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Reconstructing Shape from Shading
with a Point Light Source at the Projection Center

— Shape Reconstruction from an Endoscopic Image —

Takayuki Okatani and Koichiro Deguchi

Faculty of Engineering, University of Tokyo,
Bunkyo-ku, Tokyo, Japan

This paper describes an approach to reconstructing a shape from its shaded image in
the case where a point light source is located at the projection center. This condition
well approximates the imaging system of an endocope. In this case, the image gray level
 depends on not only the gradient but also the distance from the light source of each
point on the surface. To deal with this difficulty, we introduce the evolution equation for
equal-range contours on the surface. Propagating this contour by solving the equation,
we can reconstruct a shape. Experimental results for real medical images show feasibility
of this method.



1 RUDIC

BRI 5RO 3 RICAR L EITT 2 FHOBF
R, V€2 —-FEY 3 Y OFLMETF—<T
HY, BVEkL ZAEDILHIRENTVS, &
DROIEHE B LHFRIC—DIZ, AHE (K
1) DEFED? 6 3 KTTHAREBITT 52 A7 A DOFF
BHEHD, TOVAT LR, BAEABREOE
BOBREETL, EEZ COBRICET 2EE
B2 EREBLIZLEMERBICLT RS,

&) RPIREEERD, S 3 RTTHRE HITT
LHEIX, ThE TVvbWD shapefrom-motion
DI S, ERORT| % BHWI-FEOBRNR
SNTEL(1], [2)o THiDDH, ERD ST
WL, EERIICBITEINSOEERD
T, TORBEFIATAHI LT, WROTRE, W
RE LAY EOHS AR L B2 LD TH 3,

1: AREDOIHER

LPL, ZOHFEINRYEIZLLAETSH
BEVIHRESLEL T 5. BRICRRAERY
AT LD EZD L, B ITEEIT R
FEREE Y 32000, CORBIIBRIL WS
LB Bbh3,

2T, —BOBERETTIC, FORERED O
FHREETT 5, VWhW 5 shape-from-shading
DIFED S ZOMBEYE LD, COFEIR, HEg
BT LHPLEE LRWOT, fEIEms
HEEELThH, L ELERERYAAZEZD
WM 3RTHREFRAZ LIZTE2bITTH 5,

Z @ shape-from-shading ORI B <
PodY, BRETOT VT XA S SEREX
NTWD, LPLESRIS, FORMPTRLD
ML RO F0T THAETES D DIXRV,
ZER6, TNETOMETIE, EREFICHS
FHRICE DERISNBBEERREL, &6
B RIESFEIC L AREEF ML > THERZE
RALL7ZD DANIL A LD 6 TH B,

PIREEE, H2ORT LIS, LY XERE (S
AP HAR) VB TENRICH 25+ o
T3, HEASTRITE DI, & hd ERE
KHHREARE LTEMT A EIETERZY,
DFEITIE, S NRBEEIINROKE LR
& DUEREICARE IR (RIS IIED "5
ICRHH) T57:0, ThiERBLI-BRETO
HEREZBLEDD 5,

EBRILTIE, L) RHHEOHRE, B
FULICEARR 2 OGRS B FER THEM L TE
2%o TLT, ZOEBICE V52 6N HBREE
Bl THEOMEBEOMMAEE 5 FLFALT, BiR
T EITH) FEERMNT 5,

H 2: AREOKET ( EOKEVESNHL ~
X, BEOZOOMEEEHT5L X))

2 TRk

Bs, BHEOMED DHBOTRE BT 20
& (shape-from-shading) {Z DWW THHIZAIN S
RIS, TNEFTIREINT VT X L5504
E LR, EDL bRk RRT, £



DRICRADHEEXE 2 D LT 5,

2.1 BREHL 5 DERET

37, WRYEOREIKE KT (87) B
z2(z,y) BFEZ D, 2(z,y) 1, MOHPORIERTHE
TEHYTIEEETHEETHL LTS, HIE,
Tabb¥H 2 SOEMIH E(z,y) 1, WNREET
DY KA, &H (z,y) TOREBOME,
ZLTRBE&HDO=DIC X > THRE D, LD
&, EEOWZSIL, M3 DL H)R=207
VDRTAE, FORENKBELDOEREIITICE -
TRESND, BERED S DFRBETT (shape-from-
shading) &%, ZOPRFREFIE L CHEHIE E(x,y)
POMITEE 2(z,y) 2 ETTHZETH B,

-

TN

X 3: MHEE TSI

2.2 ZNETHEOLATE/-ME

NI TCOREDN S DOFIRETT (shapefrom-
shading) IZB¥ BHF%ME, RO X D ZIREZEA
L TR Z BMILT 2/ ANNZEAETH D, T
b,

o BEEROEFTIVIIESE LTS
o FREIIEENZROERT, JEELIH2D

EWVIZODRETH B, HICZODODIREITE
BT, TOREICL o THRERDOK S 5N
ICOEMEERTELEN R 2D, BEZYE
MALT 5 2 EATTE D, EAEREICH 505,

BERENICKEOES & A TRET COEMIS
LWERZEBIIREDIITHS,

2.3 ¥|EPDICHIREER

—F, RADEZDHETIE, F0X 5 ZHM
LIRTERV, BB X H1, SRR E RO
HEL, REDEZEIHRIFEE TOEMEIERS
NORYEIHETINHTH b,

BAPKRETHAERERHUTTT, 7, &
Bl (FUD) CEAN R REERE LD, TLT
BEFROETIVIIIEFHETIELC, BHKREL
T 5.

Image Plane

Light Source

Surface Normal i

Surface Patch

X 4: BEHFOICELEYRD 5 & 2DXER

RISHREEY o,  DEE r(a, f) TKL, F
H EO&EEBEEFRE VT (o, 8,7(a, B)) &
T5, ZZC, ErEMEY f, EEELOBESE
(z,9) £ 5 %0 @, BIXENREN[O: 7/2), [0:27)
OAERET, KEE—BICF URSHHE 25,
HERFZER Wb e T2,

HHETOMEOEM (nkT5) LB (v T
B)e0hTAL o L5 (M4 BE), ZDHE
B, $2bbRREEOERE r THEH 5, H
% E(z,y) LI LR EDEMBIE, #XY2IER
L2FTH ERDE HIZFEE D,
Bla) = 120

_ F(n-v)
7-2

¢))



F(cos8) IIRREEDOSHHFEL R THEETH S
A5, SHABEITH Y, SHICHARKTHL LT
LE, BEBF 2RDHILT, r & E(z,y)
EXG, EO FRRARE D) HE 9 2135 LN
T& 3%,

3 EIEHMHEOREHENICE
DR

23 HIHRLZ-E S, H40%ERTHE, K
HPbNRERNDD 5 5T TOEMIST o T
W, ER,rLFOETORDOEES 2B LY
T&b, CORMFAEFALT, (1) A b, H#KR
DEBRFERX (R HFEXODMMEMNE) &
HL, $»25x 6N 0&GLTICIERN
THREETT B0, RETLHETHS ([3],
[4], [5], [6])o

3.1 SPEEtahis

Y, AREMOMKE ETHE r(o, ) 1T, %
OO D —MOREE TS, £L T r =const. &
ZARRREO LOHLEERQTTE MR (FE
BEBRE PR EICTB) 2D, COER%E ¢

LHTIE, COZKRTCEMOBMBITRD X HIZEK -

ahd,
C(t) = {(a, 8,7(x, B)) s.t. 7(a,8) =t} (2)

B C(t) RS EPLETIERE ¢t OREX
SEEDTRTHHEE VAL L LTES (K
5)o i, BROEE ¢ ¥ ty,1,,...,t, EBLEE
oL EOSEEMMR C(41),C(ts),...,Ct,)
ARINIELADDTH S,

3.2 EERAREXONH

BB t 1BV HFEREEM C(t) 130T
BEL7tE, EfE(z,y) THVWTt+AL IS
LM C(t+ AL) 2 RDDLZEXFE 2D, TT,
SFEERERINR C(t) 2 BAER s 2RVWTKRD LD
ICHBILET,

C(s,t) = {(a(s,1), B(s, 1), 1)} 3)

s IR EDD B H0 513 o7 B S (HBWVIEE
OBHABRE) T, s€0,9) LT 5.

RODBDIE, t+ AL IZBIT B afs,t + At),
B(s,t+ At) Thh, & ZTHENEH s T, R
FOEETOEMERII—EEE L DL T D
(BLDD B DIRMROEZD b DRDT, FAE
s ICoWVTIRBEHIZE S TIW),

&C, t IZBV HEHEREMMR C(s,t) LOBH B
(a(s,t), B(s,t)) \TEB L, TORTOMEOER
RZbVEn LL, HBOBR~RIMVE L &
T3, BRARMEERNRT M vn EORTAY
EYhE, BEOBRIIE6N L Ik 5,

X 5: ZEEEHE AR

X 6: SFERMEMBR DTSR

R (a(s,t),B(s,t)) EXZ v n, t EDIEE
ZHECBREIEDE, COBHBREYFAPLR
AUAE Ap iX

At
A(p = m (4)
EhrBon,=txn ET5E, BEREOEHIR
BEOKIE e,, es, e, 2HAWT, o, f OGS



Aa, AB I,

(A, A8) = A (ny-ea, 2} (5)
ERTULNTED, THEBGTECL,
a(s,t) | 1 N, ey (6)
Be(s,t) |  ttanf | n,-es/sina
EnB, TNDRODIBBIERTH 5, 72721
tan @ \3ER E(z,y) 5

1
tanf = \/;"-l(tm(x,y)))z -t m
LLTELNS (1) REB),

3.3 E=@EOFE

5.z 57Ul S50, (6) RiITLAAo
TIDMBEEBREETY L, &t TOHERE
HBAESNL, oY, BREBETTHI LA
T& b, LHL, TOFETIIV L OPOMER
iﬁi)%o

Object Surface

B 7. Zo0%BHRN—DIk5E

—OBHOMERIE, KTDL ), ZoUEDMH
L7 —DIl 2 B ER, HHVIEHI—D
DR Uz o B EiChbdh N BaBaR Y, %
EEmERRRATE 5 0Tl 2 SR (BRREADRE)
PEETHI LIS 5, FHEMEROBERIL, (6)
ROYFHERICE o TEB SN 25, FHLidh
MOZERTOERFMORBREEEZELZLDT
HY, BEHVEFETELVIESITIZIIERE
BRELZV, TOFETIR—KIS, 20520k
BERDDT LITEEL (7))o

b T HHEBEE L 2HVR\ shape-from-
shading Tid, BMAEMICEUTERWELDLE

ROFAET B (X 8), MHELBRE L ENIZLH
BICI3 7% 52\, SR M OB R AR
DB, (6) REBNT—oDERD L DIX
BL{oTL %,

—:¢i_ A A _:(P:_

=

X 8: RRITCERVWDODHE

ZoBOMEME, SERIRIBEHZHET
27w, (6) REBMERBICL > TR, 22
BIROD (—BRBF ETI %R ) EEOREL # 2
ZITNELR 5 WZ ETH DL, BEIZIE, ()X
T tanf, TROLENDHE LRWAME DT
% RO LBIER E(z,y) EHVLIY, Oz
Ly REHROTARIAKE L TR E BMETH DT,
EROBEREY 55T LIIERRTHS, L
7ohsoT, (7) RERHETABRICE, EEOHTH
TOEEHET 2R ELTRD, WiLizibhid
bR\,

COZOOMEE—RIRRT 2 RHEELTEN
0N, EREOREE, FHERRO—DOTHLHE
HROBSZHASDEDLHETH 5 ([8),091,[7])-
ZOFER, HEBEOSET, HiE (R) ORE
FEXLHETEICL o TR -DICERES N
bDTHD, ERWEDOHETIE, SHEREMMICKS
LT, KDL& 37 Hamilton-Jacobi HERX (58
HHBEREMIND) 2 E2 5,

¢t+H(z7yyt)¢ra¢ll) =0 (8)

EREHER (8) ROE ¢(z,y,t) DEFHE (D
B 13, BEIER (6) ROML L, BERIC
1, ¢t ICBITABHEIE ROE SR ¢ ¥ O

BHETEZ oM %,

#(z,y,t) =0 )

ZORHECLIUL, FREED o/CHM D kD
S0uB% (¢) EAWTERTE L7090, XER



AhLv, T, B0k i, BEEEDES
DEEE (z,y) TITRA A7, LETH~<RA-L ) 2
Hidzv, E51C, ROFTRRDEMHROBS
YBATHE, —BUBREBLILENTELLD
2% %,

3.4 H4RR

KR L, (EHO) RAEFRBICESVWTE
HXN-REFIFERTT 2HBROBESTH Y
(COMBDRE, TOBMHICHS [Hitk] LiiE
BTHD), RDXIICEHRIND ([7), [10))0

HSRRE v(z, y, t) DHEELH (viscosity subso-
lution) TH 2 Lid, £EROME ¢ XL, v—v
2% (2,7,1) TRAMHEL EUE, HTFCDET

¢t+H(z)yyv1¢z;¢v) ZO (10)

ERBEEEVI, [BK] % W] 15,121 %
[<] CEBERZALDEHEER (viscosity su-
persolution) &\, ¥itEH I TH ) Wtk BEMEC
HHLDEHMEREN S,

(8) ROBETER LY R ERTRIC L o TRD 5
ZEMTE (11), [8]), Th, TOFEEE ([12),
[7], [10]) IS & o TRIB L —FIAEABRE S T
W3, TOR®, (6) RICHIET 5 Z0HPENE
REFEREZ RO T, Zhold@is BEatiEc
Lo TRDIT L,

3.5 FEEAEXDOEH

Osher DHEE ([9]) WLz, (6) RITHIS
THERAABRERDL HICLTHC T LT
&5, MBRELS (1) REERILEO-DDOEK
o REOTHLIZDTEL L,

Bauy) = £ 7E2)

_ UF(n-'v)

e (11)

THhdo & THBHDDOICHRERHTT > /N —

METHHEL, BE F P HEAEEET2, BHE

FRIZ 3.1 HITHA-L DS, B SO -

DBKE LTERTH, 2Tk g, y DB r(z, )
b

HEEDROMENRS b VvE r(z,y) ETBE,

@Y 4y (12)

’I‘(I,y) = \/m
EREND, S5, MEOERNT MV ik

= (13
THH, HBHENRZ PV v i
v= ‘% (14)
Thi, ThE (1) RICRAT B &,
G(z,y,7,74,7y) =0 (15)

% BEROEHS FERA B SN D, SHEENK
#(z,y, 1) DWIFREFERIL, =0 LT,
=% =%y, _
Glz,yt, =, ) =0 (16)

LB (9o CNEHEETTE, 1N RUTED (2
EL, “;E fP4+2249%, B= f24z2, C = f24+42
L7)e

_tE(z,y)\/A(B#E + C4% + 2zyd= $,)
f/o? = t4(E(z,y))?

3.6 WPESTHOAE

WMEHL LT, &25HEMMR (Rarb0
BERE to) P52 bk T L, SEEEMEMMRY K
BDBODTNT) XA, ROLHIIRD,

L. BANIRD & ) 2B o(x,y, t0) %8BS

(c) FABMIHET ¢(z,9,t0) > 0
(@) é(z,y,t0) I T Ty VER
2. BT LT, ¢ % (17) RIS L72A0,
WHERKOLHETHR)ELBESES
3. BOERL (n) OEE, é(z,y,to +nAt) =0
2 HERMERD D
L RO B 7D OBMERHE O, IR
[11], (8] IZFEL VY, (17) T, ¢ B 2{RNS
WRHML—REOZEFE L, ZH (2, y) BT 3R
Wk, lLxiE ‘
qb: = (min(D.’z_’O))2 + (ma-x(D::O))z (18)
TEBT B, 2721, D7 X6 Dz ICHT 2148
E5%, DY IRBEESEET

bt = ()



3.7 AHEHRORD T

COFETIE, BN —ROSEREMRAT Do
TwiiFude 5w, BEOPICHD SHER
ISR LB LD —EhHoT, LIbED
HOBTEIS o TWIUE, ZOEDEHEITHE
W AR L BT A 2 EHTTEETH B ((3])o
BA2 SOSEMEY & 5 AT, KEOM S ISERA
E—BHLTWAZLAWRTE S, ZOMKE
FRT2L, SORDI GEBICBIROEERER
M LB 5 Z L AT E 2o

UTOERTH, NERE LT, HLIPEBHE
% EBH—HNEEY, ZORITOEERTLPD
FETHEE, TOHOI IBIH % B MR
PR L TR E LTW5,

4 FEEBRER

¥9, AHBTERLz64x64 7 LIVDH
EERWT, FHHEM I 2L -2 3R fTol. &
BEMITRT, HD (a) L RDEETH Y,
(b) REAT v 7 TOFEMMEY, EROBE
(z,y) LTT7O Y} L2bDTH B, (c) IITIRE
TOEERTH Y, (d) BEFOBERERT.

512, EROEBRREOERIZOVTHH
BICERE Tolz, SOKEIE 10 ThHb, (a)
BIOERT, SHREREFEM64x64 €LV
Td 5o (b) IFEMEMMB, (c) BBTTERTH Y,
(@) & (c) DEEIZ (a) ETVvEXTL7HDT
Hbo

5 F&o

NREER DS 3 RTTHREETT A5V AT 4
PRETHLOICLEL LS, BED OISR
V3 BHERTOREL A LR ETOHE:
ERL7Z, CONERTIE, — A% shape-from-
shading DR H & LTEA L S %, EEE
FICHEEN DB ETHIIEBETE 2, T
CTIRMREENR EDERDVERZERLE 22T
K B%5, KiEISDOEMY—E LT 50%KHLE
DR (FEREHER) X, COHRORBEL X
RBIET, COMBEREL, 2150, #Y
FEADTHEGTH 2 HREBHICE 2 5 0E

Db

S8, TOTHHRETELCROLFEEL
T, BEEPENY B GETAZ ETIXIT
etk %k k® 5, shapefrom-motion DT T X
LEREAL, SEERLATVT) AL LBRHS
FHZLICE T, —BHENLFENLERE
&, IGHAOEEZERD 72w,

SE

[1] N. Oda, J. Hasegawa, T. Nonami, M. Yamaguchi
and N. Ohyama. Shape measurement from en-
doscopic images: determination of dimensional
scale factor by a photometric method. Optical
Review, Vol. 2, No. 3, pp. 194-198, 1995.

[2] N. Oda, J. Hasegawa, T. Nonami, M. Yamaguchi
and N. Ohyama. Estimation of the surface to-
pography from monocular endoscopic images.
Optics Commaunications, Vol. 109, pp. 215-221,
1994.

[3] R. Kimmel and A. M. Bruckstein. Tracking
level sets by level sets: A method for solving
the shape from shading problem. Computer Vi-

* sion and Image Understanding, Vol. 62, No. 2,
pp. 47-58, 1995.

[4] A.M. Bruckstein. On shape from shading. Com-
put. Vision, Graphics, Image Process., Vol. 44,
pp- 139-154, 1988.

[5] E. Rouy and A. Tourin. A viscosity solutions ap-
proach to shape-from-shading. SIAM J. Numer.
Anal., Vol. 29, No. 3, pp. 867-884, 1992.

[6] R. Kimmel, et al. Shape from shading: Level
set propagation and viscosity solutions. Int. J.
of Comput. Vision, Vol. 16, pp. 107-133, 1995.

[7] #HEE— HEORBRABRRICBIT2FRED)
B B2, Vol. 47, pp. 321-340, 1995.

8] S. Osher and C. W. Shu. High-order es-
sentially nonoscillatory schemes for Hamilton-
Jacobi equations. SIAM J. Numer. Anal,
Vol. 28, No. 4, pp. 907-922, 1991.

[9] S. Osher. A level set formulation for the so-
lution of the Dirichlet problem for Hamilton-
Jacobi equations. SIAM J. Math. Anal., Vol. 24,
No. 5, pp. 1145-1152, 1993

[10] AR FEREHSHRAOKER OV T
¥, Vol. 46, pp. 144-157, 1994

{11] S. Osher and J. A. Sethian. Fronts propa-
gating with curvature-dependent speed: Algo-
rithms based on Hamilton-Jacobi formulations.
J. Comput. Phys., Vol. 79, pp. 12-49, 1988.

[12] M. G. Crandall, H. Ishii and P. -L. Lions. User’s
guide to viscosity solutions of second order par-
tial differential equations. Bull. Amer. Math.
Soc., Vol. 27, pp. 1-67, 1992.



(b)

o: ARMERE T LITRETH ( (a) KE @
1%, (b) BB SN-FHBER, (c) Hoshi X 10: ERRESEOEZS S OETH ( (a) B
3XRTCHAR, (d) FEARBETTDRRE) BOWNHFERE, (b) BHINEEMENR, (c)
F/EENIZ3 R, (d) (c) 2 (a) v E
YT LIb D)




