaHbl
TYICTOTPAaMMbl MCXOZHOTO M300pakeHMs U TPeX ero MoaudUIIMPOBaHHBIX
BapMaHTOB.

T Wavigator | info | Wistogram _

Mean: 135.14 el
St Dev: 3867 Cosen:
Medus: 130 Perointie

Mean: 7916 Leve
St Dev: 3872 Couen
Medan: 74 Percncie:

Pocelsc 46290 Cacralowet 1 Pl 46200 Cache et 1
Mavigator | info | Histogram " | Mavigator | ifo | wistogram =
bl
. 4 1ttt
a: 4078 Level Mean: 12749 Level
1829 Comt S1d Do 7364 Couen
e 33 Percentie: Median: 127 Percertde:
s 46200 Cachelevet 1 Pexsly: 46200 Cache tevel: 1

Puc. 1.5. Tucrorpammbl gna nsobpaxenns Neuschwanstein pasmepa 200%231.
Cnesa sgepxy: ucxonHoe usobpaxeHue. Cnpasa ggepxy: bonee SpKuii BApUaHT.
(Cnesa sHu3y: 6bonee TeMHbIV BapuaHT. (npasa gHU3y: NOC/E BblpaBHUBAHMS TMCTOrpaMMbl
(oBbsICHEHME CM. HUXKE)

MBI MOKeM TaKKe BbIUYUCIIUTD cpegHee M OUCIIepCrio Ha OCHOBE OTHOCH-
TeJIbHbIX 4YaCTOT:
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Gmax Gmax
w=Yuwh @) w0 =Y lu—u | h@. Q7
u=0 u=0

Tak rmony4daeTcst 6pICTpee, eCiu TUCTOTpaMMa YKe BbIUMCIeHa.
AGCOMIOTHAST M OTHOCUTENIbHAS KYMYJASAMUBHAsL Uacmoma OTNPeNeisiioTCs
C/IeAYIOMM 06pa3oM:

C=SH,®w u W=k (1.8)

OTU 3HaYEHUS MOKA3bIBAKOTCS HA KyMYAIMuUGHbuIX 2ucmozpammax. OTHO-
CUTebHbIe YaCTOThl MOXXHO CPABHUTD € (yHKYuell eposmHocmu Pr[I(p) < u]
IVICKPeTHO CTy4aiHO BeTMYMHBI I(p).

CraTUCTUKM 3HAY€HMII B OKHe. PacCMOTpUMM OKHO IO YMOJYaHUIO
W=w)"(I),rnen=2k+1up=(x,y). Torna B KOOpAMHATAX OKHA MMeeM

+k  +k

1
My = n—zz N I(x+i,y+ ). (1.9)

i=—k j=—k

Cm. puc. 1.6. ®opmynbl Ajs1 AUCTIEPCUM U OPYTUX TTOKasaTesneii MOKHO
MoIUMUIMPOBATh AHAJIOTUYHO.

Count: 10192 Min: 9
Mean: 133.711 Max: 255
StdDav: 55.391 Mode: 178 (180)

0 256

Count: 10192 Min: 11
Mean: 104.637 Max: 254
StdDev: 89.862 Mode: 23 (440)

Puc. 1.6. lNpumep aByx okoH paszmepa 104x98 B nsobpaxeHnmn Yan
M COOTBETCTBYHOLMX UM FUCTOrPaAMM.
BepxHee okHo: My, = 133,7, 0y = 55,4. HumHee okHo: My, = 104,6, oy, = 89,9

Ipumep 1.1 (mpuMepbl OKOH M IMCTOTpaMM). B m3o6paxkeHunu Yan pasmepa
489x480, moka3aHHOM Ha puC. 1.6, MbI BUIMM [Ba BbIIEJE€HHbIX PAMKOI OKHA pas-
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mepa 104x98: W, comepskaitee ymio, u W, comepskaiiee 4acTy CKaMby U IIIaThsI.
TaMm ke MpuBeAeHbI IMCTOrPaMMBbI /1T 060X OKOH.

TpexmepHoe npeficTaBaeHe YPOBHEe SPKOCTY (KOTOPbIe B TAKOM CTyyae MHTep-
MPEeTUPYIOTCS KaK BO3BBIIIEHVS) UTIOCTPUPYET pasanuHble «CTeleHU OGHOPOIHO-
cTv» u3obpakeHus. IIpumep cM. Ha puc. 1.7. KpyToii mogbeM ¢ HUKHETO IJIaTO Ha
BepxHee Ha JIEBOM PUCYHKE — TUIIMYHAS MILTIOCTPALS «TPaHUIIbI» BHYTPU M306pa-
SKeHMSI.

255 - 255 -

Puc. 1.7. Cresa: «kpyToi nepexop, oT TEMHOTO K SPKOMY».
Cnpasa: «He3HaunTeNnbHOE» n3MeHeHne. ObpaTuTe BHUMaHUe
Ha pa3Hble MaclwTabbl TpeEXMEepHbIX NpeacTaBneHnii 060Mx OKOH Ha puc. 1.6

B mporiecce aHam3a M306paskeHNST MbI TO/DKHBI KITacCUGUITMPOBATh OKHA
I10 KaTeropusiM, HalIpuMep: «BHYTPY OIHOPOIAHO 00/1aCTI», «<HU3KasI KOHT-
PACTHOCTb», «COIEPSKUT TPAHMUITY MEKIY ABYMS Pa3HbIMM 00IaCTIMMU» WA
«BBICOKAsi KOHTPACTHOCTh». MbI onpenenseM konmpacmuocms C(I) nzobpa-
skeHMsT [ Kak CpeIHIO0 aOCOMIOTHYIO BEIMUMHY PA3HOCTY MEX/y 3HauUeHeM
TIMKCEJISI M CPeIHUM 3HaUeHMEeM COCeIHUX MUKCeeit.

1
(¢}

e M., — CPefHee 3HAYeH)e, BBIYMCIEHHOE IO IMMKCENSM, COCeTHNM C
HaxXoAAUMMCS B TIO3ULIUHA (X, V).

Eille oguH mpuMep MCIIOIb30BaHMUSI HU3KOYPOBHEBBIX CTATUCTUK [IJIST
MIPOCTOI MHTEePIIpeTaIy M300paskeHuii moKasaH Ha puc. 1.4. CpenHue 3Ha-
YeHMsI, TIOCYUTAHHbBIE TTI0 KPACHOMY, 3€JIeHOMY M CMHeMY KaHaJlaM, ITOKa3bI-
BAIOT, YTO B M300paskeHUM OOJIbIle KPACHOTO 1BeTa (IIpaBblii BEPXHUI pU-
CYHOK, CpeiHee 3HaueHue paBHO 154) 1 MeHbIlIe 3eJIeHOTO (JIeBbIN HYDKHUIA

c{) =

z |I(x7 y) - ll'lA(x,y)

(x,)eQ

, (1.10)
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PUCYHOK, cpefHee 3HadYeHMe paBHO 140) u cuMHero (mpaBbiii HUXKHUIT PUCY-
HOK, CpelHee 3HaueHue paBHO 134). DTO MOXKXHO ITPOBEPUTH OOJiee TOUHO,
B3IVITHYB Ha TMCTOrPAaMMbI BCeX TpexX KaHaioB. Ha HUMX BUAHO, UTO «6osee
SIDKMM» SIBJISIETCSI KPaCHBIM KaHal, 0COOeHHO B 0061acTH, 3aHSITON TOMOM
B IIEHTpE, a 3eJIeHbII M CMHUIT KaHAJIbI B TOV ke 00/1aCTu «O0jiee TeEMHbIE».

1.1.3. MpocTpaHcTBEHHbIE U BpEMEHHbIE Mepbl AAHHbIX

V3Kke NIpUBeIeHHBIX BbIIIE 6a30BbIX OHSTUI 3 MaTeMaTUUECKOI CTaTHUC-
TUKM OCTATOYHO, UYTOOBI OTIpeAeINThb (PYHKIMM, OTMChIBAIOII e 300paske-
HMSI: TIOCTPOYHO B CJTyyae OJHOTO M300paskeHMsI WJIM TIOKaIpPOBO B CTyvyae
MOC/Ie0BATeIbHOCTY M300paskeHUIA.

CratucTuky 3HaueHui B npodwmie sproctu. [Ipy nepBoHavYaIbHOM
aHanaM3e M300pakeHMt B HOBOJ MPeAMETHOM 06/1aCTV MOXKHO ITOYYUTh
BecbMa IojIe3HYy10 MHpopMalnio, ecyiv BU3yaanus3mupoBaTb npoduiu sproc-
mu, oripefesisieMble OTHOMEPHBIMU CEUEHUSIMU CKAJISIPHBIX MaCCUBOB JTaH-
HBIX.

Ha pwuc. 1.8 mokasanbI Ba Mpoduiist SpKOCTU IO OCHU X, TIOCTPOEHHBIX IS
3aJJaHHOTO TIOJTYTOHOBOTO M300pakeHMs. Kak M paHbllle, MbI MOKe€M MC-
MOJb30BaTh CpefHee, AUCIIEPCUI0 U TUCTOTPAMMBI «y3KMX» OKOH pasmepa
N_,x1, uToOBI OMTYYnTh OOIIee IpefCcTaBlIeHre O pacrpeie/ieHny 3Hayue-

o

HUIi M300pakeHNS.

[

800

X
800

Puc. 1.8. Criesa: BbloeneHbl ABe CTPOKM M306paKeHUs AN NpeacTaBNeHns B KaHane
ApKoCTH (T. €. 3Ha4YeHus (R + G + B)/3) pna nsobpaxenusa SanMiguel Ha puc. 1.3.
Cnpasa: npodunu spkocTM 06enx BbibpaHHbIX CTPOK

IIpocTpaHCcTBeHHBIE M BpeMeHHbI€ CTATUCTUKU 3HaYeHMI. [1CTo-
rpaMMbl ¥ TIPOOWIN SIPKOCTU — IPUMEPBI NPOCMPAHCMBEHHBIX CMAMUCMUK
3HaueHutl. Tak, Tpod M IPKOCTU JJIsI CTPOK C HOMepamMu OT 1 o N OmHOTO

rows

1300paskeHusT [ OpemessiioT MOCAeA0BaTeIbHOCTh AMCKPETHBIX (QYHKIINIA,



1.1. U306paxxeHms B NpOCTPaHCTBEHHOM 0bnactn < 27

KOTOPYIO MOXXHO CPaBHUTb C COOTBETCTBYIOIEN MOCIeN0BaTeIbHOCTBIO AJ1S1
IPyroro u300paskeHus J.

PaccMoTpuMm ele oauH IpUMep — IOCAeO0BaTeIbHOCTh M300paskeHM!iA,
COCTOSIIITYIO U3 Kadpos I,t=1,2,..., T, onpeneseHHbIX HA OTHOM U TOM 3Ke
HocuTese (2. JIJig aydiliero MOHMMaHUS pacrpeneneHns: 3HaUeHUi moses-
HO OIpeJeNIUTb CKAJIIPHYIO Mepy 0aHHblx (t), KOTOpAasi COMOCTAaB/ISIET OLHOMY
Kazipy I, OHO YMCIIO, ¥ CPABHUTD Pa3/IMUHbIe MePbl JaHHBIX [JIs1 3aJaHHOTO
IVICKPETHOTO BpeMEeHHOro nHrepsana |1, 2, ..., T], TOIy4YuB TeM CaMbIM 8pe-
MEeHHble CTNamucmuKu OaHHbIX.

Hanpumep, onpenenenne KoHTpacTHOCTHU (1.10) MHAyLIMpYeT Mepy IaH-
HpIX P(t) = C(I), ompenenenne cpenHero (1.2) — mepy maHHbIX M () = U,
a onpepenenue nucnepcuu (1.3) — mepy naHHbIX V(&) = aﬁt.

Ha puc. 1.9 cBepxy rmokasaHbl IBe MepPbl JAaHHBIX HA OCIe0BATEIbHOCTU
400 n3obpaskeHnit. (B JaHHOM KOHTEKCTe He BayKHO, KaKye MIMEHHO 1300pa-
SKEHMSI M MePbI TaHHbIX MCIIOIb30BaMCh.) O6/acTy 3HAUEHN Pa3HbIX Mep
pa3IMyYaloTCs M MOTYT ObITh OXapaKTepu30BaHbI CPEIHUM U AVCIIEPCUE.
[yis 6o7ee TOYHOTO CpaBHEHMS MbI IpeobpasyeM o6e Mepsl B (YHKIVN,
MMemoIye OAVMHAKOBbIE CPefHee U IUCIIePCUIO.

100

81

97
113
129
145
161
177
193
209
225
241
257
273
289
305
321
337
353
369
385

- O N
o Mg 0 0o

113
129
145
161

poayan i w eeomm
~ O O N T N~
oo NN NN NN

305
321

Moo W

Mm mn M m

Puc. 1.9. Cgepxy: rpadmk ABYX Mep AaHHbIX Anst nocnenoBatenbHocT 400 kagpos.
CHu3y: Te ke Mepbl NOC/Ie HOPMUPOBKU CPELLHENO U AUCNEPCUM

HopmupoBka nByx GyHKumit. OG03HAUMM i, I 0, CPELIHee U CTaH[APTHOe OT-
KioHeHMe GyHKIuY f. [TycTh AaHbI Be BellleCTBeHHbIe (YHKIVY f 1 g C OMHOM U TOiA
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K€ IMCKPETHOI 00/1aCThI0 OTIpeiesieHus, ckaxkeM 1, 2, ..., T, M HEHYJIeBBIMU JIUCTIEP-
cusimu. TTonosxkum

O-g
o= G—,Uf 2

u f
o (1.11)

B= o,
e (X) = PB(g(x) + @). (1.12)

Torma gynkums g OymeT MMeTh Takue Xe CpefiHee U JUCIepPCHIO, KaK
dyHKUMSA f.
Paccrossaue mexxay AByms yHKuussMu. Terepb onpeaenmMm paccTosi-

HMe MeXAy IBYMSI BeIleCTBeHHbIMM (PYHKIMSIMM C OTHOI U TO Xe obyac-
TBIO OTIpenenenus, Hanpumep 1, 2, ..., T:

d(f,g) = %ZIf(x)—g(x), (1.13)
d,(f,g) = %\/Z(f (x)—g(x))’, (1.14)

Ob6a PaCCTOSAHUA ABJIAOTCA Mempuxkamu, T. €. OJisd HUX BbIITOJTHAKOTCA CJ1e-
Oyroiue akCMOMBI:

1) f=g Torma u Tonbko Torma, kormga d(f, g) = 0;
2) d(f,g) = d(g, f) (CMMMeTpUYHOCTbD);

3) d(f,g) < d(f, h) + d(h, g) njist mpon3BOIbHOI TpeTbelt hyHKIMM h (Hepa-
BEHCTBO TPEYIroJIbHUKA).

CTpyKTypHOE moagooue Mep JaHHbIX. [IycTh 3a1aHbI Be pa3Hble MPO-
CTpaHCTBEHHbIE MJIM BpeMeHHbIe Mepbl JaHHBIX F U G C OIHOI U TO Ke
obnacrpio onpegenenus 1, 2, ..., T. CHauasna oTo6pasum G B G, TaK YTOOBI
y 06enx Mep ObUIM OJMHAKOBBIE CpeIHee U IUCIIEPCHs, a 3aTEM BbIUMCIUM
paccrosiame mexxny F u G . , IpUMeHss J100yio u3 MeTpuk L, mmu L,.

[IBe Mepbl F 1 G HA3bIBAIOTCSI CMPYKMYPHO N0JOOHbIMU, €CITU PACCTOSTHYE
mMexay F u G 6m3Kko K Hymo. CTPYKTYPHO IIOJ00HbIE Mepbl IPMHUMAIOT
JIOKaJIbHbIe MaKCYMMYMbI ¥ MUHUMYMbI PUOIM3UTETBHO B ONHUX U TEX Ke
TOUKaX.
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1.1.4. GGyneHyaTo-rpaHn4Hasn mMmoaenb

M3/moMbl B M300paskeHMSIX — 3TO MPU3HAKM, KOTOPbIE YaCTO OBIBAIOT TO-
JIe3HbI Ha HAYaJIbHOI CTaAMM MIPOIeAYypbl aHaIM3a. 'paHMIIbI TPECTaBIISIOT
co6071 BaskHY10 MHGOPMAIMIO, TTO3BOJISIOINIYIO JTyUllle TTOHSTh U300paxkeHne
(HarmpuMep, YCTPaHUTh BAMSIHME MepeMeHHOro OCBelleHMs). YIaJluB BCe
IaHHbIe, KpOMe TpaHMI], Mbl CMOXXeM YIIPOCTUTh AaHHbIe. Ha puc. 1.10 no-
HSTHE «TPAaHULIbI» WTIOCTPUPYETCS TPeMsI IpUMepaM.

Puc. 1.10. lpaHuubl, MM BU3yasbHblE CUY3TbI, Y)KE MHOTO ThICSY JIET MCMOMb3YHOTCS,
4TOObI MOKA3aTb KCYLLECTBEHHY MHPOPMaLMIO», HaNpUMep B NeLLePHbIX PUCYHKAX.
Cnesa: n3obpaxeHune Taroko, Ha KOTOPOM MOKA3aHbI APEBHME PUCYHKM KOPEHHOTO
HaceneHus TanBaHs. B cepeduHe: GparMeHT n3obpaxeHns Aussies C CunysTamy,
cnpoeuMpoBaHHbIMK Ha cTeHy 3aaHmsa Q1 B ropoge lona-Koct, ABcTpanus.
Cnpasa: Toprosbivi LeHTp B LLaHxae, nsobpaxenune OldStreet

M310MbI B M300paskeHMSIX MOTYT ObITh JIOKAJIM30BaHbI B HEOOMBIINX OK-
Hax (Harpumep, 3allyMaeHHbIe TTUKCeIN) MU OTIPeAeNsiTh 2paHulbl MEXIY
061aCTIMM C pa3HbBIMM XapaKTePUCTUKAMU CUTHAIA.

Yro Takoe rpaHuna? Ha puc. 1.11 mokazaHo pa3HooOpasue rpaHMIl B
n300paskeHusX. [IJs1 3TOro Mbl IBMUraeMcsl CJieBa HAIlpaBO IO ITPOduIIio
SIPKOCTU B COOTBETCTBUM CO CMYNeHUAmMo-2paHuyHoli modenvio (step-edge
model). B 3T0it Mogeny mpeamnonaraeTcs, YTO TPAaHUIIbI ONIPeIeISIIOTCS U3-
MeHEHMSIMU JIOKQJIbHBIX MPOMU3BOJHbIX. AJTbTEPHATUBHYIO (PA3080-KOH2ZPY-
SHMHY Modenb Mbl 06cynuM B pasgesne 1.2.5.

[Tocie yganeHus 1ryma MpeAIioNiokUM, UYTO M300pakeHMe IpenCcTaBis-
eT OTCYEeThI HeIpepbrIBHONM (PpyHKLMM I(X, V), OTIpee/IeHHOM Ha eBKIMUI0BO
TTIOCKOCTU R?, 17151 KOTOPO¥ MOKHO B3SITh IIEPBYIO ¥ BTOPYIO YaCTHbIE TTPO-
U3BOJHBIE MO X U y. Ha puc. 1.12 MImoCTpUPYyIOTCST CBOMCTBA TaAKUX MTPOU3-
BOJTHBIX.
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Puc. 1.11. CryneHyaTo-rpaHUYHas MoLenb.
Cnesa: cMHTETUYeCKME BXOAHbIE n306paxeHuns. Cnpasa: npodunm apkoctu,
COOTBETCTBYIOLLME M30OpaxeHnam cneBa. (Bepxy 8HU3: UAEANbHbIE CTYMEHbKM,
JIMHENHAs rpaHuLa, MaaKas rpaHuLa, 3allyMIeHHas rpaHuLLA, TOHKAs IMHKUS
M M3N1I0OM MpU Nepexofe OT CBeTNOoM 061acTh K TEMHOM

BoigeneHue CTylleHYaThIX IPaHUL, C IOMOIIbLI0O MEPBOI U BTOPOM
npomusBogHbIX. Ha puc. 1.12 mokasaHa 3amrymiyieHHas [1afKasi TpaHu-
11a, KOTOpasi cHavasja mpeobpasyeTcsl B TpaHUILy, CBOOOJHYIO OT IIYMOB
(pa3ymMmeerTcsi, 3TO BCEro JIMIIb Hallle ONTUMMUCTUYECKOe MPeTooKeHNe).
[TepBast mpou3BOHAsI OTOOPAKaeT MHTePBAJIbI TPUOAU3UTEIHHOTO MTOCTO-
sHCTBAa GYHKUUM B 3HaYeHwms1, 6mu3kue K 0, a Bo3pacTaHue u yObIBaHMe
IpefiCcTaB/IsieT HAKJIOHOM. BTopasi mpou3BoHas elaeT TO e caMoe, Korga
BXOIHBIMU TaHHBIMU SIBJISIETCS TepBasi pousBonHasi. ObpaTtute BHMMA-
HUe, 4YTO «CepeAyHa» [JIaJIKOJ rpaHuULbl HAXOOUTCSI B TOUKE JIOKAJIbHOTO
MaKCMMyMa WY JIOKQJIbHOT'O MMHMMYyMa I1epBOil IIPOU3BOAHON U UTO B
9TO¥ TOUKe BTOpasi MPOM3BOAHAS MEeHsIeT 3HaK; 3TO Ha3bIBAeTCSI nepexodom
yepes HyJlb.



1.1. U306paxxeHus B NpOCTPaHCTBEHHOM 0bnacTn <+ 31

Mpodunb SpKOCTU BXOAHOTO U306paxeHus Mocne ycTpaHeHwus WwWyma

MepBas nponsBogHas \/ Btopas npousBoaHas \/ ,7

Puc. 1.12. BXxoOHOW CUrHan, CUrHan nocne ycTpaHeHus LWyMma,
nepBasi NPOM3BOAHas, BTOpasi NpOM3BOAHAs

H3006paskeHNe Kak HelmpepbIBHAs MIOBEPXHOCTb. 3HaUeHMe U300paske-
HMS I MOXKHO MHTepIpPeTUpoBaTh Kak alllIMKaTy HEKOTOPOI TIOBEPXHOCTU
B TOUKe pacronaoxkeHus nukcens. Cm. puc. 1.13. IIpu Takoi nHTepIipeTanumn
n306paskeHue I onpeesnseT TOJIVHbBI, IUIATO, TIJIABHbIE MM KPYThIe CKIIOHBI
" T. 1. 3HAYEHMS] YACTHBIX MMPOM3BOIHBIX I10 X U IO Y COOTBETCTBYIOT YObI-
BaHMIO MM BO3PACTAaHMIO BBICOTHI JIMOO MPEOBIBAHMIO HA OJHOM YpPOBHe.
HamomHMM HEKOTOpbIe OCHOBaHHbIE Ha ITPOM3BOSHBIX ITOHSTUS, IPUMEHSI -
eMble B MaTeMaTUUeCKOM aHaJIM3€e [IJISI OMMCAaHUS TOBEPXHOCTEN.

u

Y

Yy

Puc. 1.13. Cnega: cMHTETMUECKOE BXOLHOE M306paXKeHUe C MuKceneMm B Touke (X, y).
Cnpasa: KacaTenbHas MIOCKOCTb (3e1eHast) K MOBEPXHOCTU B TOUKeE (X, Y, I(X, ¥)),
HopMarnb n = [a, b, 1], opToroHanbHas 3ToW NJ0CKOCTU, U YACTHbIE NMPOU3BOAHbIE
a (no x) u b (No y) B NeBOCTOPOHHEN AEKAPTOBOM CUCTEME KOOPAMHAT, ONpeaeneHHOM
KOOpAMHaTaMM M30OPaXXEHUS X U Y U OCb0 3HAYEHUS M300paxkeHns u
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IlepBbie mpousBogHbIe. HopMalb N OPTOTOHAJNbHA KACAMENbHOU NJI0C-
Kocmu B TOYKe, COOTBETCTBYIOIIEN mukcento (x, y, I(x, y)); KacaTelabHas
TUIOCKOCTh aMIPOKCUMMPYET TMOBEPXHOCTb, OIMpeneseMyl0 3HaueHUsSIMU
n3obpaskenus I(x, y) Ha TIocKocTu Xy. Hopmab cOCTaBIIsIET YTOM Y C OChIO
3HAYEeHMIi M300paKeHMs.

I'paduenm

T
ol dl
ox’ 9y
obbenHsIeT 00e YacTHbIe ITPOMU3BOAHbIE B TOUKE p = (¥, y). CumBoj VI uynTta-
eTcs «Haoma I». [IpaBuibHee 66110 661 TMcaTh [grad f](p) U T. 1., HO Mbl OyIeM

OITYyCKAThb MO3UIINIO MIUKCEJIST p, YTOOBI (POPMYIIBI OBITIO MPOIIE UNTATb.
HarmpaBnenue Hopmanu

Vi=grad I = (1.15)

T

ol dl 1
n=|—,—, 1.16
ox dy (1.16)
MOXET COBMNAATh C MOJIOXKUTEbHBIM WM OTPULIATEbHBIM HAIlpaBJIeHNEM
OCU U; MbI BbIOpa/IM MOJNIOKUTENbHOE HallpaBlieHNe, MO3TOMY B GhopMalb-
HOM omnpeneneHun urypupyert +1. Yenom Hak1oHa

7:arccos|— (1.17)

HAa3bIBAETCS YTOJI MEKAY OChIO U ¥ HOpMaJsibio n. [lepBbie MPOM3BOIHbIE TTO-
3BOJISIIOT BBIUUCIUTD 0IUHY (M MOOY/Ib) TPaIMEHTa I HOPMaJIH:

ay (arY
Jgrad 1], = (a_x) o5
" . (1.18)

arY (orY
o, = (2] (2]
ox dy

W3 puc. 1.12 n cieqyro1mero 3a HUM 00CYKAEHMST MbI JleJlaeM BbIBOJ,:

Ha6nopenue 1.1. [Toxoxe, umeem CMbIC UCKAMb 2pAHUUbLI 8 MOYKAX, 20e MOOy/IU
llgrad /I|, uu |Inll, docmuearom nokansHo20 Makcumyma.

BTopsbie mpousBoaHbIe. BTopbie pon3BogHbIE 00BEIMHSIOTCS B JIaNad-
cuaH I, onipepesnsieMblii Kak
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1 91
N=V21=a—2+a—2, (1.19)
ox°  dy
WK KeadpamuuHyio eapuayuio I, ornpeenseMyro Kak'
27\? 27 )2 27)?
I I 1
ox 0xady y

OTMeTMM, YTO JaIlacMaH M KBaJpaTUUHAas Bapualus — CKajsIpbl, a He
BEKTOPbI, KaK I'pajiiieHT ¥ HopMasib. Takum 06pa3om, Mbl IIPUXOAUM K CIe-
IYIOIeMY BbIBOTY.

Ha6ntopenue 1.2. [loxoxe, umeem CMbIC/1 UCKAMb 2pAHULbI 8 MOYKAX, 20e 1anaAacuaH
Al unu keadpamuyHas sapuayus nepexo0ssm yepes Hosb.

KapTs! rpaHui 1 cmoco0bl Bbiae/ieHus1 rpaHuil. OrnepaTopsl Bblese-
HUSI TPAHUI] MPeoOpPa3yI0T U300PAKEHUSI B 2pAHUYHbIE U300PaXCeHUs, UITU
Kapmel epaHuy; IipumMep cM. Ha puc. 1.14. He cymiecTByeT «06I1ero onpeme-
JIEHUSI TPAHUIIbI», & CTAJIO ObITh, M «OOIIET0 IeTeKTOPa IPaHMII».

Puc. 1.14. NMonyTtoHoBoe n3obpaxenne WuhanU (csesa)
npeobpa3oBaHO B rpaHUYHOE M300paXkeHne (MK KapTy rpaHuL) (8 cepeduHe)
W pacKpaLleHHYI KapTy rpaHuL, (cnpaga). LIBeT MOXHO MCNonb30BaTh LS UAMKOCTPALUK
HanpaBNeHUI UK CUMbI FPaHUL,. M306paxeHo rnaBHOEe aiIMUHUCTPATUBHOE 34aHUe
YxaHbCKOro yHusepcuteta B Kutae

B mpocTpaHCTBEHHOI 067aCTV I'PaHUIIBI MOKHO OOHApPYKUTb, CIETYS
CTYIIeHYaTO-TPaHUYHONM Moaenu (CM. pasgeibl 2.3.3 1 2.4) Wiy ¢ TOMOIIbIO
OCTATOYHOTO M300paskeHMsI OTHOCUTETbHO CIJIasKMBaHMSI (CM. pa3aesbl 2.3.2
n 2.3.5).

PaspbIBbI MOXKHO OOHAPYKUTh M B YaCTOTHOI 061aCTH, HAIIPUMED C TI0-
MOIIbI0 GWIbTPA BEPXHUX UACTOT, Kak OMMUCAHO B pasnese 2.1.3, uiu mytem
npuMeHeHMs Pa30BO-KOHTPYIHTHON MO/ ; CM. OTTMCaHMe 3TOI MOZeNu B
pasnesne 1.2.5 1 aaropuTM ee UCIIOIL30BaHMSI B pasmesne 2.4.3.

1

2 2
Tounee, GyHKuMS [ yOOBAETBOPSIET YCIOBUIO ABAKAbI qubdepeHLpyeMOoCTH, ecu ( it ):( Ll J
B (1.20) MbI ITPETIONOKIMIIN, UTO STO YCIOBIE BBITIOHEHO. dxdy ) oyox



