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Thh, RELFUT2207 7a—FHFRSNT.

EXHPRBEENL, BEERTL

1213, BHEGORNBIATLL LRI, SAONLEEREYS, BREEET IHDL I
FEFICBEHEEET 2 HETHS. BREPSOBREATOIESS12, BREGEIEWLE-T1
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I HBMEBROSNLZD LI MBERLIIERLS, COLIREBEEAEZZ2HRIRDLI L
AN TN
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HDHS EEKF DI, £ (irradiance) & BAHHIE (radiance) &35 kA Hib
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Ji, BAMEEL X, HAHD5HDABECIT TR SIS )Gl BE & R A

T, FR, ZEMY2) 07— ([W/(m?-sr)]) D%

DRITCE S D
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T
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Incident light Emitting light

[ 2.1. Surface local coordinate system to describe the relation between incident and emitting

light

BREN2BRTHL. EROWLSELT, HEOMHEEEZZE25. = . EIRECASE
T HAORATERH NS D87 —THEH6, 1 EECHYT L FHZTMDHD/87 —
AT 2R THL. BEOKEISHFTXTELL LTI, ZORZEGOBKMEF—BT
5. —), WHEREOWS S Lk, #AFHEDLREZOMOMS S THD., SIUET DR
HHIEAEZ LI L. BTTI, PEERONHL S LEROWEZ XOME, T4bbERMON
SHIRE & B DRATIREE L OBIRICOWT, MHICE LD [1).

ET, WHRREO A A7 HI~ORHKEL L, & L, B@OWSEEL B, £35. H2212
BT, W& EOR/DZFROB A, 12, WEEDTEF A, LG5, 2% ) FE{RD dA,
DHRZ, BHEKAD dA, 25 DXARKEENTVE, SOLE, LY AZPLETLIEVD

VAEMAE LW EBRT U, KORXHHD L.

dA;cosa  dA,cosf

= (2.1)

dA S DKL, BATDOL X X2 L AL, B E4 5. £C2C, dA, 5l

EdOL > X8 RAL LR Q

Ed. ZOILEH QK

B E, &, L XHm~OXKii

Image plane
Object surface g p

2. A surface patch of area dA, is projected to an image region with area dA;

DRHEE L, AT

_ L,dA,Qcosf

5 dA,

ERFIENTESL. ED3IXD 5 dA,/dA; L Q7 2, ROMBIFHOEND.

cos' a (2.4)

ZOFRRPS, MEOHHBET 2bLEROMS S1x, WEKTLH AT L OBMIKT L2
WIE, L THEKTORIHIEE REINGICH S Z Lobhb,

(2.4) Xizix, BMA & XM G EOME o DR cos® a DHEAH N, —EOWZ 20WT
b, TOBEGIIEROEMBICITIZEMLEPETTEo L1245, SoOMEaH 1 20 L
Eh s, BEL Y AT, SOL) CERFFH—ICR2BREIALTTH Y, costald
e (E%)

Z oMbz b ERE O

Y ADF BTHLEEMESNTIAVEY, TL2ICHRESH

AL WL 2P DERS D S

LoV XD BRI TOXM G 2 WEST 2 LEHNH 5.
ZENTOT, EROMRIZBEL { B{gOF &

HOIGERE LS HEIRRICHL LTS,

2.3 MHRE TOXDORE

HifRT, HEREAOH2E (B LEHEOWZ X LOMEL S 2H. ZOMTIZ, B

BREOHHHEIIOVWTELEDS,




RAEA RN

(6;, &;) DHWEH
% (6,, ¢,) D51
LHEHEEIIL- T,

F(6;,0:,0,.0,) =

DB F(6, 0,.0,.0,) 1%, REmERS 54 B (bidirectional reflectance
. YT BRDF
T, ®H

50 A5

~® BRDF %5 &, KiROGAHGZ k& ERETOHL S, 2% hHM
Ji 1)~ BOSHIR I & 3H9Y

(0, ¢) KO ALK do 2 #E 2 5. SHUL, BAZAE A, doxHWT
dw = sinf df do

DN SIS S DB R Li(0.0) & ThiE, WEEZ TV AWK

H DS APl ET5EE 1 OB LD (0, 0) DA BT AL ZFA TR, 250 Li(0,0)

BREOGAEGAS. COLICERT, (0,0) s SMHEEdA, E R &1, 20

FUR DAY 2 L8813 dA, cosf Th A, F /oMM do 1ERE EI2BV THR do 25,

C, BUNRIRdA, 259 2 %D87 -1
d®? = Li(6. ) dA, cosf dw
= L;(0.0)dA, cosOsin 6 df do

. BN IR dw 95 AT 5 )

/ / Li(0.6)cosfOsinf df do

10

KTHD. LEA2T

Zq

s -

BRDF (ZEO# H{ A @ st

LLRZRZEDZ &
b, Bl SR L VEIL, B (0, 0,) ~OREHEE A 5~

7 »7%— ME® BRDF (&8 k %5, BT 25— Fik v

RAPAFAZ 2 BRAET, $XTERFTLHASTI L%, k3

/}‘(H,.«)Jﬂ,_(;), 1dQ, =1

E%b. 2D, ENFEICAHL T T2 ETOMICZANF—0ifEN2v. KZEOLE

#5527 TH5HZ LA 5 BRDF it

F(6;,0i,6r.¢:) =

BEA 2120 7 ¥ 25— MEOER EOW S
THS.
KL (6, o) DFBZEERE r 721 RN

DIT—X [y THDETH, COL X, ) B D

LB L8, ¢) 12

sin 6;

RIZRAT 2 &, KiliDOWHIHHE
Lr (67, 0,) =
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DHHEIE L DA S, KEEOHSAOE

B

2.3.3 BESERH

WD 7 » 75— b , BEOTRESRE O
CASL AHBICH L THEA O % 7 TR

ZEA RetHTH 5.
i X441 BRDF 27V % % AT

2B T 5. TabERIO%E
F(#, [ ) ! 5(8, 6;)d(0, D )
F\(0;, 0y0542) = ——F0(0r — 6;)0(¢r — & — )
(%5 rl sin 4; cos 6; ¢ :
s OVAEDRE TE 1BE

EPFS. GO sinbcosh; \X1E, KT B HD/87 —H A4

AT EERIEL TV 5.
> THLH B4 % INPBEDLHIBMBLIIZRREDEE

ATHE ([M23) .
WA, DS (0, ¢)) D MO r i12H 2D SHKEEZ S L, TOKEGTH Li(6:, &)

I, 0(60—6,) (60— ;)
Li(6, ) = lA\ 9¢ A

sin 6,

2 b

2T (6. &) ODHB~OHEOSHEX, (28) K25

(O, &) = // F(8,,0i,0,.0.)L(6;. ) sin 6,d8;do;

= I—Mﬂ 8,, &)
4mr?
, BROWS SIXZHICHHAT L. LS EOEH

REHICHML AL ZICHSNS. FEICK

1, Source

D=

L

-0-"
“1™ Mirror Image

[4 2.3. Reflection on a specular(or mirror like) surface

2.3.4 BRORHET L
ECRRIES %T v28— bR RO RS % 1
v, REHETOBMBE L KON 2 WERGICWITL, Zht¥
FENTA=F B, 15— FEMEY

ickLET

PRESNL TV, BRI WUELLONE(,
BRI E L) X GEUTE2EFTH LA, BV WREALH 2.
Nayor, Ikecuhi & Kanade i Beckmann-Spizzichino @7 ) (2] & Torrance-Sparrow @ E 7

(3] REN, HHRERIC LT, HOKTOREAT T ZAMMT, 400 hhKiioZil

ThIBRBTEUL, 320RE,PLLLEHETVEREL TS [4]. (6, 0) DK

X9 A HEEEIE
Chcosb; + _E:")Y exp (7 2[:7:.:) + C (6, — 6,)(0,)
. B1EFEBEHEORSS, B2, IWPRARHOKTTHS. B2, 3TIELEN
specular lobe, specular spike & IFiEiL%.
Wolff i37% 8 577 TREEICHVERIEOREOHLHRHIZ, RO LI LATRINLE

(4, 8;) HioFEIzx$ L HEEIX

pLi(1 — F(6;,n))cosf;(1 — F(sm"(ﬂ). ’—I‘))

/]

. 7272L F(,) 2 Fresnel BB, B3 RZRBHEFBUZEOTAIZL LB L TH

0, DEN60° ERA D E XL, Fy8- PRELBEALPTERENLLDIIRD, 6

ZANTV o,

b;
&

. ¥ 127 78— TR GE
Oren & Nayor (2, 7 »/%— MAAEHRHOETVELTA+STHEZ L 2EML, £
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The viewer-centered coordinate.

LB ZEFAVEZRELTVS [6,7). BEHLF Lck &, RS2 3T2PM4E, BH
i AR KA ABEFANENTVE, 1 EEIWER
%A/ =3 COBHREHEWT S

KgteFniEzmrRLL

2.4 RHEEFHREA
OMFRELERT L0, PHEREORPTHESRY
. 7o DHIRBTE S &i2i, HRWKROTK, FCHomE % h
AT OEERER ZAUS L > TH{EOW] 5 S 2 WRIIZKRBATE D ERTH S,
DL LHEZOS LI Horn AEEL 2O A AR5 4 (reflectance map) ThH 2 [8]
REEGHEIDER AW &, BIROWL S %5 25D CRLAZEOAR L LD

EETEERETHMBE L TRATE D, ZOLDICIZRD 2 OOFENLEEL LS.

o & DL
o BEHAMEXELSERLIHA L, DEXEOFLA,SHR AL

bR Z{TYH, ERD 1 AL RETI2RED | HETTOETHL L THUEIUTO
BT RETH 245, Fiuddh £ ) @k v,
AT A [ 4 M ¢ Z0r®Bic, 7, 4 IR LS ICR

WAL LD, B EOL (2.y) 11, XKifiLo r,y)) ERIET D, DA

R7ZbEnEL, HBXZ L ED, ) RINT bLELET S,

b, Wik Ea ELICERELRSLE

COPRRE LD LT, Milit LT
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(tr(n), @ (n))

Pz b= 2w
VR EATSe

BOTEEY Li(0;,0) £$5 L

L.(6,, /P 6;., 0. 5. ) Li(0;, ¢;) dQ

Lyn)= /1"\n.l‘,L,{lulQ

(REOBSHHERRTOERIZIZL 54V
HCH LSS, WOREHEE L E{gOM L 53

Vn %5 8E T 5L %M R(n) 2T

E(z.y) = R(n)

Lo THREBROMFELMEIZKIATES, ZZTnld(z,y) OWE n(z,y) THHZ x|
EET 5. HOEMNY bnoffbh iz, HROTBIRERTMH (2, y) OWE (p.q) = (2., 2,)

THwaE
E(z,y) = R(p,q) (2.11)

ERED. ZOMBR(p,q) O k& GHESHRLIES. Horm & Sjoberg 13 2414 BRDF &

BEEH TV 2 (1],
241 BEREEER

ECIREREOHLT A

R(p.q) iz, ENDBROZ L%
EFEE. 1 BOBE®YFG 2 5N
AR 2(z,y) 23T 22 LA BED S0
<5,

FJXTIE,
Lo X 5 2 Bl M 45K LTS

VTIZREISEN S,



25 HE RS

<5345 R(p.q) V3358 T
DWRITZ DX
FEBEVHICAD,

Mk LTHEL

DREE 2 | TH® TH-7:Di2 Koenderink & Van Doorn T 5 [9]. #%
Hik, HERHAZEL22F 25— NEDOME% Radiosity $FRIZ L > THGHEADOBL LT
KB, TO—HMEM, o, EFHERST 2 & ECWRASFELERT 2HRICL
N, ZOLHTHEVIBRONRY Y HFEREINDEZECEREL, AORBETREDLI LYY

ARE#OFH D b Twd e ERL TV A,

Forsyth & Zisserman (&, BIf& D8k E@HESATHACHHATELWEENHELE,

MAHDH B HARIZOWTHRE LZKBRIZL > THRLA10. £/, 77/5— PHORED T
T, Radiosity $RNOMEHMOBIZL > TZDL ) ZiikE L) RCHEWHTE S L7z, S
RHROKE LB EELBVRAZLVROBOREIERTELVEHE, ERMESK
PENTHHZ L, BE»SORRBITTAH Tl EiRL T,

Nayor 51E, 7 ¥/%— bEDRED FT, —OBRIZOWT, ERSEEELHED
MR (Wif@) 12, BEPAEAE (pseudofacet) ELIHINZTEOWEE ERLD ZonT, fiE

RHE2ZEL 2 EORELFE CTHL S L 2R LA 11,
Radiosity &3
HH R4 %2 528 4 5 121X Radiosity HRX7¢ b, 2 75742 ADGFHTIE
BBWVIZHWLNIL TV A, O Radiosity R 122V TiIcE &

WUKEE2200/57 A= ¥ EHVTx(u,v) L XL, Sz CORDMEEn(z) LT5. B
&% 7 23— PEEBGET 5. FOMOEEHFEIC OV TIZMESBEICS )R RVIZE
OTHETHZ. ST, e TORFELISOBREOAIZLDHE E% Hz) &L, 85

LRz TOVWTIPOLM~OREE N(z) £45. 7 >/5— MADRE L ) EFfriz
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CTOHEE N(z)

N(z) = —=

RPFREF—EDHRE (p(z) =p

K=

‘ K(z:y) . .
:/fyh-n,liy:z)dy (m>2)

K, (z:2')

& NFARTE D fi 13

M

& W K(z:2) %

- Pos|n(x *r—x

(z)
K(z:2')N(z')dz' + gl{(m

YEZD, £ %55 2 80 Fredholm fit5+ %

K

N(z) = /)”"I' Zp /I\,,. z;z i[’H( dax’

EREND.

252 ELUEE

WEREH T > 25— METH D L
Z0EgI, WENE, TOWHkE
BLAZVEZOBEREFLCICRZE S

R R

FERRELL
z; TOEER L, L L, MEDOKE

#EL 7

TUE, EROHROWEIZOVT,
125 L RHREE L oWk

LARENTWS [11]. SHLIZoWT

HHER 2 ZEL 2 &

oWwT, HERSEZ%

i FHOBEENINIE T AHOn Tz, £ L,

DE D X & 4

5 DUENI L BEAE Ly £ 5.

=Lsi+ %Z I,J/ K(z;; x;)dz;
Cg# S5

S; (ZEE j DRSS 5 Kl O R/,
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Surface Radiance

[# 2.5. Typical profile of the surface radian:
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gt A, +%b

R(p,q) = ki + kap + ksq

ZHUIDWTETFOMENfTHOIL TV EZDOTER

= DA Horn § < T S (8], MATXIE, ERAETOBEE (k2,k3) 242K

#BETCOMG

Pentland 12 Z D& (2
7= ZEROBGF AR %
BBERDLIK

KE¥ETOR (f.6) *HWT

F.(f.0) = t/ / 2(x, y) e oxlivising) go g,
2 sl

chikdioT,
2(z,y) D7 — ) TER F.(f.0) TEFT L ZNEFNRD LS 1242

Fy(f.8) = 2m cosb fe'

Fy(f,8) = 2w sinf fe's

v

DA p=0z/0r, q=0z/0y 27—V TEEL, BFGAERAEHVT

2L, EIHRFIZEVTHD. ShEHOT E(z,y) = ki + kap + kag D

3

Fr(f.0) = kaFy(f.0) + ks Fy(f.0)
= 27e'™?* (kg cos 0 + ks sin ) F.(f.0)
CORDEDEEDEANRZ L ERDE I 4D
F.(f.0) = [2mfe'™?(ky cos 6 + kysin8)] ™ Fe(f,6)
Thbb, BITE 2(0,y) 1
FEBRIZIZHT (ko, k3) & BT 25 ONE

HONPSOREIBRNATNTVINLLELTVS. LALIIUIIEHKT

Z2ONFIELV. 7—Y) THEBTOREMIGT 2 EEZEN T

1/2 - 8(kay — ksz)
hiz.y) = { ¥
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LW HOBEBEEROBIGARME SV EHFGHD

I ZOHORMICAERLCEHROBEOMFIC L 2BTE2DHHAIC
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Pong, Haralick £ Shapiro (iK% 2~ EBLL, T REHS 2 KHMEDINT A —
Levenberg-Marquardt %
, HEIBEOKEZ SOFR

B2 HETH S,

3.6 FEAAEOME

SMETIZBREBRELT VT XATIE, BHIZHT 2889 ->Twa60L LT
72 LIehoT, SHhHETNIT) X A%EFTT HRM S5 OFETRIICMT 5 MR e WSS
LB LA, G2 bR LEED S BPONMERLEL S LATENTEERNTDHS. 20 L8 T egae e '+

D5 (a,8,7) 1
WiT 1 O ERD S, BHAEHEET 2 FHEICOWT
a=a'lk, =Bk, y=+1—0a?
3.6.1 HEtMHTE
DEHCPEEND.
Pentland (2, 7 > /8— F KOG, R SR 0D 5 16 A ] 40 © HEE i & 42 it . 1 . s 5 1 . -

i 2 bR ic mER e LRO Al cBR S L KT BTl R R120 72 /5— M, ERESEOEEDTFT, Lee & Rosenfeld [42] (4l HR i

CHRTEMTES LEL, BOMEXOHEEREE f(0,7) = (sin’0)/(2r) LHMLL. SO

Ed6, BHEMOKNM %

LTw3 [45,48]. Zofiikid, HEEEOEOM X FHEII—HICHHT 2 L OEICES
WTWwa, FLOLERDLIIRD. 78— PRFEDERELSEEOHL X E=pA(n-
) E®iTD. ZOTp RBMHEE, NTEEBRE, f=(n.n,n;) REDHE (n24n+nd =
1), I =(a.3,7) 3BEH4E (o®+/ ), Thb. BRET, Ao lcBT2H5

SOH MRS By = Ercoso+ Eysing %32 &, Ey = pA((m)sa + (n2)ef + (n3)e7) &% LEBCE DL ER L 2R L B E. 2ELO R Z OB TH BT
. B2 ¢ ST HHE{R % L TO E, D¥H (E,) 1% i 2 5 OB O RO B U L 2V TwB A, HEAGER SRR
aq

®
9
&

#F,

DRIV TIZME L TV &V,
1)) + ((1i2)5) 3 + ((na)s)y)

Zheng & Chellappa 2 4EKf 48
EWES (( EXT) . BOMXFTH2 LORERS, H£ED 6 I22WT (n3)e) BETEOME L FIN L THEL L

o &2y,

(Es) = k{arcos ¢ + Bsind)
TH26M5.
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DEDER%
Brooks £ Horn i2, 7> 73— 1 : SED T & 73 DL x|
ROFH
HOXZ b

5.

o DFARBETE

//[E-ﬁ.uﬁmnmzn BTz, & LML E, REAITOME 22 TRANICRATE 2 L+ 20EHH Y

// Endrdy — //(ﬁ l) ndedy

Thh, (ADn=na'l &> &, ROOHMEERNMATZIFUTOLS CEERTS.

= [// ﬁ'ﬁ.d.n[_l/} : // Endzdy

3.7 ERBESFAICEDI P LVWERETFE

25MTRALS 12, HERHPHHRAFOFEIRL2 L, BRBESRICL2EROBEOE
HZRRAFH 2. 2T, BERBESRIIESHLZVBRETOLDOHEI VL DM RS

LTV, THHRVUTNLRAOEMEHTVEWVS, ZOMTE LHTHL.
Nayor, lkeuchi & Kanade i£7 > /5— NEIDREDTC, MIERH 2 ZE L BT OH
ERZFEPEEOEZ S WONTVE, HERHEY I 2
. LLERE®

7
FTORRRIMOMXTHRESZ LD

IVNKEVEEZ ZOOORRE

Haddon & Forsyth 1Z shading primitives & IFiZiL 2, MERSICL 62 WHKOEE 4]
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Cit, BEDX SO
Eig (BED/Y ) F1EGZ61/
C1DICEE D RELS,
—RICBES S OBRBTME L 12, B E(z,y) &£ REEGH Rp,q) £ 155
BESK E(r,y) = R(p,q) 2E75wT, ¥
LEFTT VT X AOWR L W
P D2WT, AR i s, EOHRT, HRELIFEINS R(p,q) D
LEEDNARATEELBEAE ) E LB T&7:. % £V K
TRt/ BA E(z,y) = R(p,q) OBRICRET 2HRED SH TV,
RIS, S0X3RHRAT D) ORMRKCHIET 2 BFIERO—EHIZ OV T DK
Hir/z, Bruss &, [EGEAHRTH M2 BOHRGH R (BI2I1ET > 28— i & B E b b iz EliE
A OBE) 0L &1k, YEMABEF 1 2F2ho TERUSZ AV LR RELE

[52]. #1Z Saxberg 13— D RYPFHEGAIZOWT S RIS EMARL 1 DX HFEET L L %

ALz [58]. #EAEMIZ, HEOFLIZZTOEFOBRKIIELTH, M, BHoOVTFhrcrEE

Bruss & Saxberg O 7-# R 1M L MOFIRICOWT, ENFNEFHLBH 1 272505

ZHUTESWT Oliensis 12, 7 ¥/3— FMEOHEIX, ERICHUOFRLLFHD L
S, M, BHEOENIZISA DA EROIITKRMIEBIRIGEE 2 LB~ [5
HAFREND, M, BAOENIRHhOWVIRY FIZowT, 8D BT
LRSTESAD L XX, EEMROFELNHRELT, ZO@E DR Hid—@Eh L
mL7z[534]. 2D COHEIZIZ, BELTORRE—EIZETS. 351220 UNORHS
HEIZOWT, 28— FETHNLE, —BIIREEZSLZVL0D, LPLVEOAREIZE

NBTLZFRLE, 3560, SR, M, BEOLNICHE2H %S {8 HED S 1

HOT N T X A4S Oliensis £ Dupuis [20] #* Kimmel &£ Bruckstein [19,56] i= & - THRE &1
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%L DA% 5. Rouy & Tourin i,

BE, HLIFROBATORITELEHR
Lions 5
) CLHWBTORREAETAIL

£ Koz-

£ 2% OMEFERSNT
) BEAENT 25— bEEK
WHRFEHREL,

-BHIOWTEDL I R ENBRODPEERS. R zid, RETERGHAH 5 R ALK
7eblE, WREABROBICRHLCRVCEESEET 2 LERT. JUCL Y, SAohBE
AT 2 HREAREOL LT VE L2 2V LATREN S,

ARTIE, TR, FRATOBIRO 2 BT RED, Bk L REEGH O 2 BRDT %
HAEMOTHICETAZL2RT. ChiCky, BRAT D) ORFBEICHIES 2 BHEAR
ZownT, Biof, MoBRF12FOHEL, BEALOBRICBEROBIRS 2 2FET S
ZENERZL. M, MOFIKIZOWTIE, Saxberg L[ LARAMZFETEHEIFICEY, B

ROWARIZ DV TEF LRI > TS,

Kz, THEFMBL TAROABRO -BHLE2 2. ZOBRROLOI, HHEHBRIZLEH

B [12,30] &, SWMICL 545 (15,16) LI RES B0 2 20 S AT 5. Fikil

WX 2 HERIET 25— PEGRA A, WL SHERE ) ThdoLDT, TOUR
2475, SOFETREEZMNIMEATE Y L TERES A, BISHS L TREEDTT G

22002, LREFEHEFHRICLEILL. CORBFOTTE, K
RO L HARDPEENOBRAOBLAVEVREREL ARV LATREIND

R, FLSSROLEEAEL CTRRULZBROFEICODVWTER S, £I TR, 2HH

bk

DLEBPGEET LRV IKRLY, 22 VBFLERCH L T2O00 R FET

#L2HMEOMPRA NI 2V 2POBWEX T L

HTHL.

4 4.1. Local shapes and the signs of their pricipal curvatures. (a) Convex point. (Both signs
are positive.) (b) Concave point. (Both signs are negative.) (c) Saddle point. (Positive sign
and negative sign.)

4.2 HEFS LB

Lo LD hPEKEE#% R COKADOELETORFHIKEZ DL TREIERMT 2 2%
HRCEI CL2%25. bLUTOHMDMER '8k L, ZOM%E L5 XD Ry Y
BERENS &, @EZBIMIC () = (ax? + 2bz'y + cy?)/2 L&A S, Hifiic
12, 2XROFEFHR(a=b=0)L, 3ROEEEIZLENHLHHLHLH, FUI= =T

BERRVWIEIZTS. N6 2RMED/ST A% a, b, c DIEZTTHIC %

=

LT 5. 15 C D220 A1z, COETOHEOMEELEL LlhKLIFINs, 2290F
HERDEE X7 AME (H2VIEEWmH) LES. #oAWEIZTH C OFFIK det C T2
5. F12200XMROROFHEFHMAELIER, XTI C DML — A2 HWT traceC/2
L&xES.

RABRE2O0EMEOHFILLoTIDDIFRAEFHLI LN TES. THDL2D
DFEHPEAE SICEOHE, WhHLLICADOHE, 12ET12HAT BEEND3IOT
H5. MALLKIETHZ L5 0MEME, MAZLICATHS L) 42y E:ATHD
LI RARESEFR (H41) .

Hy AWMELATHR, FHMEL L -RA0MENS, BRES 2 EAOBAROHBUZ, 17
1 C DFFIRDHFFE PL—ADHFESTRIENSG. 24 TdetC > 0 THNUE, ZOHId
MPMTHS, S5 traceC < 0 THIUIM, traceC > 0 THNULFTHE. detC <0 T
HNEICDHRBRETH S,

ETit, BROZUTORATERR 2’y 22728, BP0+ 2 (HAHH 2 Wi
FLV) zyz BEERTERTH S, HHUATHRY (p,q) ThELL, FOHETER 2(z,y) 1=
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T+ qy + 12’ + 280y + ty?

U EDEIZED) , 2RDEHr, s, t TIESTTF

T

T3 C OfFFIRE b L—Ri
det H

R C = e o
(LFipt-HgeP

trace H +u' Hu
trace C =

3/2

AL +77 + ¢°F

(4.2)

LERED, liLu=[q—p  THB. A1) RELY det H OMHiEdetC OFFHESEL,

F7-(42)RENdetH>0DE %
0»2trace H > 0Dk % HIZIFfET,

GFIRIELLD, #iZdet H > 05 Dtrace H < 0D = %12 HIZBET

trace H D5 1% traceC D5 L5 L.

EEOuli2WTu HuBEL 2555 (42) RD

GFFFAELLDG

THo. ZOZEhb, 2(z,y) D Hesse 175 H OFTFIROHFS L P L—R0FETT, #

BOZLATEDHN, [, BEDOENTHIPHNTEEZ LHTHS.

4.3 BRREHY ORMBRO—EM

431 B R A

i1 FRBGHFERGIRT, BFEER0£2

T LACERD.

ERBE, i
{z(e). y(e). p(2). qle) }

23 2 %a A

fRr AR
51 BERER G R

2% 5 det H >

%3 [12,13. BR (Bf7E) 13, =@ i Cdz/d pR, + qR, TH 2 51013
MIRAE (2(0),9(0),2(0), 9(0)) = (Tes Yer ey 4e) H°5 % HIAUZ (B 5 2 (2 1) TOTH OB X
(Perge) D5 HAUL) , SHUCHEE BT 2 MM A RO B =
NTx%.

SOESLOMMEES X SEBNICHFET L NRIEEL L

%. TIT R(p,q) #* (po,go) TEA 1 DORAMi% F%bb (po,q0) 2B

(p,q) 2WT R(p.q) < R(po,q0) THB LTS, z,y) = R(po,qo) &
% (z,y) T, BOWEIZ (po,qo) £%5. 2% h TTRADHL S

HEN (po.qo) £T IG5, BIZIET 25— b, E] CROME, R(p,q) 13ME—
RAEEHD, TORKOWL SOMLFTEROLTIE, WO =I5 L %)

o, LT E(xo,p0) = R(po,qo) & % % 8 (2o, Yo. Po, Go) 12 L OB MM % 1= 7% 1 18

5.

RREL, SOXIEEEOE T TEMYAELLT

BAMEEL 55 (po.o) TR,=R,=0Th2

ThHaH6;, R;=R, % 2 A, LIch o T (4.3) Rk
B (2o, Yo, po,qo) TTRTO &% oT S DS OYFYEMBAWAL T & 2 v (U5t
MAEHSL) DTHD,

DS LRSS E(z,y) = Rlpo.qo) £ %2 &5 LHEEOHE LR, ANk

13, SEMBORNEEL-LE, FOoRNED [HEY

R HRHEOT DY OB E(z,y) & RERS Rip,q) 52 bk &, Wit 2 RITH
RELTHRODHFLLLSFEL, MebDbirl ]l 2fFET 5.

S, BEMICRS LERAHSEEHBLT| STV LATET, £ Lo ThH
ML BAFRARA R E S Z £ 2T 5. Bruss RE IOV TREEREL R(p, q) =2V TR
MChEzmL Z Ok Saxberg 7°—#® R(p,q) I22VWTRL TS [53]. 1513551
MERD S (4.3) X%, (v.9.p0.9) DARTHREZMOBY S AT LEREZL, FOYATAD
R LU COJ|BUELHARLZILTINEEHL TV, BAMICIZFRA
LAEBBEUL, TOEBRES AT LORKEW~<T
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(a) (b) J (d)

[# 4.2. Local shapes around a singular point; (a), (b), and (c¢) are convex, concave, and saddle
points, respectively. They can be represented by the quadratic surfaces z = +? +y? up to
scale and rotation. Shadings of all of them when illuminated and viewed from the z-axis are

the same as (d), and thus they are not distinguished only by their local shading.

ELRROFILE LT, BRATOXREDORITHRY 2 =

2%2%. 2XRAOHFICL 5 TH (z,9) = (0,0) 135, M,
Bk . EOEEHE (WA 258 2, ALAmPSRE &, H
OWE S E(r,y) = 1/\/1+ P2+ @ £%h. GRHp=+2z, g=+2 L2 5DT, FOH
281, HOMBICBEREIELLIZRD, izl V’m s (K4.2(d) .
i (2, y) = (0.0) IX4FR , BRATDVORFEE /142 - 42 &
SzohTHET2BIREZBILEEZ %Y LEARbD LN 1 2F D
H0 (K4.2(a), (b)) , BROLDELRLESL 120 EDEEDP LML LD
EM%L b OREFNPSMI LWV & ARGE 5. LAL, EOER (Saxberg OIEW [53]) TIX
EoBITIE (H4.2(c)) #EEDM

BzMigbhicAELZbDLRLEBELS5Z 205, BITERICHS.

Cid, WRAOTHEORFTEREDHRMEREEHLMEE BT, LoEBYRT. b

I EOsERL (Saxberg MREH [53]) Tid, BIRE L 2HBEOEIHS HThh o722,

BIRE L ZMOTFAEL RS,
4.3.2 BRAOHER L BABRY

¥R (20, Yo.Po. o) TR E, =R,=0Th- 5TO E(r.y) 5L

R(p.q) D#S RFMLER, +abS 2(z,y) &5 (zo.go) PEHH T
(o + 0z, Yo+-0y) = 20 + Podx + qody
+ 102° + 280xdy + toy* + O(dz, dy® 3 kL EDIH)

ERLILLEDr s A BFDOLVHEZTARD, 7,5t 2(2,y) D2 BEEEBD (20,50) T

OMTH 5. HilowE g it E(z,y) ©2BOEMEIL 2(2,y) ® 3 BOBBBI- L 20T,
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DL R HIRSF
BHR) . LHLERYE
(4.4) X% 5 (20, 0) TRFLT
E.. =1R, R

2
» pa T 5 Ryq

Esy = r5Ryy + (1t + 5%) Ry + stR,

9

E,, = $*R,, +2stR,, + t*R,,

DEI N z(z,y) D2 ERMEE TTHITL. R, E(x,y) & Rip.q) O 2 B Ba
ET2E, ENHEFEBETEr, 5, tICHT 28 (((%) FEALHZZLHTEZ
HBEAPEERLFTIRFRE» SR EEh, EERL, D

BRI T 2 BRI L v RS, SHITEAREL

EEET S, Blr,y) & Rp,q) #ERETHTHS = LhoAT5 A, BidkbIZfflis 45,
i, HRATOBRIMEZVLOE (rs—12>0) DL
Ry\/det B/ det A + E..

V”lmm-(AB} + 2y/det (AB)
det B/det A — E_,

r==+

By v/
V’/t race (AB) + 2./det (AB)
R,\/det B/ det A + E,,

\/trace (AB) +2,/det (AB

s=TF

Y QoORFHPENRERMELICHNIET S) , FREATOBRIER (rs—t2<0) O

X, HFRAICBVWT R(p,q) & E(z,y) DM

RypBuz — RygEyy = 0, (4.9a)
RppEuy + RpyEyy =0, (4.9b)

RyEey+ Ry Buz =0, (4.9¢)
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# 4.1 ence and uniqueness of the solution around a singular point for each type of local

surface.

type of solution conditions the number of solutions

convex none one

concave none one

saddle Hl'l”'fvil} Hqg_/' By

infinite
e/

otherwise two

DRBABLY LoWEZIE

v’

2F,,5 + Exzt =0, (4.10a)

2 ’EUEW .
PO P e e - e ]
\’ Ry Roq — R,

(4.10b)

THMELRY, EhPNDOEHEIZ
_ o P/t BJ Qe A~ Ex ceite)
\/Iral~(’ (AB) — 2,/det (AB)
Ry/det B/det A+ E,,
\/’lrnm*(AB) —2y/det (AB)
Ryp\/det B/ det A — E,,
\/trace (AB) — 2./t (AB)

(4.11b)

(4.11c)

LRz (HEB2Z U ERF LD bORERALITRT.

EHT XX, BEL2RAEHEGA (BFL {Ry Ry Rye}) 25272k %, HRETD
) OEBDRFTRE (E,e, Evy, By} LT, BB EMEBHENTN 1 DEGHET
& (Saxberg DEEHOFEZE) , 25ITBROBIL, FLALOHAICERIC2OFET S
Ha. H42060 %512, BRROMFEHIFET I2HEIL (1.9) A0FKELEE B
VTLOREE 2

433 = L

(4.8) K& (4.11) KERVTHRATORIRD 2 BERGHREr, s, t ZHETHILICOVWTE
BEfiofe, SNOMAMRBIIIERM 1 ROEHOBRERL TOHISBE LWV, ZOHD
Th ) TCORKREEMMIHE LN WRT, SREMTLHEIDZ. 0L %
TEBRET-2

HFI /A X% GUERA RS L1k
BEDERORELEID-. (48

TRETI A, B OHBOBE T 2
T, REEZ% R(p,q) 12, ZOBBFHLANGhoTwBE0E L, QRS AT
RTEL2bDLLR. TZTHIAXRELHERISD E(z,y) ® 2 B5 B OF81-
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COERRECKSE, 7 25— MEEEEL R(p,q) %

R(p.q) = ,_‘lgu;[‘)_
VBBt B /i1 P @
ELZ (bl b)) REHEETHY, UFOEBETIZ (02,-03,-1.0) L L. ZoX&H»
THgEFERL, T4, LRI 512 A 28K,
A X% E0HERD»S BEBERLHET L FEZ2RADSTIEH L ER E(r.y
I2WnWTfio /. :ﬁ:n/):"]ﬁﬁ{&ﬁﬁ;é’]\éwiiiiﬁ.
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1J€S

% a1, az, & a3 \Z2WTRAMES S

CoRERLET S nxnEAH

Lty bl EORMEETTS
Vbbb, /4 ADEVEERT
ZVBEIRS R PELES
LOILUTOERTIE2O0H A XD S #HEL.

FEBRIZIZ3 o0l — 34 b5 2 KilE b0, 2RMETHRIREZ LD, o ANED
BEOE — b b, :MERBHMICLY), ThSOBEICHL LD T ori— FEOEE
M6 64 x 64 DEREGHRLL. BRAOMBREROT TRAL | WL L. Z08%, 7Y

AMD ) 4 XEERICHAZ, B EBREFETKDI, Z0OBS OF 4 X2 9x9 &£ 19x19 D

QR ERAL, AHGED LD ICMITHIZEINL, W2 A BhSr, s, t RBHELZ. M2

57 A X EZTI00 EORTEITV, T4 2 FepLa et L1

1 2HI2M% 2 KME (2(z,y) = —1.022 — 042y - 1.20° , [g| < 122 |y| < 1) TH 5. |

51



0.001 0.01
Image noise

2 4.4. RMS error of the estimated r-s, s-s, and t-s over 100 iterations for two sizes of § (9 x 9
and 19 x 19)

4.3 iR, S, BELRT. SIXEF (23.41) OfriBE L7,

Tty 2 FAETH L. 22HIEBIRD 2 KME (2(2.y) = 0.92° + 1.0zy — 0.792, |z| < 1 A2
[yl < 1) THa. FEHICE 45 CHETRR, S, BEERT, HFRUIEE (31,45) Ol
kL7 B461ZT, s, TFE 25T, 32HWE 2(z,y) =exp(—2® —ay—2°) 22

Wi T 5. {47 (CHEIER, S, BEE2RT, BROEOGESE (21,39) ofifie L &

16421, 5, t OFH - FRELRT.

PEOMEAERD S, $FHHCE2EERIC X ) BRD 2 B M5 O RBDHeD 3R

E5IZHLBRED /4 XAHHEGICHHLEVRELTEALYFHEESNLZ L2HEIDS

[¥ 4.5. The surface 2(z,y) = 0.92% + 1.0zy — 0.7y, its contour map, and the shaded image

The maximal critical point is at (31,45).

L
0.001 0.01
Image noise

[ 4.6. RMS error of estimated r-s, s-s, and t-s over 100 iterations for two sizes of S (9 x 9
and 19 x 19).

4.4 ESRICELBIMROEE

1 B R S B F(x,y, 2, 2, 2y) % Cauchy B, 3 7%b 555G 4R 0200 i8I
ThHE, R L2 FEOMIZE ) 125 X6 T WA, FAUE 2(x,y) OFWE
WEFHET S HET, Bruckstein 77 ¥ /¥— FEOWHE OBRE» S ORRETEMBEIZoVWT S
NEREL [15], RIS Osher ix—#M2ERLETT> TV 5 [16].

COHITIREDNEEE T v N— MHZET T2V D S5 R(p,q) DAL, Z
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IhECREE R(pq) | 3RKIEL 1272 (po,qo) TEDET 5. BiK 2(z,y) ZARE (po, qo)
THREDLHMOBEMEL LTu(z,y) TKT (H49) . ShBRICAZ V- a vHnn
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?(Po,q0)

xy — 2y*),

) = exp (—z? -

A The surface z(z,y)
is at (21,39).

The maximal critical point

l

dy) BEIT 242 L4
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LETE. SRIZCOMTORDAR (p,g) H5D>TwB EFTHE, (bz.
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%% &1 0z, by X ROLDTH D
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X 4.8
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(T, Y) — poT — qoy
w(z.y) = + const. A2
LRED.
i rit (FQTR e 3 e Al e %5 3
__Vi+k+a
y(s)) =t} (4.13) P=po)u—(a-q
RAWIC, EATOERSEn L
acC

ERHED,

WSt Tulr,y

ulz(s),
at

u i HhLHWEt T
C(s,t) = {z(s),

3 C(s,t) HPE—

Lo TRHAT 221, p, g HUETHS

§) BFYTE
: T#25.

K49 MeEN-0
% C(s,t) 526N L
WD 2L 8 TOUEMA I OFEH)HE 5d(:

43K B DXEWMOIETH S DT,
DAL LT A,
] T C(s,t+6t) L

HTENIHFTHY,

C(s,t) D s DEH#




[# 4.10. Given a 3D curve on a surface, the normal of the surface at each point on the curve

is constrained as it must be perpendicular to the tangent to the curve.

(4.12) R L W HEM C(s,t) & 2(z(s),y(s)) ¢

2(x(5). y(s)) — pox(s) — qoy(s) _

“OROWAE s TRTTDE,

(P—po)z+(q—q)y=0

FWRD s DETOHR (p,q) ERE T OHATOERBESTHRET 28

(p—po)t+(g—qy=10

AP ENZBFER A1 EHET.
R(p.q) 372721 OB Kl % NPT, Bidi-wTwoHE22

(4.18) K& W2 & (4.15) D v IZMEMI

S C (s, 1) PROBH DSEMM Cls. t+6t) Il THELGAM (NEEHImEH) ,

B 4.11. The number of intersections of the line passing through (pg,qo) with a contour of
R(p,q) must be less than two for the unique evolution of the level contour.

HBICMEED75ZLHFTETC TOHHT (4.15) XD
WHRECIC25. COFFIEFRD (p—po)y— (— qo)d b3, HLZLFO/FRELT

(»—po)y— (g —qo)x >0

nEE, (419) KXoz HRAL

ROBHF2ODL 51X, SONFILL-TI22H )AL EHTE, ROARERDSILE,

SOEMEMRT, (pq) PEMEKALZENTEL, (4.19)

SO ERL, KEBICE- T (4.19) APFBEZOLUEL LV I LN, (p g EEMRD
FHRTEIZED, DVTREHME - BICRBIELLOORMERI) LA TES (H4.11
(p.q) FEICEZ D E, [(po,go) XD TXTORBE R(p,q) DHEMMDLEHBA 20 L kv
LBV LI EATESL. FELVIEMIEfHER C S22, KEI2IL,

(p—po) Ry +(q— qo)Rg #0 (4.21)
L RATICRES.
bLOYMRL 2 SWRERL LA TEIUL, ZAPLSESRFRREELNE. 0

PR E LT, FEMMOLELEL FER
SFEETOBIC, FRADZ D) ICHHPEHEEE, FREDMMMETEo L 2REL

“FIHTZ%. Bruckstein £ Kimmel {2, #

Tw3 [15,17,18]. SHFEFLVDIZ4328T THMAMOFERET DY ORFTK
YEMEL., ZOEEREONMMBRL TS
ThHHICIFEMRTT ML TR BIREFHT2 T »H, EnPpSEEREES

TRLILEBHLPICTRETH D, % LM?

B LTI, M%wv LSRR

™

< P4

wUcHk, R(p,q) 7 (4.21) R @A 2E, BEok & DA DRER A
SRESET, BRETHVOHIMECHRE IS (MEAZAZLOBAET) #ETE

2.




# 4.2. Comparison between the charactersitic strip method and the level-curve method

Conditions for the uniqueness

a s ities used = A
Method: Quantities used ! (except at singular points)

Characteristics | E;, E,, Ry, R, | Ry, #0and R, #0

Level-curves E,R (p—po)Ry+ (g —qo)Rg #0

5. EEICSEHR
. P=pg=g Tv=00

Eash. 20D, HAMDFRE,S

ERBIEHH, EEREFHREL

ICEDLNBLWH T LTH

.
VEENRDE S BRI EHFERS.
TR D EB@E (ry FiE) OBME (M) SE L, WEBIZ 275 HRE (zo,00) 2 &L
F 5. FERE (20, 20) THRATHE L Lk &, ThEMMIE LTLEICESAHETH
WA RREY, CNAEDOMBCHTIITHILLT S, COLE, BT HITREN—

FIATR A 7=0D+5%&ME, (Do, q0) ZBESAEED (p,g) T
(—Po)Ry+ (4 —qo)Ry # 0 (4.22)

LB EbTHS,

4.4.2 BHEHREEEROME

F 42 1M E VA BRBEO S L FHEL V2 FEORBETRT. kLY,
IHEMEORE 525 00TH), BOTFERENHTHZ. BO—EEOEFHEICLE2
HUHMBIC Lo TRRENT 2L X, FNFA—RICET S L3, HEMESFELLZWIET
Y, 2OFEMHE (FREUNT) R, #0, R, # 0L R%5, SEEF—-BICET LM
(4.21) AHFRAETHZ L TH-To.

B @25 R (x(s),y(s)) DEAE (2.9) 12, EiRODZ
0, A18) XXM (go—q,—(po—p)) THotz. LI TERBOERSMIZ (po—p.q0—1q)

HTOHRE (pg) s> TH

THAGND, THERT AT R(p.q) CIRE SR (4.21) K
(p—po)R, + (¢ —qo)R, #0
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[{ 4.12. An arbitrary curve that is never tangent to the level contours of a surface always

reaches a maximal point (or a minimal point, depending on the initial direction).

RAL, ZOXFEHEROTEBAT (po—p.go—aq) £ Rip.q

RLEGE EXGHE. 2 (R, R,) Th-

HICRYLZ LA FH 5.

EER. (4.21) XEWZT R(p,q) £, 5 2(z.y) D SfE-7
b5 (v,y) TOHR (p,q) HGASNIL E, ZOSICHRERT BHEMAUL, 2(z,9) D (po,q0)

L B(x,y) 526Nz 5.

HETOBAR LRV LEAL (F2bb u(e,y) DK - B ITLTHELTRS,

ETBRAL S (2, FEEMM e S 2L 25, B MaE fhiE 3w &2 kR i :{
DIEZ S, WICuHEANERL T MBIE R, #3552
BABICEET 05, CANIENLLS (R4.12) . BOOME L LTFH X %80,
AEICEIEY S, BE ISR u(r,y) OBMICAZHELEZLNLH, DLl
TREICALZS DI L, Ao THHUVLATIHEMMEZZ S SEOLNLDPLHE T

TARRDETHL LICHEET L. T DEMHEH

B EALTOL LT uD

4.4.3 ERHRTORKFBMEEOMIS

ETRRAE SIS, REEGA R(p.q) PRKE (po.qo) XL HEED L (p.q) T

(p—po)BRy+ (g —qo) Ry #0

YRoTEE, SEROKEIC LT, BIRETOMBROMMEMEL L CER{LT
S EZNE—BICHRES. 0L ) eREROERG LM TR ES"
LOHSETIPIIOVWTICTELD.

TICBRALH 2, LOREAREZERCRTEMNIZEZLD L, H411ITRLAZ LIS,

WATE
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RBEND.

Mo THRERSHT %

b ORI S SFRBO N L AT 5 LAT
BOUEMBHICEOREETEI L BRI D L. 5505 REHFES

LLT, SO&4XiETRHEES R(p.q) (2 LOR5HE) 2%z

4.5 AEEMRO—EH

WilliClE, 7 >/5— MET% T HREES 2D 5 LML R2EHE, FEROKFETHR
LMo REE b D I2hHBREOMBTHRE —BIZED SN D Z L EBR, KIZTNRETTIC
Kt RO — B OV TER S, STRMIINETHD o> TV 5 7 ¥ /35— FEOBE
DVTHN, ZOHIZ 443 MORMFEE ERL 72 L EREBNS.

4.5.1 F/5— NEOBE

Oliensis &, 7 > 75— MEIZDOWT, HtEfsomi kit L, KRELBo—EkICBT 2
AR F D ) SRR S A IR O EELATRE ) 322 [55].

R A B/ [54,55]. Kk
TR a) WERRLZOHOEHATRTRL, HRFIZOPEIEFTHSFTRAEZRE VIS & (self-
occlusion 2% Vvy) WEPSBLLOT b) DR EEF A Bruss REBEE (TIzd~X2)
Thad, ¢ ERBERITSTHENCH> TERRZOSHPLHEHRTHS, d) FRAZH
RIE T3 NTIBE Q2BMOITHC 22w TdetC #0) THLET S, e BE

(2, y)
O Hesse fiFlid R4 2EAlL L2, O520%FOTFT

S SHARIET— IS 22 5.
Bruss ML 2 SEHOEREOME f o2V T R(p.g) = f(P*+¢°) LD DEFS.
COFW TR, HEEES (75— Mll, ERAKBEORED) BikoLEES, LEHEH,
SRARBETHBICHANT IS E2ARALTYS. 75— Mill, ERES)

stk L= (h,l.l;) & LTHEZ

Ti, B

Lp+i

E(z.y) = R(p.q) =

60

EPVT . FFEHR (2(5), y(s)) DERT

W R]T TH e
= 1 hp+lag+1y
AP+ T+p+)?
R, = L e hp+hg+ls
(1+p*+4¢?)'/2 Q+p2+ %)t
Ths. ZEANTIXIFEHRBIZ (2(s), y(s). 2(x(s),y(s)) L WITZ. 3= pi+qy THLEHh5,

7(s) = (z(s),y(s). 2(s)) DB

dr

= (I-nn')l

G5, M EOFEMBO K0 dr/ds 12, BHEEEL %, #HEoORE

LHELEbOT
HY, ZTREBHAEICHT2MEORSE THAIHL S A2V L9005, BtMEo -0
HH» L, ML AR LRI 2R
ETLTENGHE. ETEBAOTRTOHER
PFHMMCTER TSI L2 Bbh, HiEdEo
EHIIKELSOMBOWY MTHD 1) Lirsw
NH EDEHRDOGEW OB TH 5 [55).

BBRIK L THEVZZBBIZOWTIE, B2 4 REZ CEND Z £ % Oliensis (377 LTw 2 [54].
LELEZORRIZLEOERHE L §IZTEHIZBT, FEMEsRe LA 22 v 5>
N= MNADOHEEZMALTWT, £ TLV—ROKMFEICTERTE2h o7, £2T4430
DRFFETREI 2205 ELS,

IZIBRS 24, &2V idE i i3
HMOBEIBENE 5L, DROMRZHEG LD

-BThoHEELD.

U2V TIEERE =

4.5.2 2BHBRORE

RICEROTRTORRAOME (M, &
BLEOONIPEERD. MdIVIMOKR,

H) BghoTwiobT oL, &K%
ORI ST FE MR AR A
TORRE—BIZEZ A LI ETHX KRR —E

SRESELFHME (W) 2HiQ (OBRIRES

7) ZIXTHS
5.

ZUZ 2w T Kimmel & Bruckstein 12, #4K4* Morse METH 2 L RET L L RD L I KK
RAREDZ LB (19. ZOEEIZ, Monkey Saddle (2 = z* — 3zy?) LFHEN 2 M 1=
RESND L%, BRLMEEZRATE200THS. COREOTTIZ, 42T/
B3 25 C 122V THEROIRXTOEATC #£ 0 %5, £72, Oliensis [54] R, ¥
ROTHRSIEBILTHSZ & (detC #0) #EET S (Kimmel 512 [19] T DT & Wi
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[ 4.13. Two cases where a propagating contour approaches a saddle point. In the case (a),
two contours arrive at the same saddle point and are merged into a contour at the point. In
the case (b), one contour breaks into two isolated contours at a saddle point.

IZRRTVBRY) . SOk X, %565 %KHRIZ2VT Mountaineer’s Theorem & FFE L2 K

DIEFAE Y L2 [19].

EE. 4061 HROSERONBIZH S, MEMOBEAOBEE N, LBROBIDOMEN,

1Z9WT N, — N, = 1 #5% h 2.

O I BRI 5 ENMETHE, Ihhd, ROEBRFEIND

R RELTHLE SHER S ET5-LNBHD, Z0 B L BVES
¥, BHELAR OIS

b Lol P R A 2 BN
K3 556 ThHsd.
2512, SHRIRROE g4 AHHI03, 2MEHE. TOKEAT2O0SHMRN 1

2L BH, HLHVIE 1 DDFEHBA2 DI Tha. M 4.13 12777, H4.13(a)

DOBEN S F R [ T120%HRIHESNLFTSHS. H413(b)i212
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st s8

[# 4.14. Examples of the topological structures formed by level contours of a smooth surface.
The leaves represent extrema and the nodes represent saddle points. See text for further

explanation.

DEBHRFHGLERML, 2005 BHICENLHTHS. HREIDLIHLSHML BRE

ETWLILAER2LE, M413(b) DBARE, BACHELAHLZOEISHUMORE
EHITONDE (MR LWICTA0EXIEATIRTOMICELIHITAZ L E

4.13 (a) DHAIE, BAIZHER, THRLBREELILHFTERY, Z0k AW,

ADSPDHRE, SRR SELFEHHMAIEI R T THLDT, Z0O L) LEwH L

1 oDEERETHILICLD, BUBBERT

T, FEMORR LA LSS TOHGEZ# Y ENE, 24BIRERSO2

BEDZ LRBRIZOVWTORKTHY, T /- PEEEZZ2DWDILOMBTYL Mz

2O 2HMEOSHRO L OUAHNLZHERIH4MDL 3277 7TRkES. @413(a)

OMEIZE 414 (a) PL %75 7T, E4.13(b) 12 4.14(b) DEHI %77 7THITAS. [M4.13(a)

DOHED 2 o2DBAKEHE 4.14 (a) D s; & 577 t5y THA. K413 (b) ofifi Ciddk
0, BB 53 THS, bo b WELHEORE, H4.14(c) D
. BIZITEDEMO & S LARFHBO#ME, HEDZK Z D & TOME O
WmrEL, THOE (s, s3, 56, s5) FWAL (%
(MR . 72— F (s, 84, 55, 89, 511) &

MEICEW = F4, H4.130850 2HBORVERL TS,
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4.5.3 BRAOESOE) LTO—EH

TR EOBERTRTHPoTwE LD L Lz, RIS, HREOHEOH ) 4THH—

n) ERT. ALHRAOKRE
fEIi% s YREE,, E. S

Shimshoni, Kimmel & Bruckstein i, 7> /5— FHLBEREFAEBHZEREL, &M

BEOZH1, 2% |E,+E|-|SI= 1 552 TwahLE

&S 121chEs (LEYF>TE, + E b#RED) L%

, FATVAHHEOMIFSEERICEIATV2HEL, Sl

SH12itkELZLDEMIZ, HLBRATLD

o RE S EHBAARNHETIHRN (BATH-T)

Mg CikE 2 L2 AL TWS, BEABMAIERTCEHAT ¥ /8- MELZOT, BR

BT AR EATYT G M T b SR A AT A RARE Lich ), MYICIEHTS

% [56]. #HBIMAE E, + E. #5512 E, £ B G0 5— IOV TIRHT AT, 205
BHOG BRI FES 206 LLtkwE LTS,

SAUSK L 4.5.1 BiCik<7: & S5 (2 Oliensis (&, 7 ¥ /5— b & BB ISTFAT2EHOT TR,
L%t (B, + B —|S|=1) iU, E, E, STXT—EICEESZ L&KL (55
VA BHOBAIZIE, WOPOWEFIELNDLZ L ERRL FHUE, (1) HHHEREIN
ThsEFHIUE, 22 CHPRT MRS ERZT N SHNTE, $RTOMHEMRI N
) RN L AR ROBFREOMRERETE S, (i) €)X THEOG, - ZHFREIOV
TINZRYET LD, FEROEEALOBRAOHSZROLNS, LV LDOTH-

Z 25— b DL BHERFESNATVS, SCTIRA4IBORMHELHRET S

FHCOVWTERD. (4.21) RE BT RMETH R(p,q) =X L, WEITR LSmiic

HARORERHEHROURPLRD LI LI LTS,
8. 200 %TH {E,.E.S}, {ELE.S )} HUCThoLT 5.

E.NE.=¢ #2 E.NE.=¢.

RS R AS N

bbb, 2208YYTHOMT,

NDTHAH, THIZTEREZBILSTHERERES. =
#n

HERODOBEE P EHFMEE L SO
5. BELGLHAFRELMETI LR OBREOBESHFESINIALTH S, BROER
HOPIORFREF DL L — £ L5 &3 , ENENET IR EVH BUS
Zo. LEFoTIDEHIRIEHN 5. UT DEBRBERT.

HLFHRE s AN THD
MORERIZ, ERZ

e, FARRICH RN s € B, H8 i s;

el

HEIERE 5 M s € STHD, THOLENTHIELIEE, 432HOMELY, €0
BFRATDLVOBRE2OFEL L EREICZ2FRLHEREVENRETS) . TowT
NTHIPFarsLE, 442MIRLAERIIZLD, 22256 L& kML X £,
REMICHROBEREO EMPICEET S, T2HLLZNRMNOFRETH S, MBSO
WBIZE->TEOHREIET 20T Y, Z0OL EOFEMSILER2ZZT CHT 5.

HEX ) EOERIRDEIIZLTHRES. s € E.NE, Thoel¥5. T4b5,
20DENLTHE, L E,OMTHULHREEZRALALLTE, LELCHROAD LSRN
APRESEZILNTE, Bl = F,(s) ¥ R2oFAZLHTET, s e SNS %%
DY REETHLLLRFHBRIZ2AIEZ SN DY, BAOKMOBIRIZEZ IRV HR
BIL0GHPE0T, 120ROLTEHNTES. LEFoTI O, HHEMME Ll 212
WIZTLRAUDY I 7 TCOTRIZHIBRANELD 1 2KEZ. OME L ERZETTHR
5. ZTORREL S LTEL, LOREIS S € E,NE. Tha, 'iconThsERLE

L, BE " ERDBBILEHNTES. & # 8" (= F(s") %5 " I220wT s L
& =" b THERREHEL, RRSETHLICEAZES. I
L4y, 22008 L THIPEEZLE{FMLETHL

6, EHENALZ LIRS,
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T 56 D SEMMO K
KA 5o DOIFEHBEMITT L 5 2 53 OABICEDNH . PIZITEND 53 7
OB, £ ELEMDMNELEESNS, E5(C53 25D HRIZL > T s A3ED
KITHHHBIC Lo Ts bEBOABRLHEEIND. 5 & s PHLOFEMIL 55
, BERORBEYHFITONE. sy DBEEATEEERORRIZET ST
S : SIEE L LI cF UL, TXTOBFREZOESF 2008 ) 4 THD
WcHEL, $%4&bb E,=E,, E.=E,, SEh-TLEY, FEXETS.
BLEICEY, ETHERALICTRAMIETHRAL ISR 2Y, 20w EoFRA
2T EPDRTSN, ThbLEAHER B L AR TR 2 WS LA 58D
72, Oliensis % ¥ b AT A & 3 12 [54,55], EBMERIAATEDEE
WD (REkwEdd) OBROD LTHOARALTINAEIZL->T
MO REOMHEBEOBBIZ2WT

+Ed|-|S|=1

b WAL D Lo, T4 4.5.2 M1 Mountaineer’s Theorem OME & RO EkRE L 5,
CHHELVE LRFAUTLHBETE S, COMDHREADLES L, HRAOHBEDOTHE
WY BTHIEESISA R %D

F7:, LOEBORGRHLT LS, BEOKRAOHD 4 zhEh KRMIZ %0
SHLBRSEIHFET L LIERL 2V, GLARDEIIENS LI, 2O52LRRESR

ZHEREOMY LTHIZ, PR PRVELIFELRZVEGDS.

4.6 BFf + KEROFEICOWT

CNFTERZTELDIE, HLHEBIR 2(x.y) & RHEGA R(p.q) » S1E- 2R E(z,y) \=k
LT, MidahbwiTLThote. TOHR 2(2.y) EWMLPICETH Y, ENZTHME—
ORHDEIDEBLEL. L) 1200RKSHLT—TLLT, 5 Rp.q) ¥RELL-LE, BRK
ERMEICEEICS 2 E(z,y) o L CERBESX 2 @3Bk 2(z,y) 121 2THHFET
BEHhEVIZENDD. FELEZVEED E(z,y) (&£ R(p.q)) %* Impossible Shaded Image
BN, Z0X52BEIINT 25 TOMRESRS S [55,66,67].

BRMESR E(z.y) = Rip.q) 7T &9 12, BRIAETLbLTRD | g & MET

ST RHEFHEBET 5L, 5AONLER E(r,y) 2585 Z 51X —RICH
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SWMEOTIK 2(z,y) BeHLHP (MHGTHE) THoLEZ V., BARDBLDHHTEY
BEAERIZ 22 L QBB ) B0 ZNEHHTHS (i) . —mMLEigT
RKOLOSHTROETIZEROA i, i EfRxEXHE X, BRUT

CBWTEIEET S LI,

Horn %%\ Brooks, Chojnacki & Kozera 12, Ef@#E%A7 Eikonal 5B (M@ b
D CEEAHERBEOTTORE) THIZBEIC2VT,

RIRHVFEAET S L 2R L7 [66,67). F7= Oliensis 12, % z(z,y) (= XTH LV
=)

12, FEMSFLELBLIELERLE. o

I2200R%5 (p.g) HHALHN
L2k, BRILOOHTEWI LICHYET S EBXTVS [54,55]. Saxberg b = 1t % il
LTw3 53], #5ixa%, SNHOBKILRFAEFAOWBENRL Z LA TEDZDOTIREW
DETRBELTVS,

COMBESERO T EE R . PR O TR 2 RS R IT ik

A0, FEMOLETIR 1 BERSTEREZSRVOT, LTHERLLIIZRD

SHRIT 1 BHMSURNETHI05OATHEN VY, T, 52 6NLWEICHILV,
FThbbMIET 250 50K 2w, LwHikitiz, BROBE TSEHMREEKSFLH 65
THLL A ETHA ERT. Jiud, ds (i) OREAFERICHET S shock DRE (%
i) EFEBICEZ D EATE [37), MR LIRIESH 2 RS HEXOFEHAMR & R2LAY
s, BiklZ, TOL)LBMOFEOFHEICL O KHFES Rp,.q) OFEEMIMT 2 = LA
e &S Blc oW THRET 2

4.6.1 HMEBELHSPTHEVE

Rouy & Tourin (30K [21] THRED S ORRBICHEIc OO THERBEGLZDE LA, £2
T}, ERERCORTENRUTHLHEI, FRABTORO—ER L HEEDRTFEZRL
7o, BECREWCAFTT 204 HEL, A TORTEIL525LENHIN5, BHD
HR L HiEOEBROAMHEIC R S5, BEREERLOLPLROFEEERLLEL
BEELZBRSL L5,

COMTIRFFHBEROBESIZOVTIEIZE 2O, ZO%IZ Rouy & Tourin M7 L 2 #5tE
BoO—ERERIZOVTANS,

HER L QRS T EAOREARO—OT, RGUETLY O ;) BTLRRMICL L
DREFHBRAOME L TRES LI ILALDTH S, fle LTFH LA FRECTERT %
HOBE2%23. COBE, »IHIOEEFL2O5»ThHo T, —ERMERIZIZEEA %
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[2 4.15. Cosine curve propagating with unit speed.

Z LI mEMIC D5, PRI CRT. Hizadq Vi@t SEE
T, HRAFTICZOSPTLEVESEE L TV208555. SO L) ki
DEBA BT HERTRT L2 %25, WAt OKEE y = f(o,t), T2DLEEOKNRE
(, f(x,t)) LTS &, WEOSHEREI,
OF & il
ot V 7 ((_;f)z
v Rs iR cRES, S0k % RELDS, KESMATETHS Z LAWRTH
b, LENoT, COFETIRHAIO L) WEHMIIERE LS, 2D TEVIKIEY
WAz, SOLHLREEZEENIZ) £ LB OPRBEROBMETH D
2(z,y) BT 5 1 BRESHER F(z,y,2.2,2) = 0232 35, ETHRAL) LB
v, BOARTHES 2(z,y) bMET 2700, BEBIEIRO LS ISE#ESND
TR/ 2(z.y) FREERTHS L1E, EROMB o(r,y) € C IZ2VTRO_DEHMATLE
Thab.
(1) 2 — @ A (zo, yo) TEWARHEE L S2561F
F(x.y, 2(zo, o), ¢=(Z0, %), vy (o, Yo)) < 0.
(2) 2 — ¢ #* (zo, y0) TWADEE L 45T

F(x,y, 2(z0, Yo): v=(Zo: %), ¥y (%0, Y0)) = 0.

RO ICWMBTRERT A B e AEDATVAS LICERT S, ZLBERz WD

b IEMIERE (H50IATRORMTHERL#LT) THo. HERO—ERPHFE
RS 2EERE, TOABRLEICOVTIX, XM B8 ISFFL T LD HE 25, FXET

122 FORMGHBRANPLRETH LA, UFICERSZCTOM
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) 1212 Ishii DR LRIMS HER F() 22 (CREL 2 WHBEOEW 61 720 2 215 =

hs.

AED & 5 BETH LM% Rouy & Tourin HORIRMTHBIZ KD L -

TR, HRQE RPOMKEGEL, 7 /5— bl L SRS LBOWRED T T 08 Qi

Flr,y,2:,2,) = I-T,’ny]\““l
LEBZEL, ZORBASHIBERIIS2WVT, k0711 2 LEOBRAY
2(z,y) =0 on 92
DOFTORIIOVTEZS, MOFRERTO TLVWEEDMEFMME L 28608 REGED
EDHBROBELEBT I ORICHES, SOk &2

EE. E(z,y) 2 7Yy VEHRT, QTE(z,y) <1%56iE, F(z,9,2.2,) = 0 ORI
HVEV 1 D LPFEL L.

E(z,y)=1&%2 %59 %8 (o, 50) BQUICH DL XIZ, ZOHETORITE 2(z0,20) EHWAS

FICMZ2 S ECRLEIENERS. 20 QU = {(z,9) € Q/E(z,y) #1} £L T, [H

{ F(z,¥;22¢25) =0 in &

2(x,y) = n(z,y) on IV

ORI EEV 1 2L D%V, Ery) = 1228 23HRATHH, S TLHERA
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@ 4.16. An example of the situation where a non-smooth surface produces a continuous
image; A regular pyramid is illuminated from a source located exactly above the apex. If the

source is slightly moved, the image immediately becomes discontinuous.
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[& 4.17. There exists a case where a curve propagating with the speed that is continuous

along the curve breaks into more than two parts

[ 4.18. The shock can occur only in the evolution of a concave curve
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[ 4.19. A smooth surface, its contour map, and its shaded image.
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[ 4.20. The case where a wrong singular point is chosen as an initial convex point; the chosen
singular point is not actually convex on the original surface. As a result, a nondifferentiable
surface is reconstructed. (The surface is displayed upside down so that the undifferential part

is exposed.)
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¥ 4.21. The case where a wrong reflectance map is used. Also nondifferentiable surface
is reconstructed. (The surface is displayed upside down so that the undifferential part is

exposed.)
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[ 5.1. Local shapes and the signs of their Gaussian curvature. (a) Positive sign (elliptic

point). (b) Zero (parabolic point). (c) Negative sign (hyperbolic point).
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& 5.2. Parabolic curves of a smooth surface. It corresponds to the boundary curve between
the elliptic region and the hyperbolic region
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[ 5.3. An illustration of the point where the direction of the vanishing principal curvature
coincides with the tangential direction of the parabolic curve. The broken line is a parabolic
curve and each short line represents the direction of the vanishing principal curvature at the
point. In general the direction has no relation to that of the parabolic curve at each point,

and thus it can be tangential to the parabolic curve.
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[ 5.4. A surface having 'ruffle’ points. The dotted circle on the surface is the paraholic curve
and also a set of the ruffle points
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[{ 5.5. An illustration of an '8-shaped isophote. The dotted line, the solid lines. the two
marks, and the broken line represent an ‘8- shaped isophote, the other isophotes, singular
points, and a parabolic curve, respectively. The parabolic curve crosses the '8"-shaped isophote
at the self-intersection point of the isophote, and does not touch the isophote at any other
point.
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[# 5.6. The change of the isophotes on the surface of rotation y?+2% = (0.8—0.3exp (—52%))?
due to the change of illuminant direction. The solid line shows the isophotes. The broken lines
show the boundary curves and parabolic curves. The '8'- shaped isophote (shown as a dotted
line) contains two singular points and each of them is on the region of different curvature sign.

This nature is invariant to the illumination change.

[% 5.7. The changes of isophotes of a surface z(z,y) = —0.3z% —y*—0.3 exp (—32” — 2). The
solid and broken lines shows the isophotes and the parabolic curve. The '8™-shaped isophote
(shown as a dotted line) contains two singular points and each of them is on the region of

different curvature sign. This nature is invariant to the illumination change.
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[¥5.9. The change of isophotes for a surface z(z, y) = —0.42% —0.5y% —0.7 exp (—222 — 1.352).
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[ 5.10. Two singular points are connected by a steepest ascent curve of the brightness starting
from a saddle point of the brightness. The saddle point of the brightness usually corresponds
to the inflection point of the curve as a 3D curve on the surface
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(b) ) (d)

[& 5.11. (a) Surface shape. (b) Its image and singular points. (c) The isophotes and the

steepest ascent curves. (d) The topological graph connecting singular points by the curve.
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(a)

® 5.1° S ¢ = 2
& 5.12. (a) The image of the same surface as Fig.5.11 under oblique illumination. (b)

Isophotes and the steepest.
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(b) (d)

(a) Surface shape. (b) Its image and singular points. (c) The isophotes and the

steepest ascent curves.

(a)

[ 5.14. (a) The image of a toy duck. (b) Its isophote map.
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(c)

[ 6.1. The sign of Gaussian curvature. (a) Positive sign (elliptic point). (b) Zero (parabolic
F F \

XD

point). (c) Negative sign (hyperbolic point).

[% 6.2. Segmentations of a surface based on the sign of Gaussian curvature.
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1@ 6.3. An example of Gaussian image. (a) Original surface. (b) Its Gaussian image on a unit
sphere. (c) The projection of (b) onto a plane tangent to the north pole.
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@ 6.5. The geometric relationships between the sign of the Gaussian curvature and local

surface shape. (a) For the negative sign. (b) For the positive sign.

[@ 6.6. Back-projection of the image grid generates a grid pattern on the object surface. The
surface normals on the grid pattern points form a discrete Gaussian image of the original

surface.
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& 6.7. An illustration of the relationship between the Gaussian image (left) and the pseudo
Gaussian image (right). The pseudo Gaussian image can be viewed as the result of trans-
forming the Gaussian image by a mapping dependent on the reflectance map. It is a key to
the solution whether the structure of the Gaussian image is preserved.
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B 6.8. Two points having the same surface normal have the same brightness in the image
Two points mapped onto the same point on the Gaussian image, therefore. mapped onto the
same point on the pseudo Gaussian image. The folds (a) of the Gaussian image cannot move

away from the original position in the pseudo Gaussian image as shown in (b)
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@ 6.9. A typical example of errors of segmentation. For a true segmentation shown in (a),
there are some cases where pseudo regions appear like (b). These errors often occur around

specular reflections. Note that the original boundary still appears.
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14 6.10. Geometric representations of the sign computation by the determinant of the matrix

(a) is non-symmetric and
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(b) is symmetric in terms of the image coordinates
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& 6.11. Shape and its contour map.
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[# 6.12. Results for synthetic images. (a) Three synthetic images. (b) Estimated distribution
(c) True distribution. Hyperbolic points (negative sign)

of sign of the Gaussian curvature.
are displayed in black and elliptic points (positive sign) are in white.

oM ECHEOGS A ED S A5 (Meusnier DEE R £ 5,
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[06.134a,

&l

#HETHS,

[2] 6.13. Segmentation result for real images (a duck made of rubber). (a), (b). (c¢) Taken
three shaded images. (d) Distribution of sign. Hyperholic points (negative sign) are displayed
in black and elliptic points (positive sign) are in white.
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[ 6.14. Segmentation result for real images (a bottle with specularities). (a), (b), (c) Taken

[¥ 6.15. Segmentation result for real images (a plaster work).

a), (b), (¢) Taken three shaded
three shaded images. (d) Distribution of sign. Hyperbolic points (negative sign) are displayed

images. (d) Distribution of sign. Hyperbolic points (negative sign) are displayed in black and
in black and elliptic points (positive sign) are in white elliptic points (positive sign) are in white.
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c d

[4 6.16. Comparison between the segmentation result and the boundary computed from the
bottle’s occluding boundary. (a) Spline curves fitted to the occluding boundary. (b) Line

connecting the two inflection points of the fitted spline curves. This line corresponds to the

parabolic curve in this case. (¢) Original image with the computed boundary. (d) Comparison

between the segmentation result and the computed boundary.
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% 6.1. Calculation of the angle between the f the object and the viewir

direction using the two ellips shown in Fig.6.17f. (z mal
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#& 6.2. Calculation of the angle between the rotation axis of the object and the viewing

direction using the two ellips shown in Fig.6.18f. (a) For the larger ellipse. (b) For the smaller

one
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5.17. Fitting ellips to the segmentation boundary. A bottle is placed in the direction so

that the angle between its axis and the viewing direction is 49°. (a)-(c) Taken three images

d) Segmentation results. (e) Results of fitting ellips to the boudaries. (f) Fitted ellips
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[4 6.18. Fitting ellips to the segmentation boundary. A bottle is placed in the direction so
that the angle between its axis and the viewing direction is 68°. (a)-(c) Taken three images

(d) Segmentation results. (e) Results of fitting ellips to the boudaries. (f) Fitted ellips
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[ 7.1. Perspective projection and a finite distance light source.
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[ 7.2. Local coordinates on surface patch describes the position of the light source and the
camera.
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Object Surface

[ 7.3. An equal-distance contour of the object surface.
equal in the distance to the light source.
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[Z 7.6. A polar coordinate system describes the evolution of equal range contour.

M, BB+ At OFCLFEMBBTHL. Shza(s) L&k,

'(s) =wx(s)+d=x(s) + Dt xn (7.19)

ICOEAY Mv, HEBNY PVEENFARERT S, k2T
_ da(s)/ds s
= Jdz(s)/ds] Res
. HOBEE % THMROMALEHEI s O F F TRZADIZ, MBMOTIZW LA D L5 6T

.23, HRICE S TORMERITELICL > TlEDA V. LEH-T, Lok icgs

% 7.5. A triangle for achieving velocity D/At. The baseline is a surface patch.
7. , LOHRLETERRET L0, 50 x(s) #H 76D L HEEREL

E75) . £, BDpiE, | # nTHZRY, At E2AS{MUISTENSLTE
26, ThEfEr L
sina(s) cos 3(s)
sina(s)sin 3(s)
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dal(s.t)/ot
(7.23)
af(s,t) /ot
s, UL, SHEEMBOFEN L £ LICED 22 RIRBHIEATH2. &
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;(e)cose

o 0 /2
[ 7.7. An example of typical reflectance property.
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F(6;) cosb; = 1*E/o (7.24)
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KD, CORDLS ZEHEZL2HE, (7.24) AOBIE—BIZET SV L45H 3.
ROBE G OBLLT2o45 3 20BRF %2615, ZOLH LA, SRS -

D—HLETOWET, CHEEDLZLBLEPRTRTH L. %
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B; = cos™ '

EROLIENTESD. ZOLHITHBRKED ITHILZ, FHEEBHE OIS

$F »75— bl

WT, EDHOHZ S LETH 5

T&5.

bi—2, TOLIRILNTELELZOM, KELBEEPLOVEFELVWHETHE. K

LB P LOMBAEL FILE, REOH»SHEE RNy bV LEEHLERIRS b
VolEbIZHELY., $2bs, ARMERHAXELVELT (7.2 REEXNIZEN, A
HOISIE 0, =0, 6, =0THH, ZOLZ FB) 12

F(6;) = F(6,,6,,0)
THALND,

COEI R ONLEME F6) OBRREAER TR, BT80L SIS, HAL RO
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[ 7.8. The case where camera and light source are in the same direction from the surface

point.
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[& 7.9. Contour points are not always on uniform image grid.
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Object Surface

[ 7.10. An example of singularity. Two contours are merged into one with propagation of

the contour.
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Ly

[ 7.11. Even an uncontinuous contour with singular point is represented as level-sets of

continuous surface.
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Xl 7.12. The curve on the image plane is the projection of equal-distance contour. This
projected contour is evolving with a velocity dw(€)/d€ along its normals directions. w(€) is
achieved by the relation of triangle Op'p, where p and p’ are points on the surface patch.
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2 7.13. Evolution of equal-distance contour
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# 7.1. Relation between the shapes of the initial contour and the reconstruction errors.
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.14. Reconstruction of the synthetic images: (a) the original surface; (b) the shaded

image generated from (a); (c) the reconstructed surface; (d) the curve evolution; (e) the

reconstruction error.




[¥ 7.16. Relationship of the shape of the initial contour to the shape reconstruction. The

Errors of the shape reconstruction caused by the estimation errors of the initial initial contour is set to an ellipse a(x — 20)? + (y — yo)*/a = 1. (a) ¢ (b) a=0.5. (c)

distance; the left are the reconstructed surfaces and the right are the reconstruction errors: a=2. (d)a=4

a) the initial distance were set 20% smaller than its real value; (b) 20% larger.




: : - — ; < B o . i
Reconstruction from a noisy image (uniform noise whose maximum is 2% of the B 7.18

Reconstruction from a noisy image (uniform noise whose maximum is 5% of the
maximum brightness). (a) Noisy image. (b) Reconstructed surface. (¢) Curve evolution. (d) maximum brightness). (a) Noisy image. (b) Reconstructed surface. (c) Curve evolution. (d)

ror of the reconstruction. Error of the reconstruction.




Image Sequence

[4 7.20. The method of shape from motion. Image sequence of a rigid object obtained by

moving camera.

[& 7.19. Reconstruction from a noisy image (uniform noise whose maximum is 10% of the
maximum brightness). (a) Noisy image. (b) Reconstructed surface. (¢) Curve evolution. (d)

Error of the reconstruction

[X 7.21. The head of endoscope. Larger circular hole at the left side on the head is object
lens of image sensor, and two smaller ones at the right side are lens to radiate. The diameter

of this endoscope head is 12mm




Image Plane

Light Source

Surface Patch

[@ 7.22. Optical system of an endoscopic image formation.

B 7.23. Reconstruction of real medical endoscope images of the stomach wall
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[ 7.24. Fitting of the reconstructed surfaces of Fig. 13a and b.
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